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The year 2019 marks the 50th anniversary of the World Health Organization 
monograph titled Interactions of Nutrition and Infection by the late Nevin 
Scrimshaw, Carl Taylor, and John Gordon. This groundbreaking work by 
three pioneers of public health was the first scientific compilation to describe 
the synergistic relationship between an individual’s nutritional state and risk 
of infectious diseases in the context of the high burden of under-five child 
mortality prevalent in those days. This relationship became widely known 
and described as the “vicious cycle of malnutrition and infection” that under-
pinned the high mortality rates among children, especially in low-resource 
settings. These concepts and research done in this area are as salient today as 
they were 50 years ago; nearly half of all global child deaths attributed to 
infectious syndromes such as pneumonia and diarrhea have underlying 
undernutrition. Additionally, undernourished children also experience 
increased severity and frequency of infections and slow recovery, causing 
irrevocable long-term impact. At the Bill & Melinda Gates Foundation, dedi-
cated to the maxim that all individuals have an equal opportunity to lead a 
healthy and productive life, our mission and work in maternal, newborn, and 
child health (MNCH) embodies understanding and addressing the close syn-
ergistic link between undernutrition and infection. Our approach is evidence- 
based in the recognition that the vulnerability that marks being undernourished 
and micronutrient deficient can exponentially increase the risk of death due to 
an infection in populations living in low-income settings. For example, data 
from a study we supported found undernutrition to be one of the most power-
ful risk factors, increasing the risk of pneumonia mortality by more than 
fivefold.

Improvements in maternal, newborn, and child survival are among the 
most significant achievements in global health during the twenty-first cen-
tury. Under-five child deaths have declined from 12.5 million in 1990 to 5.4 
million per year in 2017. Yet, 149 million children under 5 are estimated to be 
stunted, 58 million experience wasting annually, 20.5 million are born low- 
birth weight, and 240 million women of reproductive age are undernourished 
(low BMI). Additionally, micronutrient deficiencies are common and multi-
ple ones coexist in over a billion if not up to 2 billion people. Understanding 
the epidemiologic, biologic, molecular, and cellular mechanisms by which 
undernutrition can exacerbate both the occurrence of and survival from infec-
tious disease is key, as is the role of infectious morbidity in preventing opti-
mal growth and development.
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As public health researchers who hail from two high-disease burden coun-
tries in South Asia, having spent years studying and clinically observing 
undernutrition and infection coexist to exacerbate risk of mortality, we are 
excited that these conditions are again being comprehensively reviewed. 
Over the past few decades, numerous advances have been made in our under-
standing of the field of nutrition and infection, spanning from unravelling the 
important linkages between infections and specific micronutrients to recog-
nizing the emerging role of inflammation in linear growth failure (pre- and 
postnatal) and poor neurodevelopment. This book covers a vast array of top-
ics with deep expositions into links between nutrition and a range of bacte-
rial, viral, protozoan, and helminth infections and their health implications. 
Also, appropriately, it addresses these issues taking into account the current 
context of a world experiencing a nutrition and demographic transition lead-
ing to more noncommunicable diseases and obesity, even while climate 
change challenges our global food systems and causes an emergence or resur-
gence of infectious diseases and epidemics.

Undernutrition and infectious diseases disproportionately impact the 
under-resourced populations of the world, and the imperative for accelerated 
progress toward achieving the sustainable development goals will only be 
fulfilled with a combined focus on the areas of health and nutrition. This well- 
written book and its state-of-the art compilation of a breadth of topics con-
tributed by global experts provides its readership a closer and deeper 
understanding of the connection between nutrition and infectious diseases 
and the significant implications of that connection for addressing important 
challenges facing clinical and public health practice in the twenty-first 
century.

Parul Christian
Department of International Health, Program in Human Nutrition

The Johns Hopkins Bloomberg School of Public Health 
Baltimore, MD, USA

Anita Zaidi
Department of Global Health

Bill and Melinda Gates Foundation, 
Seattle, WA, USA
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Undernutrition is estimated to affect over 800 million individuals, or more 
than one in ten persons on Earth [1]. This number includes those who are 
undernourished based on anthropometric measurements and those for whom 
at least one nutrient deficiency has been diagnosed. Though less well docu-
mented, many of these individuals likely have been diagnosed with multiple 
macronutrient and/or micronutrient deficiencies, and many others may have 
suboptimal health attributable to nutritional deficiencies that have not been 
diagnosed. The combined prevalence of overweight and obesity, currently 
estimated to affect over half of adults worldwide [2], was recognized as a 
global crisis in 2000 with the publication of the World Health Organization 
(WHO) Technical Report on preventing and managing obesity [3]. Key to the 
recognition of the crisis was a growing awareness of the contribution of obe-
sity and overweight to a variety of noninfectious diseases including heart 
disease and type-2 diabetes [4, 5]. While estimates of excess nutrition are 
most commonly based on overweight and obesity, the importance of consid-
ering micronutrient status as a U-shaped curve, with negative health impacts 
at both low and high levels of intake, is increasingly recognized [6, 7]. The 
magnitude of both undernutrition and overnutrition is emphasized by data 
indicating that, among 5–19-year-old children and adolescents in 2016, 192 
million (range 114–295) were moderately or severely underweight while 124 
million (range 53–214) were obese [8]. Yet nutrition is often neglected within 
medical schools and clinics as a critical variable influencing human health 
[9–11] including outcomes of infectious diseases.

Statistics for infectious diseases are even more dramatic than those for 
malnutrition. For example, it is estimated that, in 2016, diarrhea was the 
eighth leading cause of death overall, and the fifth leading cause of death in 
children under five [12], that 3–5 million are infected with influenza annually, 
that there were 219 million cases of malaria and 435,000 deaths in 2017 [13], 
and that 1.5–2 billion people are infected with helminth parasites [14]. 
Despite high rates of infectious diseases, such infections are often overlooked 
as contributors to, or consequences of, malnutrition. This is most recently and 
dramatically evident in the vast impacts of the COVID-19 pandemic on food 
production, distribution, and affordability [15–22].

A 1968 World Health Organization (WHO) monograph by Scrimshaw, 
Gordon and Taylor highlighted the intersections between nutrition and infec-
tious disease [23]. Built on a much shorter review published 9 years earlier 
[24], the 1968 monograph described the conceptual pathways of influence 
between nutrition and infectious disease and provided an in-depth analysis of 
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associations between diarrhea and nutrition in India and Guatemala [23]. 
Through this monograph, Scrimshaw and colleagues were among the first to 
comprehensively describe both synergistic and antagonistic relationships 
between malnutrition and infection, noting that malnutrition was sometimes 
associated with increased infection severity and other times with decreased 
severity of infection [23]. Their monograph represented a critical synthesis 
the state of knowledge at that time derived from some 900+ references. This 
key conceptual document addressed interactions between nutrition and infec-
tion, highlighted the impacts of malnutrition on immune responses to patho-
gens, emphasized the reliance of pathogens on the host for their nutrients, and 
cited the energetic costs imposed on the host by infections.

Now, over 50 years later, our knowledge base has expanded dramatically. 
Many concepts described by Scrimshaw and colleagues have been further 
substantiated, underlying mechanisms have been clarified, breadth of exam-
ples have expanded, and range of possible points of interface between nutri-
tion and infection have emerged. Our book thus provides a follow-up to the 
1968 WHO monograph [23] by exploring what is currently known, and not 
known, about how malnutrition influences infectious diseases. To this end, 
we have brought together a diverse group of specialists who are intrigued by 
broader concepts. We have challenged authors to think “outside the box,” to 
consider questions that may not have previously occurred to them, and to dig 
into the literature to see what insights might exist. We have also asked authors 
to frame their remarks in a way that can be understood by nonspecialists. In 
this way, we hope that the chapters will be accessible to the nonexpert and 
provocative for the specialist.

The book is structured into four parts. Part I lays out a conceptual frame-
work for the book and introduces nonspecialists to key concepts in nutrition 
and immunology. Part II provides primers on the four traditional types of 
pathogens, viruses, bacteria, protozoans, and helminths. Part III addresses 
nutrition issues in several major diseases and conditions. Part IV addresses 
cross-cutting topics.

 Part I: The Foundations of the Nutrition-Infection Nexus

This section begins with a conceptual model linking nutritional status and 
infectious diseases, followed by primers on nutrition and immune function 
that can serve as resources for students, researchers, and practitioners.

Chapter 1 presents the linkage framework for nutritional status and infec-
tious disease and explores the theory of causation in the context of nutrition- 
infection interactions [25]. Authors Humphries, Scott, and Vermund highlight 
the biological, physiological, and social determinants of both malnutrition 
and infection such that they represent a clinical and public health syndemic. 
More vulnerable populations (age, sex, immunosuppression, food insecure, 
unhygienic environment) are both more likely to have compromised nutri-
tional status and increased exposure to infectious agents. The conceptual 
framework considers the effect of host nutrition on pathogen exposure, on the 
pathogen’s ability to break through natural host barriers and reach its target 
tissues, and on its ability to replicate and be transmitted to others. Whether 
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infection can be self-cured via immune responses will depend upon how 
severe and immunogenic the infection is and whether the immune response is 
effective in limiting the infection or leads to immunopathology. When treated 
with antibiotics, antivirals, antifungals, or anthelmintics, the effectiveness of 
drug interventions can be altered by intake of specific foods and/or underly-
ing nutritional status (Chap. 1) [25]. Authors of all subsequent chapters were 
encouraged to allow this conceptual framework to shape how they approached 
their individual chapters.

In Chap. 2, Barffour and Humphries examine human nutritional needs in 
the context of metabolism and physiology, as well as their influences on 
infections [26]. The chapter highlights evidence that immune responses rele-
vant to infectious disease outcomes are altered by macro- and micronutrient 
deficiencies and supplementation, while noting the gaps in our current grasp 
of the origin and underpinning of these interactions. As a background to clini-
cal needs and complexities, the authors review the specific macronutrients 
(carbohydrates, proteins, fats) and micronutrients (vitamins and minerals) 
that have metabolic relevance to infection-mediated disease states and atten-
dant immune responses. The chapter serves as a pithy nutritional primer to 
give context to the rest of the book.

Chapter 3 provides an invaluable “short course” on how the immune 
response to infection combines with various states of malnutrition to alter 
clinical outcomes [27]. Stephensen highlights how mammalian immune sys-
tems have evolved to respond to specific infectious challenges with innate 
effector mechanisms that can clear such infections without harming those 
microbes in the oral and digestive tract microbiome that are essential for 
health. When innate responses do not clear infections, the adaptive immune 
system generates pathogen-specific immunity to clear the initial infection and 
prevent further infections. A vigorous immune system depends on energy 
supplied by diet, thus the immune response of nutritionally marginal persons 
may not be optimum. With severe, chronic, or repeated infections, the nutri-
tional status of even a previously normal host can be compromised through 
damage of host tissues, suboptimal food intake or tolerance, malabsorption 
and nutrient loss, higher metabolic demands for nutrients, and perturbed 
nutrient transport or storage. That malnutrition compromises host immune 
defenses is a fundamental underpinning of risk of increased virulence of 
organisms and pathogenicity of infections [28].

 Part II: Types of Infectious Diseases and Influences 
of Nutrition

This section provides accessible overviews of major categories of pathogens 
and is intended to be used as antecedents of pathogen-focused subsequent 
chapters, as well as to serve as discrete educational resources for students, 
researchers, and practitioners.

In Chap. 4, Berkley examines the specific elements of bacterial infections 
vis-à-vis nutritional status [29]. The human microbiome is dominated by bac-
teria that can be beneficial or neutral or harmful, depending upon the mutual 
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adaptation and coevolution of the human host and its diverse array of bacte-
ria. How host nutritional status and selected specific nutrients affect bacterial 
colonization, invasion, severity, chronicity, as well as recovery or mortality 
from bacterial infections is placed into context of undernutrition is a principal 
chapter focus. Of further clinical relevance are the impact of undernutrition 
on vaccine responses and the efficacy of antimicrobial drugs. Malnutrition in 
children is highlighted since they experience the greatest burden and mortal-
ity risk, in large part due to their metabolic needs for growth, immaturity of 
the early immune system, and lack of memory immune responses when prior 
bacterial challenge has not yet been experienced. Perturbations of the com-
mensal bacteria in the gastrointestinal tract are highlighted, particularly their 
effect on child growth and development.

Chapter 5 is of special interest now as the COVID-19 pandemic rages 
across the world. This chapter, containing over 250 relevant references, 
reviews basic virology, several well known viruses including measles, herpes, 
Ebola, HIV and provides a number of up-to-date references with regard to the 
data concerning COVID-19 and obesity available in September, 2020. The 
chapter concentrates on the complex interactions between influenza virus 
infection, nutritional status and specific nutrient deficiencies. The chapter 
reviews the cycle of viral replication and causes of infectivity as well as the 
annual development of flu vaccines. The data clearly indicate that poor nutri-
tional status is a strong risk factor for viral infections and that infection sever-
ity as well as robust response to vaccination are dependent upon nutritional 
adequacy especially in young children. There is an in-depth discussion of the 
“triple burden of malnutrition” in resource poor nations where undernutrition, 
essential micronutrient deficiencies and obesity are seen in the population. 
There is a bidirectional interaction between viral infection and nutritional sta-
tus; of interest, undernutrition of key micronutrients can foster virus mutation 
that then reduces the efficacy of vaccines. Also, obesity has been shown to 
independently and significantly increase morbidity and mortality from H1N1 
infection. There is a detailed review of the roles of vitamins A and D in the 
maintenance of epithelial tissue integrity and thus the essentiality in reducing 
the risk of lung epithelial viral infections including influenza. Vitamin E and 
C’s unique roles in enhancing immune responses and affecting the flu virus 
directly are reviewed. Minerals associated with enhancing the immune system 
and/or affecting the virulence of viruses are reviewed. Additionally, there is a 
discussion of the different life stages, immune function and nutritional status.

In Chap. 6, Wiser presents both a primer on protozoan parasites and back-
ground on how nutrition and protozoan parasites interact [35]. These eukary-
otic microbes may infect the gastrointestinal track via ingestion and cause 
diarrheal disease, as seen for Entamoeba histolytica, Giardia spp., and 
Cryptosporidium spp. These can decrease nutritional absorption when they 
are found in high numbers, exacerbating the problem of childhood undernu-
trition in resource-limited settings with food insecure families. A second 
transmission route of protozoans is via an insect vector, such as transmission 
of malaria by mosquitoes. Malaria is the most common and lethal protozoan 
infection, particularly in children in Africa. The association of malaria and 
hypoglycemia and acidosis can be especially dangerous to children. The 
association of nutrition with other important parasitic protozoans such as 
trichomoniasis, African trypanosomiasis, Chagas disease, leishmaniasis, and 
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toxoplasmosis is less clear, but the weight of evidence suggests the subopti-
mal anti-protozoal immune responses that are associated with undernutrition 
will exacerbate disease pathogenesis.

Chapter 7 presents the interface of nutrition and helminth infections [36]. 
Geary and Haque remind us that parasitic helminths in the phyla Nematoda 
and Platyhelminthes have coevolved with humans for millennia. While once 
ubiquitous in human populations, helminths are now far more likely to occur 
in the 1.5–2 billion residents of tropical regions that experience limited sani-
tation and public health infrastructures. The chronic nature of helminth infec-
tions together with high parasite burden contributes to greater pathogenicity 
and adverse clinical outcomes including impaired growth and development 
and potential cognitive deficits. The long-lasting immunity typical of viral 
and bacterial infections is elusive for helminths; hence, reinfection is com-
mon. Thus, although mass drug administration is an anchor of control cam-
paigns, the direct benefit is short term. More work on the effectiveness of 
anthelmintic drugs and the population dynamics of transmission in the face of 
mass drug administration is needed [37, 38]. A syndemic of helminth para-
sites, malnutrition, and coinfections is linked to poverty and suboptimal pota-
ble water and food hygiene, poor disposal of human waste, and suboptimal 
public health and medical care infrastructures.

 Part III: Nutrition Issues During Major Infections:  
Case Studies of Nutrition and Infectious Disease

Part III includes five in-depth case studies on specific infectious diseases 
where nutrition-infection interactions have been extensively explored: diar-
rheal and enteric disease, HIV and tuberculosis, arboviruses, malaria, and 
soil-transmitted helminths. A case study on influenza is included in the virol-
ogy primer (Chap. 5) [30].

Chapter 8 addresses one of the most compelling interactions in global 
child health, namely nutrition and intestinal pathogens causing diarrheal dis-
eases [39]. Authors Siddiqui, Belayneh, and Bhutta focus on low- and middle- 
income countries and the role of protein-calorie and micronutrient deficiencies 
in exacerbating the risk of exposure to pathogens in high-risk communities 
and institutional environments like hospitals or clinics. Nutritional deficien-
cies diminish the effectiveness of immune mechanisms, compromising the 
ability of the child to block pathogen entry and mount an effective immune 
response. The diminished capacity of an undernourished host to maintain an 
effective gut mucosal barrier leads to accelerated pathogenicity with more 
severe clinical consequences. Treatments may be less effective in undernour-
ished compared to well-nourished children. Antibiotics are effective in reduc-
ing bacterial burdens but may also disrupt the gut microbiome and its inherent 
protective capacities. Rare instances when malnutrition may reduce the 
pathogenicity of gut pathogens are highlighted, notably that the risk of amoe-
bic infection declines with host iron deficiency. Nutritional deficiencies and 
gut bacterial perturbations that reduce effective host immune responses have 
been posited for decades as a reason that eradication of global polio virus 
type 1, an enteric infection, has been hard to achieve [40, 41].
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Chapter 9 presents the specific nutritional issues inherent in single and 
concurrent human immunodeficiency virus (HIV) and tuberculosis (TB) 
infections [42]. Authors Baum, Tamargo, and Wanke highlight the nutritional 
compromises in resource-limited settings and among individuals who have 
advanced, untreated HIV or TB disease. Individuals who are malnourished 
have an increased risk of infection and those infected with HIV or TB are 
likely to develop nutritional abnormalities. Throughout the history of HIV 
and TB, nutritional issues have been prominent. TB was termed consump-
tion, indicating the devastating nutritional impact of terminal disease. TB was 
also more common in the poor with compromised diets. In the more modern 
era of HIV infection, wasting syndrome has been a common primary mani-
festation and selected antiretroviral drugs like protease inhibitors have been 
associated with lipodystrophies. The advent of antiretroviral therapy (ART) 
with fewer side effects has allowed people in higher income settings to live 
with HIV, but now they cope with overweight and/or metabolic abnormali-
ties. The TB/HIV example highlights the challenge of teasing apart cause and 
effect in assessing nutrition and infection interactions [43].

Chapter 10 highlights the special circumstances whereby nutrition inter-
acts with arthropod-borne viral interactions, known as arboviruses [44]. 
Villamor and Villar highlight potential role of host nutritional in arboviral 
disease risks and outcomes, especially dengue. Risk of exposure to infectious 
insect bites can be increased or decreased by selected diets. Nutrition can 
alter the robustness of immune/inflammatory responses against viral infec-
tion. In turn, arboviral infections can increase metabolic demands and dimin-
ish host appetite, thus altering host nutritional status. Pediatric obesity has 
been associated with an increased risk of adverse dengue-related outcomes, 
although causality is uncertain. Dengue severity may be altered with low lev-
els of specific fatty acids and amino acids, vitamin D, and some minerals, 
though it is possible that nutritional deficiencies were caused by severe den-
gue infection itself. Interventions with vitamin E and zinc in patients with 
dengue fever show promise to limit disease severity. For Chikungunya virus, 
overweight and obesity in pregnancy have been associated with increased 
seropositivity, but again, directionality of the association is unknown. An 
important frontier is the nature of nutrition and Zika virus interactions.

Chapter 11 presents the complexities of nutrition and malaria interactions 
[45]. Authors Kim, Goheen, and Bei highlight the huge dual burden of malaria 
and undernutrition, particularly among children and pregnant women in Sub- 
Saharan Africa. Public health interventions and surveillance methods remain 
imperfect, as the range, extent, and magnitude of interactions between the 
two diseases remain unclear. While there are many antecedents to both 
malaria and malnutrition, they are largely interrelated. A systems biology 
approach that considers the influences of both malnutrition and malaria 
simultaneously will allow us to move beyond a “single disease, single solu-
tion” strategy possibility to design more effective, targeted, and integrated 
interventions in areas where both conditions co-occur.

Chapter 12 considers associations between nutrition and soil-transmitted 
helminths (STHs), the most common human parasites [46]. Scott and Koski 
explore epidemiological and experimental evidence that diet and nutritional 
status influence the risk of exposure to infective stages, and the ability of 
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larval stages to cross tissue barriers, mature, and reproduce. They examine 
how specific macronutrients and micronutrients affect the innate and adaptive 
immunity to STHs, and the consequences of nutrient deficiencies for STH- 
induced pathology. STH-driven anti-inflammatory responses may down- 
modulate the severity of chronic nutrition-related diseases. Evidence that 
nutritional interventions reduce STH infection and that deworming improves 
nutritional status is reviewed. A complex context exists for interactions 
among coexisting infections, coexisting nutrient deficiencies, and the micro-
biome [47].

 Part IV: Integration of Cross-Cutting Issues in Nutrition/
Infection Interactions

Section Four considers cross-cutting issues that affect the intersection of 
nutrition and infectious disease, including nutrition and drug interactions, 
coinfections that coexist with multiple forms of malnutrition, and the impact 
of climate change in the context of nutrition and infectious disease. Part IV 
ends by consolidating relevant clinical and public health approaches to 
addressing infection in the context of nutrition, and thus providing a sharp 
focus on the clinical relevance of the intersection between nutrition and 
infection.

Chapter 13 is a detailed review of drug interactions with nutritional factors 
in infectious diseases [48]. Author Boullata highlights the many interactions 
between drugs and nutrition that can affect health outcomes. He details routes 
of influence and categorizes subtypes of drug-nutrition interactions based on 
inherent properties of the drugs, nutrients or food matrix, and similarities in 
physiologic disposition. For each, he delineates pharmaceutical, pharmacoki-
netic, and pharmacodynamic interactions. After providing a framework for 
classifying drug-nutrition interactions and their clinical relevance and mecha-
nistic structures, he illustrates various types of drug-nutrition interactions 
using examples of available antimicrobial agents. This chapter illuminates 
the complexity and clinical importance that emerges from intentional consid-
eration of nutrition and pharmaceutical interactions.

Chapter 14 seeks an integrated ecological and epidemiological perspective 
of coinfection and nutrition [49]. Author Ezenwa notes that concurrent infec-
tion (or coinfection) is the norm rather than the exception in real-world popu-
lations. Likewise, nutritional deficiencies are also common and coinfection 
and multiple nutritional deficiencies frequently co-occur in the same popula-
tions. Despite the coincidence of these two phenomena, however, only a 
small fraction of studies on infection and malnutrition address the issue of 
coinfection or co-deficiency. This chapter explores whether applying an eco-
logical framework that accounts for feeding or “trophic” relationships 
between species can help advance our understanding of how nutrition affects 
coinfection (e.g., helminths and tuberculosis), and reciprocally, how coinfec-
tion affects nutrition (e.g., helminths and malaria). Applying a trophic 
approach to studying coinfection and nutrition involves specific methods that 
can be incorporated into epidemiological studies.
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Chapter 15 addresses an urgent modern crisis, namely the pathways inher-
ent in global warming and other climate change that intersect with future 
nutrition and infection risks [50]. Rocklöv, Ahlm, Scott, and Humphries use 
the twenty-first-century climate change projections to illustrate the inevitable 
effects on both nutrition and infection. Based on a systems perspective that 
incorporates past global health and climate associations and that uses 
scenario- based assessment and model results, they conclude that action on all 
three challenges (climate change, malnutrition, and infectious diseases) is 
time-critical. Understanding already observed and projected impacts requires 
a multidisciplinary approach, including agriculture, grazing behavior, human 
migration, medical entomology, hydrology, oceanography/limnology and 
fisheries, and many other themes. The interface of climate change, undernu-
trition, and infections are intertwined within the United Nations 2030 
Sustainable Development Goals.

Chapter 16 synthesizes the implications for public health and clinical 
practitioners as they address issues of public health and infection. Vermund, 
Scott, and Humphries extract the clinical implications of the previous chap-
ters, highlighting the clinical and public health relevance of nutritional status 
for infectious disease prevention, diagnostics, and treatment [51]. They 
review the causal paradigm for infection and nutrition and highlight the 1968 
WHO monograph just after its half-century anniversary.

Thanks to new tools in biological and social sciences, understanding of the 
complex roots of global nutritional status is growing rapidly. The synergies 
resulting from changing diets, increasingly sedentary lifestyles, the recently 
recognized epidemic of overnutrition, genetic predispositions, and environ-
mental influences are better understood. Yet the global epidemic of undernu-
trition has not yet been fully addressed. In today’s world, with almost a billion 
people suffering from undernutrition and almost a billion people experienc-
ing overweight and obesity, and billions suffering from infectious diseases, 
this book provides a fresh look at the intersection of nutrition and infectious 
diseases.

We present this book as a resource for clinical, research, public health, and 
educational settings. We are consolidating knowledge on the complexity of 
the nutrition-infection axis in the hope that improved knowledge will lead to 
improved health through less malnutrition and infectious diseases, better pre-
ventative and curative medicine, and more appropriate public health strate-
gies. While the 1968 WHO monograph sought to exhaustively reference 
relevant articles, that task is no longer achievable. Over the last 50  years 
advances in the field of nutrition and infection has clearly identified some 
mechanisms and relationships, while other areas are still struggling to under-
stand apparently conflicting and contradictory results. New analytic and diag-
nostic tools, the advent of more advanced human microbiome research, and 
new –omics and bioinformatics approaches are opening new horizons in 
understanding the complex dyad of nutrition-infection interactions. What 
will the next 50 years bring?

New Haven, CT, USA  Debbie L. Humphries
Ste-Anne de Bellevue, QC, USA  Marilyn E. Scott
New Haven, CT, USA  Sten H. Vermund
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The great success of the Nutrition and Health Series is the result of the con-
sistent overriding mission of providing health professionals with texts that are 
essential because each includes: (1) a synthesis of the state of the science, (2) 
timely, in-depth reviews by the leading researchers and clinicians in their 
respective fields, (3) extensive, up-to-date fully annotated reference lists, (4) 
a detailed index, (5) relevant tables and figures, (6) identification of paradigm 
shifts and the consequences, (7) virtually no overlap of information between 
chapters, but targeted, inter-chapter referrals, (8) suggestions of areas for 
future research, and (9) balanced, data-driven answers to patient as well as 
health professionals questions which are based upon the totality of evidence 
rather than the findings of any single study.

The series volumes are not the outcome of a symposium. Rather, each edi-
tor has the potential to examine a chosen area with a broad perspective, both 
in subject matter and in the choice of chapter authors. The international per-
spective, especially with regard to public health initiatives, is emphasized 
where appropriate. The editors, whose trainings are both research and prac-
tice oriented, have the opportunity to develop a primary objective for their 
book, define the scope and focus, and then invite the leading authorities from 
around the world to be part of their initiative. The authors are encouraged to 
provide an overview of the field, discuss their own research, and relate the 
research findings to potential human health consequences. Because each 
book is developed de novo, the chapters are coordinated so that the resulting 
volume imparts greater knowledge than the sum of the information contained 
in the individual chapters.

Nutrition and Infectious Diseases: Shifting the Clinical Paradigm, edited 
by Debbie L Humphries, PhD, MPH; Marilyn E Scott, PhD; and Sten 
H. Vermund, MD, PhD, the 90th volume published in this Series, is a very 
welcome and most timely addition to the Nutrition and Health Series and 
fully exemplifies the Series’ goals. As we learn more about the pandemic- 
causing virus, COVID-19, it becomes clearer that nutritional status, specific 
nutrient intake levels (especially for essential nutrients), and nutritionally 
related health factors such as obesity significantly affect the risk of contract-
ing this viral disease as well as surviving the infection. Certainly, these are 
not inconsistent findings as the historic review presented in this volume 
recounts the consistent findings of low micronutrient status and increased risk 
of morbidity and mortality for infected individuals, as well as coinfection 
from more than one pathogenic infectious disease. The over-arching goal of 
the volume is to provide clinically relevant and timely, objective guidance to 
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health professionals and advanced students who are involved in public health 
research and/or provide nutrition care for patients at all life stages and health 
status. The editors have fulfilled the need for a text that can expand the clini-
cal framework for responding to infectious diseases by highlighting the 
important, under-recognized role that nutritional status plays in altering the 
risk of exposure and susceptibility to infection, severity of disease, and effec-
tiveness of treatments. The book has been developed to serve as a reference 
for curriculum development in courses such as Nutrition and Infectious 
Disease, Global Health, and related topics.
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The editors of this informative text are international experts in their fields and 
have been recognized by their peers as outstanding contributors as evidenced 
by their degrees, affiliations and honors.

Debbie L Humphries is an instructor of Public Health Practice (Microbial 
Diseases) at the Yale School of Public Health, where she has been since 2007. 
Her PhD in nutrition at Cornell University also included a focus on infectious 
diseases, and field research in Vietnam on the complex causes of anemia in 
women and children. As a nutritionist, she studies the intersection of nutri-
tional status and infection disease, with research addressing the impact of 
infection on anemia, and the role of nutritional status in susceptibility to 
hookworm infection and response to drug treatment through ongoing epide-
miological research in Ghana. As part of her teaching responsibilities, Dr. 
Humphries has taught a course on Global Nutrition since 1999, including an 
explicit focus on nutrition and infection since 2009. She has mentored over 
60 MPH students, in addition to several medical students, physicians’ assis-
tants, and graduate nursing students. Through her nutrition course, Dr. 
Humphries has worked closely with public health undergraduate and gradu-
ate students to help them conceptualize and assess potential interactions 
between nutritional status and infectious disease. Dr. Humphries has a strong 
commitment to interdisciplinary and transdisciplinary thinking and work. 
She has worked with students on studies addressing the impact of food 
choices in driving and adapting to climate change and community public 
health research. Growing out of her interest in the ways human sanitation 
systems affect environmental health, public health and food systems, she has 
codeveloped, with an environmental engineer and environmental scientist, a 
course on rethinking urban sanitation. This book grows out of her interest in 
increasing understanding and knowledge of the multidisciplinary issues at the 
intersection of nutrition and infectious disease.

Marilyn E. Scott is a Professor of Parasitology at McGill University in 
Montreal, Canada. After receiving her PhD from the Institute of Parasitology 
at Macdonald Campus of McGill University, she did postdoctoral research at 
Imperial College, London, UK, in experimental parasite epidemiology. She 
returned to McGill as an Assistant Professor in 1982. She was Director of the 
Institute of Parasitology from 1990 to 2000 and Director of the McGill School 
of Environment from 2008 to 2013. She is currently Associate Dean 
(Academic) for the Faculty of Agricultural and Environmental Sciences. A 
major focus of Dr. Scott’s work over the past 30 years has been on nutrition- 
infection interactions both in human and laboratory mouse populations. In 
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collaboration with Kristine Koski (Human Nutrition, McGill) and a network 
of collaborators in Panama and Guatemala, she has examined interactions 
among a wide range of coexisting infections and micronutrient deficiencies, 
as well as their associations with host immunity and health. In the laboratory, 
she has used a mouse-nematode model to explore the impact of zinc, protein, 
and energy restriction on infection and immunity. More recently, her students 
have investigated impaired fetal and neonatal growth and development in off-
spring of infected and protein deficient pregnant and lactating mice, includ-
ing consequences of the maternal infection on the pup microbiome and the 
pup brain. Through her career, she has trained 50 graduate students and 6 
postdoctoral fellows, and has published 1 book, 16 review articles and book 
chapters, and over 125 original articles. She was the 1991 recipient of the 
Henry Baldwin Ward Medal from the American Society of Parasitologists for 
her contributions to the field by a researcher under the age of 40. In 2006, she 
received the Robert Wardle Award from the Canadian Society of Zoologists 
(Parasitology Section) for outstanding contributions by a Canadian to parasi-
tology. She was the recipient of both the Macdonald Campus and the 
Principal’s Prize for Teaching Excellence in 2011.

Sten H. Vermund is Dean of the Yale School of Public Health, the Anna 
M.R. Lauder Professor of Public Health, and Professor of Pediatrics at the 
Yale School of Medicine. He is a pediatrician and infectious disease epidemi-
ologist focused on diseases of low and middle income countries, and on 
health disparities in the USA.  His work on HIV-HPV interactions among 
women in a Bronx methadone program motivated a change in the 1993 CDC 
AIDS case surveillance definition and inspired cervical cancer screening pro-
grams launched within global HIV/AIDS programs. Dr. Vermund’s research 
has focused on health-care access, adolescent medicine, prevention of 
mother-to-child HIV transmission, and reproductive health. He has founded 
two nongovernmental organizations: Centre for Infectious Disease Research 
in Zambia (CIDRZ) and Friends in Global Health in Mozambique and 
Nigeria. Dr. Vermund is a member of the National Academy of Medicine and 
a Fellow of the AAAS. He has authored over 600 papers and chapters and 
serves on several journal editorial boards, and on multiple international and 
US advisory committees.

Editors



xxiii

The objectives of this comprehensive volume are to provide health profes-
sionals including clinicians, dietitians, nutritionists, and related students, 
both graduate and advanced undergraduates, with a broad review of the major 
pathogens that infect humans and the role of nutritional status, nutritional 
consequences, and the nutritional needs of infected patients during the vari-
ous life stages as well as during the stages of infection. The emphasis of many 
of the chapters is on the adverse effects of undernutrition in young children 
and its consequences especially when the pathogen causes chronic, progres-
sive disease. Malnutrition that results in obesity is also discussed at length, 
and this topic is especially timely during the COVID-19 pandemic as the 
world’s population is getting more overweight; obesity, diabetes, and cardio-
vascular diseases are major risk factors for infection, greater morbidity, and 
death due to this viral pathogen. The volume contains four parts and logically 
begins with reviews of the basics of nutrition research as well as the basics of 
the field of clinical immunology. Part I provides an overarching framework 
for critically examining the relevant studies that evaluate complex, multiple 
interactions.

 Part I – The Foundations of the Nutrition-Infection 
Nexus

Part I contains three introductory chapters that provide the framework for 
examining the two-way interactions between nutritional status and pathogen 
success. Chapter 1, written by the volume’s editors, describes in detail the 
complex of factors that occur in order for a pathogen to infect a host, and the 
added complexities of overall nutritional status at different life stages of the 
host and pathogen, further, real-world effects of multiple infective agents as 
well as multiple specific nutritional excesses/deficiencies. Of equal impor-
tance are the two-way interactions at all phases of disease progression includ-
ing asymptomatic infection that we are now seeing in many of the 
COVID-infected. In order for the reader to have a firm understanding of the 
nutrient/infectious disease interactions, all terms are defined in detail begin-
ning with the term, nutritional status. The chapter presents an historical anal-
ysis of the growth in awareness of the links seen between nutritional factors 
and infectivity, be it synergistic or the rarer antagonistic, or the few inci-
dences when it appears that there is no interaction between these factors. All 
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of these factors become important challenges to successful clinical studies 
and these challenges are examined in all of the book’s chapters. Finally, this 
chapter includes numerous targeted examples of interactions that describe the 
framework used throughout the rest of the chapters.

Chapter 2 reviews the history of research that defined the role of dietary 
intake and generation of immune responses to infections. The chapter includes 
over 400 key primary and more recent references as well as seven valuable 
tables and reviews the role of each of the major food components – protein, 
carbohydrates, and fats, their food sources, requirements in health and with 
infection, as well as their importance to the functioning of the immune sys-
tem. Essential nutrients are also reviewed and other dietary components that 
have a role in the development of immune responses to infection are also 
examined. Chapter 3 describes in detail, the organization of the immune sys-
tem’s responses to infection. There is an examination of the initial and rapid 
innate immune response compared to the slower, more specific and long- 
lasting adaptive immune response. The components of each of these responses 
are discussed; the types of pathogens that may be encountered are examined 
and the consequences of initial malnutrition on the response to infection are 
reviewed especially in light of the nutritional costs of the immune system’s 
responses to infections. Additionally, the response of the individual’s immune 
system to its microbiome is examined. The chapter includes in-depth discus-
sions of the types of immune cells and factors and describes their functions 
with regard to local and systemic inflammatory responses, Types 1, 2, and 3 
and regulatory immune responses. Each of the key nutrients, most of which 
are essential micronutrients, is discussed in detail as deficiencies in these 
have been documented to significantly reduce immune responses to patho-
gens; likewise adequate and/or supplemental intake levels can prevent certain 
infections and/or reduce the infection rate and duration.

 Part II: Types of Infectious Diseases and Influences 
of Nutrition

Chapter 4 examines the broad array of bacteria that the human immune sys-
tem interacts with on a daily basis as well as the bacteria that cause infection. 
The chapter examines the effects of both undernutrition and overnutrition on 
these responses and concentrates on clinical data mainly from studies in 
undernourished children. The chapter includes a review of the classification 
of bacteria and the major members of these classes including both pathogenic 
and beneficial examples. Antimicrobial resistance and hospital acquired 
infections, mainly bacterial, and the adverse effects of malnutrition in this 
setting are described. Undernutrition is linked to decreased efficacy of the 
innate immune system that permits pathogenic bacteria entry through the 
skin, mucous membranes, and GI tract where gastric acidity may be decreased. 
Reduced intake of key essential micronutrients including vitamins A and D, 
zinc, and iron is reviewed with regard to increased risk of bacterial infections. 
Nutritional interventions have had mixed effects, and there is a paucity of 
large-scale double-blind intervention studies that examine the effects of nutri-
ents in patients with serious bacterial infections.
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Chapter 5 is of special interest now as the COVID-19 pandemic rages 
across the world. This chapter, containing over 250 relevant references, 
reviews basic virology, several well-known viruses including measles, her-
pes, Ebola, HIV and provides a number of up-to-date references with regard 
to the data concerning COVID-19 and obesity available in September, 2020. 
The chapter concentrates on the complex interactions between influenza virus 
infection, nutritional status, and specific nutrient deficiencies. The chapter 
reviews the cycle of viral replication and causes of infectivity as well as the 
annual development of flu vaccines. The data clearly indicate that poor nutri-
tional status is a strong risk factor for viral infections and that infection sever-
ity as well as robust response to vaccination are dependent upon nutritional 
adequacy especially in young children. There is an in-depth discussion of the 
“triple burden of malnutrition” in resource poor nations where undernutri-
tion, essential micronutrient deficiencies, and obesity are seen in the popula-
tion. There is a bidirectional interaction between viral infection and nutritional 
status; of interest, undernutrition of key micronutrients can foster virus muta-
tion that then reduces the efficacy of vaccines. Also, obesity has been shown 
to independently and significantly increase morbidity and mortality from 
H1N1 infection. There is a detailed review of the roles of vitamins A and D 
in the maintenance of epithelial tissue integrity and thus the essentiality in 
reducing the risk of lung epithelial viral infections including influenza. 
Vitamin E and C’s unique roles in enhancing immune responses and affecting 
the flu virus directly are reviewed. Minerals associated with enhancing the 
immune system and/or affecting the virulence of viruses are reviewed. 
Additionally, there is a discussion of the different life stages, immune func-
tion, and nutritional status.

Chapter 6 comprehensively discusses the protozoan pathogens that infect 
humans and the role of nutrition in the acquisition, development, treatment, 
and clearance of both intestinal and blood-borne pathogens. The chapter, 
including the 16 excellent tables and figures, reviews the biology of the nine 
most common protozoan pathogens in humans and describes their life cycles 
and route of transmission. Most of the intestinal pathogens cause diarrhea and 
lead to an immediate loss of nutrients without absorption into the blood. This 
state of undernutrition is most common in young children who live in eco-
nomically compromised conditions. Systemic infections increase the meta-
bolic rate and thus increase the requirement for energy-rich foods that are 
often in short supply. The protozoan pathogen also requires energy and 
related nutrients from the host, and if the host’s immune system is not opti-
mal, the pathogen will grow and replicate at the expense of the host. Protein/
energy malnutrition adversely affects host responses to most pathogens, and 
the chapter includes data as well on specific nutrients including iron, glucose, 
vitamins A, B12, and E that are reviewed with regard to the requirements of 
specific pathogenic protozoa.

Chapter 7 looks at the effects of helminth infections on nutritional status. 
These infections are chronic and are mainly seen in tropical environments that 
are resource constrained and affect those at nutritional risk especially children. 
Childhood growth, cognitive function, and physical strength are all impacted 
negatively by helminth infection. The chapter reviews in detail the major 
roundworm, flatworm, and tapeworm parasites, their life cycles, and the results 
of their infection on the digestive circulatory and other relevant body systems. 
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As with protozoa, there is the dual relationship between infection and nutri-
tional status with helminths resulting in a vicious circle that chronically weak-
ens the host. Control programs and treatment strategies are reviewed. Of 
interest, there is a discussion of the potential for beneficial effects of nematode 
infestation on the host’s microbiome – further research is warranted.

 Part III: Nutrition Issues During Major Infections: Case 
Studies of Nutrition and Infectious Disease

Chapter 8 concentrates on the serious effects of diarrheal-causing pathogens 
and their adverse effects on the nutritional status of children living in reduced 
resource areas around the globe. There is a review of the definitions of differ-
ent types of diarrhea, its epidemiology, and extensive discussion of major risk 
factors for infection. The chapter also looks at the effects of malnutrition 
prior to infection as a serious risk factor for diarrhea in these children; factors 
reviewed include reduced gut immunity and overall immune responses at the 
body entry points. The relatively new clinical disorder, Environmental Enteric 
Dysfunction, described in 2014, is reviewed. Mechanisms of immune and 
microbiome dysfunction and the effects of impaired and/or chronic inflam-
mation on the GI tract resulting in nutrient malabsorption and increased risk 
of enteric infections are described.

Chapter 9 provides an updated picture of the current HIV patient who is 
receiving antiretroviral therapy and is now considered in chronic remission. 
However, HIV chronic treatment is associated with a lipodystrophy syndrome 
that can result in obesity in the patient. We learn that the patient often has 
other health issues that may include illegal drug use and is often malnour-
ished with micronutrient deficiencies but not energy deficient. HIV patients 
who are not treated and often reside in resource deficient countries are also at 
increased risk of tuberculosis, and this double burden of infections can result 
in further immunocompromise, diarrhea, and malnutrition. The chapter 
includes 422 references that provide the reader with an accurate historical 
perspective of HIV, its etiology, profiles of the infected individuals, and a 
comprehensive review of all nutritionally related intervention studies. I am 
very pleased that Dr. Baum, who I first met more than 30 years ago when we 
both worked in the new field of nutritional immunology, has contributed this 
chapter. She was the first investigator to examine the nutritional status in 
HIV-infected patients and evaluated nutrition’s role in determining the poten-
tial for adequate immune responses. Dr. Baum continues to contribute as the 
expert investigator in this field and has expanded her research to include 
tuberculosis’ effect in HIV-infected patients. With regard to tuberculosis, 
resurgence in Africa is mainly in HIV-infected untreated persons. Tuberculosis 
is a greater risk to the undernourished and causes malnutrition in the rela-
tively well-nourished HIV-infected individual. The chapter includes a com-
prehensive review of nutritional assessment tools including anthropometric, 
biochemical, and nutritional assessments in specific populations including 
those with HIV with or without tuberculosis.

Chapter 10 concentrates on the three major arboviral diseases (arthropods 
as the virus vector; mosquitoes and ticks) that adversely affect human health. 
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The chapter outlines all of the currently known arboviruses that infect humans 
and characteristics of these viruses and identifies the key diseases that have 
been studied. There is a comprehensive review of risk factors for developing 
any of these diseases that include factors in the environment, from climate 
change to the level of immunomodulators produced by the host. All of the 
factors can affect and/or be affected by nutritional status. Dengue disease is 
the most significant mosquito-borne viral infection worldwide. There is a 
description of the phenomenon that has been seen to arise when there is sec-
ondary infection with a related but not identical serotype of the virus, and the 
host has an “antibody-dependent enhancement” of the first infection, but a 
weakened response to the second infection and becomes severely infected by 
this related secondary infection. This phenomenon can also occur if a vaccine 
to dengue or any other virus that has different serotypes, or the piece of the 
virus used to develop the vaccine raises a weakened response. As vaccines are 
developed for COVID-19, research to determine the potential risk of 
“antibody- dependent enhancement” must be well understood and avoided. 
The study of effects of nutritional status on arboviral infections is a relatively 
new field of investigation, and the most research has been conducted on the 
nutritional determinants of the severity and progression of dengue fever. 
Observational studies suggest that pediatric obesity increases the risk of 
severe disease. The chapter comprehensively reviews the data available 
concerning macro- and micronutrient status and risk of these infections as 
well as reviewing the preliminary intervention studies mainly using one or 
more of the essential vitamins and minerals. The two other arboviruses 
examined include Chikungunya seen in Africa and Zika virus infections. 
The few studies that have examined nutritional factors in Chikungunya are 
discussed; no studies to date have addressed the interactions between nutri-
tion and Zika virus infection in humans. The authors suggest that relation-
ship between nutritional factors and arboviral diseases is an open, promising 
area of research with potentially highly relevant public health and clinical 
applications.

Chapter 11 provides the reader with a broad overview of the epidemiol-
ogy, pathogen lifecycle, infectivity, and clinical nutrition aspects of malaria, 
a febrile, debilitating, and painful illness caused by a species of the 
Plasmodium protozoan parasite that is carried in mosquitoes and injected into 
human skin. Malaria is a major killer in Sub-Saharan Africa where there con-
tinues to cause more than 400,000 deaths/year. Undernourished children and 
pregnant women in this region are at greatest risk. The chapter, containing 
over 200 targeted references, provides frameworks for examining the com-
plex roles of nutritional and other environmental influences on all aspects of 
malarial disease. The chapter reviews the types of nutritional studies that are 
published including different types of observational as well as clinical inter-
vention studies. Novel findings are examined including the studies showing 
that there is increased attraction of infected mosquitoes to human hosts, and 
of uninfected mosquitoes to infected hosts as well as subtle metabolic inter-
actions between infected and noninfected host red blood cells. There is an 
in-depth review of the role of anemia and iron status in the severity of malaria. 
As seen in virtually all of the pathogenic infections described in this volume, 
undernutrition, especially of essential nutrients, adversely affects the immune 
system and thus may increase the risk of a weak immune response to the 
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malarial protozoan; these effects are also described. The complex interactions 
between malarial infection, drug therapies, micronutrient status, especially 
iron, zinc, and folate, and pregnancy are reviewed in detail. The chapter con-
cludes by enumerating research opportunities and key gaps in current data.

Chapter 12 describes the effects of infection with intestinal worms, com-
monly grouped together as soil-transmitted helminths. This group of hel-
minths contains the most common human parasites globally. The chapter, 
containing more than 250 relevant references, reviews the stages of develop-
ment of the pathogen, means of contact and modes of transmission, and the 
role that undernutrition/adequate nutrition play at each stage as the parasite 
has developed genetically to thrive or die based upon the nutritional status of 
the host. Laboratory animal studies and clinical data are reviewed. Specific 
effects of essential micronutrient deficiencies on the life stages of the hel-
minth are outlined. In addition to in-depth examination of potential host 
defenses at all stages of infection and their nutritional dependences, the new, 
unique area of the unexpected protective effects of soil-transmitted helminth 
infection against nutrition-related chronic diseases including obesity and dia-
betes are examined mainly in animal models and small clinical trials. The 
beneficial effects of deworming, treatment of concomitant infections, and 
nutritional interventions are discussed and highly recommended based upon 
the literature review. The chapter includes boxed areas containing helpful key 
“take home messages” for each section.

 Part IV: Integration of Cross-Cutting Issues in Nutrition/
Infection Interactions

Chapter 13 examines the critical drug-nutrient interactions that can affect the 
patient infected with any of the pathogens discussed in the previous chapters. 
The chapter’s author, Dr. Joseph Boullata has coedited two editions of the 
very well-received volumes entitled Handbook of Drug-Nutrient Interactions 
that are also a part of the Nutrition and Health Series. The chapter reviews the 
types of antimicrobials that are used in therapy and their pharmacological 
modes of action as well as the potential for their interactions with the patient’s 
overall nutritional status. Three major mechanisms of actions of antimicrobi-
als are described and the relevant drugs are classified according to these cri-
teria. Additionally, drug-nutrient interactions are examined with regard to 
effects on absorption, distribution, metabolism, and excretion of the drug 
and/or the nutrient or nutritional status. The complexity of these interactions 
are discussed in detail with regard to pharmacokinetic and pharmacodynam-
ics interactions. Each type of reaction is reviewed in light of specific findings 
from studies of antimicrobial drugs used in field studies where nutritional 
factors are also examined. The general adverse effects of many drugs can also 
affect nutritional status via nausea, fatigue, loss of appetite, etc. and these 
effects are also described. The chapter also includes a detailed description of 
the currently know strategies to treat COVID-19 including all pharmaceuti-
cals in clinical study as of May 2020. Additionally, there is a comprehensive 
review of the nutrition effects of these drugs and other modalities that remain 
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in clinical use. The chapter includes over 250 up-to-date, valuable references 
and 7 critically important tables and figures. The drug/nutrient tables are of 
particular importance as currently there are no comprehensive databases for 
drug-nutrient interactions that are available electronically.

Chapter 14 reviews the complexities of determining the role(s) of diet, 
overall nutritional status, and specific nutrient status when a patient has more 
than one pathogenic infection. As indicated by the author, concurrent infec-
tion is the norm rather than the exception in real-world populations where 
most host individuals are infected by more than one parasite species simulta-
neously. Likewise, nutritional deficiencies are also common and coinfection 
and multiple nutritional deficiencies frequently co-occur in the same eco-
nomically depressed populations. The chapter includes most of the recent 
epidemiological survey studies that have reported on the significant increased 
risk of adding to already well-established nutrient deficiencies with multiple 
infections; iron is an important example. The chapter’s objective is to draw 
insights from ecological studies combined with epidemiological data to guide 
future research. Examples of ecological approaches to host/parasite interac-
tions are described and illustrated in the excellent figures included in the 
chapter. The chapter also includes case studies that examine the availability 
of host nutritional resources, resource use by parasites, host immune defenses, 
and the inter-connections among these processes simultaneously; this trophic 
approach can help us understand the numerous complexities associated with 
coinfection-nutrition interactions.

Chapter 15, which reviews the overarching area of climate change, adds 
further complexity to the interactions that affect nutrition/infection interac-
tions. The chapter describes the current climate challenges and assessment 
frameworks and then presents an overview of ways in which climate is linked 
to nutrition and infections. Climate change, undernutrition, and infections are 
each individually reviewed, and the chapter concludes by highlighting how 
climate change, nutrition, and infection are all intertwined in the United 
Nations 2030 Sustainable Development Goals. The major focus of control-
ling the adverse effects of climate change is via CO2 emissions reduction. 
These emissions are linked to warming of our planet resulting in ice melt that 
cause increased water in the oceans and warming of ocean waters, as but two 
examples. Current climate changes will affect the choices for food produc-
tion. Parasite success has been linked to climate warming and other environ-
mental changes; these are reviewed in detail. Moreover, food production’s 
major role in increasing CO2 is detailed as are the interactions both positive 
and negative between climate change and infection rates. The potential inter-
actions of climate change and viral infections remind us that the COVID-19 
pandemic may have been enhanced by our current climate conditions. As 
mentioned above, nutritional risk factors, such as obesity, have already been 
identified as increasing adverse effects seen with COVID-19 infection. This 
comprehensive and timely chapter contains 10 valuable figures and tables as 
well as over 100 targeted references.

Chapter 16, written by the volume’s editors, concentrates on the clinical 
research aspects of nutritional requirements and provides the reader with a 
clear and data-driven synthesis of the key learning from the book’s chapters. 
The editors indicate that the totality of the evidence points to the generaliz-
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able finding that improved nutrition, including adequate, but not excessive 
intake of needed macro- and micronutrients, can reduce infectious risks by 
augmenting vigorous immune responses. There is an excellent, detailed anal-
ysis of the process of “Causal Analysis” which is used in the place of data 
from placebo-controlled trials. Based upon this type of analysis, global public 
health strategies can be further developed and implemented that disregard 
social prejudices in favor of improving the population’s overall health. The 
goal of reducing the risk of infection by enhancing immune responses is of 
equal value to the healthy person and the patient who is ill. The goal is the 
same across the lifespan and for all sexual identities, races, and ethnic com-
munities. As we see today, with the emergence of a pandemic-causing virus, 
COVID19, a robust immune response is essential, and initial findings are 
reporting links to worsening viral effects in obesity as well as lower than 
normal levels of certain micronutrients. Of equal importance is an apprecia-
tion of the nutritional consequences of infection and the increased need to 
know the nutritional requirements during infection as well as a preventative 
measure in the face of, for example, a pandemic.

 Conclusions

The above description of the volume’s 16 chapters attests to the depth of 
information provided by the 25 highly respected chapter authors and volume 
editors. Each chapter includes complete definitions of terms with the abbre-
viations fully defined and consistent use of terms between chapters. Key fea-
tures of the comprehensive volume include over 90 detailed tables and 
informative figures; an extensive, detailed index; and more than 3,600 up-to- 
date references that provide the reader with excellent sources of worthwhile 
practice-oriented information that will be of great value to health providers, 
specialized nutrition practitioners as well as clinical researchers, and gradu-
ate and medical students. In addition to specific data on foods and diets, the 
volume contains important sensitive chapters related to the multiple interac-
tions, both positive and negative, between overall nutritional status, essential 
nutrient availability, body weight, age, sex, pregnancy, growth, and the impact 
of one or more pathogenic infections. Unique chapters include ones that 
examine drug-nutrient interactions with a section that describes drug-nutrient 
interactions in the COVID-infected patient; review the effects of climate 
change on both nutritional status and potential for new infectious agents; and 
examine the development of immune responses and the role of the life cycle 
of almost every significant human pathogen in the infection of the host, 
whether nutritionally adequate or malnourished. This comprehensive volume 
is of great value to health professionals in the fields of nutrition, nursing, 
public health, infectious diseases, and clinical medicine and has been devel-
oped to serve as the primary text for graduate and medical students studying 
nutrition and infectious diseases.

In conclusion, Nutrition and Infectious Diseases: Shifting the Clinical 
Paradigm, edited by Debbie L Humphries, PhD, MPH; Marilyn E Scott, 
PhD; and Sten H. Vermund, MD, PhD, provides health professionals in many 
areas of nutrition and infectious disease research and practice with the most 
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current and well-referenced volume on the importance of evidence- based 
interventions to assure the overall health of the individual. The volume serves 
the reader as the benchmark for integrating the complex interrelationships 
between nutritionally related risk factors such as obesity, micronutrient defi-
ciencies and undernutrition, and pathogenic infection or infections in preg-
nancy, young childhood, in growth years, in the labor forces, seniors, and 
others at risk populations. The novel chapters, concerning climate change, 
causal analysis, and risks of new infections from many pathogens, add further 
to this valuable volume by providing relevant, timely, and concise data. The 
broad scope as well as in-depth reviews found in each chapter makes this 
excellent volume a very welcome addition to the Nutrition and Health Series.

Adrianne Bendich, PhD, FACN, FASN
Series Editor
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Key Points
• Many criteria have been developed for demonstrating causality, but few have been refined for 

application to the design or analysis of nutrition-infection interactions.
• A conceptual framework for exploring the impact of host nutritional status on infectious 

disease needs to consider the impact of nutrition on both the host and the pathogen.
• Infection alters nutritional status through a variety of mechanisms.
• Establishing causation in a context of multiple nutrient deficiencies and infections is chal-

lenging, especially given the difficulty of directly extrapolating mechanisms identified under 
controlled experimental conditions to natural populations.
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There are varying combinations of infectious diseases and micronutrient and macronutrient deficien-
cies in the different ecological settings around the world. Even within a community, the combination 
of infectious agents and nutritional deficiencies varies among individuals. Pathogens can be affected 
by nutritional status through multiple pathways that may have distinct consequences depending on the 
host and environment. Host nutritional status can affect success of a pathogen, beginning with expo-
sure to the infectious agent through to the resolution of the infection, either naturally or through 
response to interventions. Some of the pathways may result from changes in host behavior and others 
through biochemical and metabolic changes in the host or pathogen. Given the multiple potential 
pathways, exploring causal relationships between a specific nutritional disorder or combination of 
disorders and single or multiple infections poses challenges.

To better frame the exploration of these complex relationships, we lay out key definitions, theories 
of causality, types of causal relationships, and criteria for assessing causal associations between nutri-
tion and infection. To better understand the relationships between nutrition and infectious disease, we 
follow the classification system used by Scrimshaw et al. [1] of synergism, antagonism, or no effect. 
These terms are used to reflect the net combination of effects as even within a single nutrient-infection 
combination, it is conceivable that, at a mechanistic level, there may be a mix of both synergistic and 
antagonistic relationships. In presenting an overarching conceptual framework of potential pathways 
of interaction, we seek a unifying construct that helps frame the other chapters in this book and guides 
conceptualization of future multidisciplinary research into nutrition-infection interactions.

 Background: Definitions and Tools for Understanding Relationships 
Between Nutrition and Infection

 Definitions

To set the stage, we clarify the meaning and usage of our central themes: nutritional status and 
infection.

 Nutritional Status

Nutritional status reflects the body’s store of available nutrients and is measured using anthropometry 
(e.g., height, weight, mid upper arm circumference) and biochemical indicators (e.g., hemoglobin) 
and concentrations of specific nutrients (e.g., serum retinol) compared against recognized standards 
or cutoffs. Macronutrients include proteins, lipids (fats), and carbohydrates (sugars), while micronu-
trients include water-soluble or fat-soluble vitamins, macrominerals, and trace minerals. Nutritional 
status is an indicator of the balance between nutrient needs and nutrient consumption. Undernutrition 
includes both micronutrient malnutrition, where intake or absorption of single or multiple micronutri-
ents is inadequate to meet physiological needs for good health, and protein-energy malnutrition, 
where consumption of macronutrients (protein, carbohydrates, lipids) is insufficient (see Chap. 2); 
overnutrition often includes both an excess of macronutrients and deficiencies of micronutrients [2].

 Infection

This book focuses on infections of relevance to humans caused by viruses, bacteria, protozoans, and 
helminths. We distinguish between an infection (i.e., the presence of a pathogen) and disease (i.e., 
signs, symptoms, and pathology [disease progression]). We note that disease severity is a function of 
pathogen virulence (see Box 1.1), host tolerance, and pathogen load. The chapters address infections 
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that are harmful, but also highlight situations where pathogens may have beneficial effects (e.g., Shea- 
Donohue et al. [3]), such as within the microbiome [4, 5]. Limited attention is given to infections that 
cause disease directly within the vector, unless the impact on the vector is also associated with altered 
impact on human hosts. Both asymptomatic and symptomatic infections are addressed where rele-
vant, particularly as there is a growing awareness of pathological changes that may be happening in 
the asymptomatic stage of infections, such as in infections with the human immunodeficiency virus 
(HIV), where asymptomatic infection is associated with a 10% increase in resting energy expenditure 
[6]. Where helpful in understanding underlying mechanisms, we make reference to studies in live-
stock as well as rodent models.

 Theories of Causality

Prior to exploring criteria for assessing causal relationships, it is important to characterize the kind of 
causality being explored. Historically, understanding causality has been both a philosophical and a 
natural science pursuit. Aristotle was an influential early proposer of theories of causality, unpacking 
the theoretical cause of an “object” [11]. More recent representations of causal relationships have 
reflected on multiple potential meanings of the phrase “A causes B”. Parascandola and Weed con-
cluded that an epidemiological perspective is best served by a counterfactually based1 probabilistic 
definition of causality that uses probability statistics to assess the impact of a condition when it is 
present compared to when it is absent [12]. Thygesen and colleagues utilized two theories of causal-
ity: regularity and generative. The regularity theory proposes that we can say “A causes B” when we 
observe a statistical pattern indicating that A is followed by B. The generative theory proposes that we 
can say “A causes B” when we have identified pathways and biological mechanisms that could lead 
from A to B [13], independent of epidemiological evidence. In the usage by Thygesen and colleagues, 
regularity theory is similar to probabilistic causality, while generative theory is focused on biological 
mechanisms and has no clear counterpart in the Parascandola and Weed framework [13].

From a nutritional epidemiological perspective, both regularity and generative causality can be 
used as possible pathways to evaluate cause and effect, and their joint use is ideal. Generative causal-
ity occurs in nutrition when a specific nutritional deficiency leads to specific physiological conditions 
in human populations, and we have a mechanistic understanding of the relationship. Vitamin A defi-

1 Counterfactual probabilistic approaches assess the statistical association of presence and absence of a potential risk 
factor with the condition of concern.

Box 1.1 Definition of Terms
• Susceptibility – the set of complementing genetic or environmental causes sufficient to make 

a person contract a disease after being exposed to the specific causes [7, 8]
• Vulnerability – contextual factors that influence the likelihood of exposure of individuals and 

communities
• Virulence – the ability of a specific strain of a microorganism to produce disease [9], often 

related to the rate of replication of the infectious agent or its intrinsic invasive capacity
• Tolerance – the process whereby the body becomes increasingly resistant through continued 

exposure [9] or produces less pathology for a given infection load
• Pathogenicity – the ability of a pathogen to produce disease [9] or symptoms, often as a 

consequence of an overactive immune or inflammatory response
• Resistance – the ability of the host to limit infection or disease [10], typically through effec-

tive barriers or immune responses that have a genetic component

1 Pathways Linking Nutritional Status and Infectious Disease: Causal and Conceptual Frameworks
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ciency causing xerophthalmia (abnormally dry conjunctiva and cornea of the eyes) is a good example. 
The larger focus of nutritional epidemiology has been on whether deficiencies or excesses of nutrients 
(such as vitamin A) could affect the acquisition and/or the progression of other diseases, even when 
mechanisms are not yet well understood. In this second context, causality is understood as either 
“regular” when the association is solely epidemiological or “generative” [12] when mechanisms are 
understood.

 Criteria for Assessing Relationships Between Infections and Malnutrition

Identifying and characterizing patterns of association and relationships between two events are funda-
mental to the history of science. In the field of infectious diseases, theories of causality began from 
detecting the presence of an infectious agent. Koch’s postulates (Table 1.1) were a key conceptual 
innovation that allowed researchers to demonstrate with scientific precision that a specific agent 
caused a specific infection. This was revolutionary and led to rapid identification of interventions to 
reduce infectious diseases such as cholera. With the development of the science of epidemiology over 
the last century, there has been a growing understanding of causality as more than a single factor lead-
ing to a single outcome and an increasing awareness of the importance of nonpathogenic influences 
on infectious diseases. With this changing understanding, analyses of probabilistic associations and 
potentially causal relationships rely on much more than Koch’s postulates. In particular, emerging 
understanding of asymptomatic disease, cofactors in the manifestation of infectious pathology, and 
other complexities that were not known in Koch’s nineteenth century all inform current understand-
ings of causality.

To give a noninfectious-/non-nutrient-focused example of determining causality, in the 1960s, the 
growing epidemic of lung cancer motivated scientists to look for causal theories and criteria that were 
relevant in assessing emerging patterns in medicine and public health. The principal focus was on the 
role of tobacco in lung cancer, and this contributed to the development of a more probabilistic and 
epidemiologically focused set of criteria for assessing potentially causal relationships [14]. Bradford 
Hill (Table 1.1) identified seven criteria, only one of which he considered essential: temporality [15]. 
Building on the Bradford Hill criteria, and specifically addressing issues that arise in considering 
causality in the field of nutritional epidemiology, Potischman and Weed [16] focused on a subset of 
the Bradford Hill criteria (Table 1.1) with the addition of biological plausibility, a criterion reflecting 
the generative theory of causality of Thygesen [13].

Monteiro and colleagues combined both sets of criteria and added one more: analogies from simi-
lar conditions (Table  1.1) [17]. They then used each criterion separately to assess evidence of a 
causal relationship between a species of malaria, Plasmodium vivax, and subsequent undernutrition 
[17]. One of the most challenging criteria, temporality, was addressed through multiple cohort stud-

Table 1.1 Criteria for causal inference, drawn from several sources

Koch’s postulates (1890) [129] 
infection focus

Bradford Hill (1964) 
[15] cancer/tobacco

Potischman and Weed 
(1999) [16] nutrition Monteiro et al. (2016) [17]

Pathogen present in every case of 
disease
Pathogen isolated from host with 
disease
Symptoms/disease reproduced when 
pure culture of pathogen inoculated 
into healthy susceptible host
Pathogen recoverable from 
experimentally infected host

Strength
Consistency
Specificity
Temporality
Biological gradient
Coherence
Experimental design

Strength
Consistency
Temporality
Dose response 
(biological gradient)
Biological plausibility

Strength
Consistency
Specificity
Temporality
Biological gradient
Coherence
Experiment(al design)
Plausibility (biological)
Analogy

D. L. Humphries et al.
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ies in P. vivax-endemic areas that assessed nutritional status prior to infection with P. vivax [17]. 
They concluded that current evidence is consistent with P. vivax contributing to undernutrition in 
endemic settings, demonstrating the applicability of clearly stated causal analysis to situations of 
nutritional and infectious disease epidemiology. Their analysis offers a compelling example of using 
rigorous causal analysis from a breadth of criteria to assess the strength of the evidence for a given 
relationship.

 Types of Relationships

From a theoretical perspective, poor nutritional status could have a direct association with infection in 
three ways. Poor nutritional status could have a synergistic effect on an infection where it promotes 
the infection in some way, it could diminish the infection with an antagonistic effect, or it could have 
no impact on the infection, either because of independence of the two conditions or because the syn-
ergistic aspects cancel out the antagonistic dimensions of the association.

 Synergistic Relationships Between Nutrition and Infection

A number of nutritional deficiencies can reduce the ability of a host to resist a pathogen, and a number 
of infections can impair nutritional status. This kind of causality is said to be synergistic in that both 
the infection and malnutrition exert negative effects on host health. There is an extensive literature 
documenting synergistic relationships between malnutrition and infections, and the public health sig-
nificance has become evident [18–20]. In the mid-1990s, several researchers developed an approach 
for estimating population-level effects of malnutrition (low weight-for-age) on risk of infant and child 
mortality [21, 22]. Pelletier and colleagues estimated population attributable risks from data on mor-
tality rates from specific childhood infections for children with differing nutritional status [22]. Thus, 
they estimated that 56% of all child deaths from 53 developing countries were due to underlying 
malnutrition, as malnourished children had a higher mortality rate for diarrhea, malaria, and pneumo-
nia than well-nourished children [21]. This analysis of the synergistic relationship between malnutri-
tion and childhood mortality has clear implications at the population level in terms of the broader 
clinical and public health efforts needed to address malnutrition in order to reduce childhood 
mortality.

The impact of undernutrition on transmission of tuberculosis (TB) in the central-eastern Indian 
states has been explored using modeling [23]. The authors modeled several different scenarios of 
future undernutrition, based on reductions in undernutrition achieved over the past 20–30 years by 
countries such as Bangladesh (5.0% annual decrease in the proportion of their population with inad-
equate caloric intake), Vietnam (8.0% annual decrease), and Ghana (11.7% annual decrease) [23]. 
The models suggested that a modest improvement in caloric intake (in range of that achieved in 
Bangladesh) could avert 4.8 million TB cases and 1.6 million TB deaths in Central and Eastern India 
over 20  years [23]. In this example, the synergistic relationship was inferred by the association 
between improvements when caloric intake increased and a proportional reduction in TB cases 
observed across regions, though the ecologic association may or may not hold in real-world 
circumstances.

Combined diarrhea and malnutrition provide another example of a synergistic relationship. 
Severely undernourished children (weight for age z score (WAZ) < −3.0) had an odds ratio of 9.5 for 
mortality from diarrhea when compared with children with a WAZ > −1.0 [24].

Both macronutrient deficiencies such as protein-energy malnutrition and deficiencies of specific 
micronutrients can lead to increased severity of infections. Vitamin A deficiency increases the severity 
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of measles to the point that vitamin A supplementation is recommended for children with measles [25–
27]. Iron deficiency can also interact synergistically with infections. For example, progression to gastric 
cancers was increased if Mongolian gerbils infected with Helicobacter pylori, a bacterial infection that 
causes stomach ulcers, were fed an iron-depleted diet instead of an iron-replete diet [28, 29].

 Antagonistic Relationships Between Nutrition and Infection

An antagonistic relationship is less frequent but can be vitally important. One example is when a 
nutritional deficiency reduces infection-induced pathology more than it reduces the host immune 
response; a second example is when an infection reduces severity of malnutrition [1]. One early report 
of the negative effects of malnutrition on the host being countered by a benefit of reduced infection 
emerged in a feeding camp in Ethiopia during a 1970s famine in Somalia where iron repletion was 
used. The odds ratio for positive malaria blood smears was 13.4 among those who received supple-
mental iron, relative to nomads who were iron deficient and who did not receive iron [30]. The antago-
nistic relationship between malaria and iron continues to be documented, with a recent longitudinal 
study showing increased risk of a positive malaria smear among infants in the highest quartile of iron 
status [31]. In a mouse model of urinary tract infections with uropathogenic Escherichia coli (UPEC), 
animals on a low-iron diet had a significantly lower bacterial burden [32]. Dietary iron has also been 
suggested to have an antagonistic relationship in hookworm infections, with both iron deficiency and 
iron excess reducing hookworm egg output in hamsters and normal levels of iron significantly increas-
ing hookworm egg output and decreasing hamster survival [33]. This latter example emphasizes the 
nonlinear relationship between iron supplementation and hookworm infection, with antagonistic 
effects at extremes of the spectrum of iron status and synergistic effects in the normal range of iron 
status [33]. In an attempt to strengthen the case for causality, recent studies have focused on potential 
biological mechanisms underlying antagonistic relationships between iron and infections [34].

 No Relationship Between Nutrition and Infection

There are some infections where mild to moderate malnutrition does not appear to affect risk of infec-
tion or disease, and infection does not appear to affect nutritional status. However, a critical assess-
ment must consider the consistency of conclusions among studies, the number of studies/subjects, and 
whether a given relationship may hold for more extreme nutritional status, as with anemia/low iron 
and hookworm [33]. In a review of 13 studies of dengue fever and nutrition, there was no consistent 
pattern between malnutrition measured solely by anthropometry and the three forms of dengue. 
Interestingly, however, subgroup analyses suggested that more severe dengue (dengue shock syn-
drome) might be increased in underweight individuals (i.e., synergistic relationship), whereas less 
severe dengue may be more prevalent in mildly malnourished individuals. Finding no association 
between nutritional status and disease severity may indicate that a particular pathogen is not affected 
by host nutritional state or may reflect a heterogeneity of impacts under differing nutritional condi-
tions and/or study populations [35].

 A Conceptual Framework for the Infection-Malnutrition Interface

One of the challenges in clarifying the influences of nutritional status on infection is the ongoing host- 
pathogen “negotiation” during an infection (Fig. 1.1). At each stage of an infection, the host seeks to 
block the spread of the pathogen, and the pathogen seeks to overcome the host defenses [36]. Building 
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on the stages of an infection, we have developed a framework guided by plausible biological mecha-
nisms that delineates phases during the progression of an infection, to enable a more thorough explora-
tion of the potential pathways of influence of nutritional status on infectious diseases. Six stages are 
identified, three focused on impacts of nutrition on the pathogen and three focused on impacts on the 
host. Pathways related to the pathogen include (1) finding the host; (2) establishment, maturation, and 
survival within the host; and (3) division or reproduction of the pathogen and subsequent release of 
infectious stages to the environment or to another host. Pathways related to the host include (1) immu-
nological or inflammatory responses that may lead to resolution of infection, (2) progression of disease 
symptoms that may be due to pathogen-induced damage or immunopathology, and (3) response to treat-
ments (Fig. 1.2).

Invasion of host
through breach of
primary barriers

Evasion of host
defenses by
pathogens

Pathogen
replication in
host

A host’s
immunological
capability to
control/eliminate
the pathogen

Fig. 1.1 Classification of host-pathogen interactions. (Reprinted by permission from Springer Nature: Sen et al. [36])

Does malnutrition alter the
success of the pathogen?

Does infection alter host nutritional status?

Does malnutrition alter the
success of the host?

Exposure - pathogen finds host Immunity & resolution

Disease severity

Response to treatment

Pathogen establishes in host

Pathogen proliferates & spreads

• Spatial & temporal overlap of host and infective
 stage
• Chemical cues that attract pathogen or vector to
 host
• Production and handling practices that lead to
 pathogens on food

• Reduced immune response
• Inappropriate type of immune
 response
• Inappropriate timing of immune
 response

• Increased tissue damage
• More severe symptoms
• Prolonged symptoms
• More systemic consequences

• Altered absorption
• Altered activation of drugs
• Altered half-life of active metabolites

• Crosses barriers (gut, skin, lungs)
• Finds preferred site
• Develops to reproductive stage
• Parasite survives

• Pathogen attains nutrients needed to replicate
• Viral particles, spores, oocytes or eggs released
 into environment

Fig. 1.2 Pathways by which nutritional status may alter (a) pathogen success and (b) host success at all stages of infec-
tion, through influences on behavior and immune function. Framework for designing, categorizing, and reporting 
research questions and evidence at the interface of nutrition and infectious diseases. We note that different research 
designs and evidence are needed to address the questions in each box
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 Exposure (Spatial and Temporal Overlap of Host and Pathogen)

Preventing exposure to an infectious pathogen is one of the primary approaches to preventing infec-
tions. Examples of individual behavioral interventions include the use of bednets to prevent mosquito 
bites and malaria infection, washing vegetables thoroughly to remove potential pathogens, or wearing 
long pants and sleeves to prevent the Borrelia infection leading to Lyme disease. Population-level 
interventions are exemplified by spraying to kill potential arthropod disease vectors, pasteurization of 
milk, or fluoridation of a water supply to reduce Streptococcus mutans-mediated dental caries. There 
are multiple pathways by which nutritional status or dietary intake could affect risk of exposure.

Behavioral Pathways Both protein-energy malnutrition and iron deficiency can lead to fatigue and 
limited energy [37], and an early study on human starvation found that reduced mobility compensated 
for much of the unmet energy needs [38]. Reduced mobility may reduce exposure to outdoor patho-
gens such as helminths or sylvatic leishmaniasis. In contrast, increased time indoors may increase 
exposure to airborne respiratory pathogens [39] or exposure to peri-domestic insect vectors that trans-
mit vector-borne diseases such as Chagas disease (see Chap. 6) [40]. A modeling study exploring 
transmission of mosquito-borne diseases under conditions of varying levels of human mobility found 
that both low mobility and high mobility populations were predicted to have lower prevalence of 
infection, with moderately mobile populations having higher rates of transmission [41].

Diet-Related Pathways Many pathogens are transmitted through food, either because this is a typical 
route of exposure, or because of accidental contamination. Thus, dietary choices together with deci-
sions about washing or cooking foods can influence exposure to infectious agents, and food choices 
and styles of food preparation may themselves be influenced by nutritional status. Both zinc and iron 
deficiency are strongly associated with pica, defined as the craving and consumption of non-food 
items such as chalk, ice, paint chips, and soil [42, 43]. A study published in 2010 analyzed 88 samples 
of soils sold for consumption in markets in Africa, Europe, and the United States and identified bacte-
rial and fungal contamination in almost all of the samples, suggesting that consumption of such non- 
food items could lead to exposure to pathogens [44].

Chemical Cues to the Pathogen A more hypothetical pathway between nutritional status and expo-
sure is the possibility that a malnourished individual emits volatiles that increase or decrease the 
attractiveness of the host to particular vectors. Vector biting behavior, including choice of humans 
over livestock and other nonhuman mammals, is strongly influenced by volatile organic compound 
scents, and there is increasing evidence that volatiles are influenced by diet and metabolism [45]. 
Vertebrates are known to rely on chemical cues to detect (and choose) prey and to warn of approach-
ing predators. For example, fish release a chemical alarm signal that warns other fish of the presence 
of predators [46], and both parasite-infected fish and tadpoles have been shown to release alarm sig-
nals [47]. Mosquito vectors detect hosts by recognition of volatile compounds [48, 49], visual cues, 
CO2, human odors, body heat, and other nonvolatile compounds (Fig. 1.3) [50].

While evidence is strong that vectors are influenced by visual and olfactory cues, evidence on the 
impacts of nutritional status on host odors, CO2 release, and nonvolatiles is still nascent. Restriction 
of vitamin E intake has been shown to reduce chemical signaling in lizards [51]. If nutritional status 
affects human emissions in any way, it could alter the ability of parasites or vectors to find a suitable 
host. Where transmission occurs via active penetration by the pathogen, such as in hookworm, or bit-
ing by a vector such as in malaria, volatiles may also attract (or deter) infectious stages and vectors to 
(from) the host. Malnutrition can also decrease the basal metabolic rate [52], which would lower body 
heat, thus changing another important vector cue.
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 Establishment of Infection (Pathogen Successfully Crosses Host Barriers, 
Establishes at Appropriate Tissue Location, and Matures)

A successful infection requires that infectious agents establish and reach a hospitable final location. 
This typically involves two steps – (a) breaching protective physical, biological, and chemical barri-
ers, such as epithelial membranes, microbial biofilms, and stomach enzymes, and (b) transitioning 
(sometimes changing through developmental stages) during migration to a suitable site where replica-
tion or reproduction can occur.

 Breaching the Barriers

The integrity and health of barriers can be directly (and indirectly) affected by host nutritional status. 
Humans have three primary barriers – the gut (gastrointestinal), skin (integumentary), and lung (pul-
monary) barriers. With the gut barrier, relationships between nutritional status and epithelial integrity 
have been demonstrated for vitamin A deficiency and protein-energy malnutrition. Vitamin A defi-
ciency leads to increased intestinal permeability in animal and in vitro models [53, 54], and child 
malnutrition in general has been closely associated with altered structure and function of the intestinal 
mucosa [55, 56]. A general thinning of the skin with protein-energy malnutrition in a mouse model 
has been reported [57]. Several studies have identified a role for vitamin D in pulmonary epithelial 
integrity [58–60]. However, research on the impact of nutritional status on barrier functions to patho-
gens is limited primarily to the gut.

Visual cues

CO2

Human odours

Body heat

Nonvolatiles

Fig. 1.3 Graphic illustrating the sensory cues used 
by mosquito vectors to target human hosts depicting 
visual cues, CO2, odors, body heat, and nonvolatiles. 
(Reprinted with permission from Elsevier: Montell 
and Zwiebel [50])
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 Migration to Target Tissues

As the pathogen migrates through the host, it faces additional physical barriers such as cell walls, blood ves-
sels, and lung tissue, whose integrity and physical or immunological competence may be affected by macro- 
or micronutrient deficiencies. During migration, pathogens typically undergo morphological, physiological, 
biochemical, and molecular transitions that have evolved to enable them to exploit their host. Any of these 
transitions can be sensitive to host nutritional status, as pathogens are dependent on the host for providing 
essential nutrients. Once the pathogen reaches its destination, it needs to remain in the site and this often 
involves adherence to target tissues. Nutrients may play a role in this adherence, as with iron in the case of 
the vaginal pathogen, Trichomonas vaginalis, where iron induces synthesis of key adhesion molecules [61, 
62]. Nutrient-dependent mechanisms such as this may be necessary for survival of many pathogens.

 Pathogen Proliferation (Pathogen Reproduction and Release of Infectious Stages)

Critical to the ongoing presence of infections in a population is the ability of the pathogen to propagate and 
then to release infective stages so that the infection can be transmitted to others. Propagation happens in a 
variety of ways, including viral replication, binary fission, and production of spores or gametes or eggs. As 
pathogens rely on host nutrients (see Chaps. 4, 5, 6, 7, and 14) [40, 63–66], deficiencies of essential nutri-
ents can have a direct negative impact on pathogen propagation unless the pathogen is able to outcompete 
the host for the limited nutrients. Research using an avian model has shown that fleas on nestlings that 
received dietary supplementation laid more eggs than fleas on unsupplemented nestlings [67].

Once a pathogen has reproduced, it is transmitted to new hosts by direct contact; by release of 
transmission forms into the environment through bodily fluids, feces, or airborne particles; or by 
transfer into vectors or intermediate hosts. Host nutritional status may reduce movement of the trans-
mission stage out of the host. For example, if peripheral blood flow is reduced, malaria gametocytes 
may not be available to mosquitoes when they bite. Host nutritional status may alter the interval 
between infection and transmission, the duration of release of transmission forms from the host, the 
longevity of infectious stages outside the host, their infectivity to the next host, or the geographical 
range over which infection is spread. For example, in a randomized controlled trial (RCT) of adults 
with moderate selenium deficiency, those who received selenium supplements shed poliovirus in the 
feces for a shorter period after polio vaccination [68]. This could mean that selenium-deficient indi-
viduals might transmit the virus for a longer period of time. If nutritional status alters gut transit time 
through diarrhea or constipation, infective stages might be released prematurely or, alternatively, 
might be retained in the gut, thus compromising their viability.

Furthermore, through coevolutionary processes, host nutritional status may change pathogen 
genetics. This has been demonstrated in an experimental model where repeated passage of coxsacki-
evirus B3 virus through several generations of vitamin E-deficient or selenium-deficient mice led to a 
viral phenotype with increased virulence [69]. In this case, vitamin E and selenium deficiencies 
increased the pathogenicity of the virus.

 Immune Responses to Natural Infection and to Vaccines Lead to Resolution 
of Infection

When a host kills or expels an established pathogen, this is referred to as natural recovery. Nutritional 
deficiencies are well known to impair the ability of the host to respond effectively to an infection, 
allowing persistence of infections that are usually cleared rapidly (see Chap. 3) [70–74]. Nutritional 
status is accepted as an important modifier of immune response to vaccines, although the specifics of 
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the impacts are less clear [75]. Studies in the 1980s explored particular dimensions of immune 
response such as B-cell versus T-cell responses to measles vaccination [76, 77]. Protein-energy mal-
nutrition has been associated with a decreased response to tuberculin sensitivity skin tests following 
BCG vaccination against tuberculosis in children [78], and a third of protein-deficient pigs that were 
vaccinated with the attenuated human rotavirus vaccine developed diarrhea after subsequent exposure 
to rotavirus, but none of the vaccinated protein-sufficient pigs did [79]. In an RCT of newborns in 
Pakistan, zinc deficiency was shown to reduce the efficacy of oral poliovirus vaccine, but surprisingly 
zinc supplementation did not improve vaccine efficacy [80]. Demonstration of the causal connection 
between vaccine efficacy and nutritional status has been limited by the low number of studies, poor 
quality of data, and heterogeneity in variables across studies that make comparisons very challenging 
[81]. More recently, it seems the gut microbiome may modulate the interaction between nutritional 
status and vaccine efficacy, at least for oral vaccines [82]. While there are a number of studies assess-
ing impact of malnutrition on immune function (see Chap. 3), studies are still needed to better unpack 
how nutritional status affects vaccine efficacy [83, 84].

 Disease Severity (Pathogen Leads to Symptoms and/or Immunopathology)

In human populations, infections that are rapidly resolved often go undetected. However, when 
natural mechanisms of clearance (self-regulation by the infection or immune-mediated processes) 
are interrupted, infections may become pathogenic, and disease severity may increase. In an 
observational study of the intestinal protozoan infection Cryptosporidium parvum, the prevalence 
of clinical complications in Jamaican children was higher in children with low weight-for-height 
compared to well-nourished children [85]. This situation can be seen as an example where malnu-
trition may have permitted ongoing parasite replication and in turn increased infection-induced 
disease severity.

Many pathogens have virulence factors that contribute to their ability to cause disease. Nutrient- 
dependent virulence factors have been identified in numerous pathogens, such as Entamoeba histo-
lytica [86], T. vaginalis [61], and H. pylori [28]. For example, with host iron deficiency, H. pylori 
upregulates high iron affinity transporters in order to obtain the iron it needs, and these high affinity 
transporters are associated with increased pathogenicity [28]. HIV has also been implicated in 
nutrition- infection pathogenic interactions (see Chap. 9) [87]. Selenium is one micronutrient where 
deficiency has been linked to poor HIV clinical outcomes, while selenium supplementation has been 
shown to improve HIV clinical outcomes and to reduce the incidence of TB among HIV-infected 
persons [88–91]. Serum retinol has been studied as a risk factor for adverse HIV outcomes, but it is 
difficult to assess cause and effect, as persons with advancing HIV disease may have altered food 
intakes and temporality is difficult to determine [92, 93].

The ability of the host to tolerate or limit infection-induced damage can be influenced by nutri-
tional status. Vitamin A/retinoic acid plays a key role in the development of mucosal tolerance through 
its role in induction of regulatory T cells (Tregs), which are an important downregulator of the immune 
response. Vitamin A/retinoic acid is an important stimulator of differentiation and proliferation of 
Tregs, T helper Type 2 (Th2), T helper 17 (Th17), and IgA plasma cells [94]. Appetite is another 
pathway by which nutrition may affect tolerance to a pathogen. A recent analysis of the impact of 
fasting behaviors on viral and bacterial infections concluded that fasting was protective against dis-
ease progression for a bacterial infection, Listeria monocytogenes, in mice, whereas glucose supple-
mentation helped protect mice from influenza virus [95]. With the L. monocytogenes infection, 
anorexia led to ketogenesis which helped to reduce antibacterial inflammation and release of antibac-
terial reactive oxygen species. In contrast, with influenza, glucose supplementation helped prevent 
initiation of stress-mediated apoptosis [95]. Nutritional status and dietary intake are important media-
tors of disease, through pathways affecting both pathogen virulence and host tolerance.
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The severity of many infectious diseases results from an over aggressive immune response that 
itself causes pathology, as dramatized by the COVID-19 pandemic. In such situations, diet and nutri-
tional status may alter the degree of immunopathology [96–99]. A recent systematic review of pre-
clinical evidence shows that hepatic granulomas in mice infected with the trematode parasite, 
Schistosoma mansoni, were fewer in number and/or size in mice fed low-protein or vitamin-restricted 
diets and in zinc-supplemented mice, but higher in mice fed a high-fat diet (Fig. 1.4) [100].

 Response to Treatment (Pathogen Cleared or Symptoms Reduced)

When an infected individual receives drug treatment, nutritional status may affect the host ability to 
use the pharmaceuticals effectively. Nutritional status can affect drug distribution, drug absorption, 
plasma binding of drugs, drug activation, and drug clearance [55, 101–106]. Protein-energy malnutri-
tion alters gut integrity and gastric emptying, which can affect drug absorption. Drug activation, the 
conversion of an inactive form to the active form, and drug clearance are both important steps for a 
number of drugs. Cytochrome P450 (CYP) enzymes are the dominant pathway by which drugs are 
metabolized for both activation and clearance [107, 108]. Both protein-calorie malnutrition and iron 
deficiency have been shown to affect cytochrome P450 3A4 (CYP3A4) activity. Rats on a protein- 
and calorie-restricted diet had less CYP generally [109, 110] and CYP3A specifically [109]. In addi-
tion, rats with protein-calorie malnutrition had decreased hepatic metabolism via CYP3A [111]. The 
decrease in activation may affect drug dosage, leading to a need for higher doses in malnourished 
individuals. One study in patients on hemodialysis with low CYP3A4 found an increase in CYP3A4 
after receiving intravenous iron supplementation [112]. These examples emphasize the importance of 
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Fig. 1.4 In vivo preclinical evidence of the impact of different dietary strategies on parasitological, immunological, 
biochemical, and histopathological parameters in animals infected by Schistosoma mansoni. The main diagonal arrow 
indicated the primary measure of outcome. Black arrows in each box indicate the effect direction for each accessory 
outcome. (−) mitigates and (+) stimulates mortality. (?) uncertain impact on parasitemia and mortality (insufficient 
data). (Used with permission from Cambridge University Press: Marques et al. [100])
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this often-overlooked area. Chapter 13 provides an in-depth review of drug-nutrient interactions rel-
evant to infectious diseases (see Chap. 13) [113].

 Pathogen Affects Nutritional Status

In terms of the reverse pathway, namely, the pathogen affecting the host’s nutritional status, multiple 
biological pathways have been delineated. Persons with infections can lose their appetites and suffer 
from gastrointestinal disturbances and many other manifestations that compromise optimal nutrition. 
Pathogens damage host tissues, they may compete with the host for nutrients, and they induce and 
maintain energy-intensive immune responses [19, 114]. A vigorous immune response can place 
extraordinary nutritional demands on a host, and even immune surveillance is nutritionally demand-
ing. Persons with chronic or severe infections may become malnourished unless intakes are adjusted 
to cover increased demand. Hunger and food insecurity contribute to delayed initiation and nonadher-
ence to antiretroviral therapy for HIV in Africa, especially if patients recognize that the medicines 
stimulate their appetite and food is unavailable [130]. Damage of host tissue in the gut can impair 
nutrient absorption and lead to malnutrition, as in the case of environmental enteropathy [115, 116]. 
Damage to host tissue can also lead to increased physiological demand for nutrients to repair the 
damage, and if the increased demand cannot be met through available diets, the body may draw down 
other physiological stores, thus limiting physiological functioning [114]. Bartelt and colleagues have 
developed a model of protein-deficient mice coinfected with Giardia lamblia and enteroaggregative 
Escherichia coli for exploring impacts of coinfection on malnutrition and vice versa [117]. The 
authors demonstrated that the combined infection and protein deficiency led to a greater weight loss 
and alterations in metabolic functioning than the combined infection and an isocaloric complete diet, 
although both protocols led to weight loss [117].

Infection-induced immune responses can result in release of pyrogens such as prostaglandin E2 that 
triggers an increased basal metabolic rate and fever. Counter to the old adage “feed a cold and starve 
a fever,” fever increases the nutrient need of the host. A small study of 12 healthy volunteers demon-
strated that fasting facilitated a humoral immune response, whereas eating fostered more of a cell- 
mediated response [118]. Perhaps infections that are resolved by a humoral response (like many 
helminth infections) would benefit from fasting, whereas those that are cleared by a cell-mediated 
response (many bacterial and protozoan infections that induce a fever) would be exacerbated by 
fasting.

There is a growing awareness of the complex ways that pathogens, diet, and the microbiota of a 
host interact, and a comprehensive understanding of the impacts of such interactions is still nascent. 
A recent study highlighting the influences of diet on the microbiome found that two groups of mice 
with the same initial microbiome composition had different microbial communities 8 weeks after 
being fed a low-fat and high-plant polysaccharide diet (similar to rural limited resource settings) com-
pared with a high-fat high-sugar diet (Western) [119]. Research on the microbiome as a potential 
mediator of nutrition-infection interactions is important to consider going forward [120].

 Challenges in Investigating Nutrition and Infectious Disease

Once mechanisms by which nutritional status affect infections have been demonstrated, there are 
several challenges in estimating the impact in human populations: (1) heterogeneity of nutritional 
status; (2) heterogeneity of infections; (3) a historical research emphasis on the role of infections in 
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causing malnutrition rather than the opposite; and (4) difficulty in extrapolating from controlled lab 
studies to human populations.

Nutritional status can vary at the level of macronutrient and/or micronutrient concentration within 
individuals (i.e., high level of one nutrient, low or moderate levels of other nutrients) and also among 
individuals within communities and between communities. Identifying relatively homogeneous popu-
lations that differ in nutritional variables of interest but that are similar for other nutritional variables 
is challenging. Deficiencies or excesses of macro- or micronutrients seldom occur apart from other 
nutritional perturbations. Thus measurements of multiple nutrients are essential for accurately charac-
terizing nutritional status, with significant associated clinical or public health research costs [121]. In 
addition, individual nutritional status is difficult to measure, both at the macro- and micronutrient 
levels. High-quality biomarkers of nutritional status are expensive to obtain and challenging to inter-
pret, as nutrient levels in bodily fluids can shift as nutrients are shuttled to different locations in the 
body, despite no changes in overall nutrient status. For example, serum biomarkers of nutritional 
status are highly variable, depending on multiple factors including time since the most recent meal, 
infection status, hydration, diurnal variation, varying metabolic demands, and perhaps host genetics 
[122]. A field study of children in Zambia found alterations in biomarkers of iron and vitamin A that 
varied by stage of the acute phase response (incubation, early convalescence, convalescence, and 
healthy) as measured by C-reactive protein and α1-acid glycoprotein (AGP) [123, 124]. Given the 
multiple potential influences on such biomarkers, identifying optimum cutoffs as indicative of defi-
ciency is challenging.

Similarly, individuals, communities, and regions can vary in terms of the number and variety of 
infections [125]. In human populations, infections vary in terms of the time since exposure to the 
pathogen, the exposure dose, or intensity of infection, whether it is an initial infection or a secondary 
infection with the same agent, and what other pathogens and microbiome the host harbors. Each of 
these factors can affect immune response and potentially also the interaction between nutrition and 
infection.

An additional challenge is that a multiplicity of factors can affect nutrition and, similarly, that a 
large number of factors can affect infection. This complexity makes it challenging to generalize from 
highly controlled laboratory models to free-living situations (see Box 1.2), even though laboratory 
models are very helpful in identifying generative causal relationships. The field of ecology is replete 
with examples where a scientist can demonstrate a clear pattern in the laboratory that is not apparent 
under more natural conditions. The profile of infection dynamics of an intestinal nematode of mice, 
Heligmosomoides polygyrus, differed markedly between an inbred susceptible and inbred resistant 
strain of mouse under controlled laboratory infections. However, when the two strains lived together 
in a large indoor enclosure where natural transmission occurred, the infection profile was undistin-

Box 1.2 Impact of Variations in Pathogen Virulence and Host Susceptibility
Scrimshaw et al. (citing H.S. Schneider, 1950, Strategic concepts in Epidemiology) note that 
laboratory studies generally use homogeneous animal and disease models, where virulence of 
the pathogen and susceptibility of the host are known. Schneider used an experimental 3 × 3 
study design with three host characteristics (1) inbred resistant, (2) outbred mixed (mix of sus-
ceptible and resistant), and (3) inbred susceptible as well as three pathogen characteristics (a) 
uniformly virulent, (b) mixed virulent and avirulent, and (c) uniformly avirulent, to explore the 
impact of nutritional status. Schneider found that nutritional status only played a role in the 
outbred host group that was infected with the mixed virulence pathogen, a situation most likely 
found in humans. Thus, highly controlled laboratory models may actually underestimate the 
impact of nutrition in real-world settings [1].
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guishable between the two strains [126]. Similarly, resistance of C57BL/6 inbred lab mice to the 
intestinal nematode, Trichuris muris, was not evident when the mice were moved into a seminatural 
outdoor enclosure prior to, or after experimental infection, as evidenced by higher number of worms 
and worm biomass relative to mice infected in the lab [127]. This contextual element for infection 
extends to nutrition-infection interactions, where laboratory conditions and conclusions may not be 
generalizable even to natural infections in the mouse. This makes it even harder to extrapolate lab 
findings to humans.

 Conclusions

Taken together, this overview highlights the myriad pathways by which host nutritional status may 
influence all aspects of the host-pathogen interaction. It also highlights the challenges in both design 
and analysis faced by researchers whose goal is to demonstrate causality, and by inference the chal-
lenges faced by clinical and public health sectors charged with preventing and controlling infectious 
diseases. Through the examples provided in the subsequent chapters of this book, we hope to high-
light not only the need for more rigorous application of causality analysis especially during epidemio-
logical research and in systematic reviews and meta-analyses on infection-nutrition interactions but 
also the importance of laboratory research that identifies plausible mechanisms that may be relevant 
in human populations. Given the influence of nutritional status on infections and vice versa, effective 
global control of infectious disease will require addressing the relationships between malnutrition and 
infections [128], and the conceptual framework proposed in this chapter may be useful in this 
context.
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 Introduction

The framework for understanding the interactions between nutrition and infections has evolved over 
time to accommodate trends in the diagnosis of both nutritional status and disease. Historically, mal-
nutrition has often been defined by anthropometric indices (including weight for age, and height for 
age z-scores). By this metric, undernutrition (defined as stunting or underweight) has been consis-
tently shown to elevate the risk of disease and death, with especially grave consequences for child 
survival in resource-limited communities. A systematic review of evidence accrued in the last two 
decades estimated that undernutrition was the underlying causes of ~50% of child mortality in low- 
and middle-income countries, mostly from pneumonia, diarrhea, and malaria [1]. Over time, esti-
mates were revised to include the effects of specific micronutrient deficiencies on childhood mortality. 
A publication in the 2008 Lancet series on Maternal Child Health and Nutrition reviewing the causes 
of childhood mortality estimated that deficiencies of iron, vitamin A, and zinc may be responsible for 
about a third of childhood deaths [2]. More recent estimates are based on pooled analyses of 

Key Points
• There are several overlapping pathways through which macro- and micronutrients affect the 

immune systems and infections.
• Adequate nutritional status is important for normal proliferation and differentiation of all 

immune cell types.
• Adequate nutritional status is important for normal functioning of all immune cell types, 

including antibody and cytokine production.
• Several micronutrients (e.g., iron, vitamin A, etc.) are involved in pro-inflammatory responses 

to infection, providing an early resistance against invading pathogens.
• Several nutrients (e.g., vitamin A, vitamin K, thiamin) moderate the strength of the inflam-

matory responses, preventing or limiting autoimmune reactions.
• Antioxidant vitamins, minerals, and amino acids protect the integrity of immune cell mem-

branes from free radical attacks.
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controlled studies in which children were supplemented with specific micronutrients, and overall, the 
evidence supports the conclusion that improving nutritional status is associated with improved infec-
tious disease outcomes. Several systematic reviews have concluded that zinc supplementation can 
reduce the incidence of diarrhea by ~20% and duration by ~12 hours [3]; and vitamin A supplementa-
tion has been associated with ~30% reduction in malaria morbidity [4] although the evidence base for 
this appears inconsistent and very context-specific. As more data become available, the discussion on 
nutrition-infection interactions has evolved to put a greater emphasis on potential adverse effects of 
micronutrient supplementation on infection. For the most part, discussions of adverse effects have 
centered on iron, which has been associated with increased risk of morbidity, including an elevated 
risk for malaria, gastrointestinal and respiratory illnesses. Evidence is emerging that iron-containing 
supplements adversely affect the gut microbiome by decreasing the abundance of non-pathogenic 
commensal bacterial such as bifidobacteria, while increasing the abundance of pathogenic Escherichia 
coli [5–7]. Iron deficiency has also been shown to compromise cytokine production, a critical compo-
nent of both innate and adaptive immunity. Thus for nutrients like iron and selenium, for which evi-
dence of both benefit and harm exists, additional studies are needed to shed light on the contexts and 
doses necessary to maximize benefits while minimizing potential harm.

In exploring the role of nutrients in disease, it is important to understand that nutrients do not work 
in isolation and that deficiencies or supplementation of one or multiple nutrients may affect the physi-
ological role of other nutrients. For instance, vitamin C is critical for iron absorption, and deficiency 
of this vitamin may lead to functional iron deficiency and with that, impairment of iron-dependent 
functional outcomes. Similarly, copper (acting through ceruloplasmin) is involved in the conversion 
of iron from the ferrous to the ferric state and therefore enhances iron absorption. Such nutrient-
nutrient interactions also occur among nutrients which share common absorption pathways, as is the 
case with copper, zinc, and iron, all of which use the divalent metal ion transporter during absorption 
in the enterocytes [8, 9]. These nutrient-nutrient interactions are supported by community-based tri-
als; for example, zinc supplementation alone has been shown to improve diarrhea outcomes, but this 
effect is compromised when zinc is administered together with other micronutrients, especially those 
containing iron. Understanding the nature of nutrient-nutrient interactions is important in populations 
where multiple nutritional deficiencies exist.

Finally, it is important to also recognize the effects of infection on nutrition. Since the 1968 World 
Health Organization (WHO) monograph on the interactions between nutrition and infections, scientists 
have known that both acute and especially persistent infections are associated with worsening nutrition 
status, whether defined by anthropometry or by biochemical indicators of specific micronutrients. 
Chronic or persistent diarrhea episodes are associated with elevated risk of linear growth faltering, and 
clinical infections are often accompanied by anorexia, which leads to a decrease in food intake. In addi-
tion, infections (especially when accompanied by systemic inflammation) are associated with impaired 
absorption, impaired utilization, and increased urinary excretion in some cases. The acute phase 
response, the host’s attempt to reduce tissue damage, initiate repair, and limit the growth of pathogens 
[10–13], is characterized by an increase in positive acute phase proteins (and associated metabolites) 
and a concurrent reduction in negative acute phase proteins (and their associated metabolites). This has 
been strongly demonstrated for several key micronutrients, including iron, zinc and vitamin A. 
Following invasion by pathogens, macrophages and monocytes, acting via cytokines, up- or downregu-
late the synthesis of specific proteins which are associated with absorption, mobilization, and transport 
of key micronutrients. For instance, in the case of zinc and vitamin A, the acute phase response is 
associated with downregulation of hepatic synthesis of albumin and retinol binding protein, whereas in 
the case of iron, the synthesis of ferritin is upregulated to aid intracellular iron sequestration. For acute 
infections, effects of the acute phase response are generally considered transient and benign. With 
repeated infections, however, the effects of the alterations in micronutrient metabolism driven by the 
acute phase response may accumulate, especially for nutrients that are actively excreted and for those 
whose absorption is heavily impacted by infections. This pattern is reflected in the adverse effect of 
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recurrent diarrhea on linear growth and may also underlie the fact that exposure to infections, such as 
malaria, during gestation, is associated with elevated risk for low birthweight.

This chapter discusses the sources, needs, and metabolic functions of macronutrients (carbohy-
drates, proteins, and lipids) and micronutrients (essential minerals, fat-soluble vitamins, and water- 
soluble vitamins) as well as putative mechanisms through which they impact the immune system and 
infectious disease outcomes. The chapter also touches on other nutrients (fluorine, phosphorous, cho-
line, carnitine, and bioflavenoids) for which less evidence exists regarding their role in the etiology of 
infections. Overall, this chapter is written as a primer for more detailed discussion in the following 
chapters about the links between specific nutrients and specific diseases in clinical and public health 
practice. A synthesis table summarizing current recommended biomarkers for each nutrient is pro-
vided (Table 2.1).

Table 2.1 Recommended biomarkers

Nutrient Possible biomarkers
Current preferred 
markers

Limitations of 
preferred biomarkers References

Macronutrients
Protein Serum albumin, serum pre-albumin, 

urinary creatinine, 3-methylhistidine, 
serum Insulin-like Growth Factor-1 
(IGF-1)

Serum pre-albumin Affected by GI 
disease, hepatic and 
kidney disease, 
surgical trauma, 
stress, inflammation 
and infection

Keller [382], 
Gibson [383]

Energy 
intake

BMI, HAZ, WAZ, WHZ, MUAC, skin 
fold thicknesses

Children: WHZ; 
HAZ; Adults: BMI

Best for use at 
population level

Gibson [383]

Essential 
fatty acids

n-6:n-3 ratio; Omega-3 Index: RBC 
EPA + DHA content as a percent of 
membrane FAs

n-3:n-6 ratio most 
common

n-6 FAs vary in 
harm; n-3 FAs vary 
in benefit, so ratio 
doesn’t capture 
impact

Harris [384]

Essential and trace minerals
Iron Serum ferritin, serum iron, serum 

transferrin receptor (sTfR); free 
erythrocyte protoporphyrin (FEP)

Serum ferritin 
together with 
C-reactive protein 
(CRP) and 
α1-acid- 
glycoprotein (AGP) 
in cases of 
infection/
inflammation; also 
with serum 
transferrin receptor

Serum ferritin is an 
acute phase protein 
and affected by 
infection; interpret 
serum ferritin in 
combination with 
AGP and CRP

WHO 
2011 – Serum 
Ferritin for 
assessment of 
iron [385]

Calcium Free calcium; total calcium; albumin- 
adjusted total calcium

Free calcium; total 
calcium

Free calcium is 
closely regulated in 
the blood; patients 
with abnormal 
albumin may have 
normal free 
calciumdespite 
abnormal calcium 
status

Lian and 
Asberg [386]

M. A. Barffour and D. L. Humphries
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Table 2.1 (continued)

Nutrient Possible biomarkers
Current preferred 
markers

Limitations of 
preferred biomarkers References

Zinc Plasma zinc; urinary zinc excretion; 
hair zinc; platelet zinc, 
polymorphonuclear cell zinc; 
mononuclear cell zinc; erythrocyte 
zinc

Dietary zinc, 
plasma zinc 
concentration and 
height for age z 
score of infants and 
children

Plasma Zn 
responded in a 
dose-dependent 
manner to dietary 
manipulation; lower 
response to dietary 
Zn than to Zn 
supplements 
delivered between 
meals

King et al. 
[387]

Iodine Urinary iodine; thyroglobulin; serum 
thyroxine; serum thyroid stimulating 
hormone; triiodothyronine

Urinary iodine 
(children, 
adolescents and 
those with low/
moderate baseline 
status); 
thyroglobulin 
(children & 
adolescents but not 
pregnant or 
lactating women); 
serum thyroxine 
(not pregnant and 
lactating women); 
serum thyroid 
stimulating 
hormone (pregnant 
and lactating 
women);

Iodine status during 
pregnancy and 
lactation is difficult 
to measure

Ristic-Medic 
et al. [388]

Selenium Plasma, erythrocyte, and whole-blood 
selenium; plasma selenoprotein P; 
plasma, platelet and whole-blood 
glutathione peroxidase; urinary 
selenium; plasma 
triiodothyroxine:thyroxine ratio; 
plasma thyroxine; plasma total 
homocysteine; hair and toenail 
selenium; erythrocyte and muscle 
glutathione peroxidase activity

Plasma, erythrocyte 
and whole-blood 
selenium; plasma 
selenoprotein P, 
plasma, platelet and 
whole-blood 
glutathione 
peroxidase activity

Limited data is 
available for all of 
the potential 
biomarkers; more 
information is 
needed on strengths 
and limitations of 
each in different 
populations and with 
varying intakes

Ashton et al. 
[389]

Copper Serum copper, Cu/Zn superoxide 
dismutase; total ceruloplasmin protein; 
plasma copper; Erythrocyte copper; 
Platelet copper; Leukocyte superoxide 
dismutase; Erythrocyte glutathione 
peroxidase; Platelet glutathione 
peroxidase; Plasma glutathione 
peroxidase; Platelet or leukocyte 
cytochrome-c oxidase; total 
glutathione; diamine oxidase; urinary 
pyridinoline

Serum copper 
(population level); 
total ceruloplasmin 
protein

Limited data affects 
all of the potential 
biomarkers; total 
ceruloplasmin 
protein only reflects 
changes when 
individuals are very 
depleted

Harvey et al. 
[390]

(continued)
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Table 2.1 (continued)

Nutrient Possible biomarkers
Current preferred 
markers

Limitations of 
preferred biomarkers References

Magnesium Serum or plasma Mg; RBC Mg; WBC 
Mg; 24 h urine Mg; non-24 h urine 
Mg; fecal Mg; muscle Mg; other tissue 
Mg; Mg balance studies; Mg challenge 
and retention studies; sublingual cell 
Mg; stable isotope balance studies

Serum magnesium; 
24 hr. urine Mg

Serum Mg fluctuates 
based on diet, 
albumin levels, 
kidney excretion of 
Mg, and only 
represents 0.8% of 
total body stores. 
Current calls to 
update “normal” 
range from when it 
was set in the 1970s. 
Urine Mg doesn’t 
correlate with body 
stores or dietary 
intake

Workinger 
etal. [391]

Fat-soluble vitamins
Vitamin A 
& 
carotenoids

Liver reserves; clinical eye signs 
(xerophthalmia and night blindness); 
serum retinol; retinol binding protein; 
dose-response tests; isotope dilution 
assays

Serum retinol; 
retinol binding 
protein

Serum retinol and 
RBP don’t 
necessarily respond 
to supplementation; 
RBP is an acute 
phase protein 
influenced by 
inflammation

Tanumihardjo 
[392]

Vitamin D Serum 25-hydroxyvitamin D [25(OH)
D]; Markers of bone turnover: 
whole-body or lumbar spine bone 
mineral density; circulating 
parathyroid hormone

25(OH)D 25(OH)D is 
currently seen as a 
robust and reliable 
biomarker

Seamans and 
Cashman 
[393]

Vitamin E Plasma α-tocopherol; tissue 
α-tocopherol; urinary excretion of 
α-carboxy-ethyl-hydroxychromanol

Plasma 
α-tocopherol

Dependent on 
plasma lipoprotein 
and cholesterol 
concentrations; low 
levels are considered 
‘specific’, but 
normal levels may 
not represent 
adequacy

Traber [394]

Vitamin K Plasma phylloquinone; plasma 
menaquinone; prothrombin time; 
undercarboxylated prothrombin; urine 
Y-Carboxyglutamic acid

Fasting plasma 
phylloquinone 
corrected for 
triglyceride levels

Influenced by 
triglyceride levels; 
peaks 6-10 h after 
meals

Shea and 
Booth [395]

Water-soluble vitamins
Vitamin C Plasma vitamin C (VC) Plasma VC Correlation between 

dietary intake and 
plasma VC is ~0.41; 
influenced by 
dietary intake so 
fasting samples are 
needed; affected by 
smoking, age, sex, 
chronic use of 
aspirin

Dehghan et al. 
[396]

M. A. Barffour and D. L. Humphries
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Table 2.1 (continued)

Nutrient Possible biomarkers
Current preferred 
markers

Limitations of 
preferred biomarkers References

B-complex 
vitamins
B1 – 
Thiamine

Erythrocyte transketolase; erythrocyte 
thiamine pyrophosphate (TPP); whole 
blood TPP; thiamine urinary thiamine 
excretion;

Whole blood or 
erythrocyte TPP

Cutoff levels are not 
available

Gibson [383]

B2 – 
Riboflavin

Erythrocyte glutathione reductase 
activity coefficient (EGRAC); urinary 
riboflavin excretion

EGRAC Influenced by age, 
RBC age, Fe 
deficiency, 
thresholds for 
adequacy not yet 
clear

Gibson [383]

B3 – Niacin Urinary excretion of niacin and niacin 
metabolites; niacin and niacin 
enzymes in whole blood and plasma

Urinary excretion 
of niacin and niacin 
metabolites

Not sufficiently 
sensitive for 
marginal 
deficiencies

Gibson [383]

B5 – 
Pantothenic 
Acid

Urinary excretion Urinary excretion Limited research on 
relevant biomarkers

Fukuwatari 
and Shibata 
[397]

B6 – 
Pyridoxine

Serum or plasma B6; serum or urinary 
4PA; PAr index; 
3-hydroxykynurenine:xanthurenic acid 
ratio; oxoglutarate:glutamate ratio

Erythrocyte 
pyridoxal 
5′-phosphate; 
urinary 4-pyridoxic 
acid

Influenced by 
inflammation, low 
serum albumin, 
renal function, 
pregnancy, age, sex, 
BMI, oral 
contraceptives, 
alcohol 
consumption, 
smoking, exercise

Ueland et al. 
[398]

B7 – Biotin Lymphocyte biotinylated carboxylases; 
biotin metabolism genes; urinary 
excretion of biotin

Biotinylated 
3-methylcrotonyl- 
CoA carboxylase 
(holo-MCC); 
propionyl-CoA 
carboxylase 
(holo-PCC)

Normal levels not 
yet defined; 
limitations still 
being assessed

Eng et al. 
[399]

B9 – Folate serum and RBC folate; folate protein 
binding; mass spectrometry to assess 
total folate

Total plasma folate Traditional 
laboratory 
measurement 
method is a bacterial 
growth assay

Shane [400]

B12 – 
Cobalamin

serum total B12; plasma total B12; 
methylmalonic acid (MMA); total 
homocysteine response; plasma 
holotranscobalamin

Plasma & total B12; 
methylmalonic 
acid, total 
homocysteine; 
Combine >2 tests 
(e.g., plasma 
cobalamin & 
MMA)

Unexplained 
heterogeneity in 
total B12

Hoey et al. 
[401], Carmel 
[402]

2 Core Principles in Nutrition: Nutrient Needs, Metabolism, and Potential Influences on Infectious Diseases
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 Macronutrients

 Carbohydrates

 Carbohydrate and Sugar Needs, Sources, and Risk of Deficiency

Carbohydrates (molecular formula (CH2O)n), also known as simple and complex sugars, are a class of 
biomolecules derived from plant sources [14]. In animals, carbohydrates are the primary source of 
biochemical energy. Within cells, carbohydrates are oxidized to produce adenosine triphosphate 
(ATP) (the major source of energy for physiological processes) [15]. The energy released from the 
removal of one or two phosphate groups from ATP is used to drive major physiological processes, 
including nutrient absorption, synthesis of macromolecules, muscle contraction, and cell division. 
The basic unit of carbohydrates is the monosaccharide, with glucose, fructose and galactose being the 
principal monosaccharides in the human diet (see Table 2.2). Sugars are normally present in the diet 
as polysaccharides, which must be broken down during digestion before absorption [16]. Glucose and 
fructose occur in free, non-polymerized units in sources such as dried fruits, honey, and raw fruits and 
vegetables. Sucrose, a disaccharide composed of one monomer each of glucose and fructose (linked 
by 1–2 β-glycosidic bonds), occurs commonly in fruits and vegetables; lactose, a disaccharide com-
posed of one glucose monomer and one galactose monomer (linked by 1–2 β glycosidic bonds), 
occurs commonly in milk. Carbohydrates with 3–9 monomer units are known as oligosaccharides, 
and those with 10 or more monomer units are called polysaccharides.

Dietary fiber is a term generally used to describe the components of carbohydrates which are rela-
tively resistant to intestinal digestion [16]. Consumption of foods with a high fiber content is believed 
to reduce the risk for chronic diseases, including heart diseases and some cancers [17]. Dietary fiber 
may be soluble or insoluble depending on the pH of the medium. Carbohydrates are also commonly 
characterized by their glycemic potential, defined as the ability to supply glucose for metabolism to 
energy. Glycemic carbohydrates have a high content of mono-, di-, and oligosaccharides and therefore 

Table 2.2 Dietary carbohydrates based on degree of polymerization

Number of 
monomers in chain Examples Sources

Monosaccharides 
(1)

Glucose, galactose, 
fructose

Glucose and fructose occur freely in honey and dry fruits and in 
smaller concentration in raw fruits, berries and vegetables. 
Glucose is available in corn syrup and fructose is commercially 
available in high-fructose corn syrup.
Galactose is produced from the hydrolyses of lactose present in 
milk

Disaccharides (2) Maltose (glucose + 
glucose)
Sucrose (glucose + 
fructose)
Lactose (glucose 
+galactose)

Maltose is starch-derived and occurs in wheat and barley
Sucrose is the principal sugar in fruits
Lactose is the main sugar in milk

Oligosaccharides 
(3–9)

Malto-dextrins, inulin, 
polydextrin;

Peas, beans, lentils, wheat, rye, onion, asparagus

Polysaccharide (>9) Starch (α-glucans): 
amylose and amylopectin
Non-starch 
polysaccharides: 
cellulose, pectin, plant 
gums

Cereals, root tubers, and vegetables

M. A. Barffour and D. L. Humphries
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supply glucose readily, whereas non-glycemic carbohydrates have a high amount of non-digestible 
polysaccharides.

The energy value of dietary carbohydrates is about 4 kcal/g. A minimum of 50 g of daily carbohy-
drate intake is recommended to avoid breakdown of body fat (ketosis). The Food and Agriculture 
Organization (FAO) and the World Health Organization (WHO) recommend that ~55% of total energy 
be supplied by carbohydrates, with no more than 10% coming from free sugars (see Table  2.3). 
Chronic consumption of low carbohydrate diets can precipitate clinical symptoms such as marasmus. 
On the other hand, overconsumption of carbohydrates, especially food rich in refined sugars, is linked 
to chronic diseases such as obesity, diabetes, and health disease.

 Carbohydrate and Sugar Metabolism

Carbohydrate digestion and absorption occurs in the small intestine. Carbohydrates are hydrolyzed to 
monomers before absorption into enterocytes [18]. Carbohydrate digestion begins in the mouth where 
salivary amylase hydrolyzes the glycosidic bonds. The acidic condition in the stomach inhibits this 
process. However, once the chyme moves into the small intestine, the secretion of bicarbonates 
restores the alkaline pH needed for amylase action. In the small intestine, pancreatic amylase takes 
over the role of carbohydrate hydrolysis. The products of amylase activity are mainly disaccharides 
and a few monosaccharides. The disaccharides must subsequently be broken down by brush border 
enzymes into monosaccharides, before absorption into enterocytes. At the brush border, three 
enzymes, namely, gluco-amylase (α-glucosidase), sucrase-isomaltase, and lactase, hydrolyze the 
disaccharides maltose, sucrose, and lactose, respectively, into their monomer units. Glucose and 
galactose are absorbed by secondary active transport into enterocytes via the sodium glucose cotrans-
porter. This involves the movement of sodium ions down its concentration gradient. The energy gener-
ated is used in the co-transport of glucose and galactose into the cell [19]. The sodium gradient is 
reestablished by the action of Ssodium-potassium ATPase, which pumps sodium out of the cells using 
ATP. Glucose and galactose exit the enterocytes and cross the basolateral membrane via facilitated 
diffusion through a glucose transporter (GLUT) 2 [19]. Fructose enters and exits the enterocytes by 
facilitated diffusion using GLUT5. Glucose is homeostatically maintained at concentrations in the 
range of 4.0–5.5 mmol/L through processes such as glycolysis (glucose breakdown), glycogenesis 
(glycogen formation from glucose units), glycogenolysis (mobilization glucose from glycogen stores), 
and gluconeogenesis (formation of glucose from non-carbohydrate precursors including amino acids 
and lactic acid) [20, 21].

Glucose, the major monosaccharide used by cells, is stored as glycogen after absorption. In a state 
of glucose deprivation and glycogen depletion, limited amounts of glucose can be synthesized in 
humans by gluconeogenesis, using intermediate products such as lactate, produced from the metabo-
lism of proteins and fatty acids [21]. After a high carbohydrate meal, or in a disease condition such as 
diabetes which elevates blood glucose levels, glycolysis and glycogenesis are upregulated to clear the 
excess plasma glucose, restoring glucose to the normal range [20, 21].

Box 2.1 Key Facts: Carbohydrates
• Carbohydrates are derived from plant sources and are the primary source of biochemical 

energy in animals.
• Monosaccharides, including glucose, fructose and galactose, are the basic unit of 

carbohydrates.
• Glycemic carbohydrates have a high content of mono, di- and oligosaccharides and therefore 

supply glucose readily.

2 Core Principles in Nutrition: Nutrient Needs, Metabolism, and Potential Influences on Infectious Diseases
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 Carbohydrate and Sugar Pathways to Infections

All physiological processes, including the differentiation and proliferation of immune cells,  are pow-
ered by metabolic energy. Thus carbohydrate deficits, unless compensated for by excess of fat or 
protein, can be expected to compromise the function of the immune system. Chronic malnutrition is 
associated with an increased risk for infectious disease morbidity and mortality [22]. In animal mod-
els, acute starvation has been associated with a suppression in the number and function of T cells [23]. 
There is also evidence that calorie restriction in mice increases the risk of death from sepsis [24]. 
Carbohydrates, as part of the glycoproteins and glycolipids of cell membranes, are essential to the 
functioning of signaling molecules for different aspects of the immune system, although the mecha-
nisms are not completely characterized [25]. Cell surface carbohydrates may be targets for antigen 
presenting cells, which are critical in stimulating the maturation of both B and T lymphocytes and the 
functions of these cells, including antibody and cytokine production [26]. Cell surface carbohydrates 
are also important in cell adhesion, an important step in pathogen clearance (see Table 2.2) [27].

 Proteins

 Protein Needs, Sources, and Risk of Deficiency

Proteins, also known as peptides, are a class of macromolecules composed of amino acids linked by 
peptide bonds [28]. Amino acids, the basic unit of proteins, are a class of compounds with a nitrogen- 
containing amino group, a carboxylic acid group, and a side chain, with the side chain differing from 
one amino acid to the next. Proteins are made up of different combination of ~20 amino acids [29] of 
which 9 are not produced in sufficient amounts by humans and are therefore considered essential (see 
Table 2.3). In adult humans, proteins constitute 16% of body weight and are involved in myriad of 
functions including movement and support (e.g., collagen, actin and myosin), oxygen transport and 
storage (e.g., hemoglobin and myoglobin), and absorption and transport of nutrients (e.g., transmem-
brane proteins and pumps; see Table 2.2) [30]. Proteins are the major structural component of enzymes 
involved in metabolism, and the primary constituent of peptide hormones, as well as the structural 
component of several signaling molecules, such as the cytokines of the immune system [29].

The common proteins involved in human metabolism are made up of α-amino acids, in which an 
amino group is connected to the α-carbon atom. Of the more than 300 amino acids found in nature, 
only ~20 are encoded by the human genome [28]. A few non-protein amino acids, including ornithine, 
citrulline, and homocysteine, have important roles in mammalian physiology [31, 32]. The catabolism 
of protein and amino acids yields a wide variety of products including ammonia, carbon dioxide, 
hydrogen sulfide, urea, nitric oxide, and ketone bodies [28]. Under some conditions, amino acids may 
be oxidized to generate acetyl coenzyme (Co)A, which is fed into the Krebs cycle and electron trans-
port chain to generate biochemical energy (ATP) to support other metabolic activities [33].

Historically, protein needs have been estimated either by measuring the obligatory nitrogen losses 
from persons consuming protein-deficient (but otherwise adequate) diets or by estimating the nitrogen 
balance (i.e., the difference between the amount of nitrogen consumed and the amount excreted in 
urine, feces, and other tissue fluids) [34–36]. Recommendations take into account estimates of daily 
losses, which, for adults, include ~37 mg/kg in urine, ~12 mg/kg in feces, ~3 mg/kg through the skin, 
and an additional 2 mg for other losses (see Table 2.2). The protein supply from a food type is defined 
by its digestibility, which is the proportion of ingested nitrogen absorbed (i.e., amount of nitrogen 
consumed minus the amount in feces expressed as percentage of the total amount of nitrogen con-
sumed). Animal food sources generally have the highest protein digestibility and these include eggs 
(~97% protein digestibility), milk and cheese (~95%), and meat and fish (~94%). Plant sources with 
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high protein digestibility include refined wheat (~96%), peanut butter (~95%), and soy flour (~86%). 
Protein deficiency is more common in young children because of the high protein requirements for 
rapid growth and in the elderly because of changes in muscle protein synthesis with aging [37].

 Protein Metabolism

The amount and type of amino acid in portal circulation reflects digestion and absorption of dietary 
protein. Protein metabolism is homeostatically regulated to ensure that there are sufficient amounts of 
key amino acids to support physiological needs while preventing the pathogenic effects of excess 
protein. When in excess, protein may promote the development of neurological disorders and oxida-
tive stress and may adversely affect cardiovascular health [38, 39].

Dietary protein is first broken down in the stomach by the enzyme pepsin [40]. In the acidic 
medium of the stomach (pH < 4), pepsin hydrolyzes whole proteins in the diet into large polypeptides 
with the C-terminus occupied by tyrosine, phenylalanine, tryptophan, leucine, glutamine, or glutamic 
acid [41]. When the acidic chyme enters the small intestine, protein digestion continues with enzymes 
produced by the duodenal cells and the pancreas. Enterokinase, produced by intestinal mucosa cells, 
activates the hydrolytic enzymes produced by the pancreas, including trypsin and chymotrypsin. 
Trypsin hydrolyzes peptide bonds containing basic amino acids at the C-terminus, whereas chymo-
trypsin hydrolyzes the bonds with neutral amino acids at the C-terminus. Other enzymes involved in 
the digestion of proteins in the small intestine include carboxypeptidases, aminopeptidases and exo-
peptidase. Proteins are absorbed into enterocytes mainly in the form of amino acids, dipeptides, and a 
few oligopeptides. These are taken into the circulation and distributed to the tissues. Amino acids 
from the degradation of proteins, and those absorbed from the diet, enter amino acid pools in cells 
throughout the body [42]. From this pool, new proteins are formed when needed. Protein synthesis 
(translation) is regulated at the levels of gene transcription. Transcription involves the formation of a 
messenger ribonucleic acid (mRNA) from deoxy-ribonucleic acid (DNA). The mRNA then encodes 
for specific amino acids, which are joined together via peptide linkages on the ribosomes [43–46]. 
Unlike carbohydrates and lipids, proteins are not stored. Hence, if protein is consumed in excess of 
body requirement, the excess is metabolized and the amino groups are excreted as urea. Functional 
amino acids, including arginine, cysteine, glutamine, leucine, and proline, are now increasingly rec-
ognized as necessary nutrients in the maintenance of growth, reproduction, and immunity. In addition 
to protein synthesis, individual amino acids are involved in specific metabolic reactions as detailed in 
Tables 2.3 and 2.4.

 Potential Pathways to Infections: Protein

PEM has been shown to exacerbate the severity of several diseases, including pneumonia, especially 
in children [47]. However, because studies of PEM typically do not disentangle the specific effects of 
protein versus other energy sources, these studies largely do not shed light on the mechanism involved 

Box 2.2 Protein: Key Facts
• Digestion of dietary protein begins in the stomach and continues in the small intestine.
• Amino acids are absorbed into an amino acid pool, and later used in protein synthesis, but 

are not stored.
• During prolonged starvation certain amino acids can be oxidized to acetyl CoA, to generate 

biochemical energy (ATP).
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Table 2.4 Known Functions of α-amino acids

Amino acid Function Role in immune function

Non-essential amino acids
Alanine Protein synthesis; regulation of hormone secretion, gene 

expression, and cell signaling
Inhibition of apoptosis; stimulation of 
lymphocyte proliferation; and 
enhancement of Ab production 
probably through cellular signaling 
mechanism

Asparagine Regulation of gene expression and immune function; 
ammonia detoxification; function of the nervous system

Aspartate Purine, pyrimidine, asparagine, and arginine synthesis; 
transamination; urea cycle; activation of NMDA 
receptors; synthesis of inositol and b-alanine

Cysteine Disulfide linkage in protein (necessary for correct protein 
conformation); transport of sulfur

Antioxidant; regulation of cellular 
redox state

Glutamate Glutamine, citrulline, and arginine synthesis; bridging the 
urea cycle with the Krebs cycle; transamination; ammonia 
assimilation; activation of NMDA receptors; NAG 
synthesis. Excitatory neurotransmitter; inhibition of T cell 
response and inflammation

Neurotransmitter; inhibition of T cell 
response and inflammation

Glutamine Regulation of protein turnover through cellular mTOR 
signaling, gene expression, and immune function; a major 
fuel for rapidly proliferating cells; inhibition of apoptosis; 
syntheses of purine, pyrimidine, ornithine, citrulline, 
arginine, proline, and asparagines; N reservoir; synthesis 
of NAD(P)

Neurotransmitters; components of the 
malate shuttle; cell metabolism

Glycine Calcium influx through a glycine-gated channel in the cell 
membrane; purine and serine synthesis; synthesis of 
porphyrins; inhibitory neurotransmitter in CNS; 
co-agonist with glutamate for NMDA receptors; 
Hemoproteins (e.g., hemoglobin, myoglobin, catalase, 
and cytochrome c); production of CO (a signaling 
molecule)

Proline Collagen structure and function; neurological function; 
osmoprotectan

Killing pathogens; intestinal integrity; a 
signaling molecule; immunity; cellular 
redox state; DNA synthesis; 
lymphocyte proliferation; ornithine and 
polyamine formation; gene expression

Serine One-carbon unit metabolism; syntheses of cysteine, 
purine, pyrimidine, ceramide and phosphatidylserine; 
synthesis of tryptophan in bacteria; gluconeogenesis; 
protein phosphorylation; activation of NMDA receptors 
in brain

Inhibition of apoptosis; stimulation of 
lymphocyte proliferation; and 
enhancement of Ab production 
probably through cellular signaling 
mechanism

Tryptophan Neurotransmitter-inhibiting production of inflammatory 
cytokines and superoxide via the actions of serotonin
Antioxidant-inhibition of the production of inflammatory 
cytokines and superoxide via the action of melatonin

Neurotransmitter; inhibition of the 
production of inflammatory cytokines 
and superoxide

Essential Amino Acids
Arginine Activation of mTOR signaling; antioxidant; regulation of 

hormone secretion; allosteric activation of NAG synthase; 
ammonia detoxification; regulation of gene expression; 
immune function; activation of BH4 synthesis; N 
reservoir; methylation of proteins

Signaling molecule; killing of 
pathogens; regulation of cytokine 
production; and mediator of 
autoimmune diseases

(continued)
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in protein or amino acid-dependent immunomodulation. Recent studies have shown that gluconeo-
genic amino acids, such as alanine, are critical for the proper functioning of leucocytes, as they supply 
the energy substrate for these immune cells. Involvement of specific amino acids in immune function, 
where known, are detailed in Table 2.3.

 Lipids

 Lipid Needs, Sources, and Risk of Deficiency

Lipids are a group of organic compounds, generally insoluble in aqueous media, that are important 
energy sources and function in insulating and protecting visceral organs. They are also the major 
component of plasma membranes, without which cells lose their integrity and ability to function [48, 
49]. Long-term storage of lipids occurs in the adipose tissue, and lipids are mobilized from there in 
times of need. Lipids that are solid at room temperature are called fats, whereas oils are liquid at room 
temperature. Dietary lipids include triacylglycerol (TAG), steroids, phospholipids, and fat-soluble 
vitamins (A, D, E, and K). TAG, formed by the esterification of glycerol (a three-carbon triol) with 

Table 2.4 (continued)

Amino acid Function Role in immune function

Histidine Protein methylation; hemoglobin structure and function; 
antioxidative dipeptides; one-carbon unit metabolism; 
allergic reaction; vasodilator; central acetylcholine 
secretion; regulation of gut function; modulation of the 
immune response in skin

Allergic reactions; vasodilator; and 
central acetylcholine secretion; 
modulation of the immune response in 
skin

Isoleucine Synthesis of glutamine and alanine; balance among 
BCAA

Leucine Regulation of protein turnover through cellular mTOR 
signaling and gene expression; activator of glutamate 
dehydrogenase; BCAA balance; flavor enhancer. 
Regulation of immune responses

Lysine Regulation of nitric oxide synthesis; antiviral activity 
(treatment of Herpes simplex); protein methylation (e.g., 
trimethyllysine in calmodulin), acetylation, 
ubiquitination, and O-linked glycosylation

Regulation of NO synthesis; antiviral 
activity

Methionine oxidant; independent risk factor for CVD; inhibition of 
nitric synthesis; methylation of homocysteine to 
methionine; one-carbon unit metabolism; methylation of 
proteins and DNA; polyamine synthesis; gene expression

Phenylalanine Activation of BH4 (a cofactor for NOS) synthesis; 
synthesis of tyrosine; neurological development and 
function

Threonine Synthesis of the mucin protein that is required for 
maintaining intestinal integrity and function; immune 
function; protein phosphorylation and O-linked 
glycosylation; glycine synthesis

Involved in mucin protein synthesis, 
which helps maintain intestinal immune 
function

Tyrosine Protein phosphorylation, nitrosation, and sulfation
Neurotransmitter; regulation of immune response through 
the action of dopamine

Valine Synthesis of glutamine and alanine; balance among 
BCAA.

Neurotransmitter; inhibition of the 
production of inflammatory cytokines 
and superoxide

Adapted from Wu [29] and Li Peng et al. (2007)
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three fatty acid molecules, is the major constituent (~95%) of dietary lipids in humans. The fatty acid 
components of TAG are even-numbered carbon chains with carboxylic acid functional groups. Fatty 
acids can be saturated or unsaturated. In saturated fatty acids, each carbon atom (other than the car-
boxylic carbon) is attached to four hydrogen atoms and hence has no double or triple bonds. 
Unsaturated fatty acids have one or more double bonds. Polyunsaturated fatty acids (PUFAs) have 
two or more double bonds, whereas monounsaturated fatty acids have a single double bond. The pres-
ence of a double bond reduces the number of hydrogen atoms, the molecular weight, and hence the 
melting point. For this reason, fats, which are solid at room temperature, are composed largely of satu-
rated fatty acids, and oils have a higher relative composition of polyunsaturated fatty acids. Unsaturated 
fatty acids are classified by the location of the first double bond in relation to the omega carbon atom 
(the last carbon atom counting from the carboxylic carbon), as omega-3 (ω-3), omega-6 (ω-6), or 
omega-9 (ω-9) fatty acids [49].

Members of the ω-3 and ω-6 fatty acid family are essential fatty acids because humans lack the 
enzymes which are necessary to insert a cis double bond at the n-6 or the n-3 position of a fatty acid 
[50]. Two fatty acids are essential, alpha-linolenic acid (ALA, an ω-3) and linoleic (an ω-6) fatty acid, 
and these are commonly found in plant oils [50]. Omega-9 fatty acids can be produced from linoleic 
acid. Essential fatty acid deficiency is not common but may present in people who have problems with 
fatty acid absorption. Symptoms of essential fatty acid deficiency may include dry and bleeding skin 
and fatty liver (caused by accumulation of other fatty acids) [51]. Essential fatty acid deficiencies are 
also associated with decreased growth and vulnerability to infections. Essential fatty acids are an 
integral part of plasma membranes and are also required for the synthesis of eicosanoids, including 
prostaglandins and leukotrienes. Eicosanoids are signaling molecules involved in regulating physio-
logical activities such as inflammation, immunity, and cell growth. The process of converting essential 
fatty acids into other fatty acid compounds involves a process of desaturation (in which additional 
double bonds are added by removing hydrogen atoms) and elongation (in which the chain length is 
extended by adding extra carbon atoms). Through this process, other important PUFAs can be synthe-
sized. These include arachidonic acid, eicosapentaenoic acid and docosahexaenoic acid, which are 
important in lowering blood pressure and improving prognosis for heart and other chronic diseases 
[52]. Outside the endogenous synthesis, PUFAs are supplied in the diet primarily from fish oils. 
Phospholipids and steroids constitute the other types of lipids. Phospholipids are similar in structure 
to the TAGs, except that one of the fatty acid chains in the TAG is replaced with a phosphate group. 
The phosphate group is typically attached to one of four other groups, namely, choline, serine, inosi-
tol, and ethanolamine. Phospholipids occur naturally in both animal and plant food sources, and major 
dietary sources include eggs, soybeans, liver, and peanuts. Steroids are another class of lipid com-
pounds with four rings attached to each other. The dominant steroid in humans, cholesterol, is an 
important component of plasma membranes. In cell membranes, cholesterol serves as a buffer in 

Box 2.3 Lipids: Key Facts
• Lipids, such as TAGs and steroids, are generally insoluble in aqueous medium.
• Polyunsaturated fatty acids (PUFA)  have two or more double bonds.
• Members of the omega-3 (ω-3) and omega-6 (ω-6) fatty acid family are essential fatty acids 

that cannot be produced by biosynthetic pathways in humans and must be obtained from 
the diet.

• Cholesterol is the dominant steroid in humans and is an important component of plasma 
membranes and a precursor for steroid hormones.
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 regulating membrane fluidity. Cholesterol is also a precursor for steroid hormones, which are impor-
tant in regulating gene expression.

Requirements for fats are influenced by the levels of other nutrients in the diet and are much higher 
in infants and young children then adults (see Table 2.2). Vitamin E is essential in preventing oxida-
tion of polyunsaturated fatty acids, so diets higher in PUFAs would need a higher vitamin E intake 
[53, 54].

 Lipid Metabolism

Ingested TAGs are digested and absorbed,  primarily in the small intestine [55, 56]. In order to be 
absorbed, fatty acids must first be broken down into mono- and di-acyl glycerol. In the small intestine, 
the bicarbonate component of bile helps to neutralize the acid in the chyme exiting the stomach. This 
is necessary to provide the optimal pH for the pancreatic enzymes, such as lipase, which hydrolyze 
the fatty acids. Bile acids facilitate the emulsification of fat, the mechanical process by which larger 
fat globules are split into smaller globules, creating a larger surface area for enzymatic action. In chil-
dren and adults, pancreatic lipase hydrolyzes the TAG into two fatty acid molecules and one mono-
glyceride. In newborns, however, lipase secretion is low and fat digestion is aided by breastmilk lipase 
and by lingual lipase produced by the glands of tongue [57, 58]. Monoglycerides, fatty acids, and the 
product of phospholipid and cholesterol ester hydrolyses are complexed together with fat-soluble 
vitamins to form micelles. The micelles are absorbed by diffusion across the enterocyte membrane. 
Glycerol and short-chain fatty acids (with carbon length < 12) can diffuse directly into enterocytes 
and then into circulation, while longer-chain fatty acids go through several processes in the entero-
cytes prior to release into circulation. In the enterocytes, the TAG, phospholipids, and cholesterol 
esters are regenerated from their hydrolyzed components and then incorporated into chylomicrons 
and transported to the liver via the lymphatic system [59]. Transport of these non-polar lipids through 
a polar plasma medium is facilitated by complexing to polar protein molecules know as lipoproteins 
[60]. The lipoprotein forms a hydrophilic surface layer around a hydrophobic core of lipid (including 
cholesterol esters, TAGs, and phospholipids). The major classes of lipoprotein involved in lipid trans-
port are chylomicrons, very low-density lipoproteins (VLDL), low-density lipoproteins (LDL), and 
high-density lipoproteins (HDL) [60]. Chylomicrons transport TAG and fat-soluble vitamins. The 
composition of chylomicrons strongly reflects recent food intake. In the capillaries, the TAGs disas-
sociate from the chylomicron (following the action of lipoprotein lipase). The TAGs then diffuse into 
cells of the heart and muscles, where they are metabolized as energy. The free chylomicrons (i.e., 
chylomicrons remnants) are cleared from circulation by hepatocytes [60]. The fat-soluble vitamins 
are also delivered to tissues as part of chylomicrons. In the liver, cholesterol, cholesterol esters, and a 
high amount of TAGs are packed into VLDLs [59]. Like chylomicrons, VLDLs also deliver TAGs to 
the heart and muscle cells [60]. In addition, VLDLs deliver TAGs to adipose tissues for long-term 
storage. In the tissues, the TAGs are released by the action of lipoprotein lipase. With the gradual 
release of TAGs, the VLDLs become LDLs and are transported back to the liver and recycled again 
into VLDLs [59, 61]. HDLs are produced in both the liver and enterocytes and are especially impor-
tant for delivering lipoprotein C and E, which enhance the actions of lipoprotein lipase, in 

Box 2.4 Essential Fatty Acids Sources and Needs
• Essential fatty acids are found in plant oils from cottonseed, soybean, mustard, walnut, lin-

seed, evening primrose, corn, and safflower.
• Essential fatty acid deficiency is uncommon, except in people with impaired fatty acid 

absorption.
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metabolizing the TAG content of chylomicrons. A high plasma content of LDLs is associated with 
increased risk for cardiovascular disease, whereas HDLs lower the risk.

 Potential Pathways to Infections: Lipids

There is abundant scientific evidence linking dietary fat to alterations in the structure and functioning 
of immune system. Lipids influence the immune system through membrane fluidity, lipid peroxide 
formation, and production of signaling molecules (e.g., eicosanoids) which are critical in inflamma-
tion (see Table  2.2) [62]. Lipids are associated with gene expression, including the expressing of 
genes encoding for vital proteins in the immune system. In vitro studies also suggest that lipids may 
be critical in initiating apoptosis of infected cells, enhancing their clearance from circulation. Fatty 
acids have been shown to stimulate the proliferation of lymphocytes [63] and cytokine production 
[64]. In particular, long-chain ω-3 PUFAs have been shown to prevent excessive inflammatory 
responses [65]. Consistent with this, supplementation with eicosapentaenoic acid and docosahexae-
noic acid is associated with decreases in cytokine concentrations in patients with systemic inflamma-
tion [65]. A study in voles and hamsters showed that a reduction in total body fat (induced by the 
surgical removal of white adipose tissue corresponding to usual winter loss of fat) was associated with 
a decrease in humoral immune responses, characterized by a reduction in serum immunoglobulin G 
(IgG) [66]. Additional evidence is needed on the extent to which these results are generalizable to 
humans.

 Essential Minerals and Trace Elements

 Iron

 Iron Needs, Sources, and Risk of Deficiency

Iron is a critical component of every living being and is the fourth most abundant element in the 
earth’s crust. Yet iron remains one of the most widespread nutritional deficiencies, mainly because in 
its most prevalent oxidized states, it is not readily absorbed and is less bioavailable to most living 
systems [67]. Iron is an important component of the principal oxygen transport proteins, hemoglobin 
and myoglobin, and is essential for the process of oxidative phosphorylation, the primary supply of 
energy for most cells (see Table 2.5) [68]. In this role, iron is critical for most catabolic and anabolic 
reactions and is therefore necessary for the survival and growth of living cells. In addition, iron is a 
component of several enzymes involved in redox reactions, including the enzymes of the electron 
transport system and enzymes involved in nucleic acid biosynthesis, such as ribonucleotide reductase. 
Iron deficiency (ID) is especially prevalent in young children and vulnerable groups including preg-
nant and lactating women.

Box 2.5 Key Facts: Iron (See Table 2.5)
• Iron is an important component of the principal oxygen transport proteins hemoglobin and 

myoglobin.
• Iron deficiency (ID) is the most widespread micronutrient deficiency worldwide.
• ID is especially prevalent in young children and vulnerable groups including pregnant and 

lactating women.
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It is believed that ID is the most widespread micronutrient deficiency worldwide [69], although the 
exact burden is unknown, primarily because of limitations in the current biomarkers for defining 
population iron status. Hence, the burden of ID is typically projected from prevalence estimates of 
anemia. The WHO estimates that about 40% of children below 5 years and about half of children 
between 5 and 14 years are anemic [70]. In general, it is assumed that the burden of ID is about 2.5 
times the burden of anemia in developing countries [70]. In malaria-endemic regions, it is estimated 
that about 50% of all anemias are attributable to ID, whereas in non-malaria-endemic regions, the 
proportion of all anemias attributable to ID is estimated to be 60% [2].

Causes of Iron Deficiency: ID among women of child-bearing age and children is attributable to 
inadequate dietary intake during the periods of highest growth, namely, pregnancy, lactation, and 
early life [71]. Impoverished populations generally consume low levels of highly bioavailable iron 
sources such as meat, fish, or poultry, coupled with a plant-based diet containing less absorbable 
forms of iron [72–75]. Animal sources contain the more absorbable heme iron, whereas plant sources 
of iron are predominantly non-heme and less absorbable [76, 77]. A high consumption of grains 
increases the intake of inhibitors like phytates and polyphenols, which reduce iron absorption [78–
80]. Physiological demands for iron increase during infancy and childhood, and in resource-limited 
settings, this demand is often unmatched by intake [81, 82]. In full-term, fully breastfed newborns, 
iron stores are usually adequate to last for about 6 months [82]. However, after 6 months, an external 
iron supply is necessary to maintain adequate iron status [82]. Blood losses due to infections (malaria, 
hookworm, schistosomiasis) contribute to ID in endemic regions [83, 84]. Inflammation-inducing 
infections may also reduce iron absorption from diet [85] and may cause the redistribution of absorbed 
iron, leading to anemia of inflammation [86–88].

Dietary intake recommendations for iron set by the WHO take into account high, medium, and low 
bioavailability diets (see Table 2.5). Interest in potential toxicity has grown in the past two decades in 
light of a growing body of evidence suggesting that supplemental iron may have adverse conse-
quences for health [89, 90]. Iron overload may result from the acute or chronic ingestion of quantities 
of iron that exceed both the ability to regulate absorption and the intracellular storage capacity. There 
is no universal threshold for defining systemic iron overload.

 Iron Metabolism

The homeostatic control of iron at the points of absorption, transport, mobilization from stores, and 
recycling is critical in determining how the iron-dependent pathways interact to influence health out-
comes. Under normal physiological conditions, circulatory levels of iron are regulated at the point of 
absorption and mobilization from major storage sites such as the enterocytes, hepatocytes, and mac-
rophages [91, 92]. Absorption of dietary iron occurs in the duodenal enterocytes [93]. The proteins 
involved in iron absorption depend on whether heme or non-heme iron is ingested [86, 94]. Absorption 
of non-heme iron requires the divalent metal transporter (DMTI) [86, 94]. Since most of the ingested 
iron is in the +3 oxidation state (Fe+3), dietary iron must first be converted to Fe+2 using the duodenal 
cytochrome B (DcytB), a process that is enhanced by ascorbic acid [95], before it can be transported 
by DMT1. Although the absorption of heme iron is not completely understood, it is believed that the 
heme carrier protein (HCP)1 is involved in importing heme iron from the gut into the enterocytes [96]. 
Absorbed iron, whether heme or non-heme, is either stored as ferritin, or exported into plasma through 
the basolateral membrane-bound protein, ferroportin. Iron may be released into the circulation bound 
to transferrin or may be lost when the enterocytes are sloughed off [86]. Hepcidin is the major regula-
tory protein involved in the maintenance of iron homeostasis [97–99]. The hepatic synthesis of hepci-
din, a 25-amino acid peptide hormone, is upregulated by high extracellular iron concentrations and 
inflammation [100] and downregulated by erythropoiesis [88, 99]. Upon synthesis, hepcidin binds to 
ferroportin in the storage cells, causing its internalization and degradation, and hence prevents the 

2 Core Principles in Nutrition: Nutrient Needs, Metabolism, and Potential Influences on Infectious Diseases



44

release of iron into circulation [101]. Hepcidin synthesis is decreased during ID anemia and in other 
conditions that upregulate the rate of red blood cell formation. Suppression of hepcidin is associated 
with an increase in levels of erythropoietin (EPO) which ultimately ensures that there is enough iron 
for erythropoietic activities [102]. The adult human contains 3–5 g of iron. Between 60 and 75% of 
total body iron is stored in hemoglobin and about 25% is stored as ferritin in hepatocytes and 
macrophages.

 Potential Pathways to Infections: Iron

The bulk of the scientific literature on the role of iron in infection disease etiology focuses on the 
potential adverse effects of both supplemental iron [89, 90] and endogenous iron obtained through 
routine diet [103]. Global interest in understanding the role of iron in the pathology of infections 
gained momentum in 2006, following the publication of a large community-based trial [90] which 
concluded that children in a malaria-endemic region in Zanzibar receiving 12.5 mg of iron were about 
12% more likely to die or need treatment at a hospital and about 15% more likely to be admitted to a 
hospital compared to the control group. Because a parallel trial in southern Nepal, a non-malaria- 
endemic region, found no adverse effect of iron supplementation on severe morbidity or mortality 
[104], the initial global reaction was that this adverse effect was driven by malaria. More recent evi-
dence from both experimental and observational studies appears to suggest that iron intake or status, 
beyond the absorptive and storage capacity, may precipitate adverse outcomes for infections [103]. 
Although not clearly understood, possible mechanisms include the increased availability of non- 
transferrin bound iron [85, 105–107] and therefore increased accessibility of iron to invading parasites 
[108], the increased generation of reactive oxygen species (ROS) [107, 109–112], iron redistribution, 
and dyserythropoiesis through the hormonal activities of hepcidin [91, 113–118], enhancement of 
co- infections by iron [106, 116, 119–121], delayed parasite clearance and sequestration [122–125], 
enhanced hemolysis [126, 127], and an exaggerated acute phase response through the secretion of 
high levels of pro-inflammatory cytokines [107, 119, 128, 129]. Excessive iron loading in the gut, 
especially when it overlaps with a concurrent reduction in absorption (owing to the presence of sys-
temic inflammation and other factors), may enhance the growth of harmful gut microbes, increasing 
the risk for gastrointestinal infections, such as diarrhea [106, 130].

On the other end of the spectrum of iron-immune system interactions, some evidence suggests ID 
may compromise innate immune responses via a reduction in production of cytokine and reactive 
oxygen intermediates, which are critical for phagocytic clearance [131, 132]. Iron deficiency may also 
impair lymphocyte development and therefore the adaptive immune response [133].

 Calcium

 Calcium Needs, Sources, and Risk of Deficiency

Historically, the essentiality of calcium has been linked to the attainment of peak bone mass and 
health conditions resulting in low bone density and bone fractures. Calcium exists in nature as a diva-
lent metal with atomic weight of 40. Nearly all (~99%) of the calcium in the body is found in the 
skeletal system, where it is stored complexed to phosphate groups in the form of hydroxyapatite. As 
part of the skeletal system, calcium provides support and protection for the visceral organs. Calcium 
is present in small amounts in intracellular compartments (the sarcoplasmic reticulum found in mus-
cle cells) and is also involved in several signaling pathways linked to key cellular processes such as 
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gene transcription, cellular secretion, and muscle contraction (see Table 2.5) [134, 135]. In the ner-
vous system, calcium is critical for synaptic transmission, triggering the release of the neurotransmit-
ter acetylcholine from the pre-synaptic neuron into the synaptic cleft. This process ensures the 
transmission of neuronal signals to target organs, regulating downstream physiological processes such 
as digestion, respiration, and systemic circulation. Because of its role in transmission of nerve 
impulses and muscle contraction, low calcium levels are associated with irregular spasms and numb-
ness or tingling.

Milk and dairy products (such as yoghurt and cheese) constitute the major source (>70%) of dietary 
calcium [136]. Calcium may also be obtained from some vegetables, grains, fruits, legumes, nuts, and 
eggs [137]. Calcium needs are set to reflect the amount generally considered adequate to prevent 
negative calcium balance and resulting bone loss. Recommended intake does not change for pregnant 
or lactating women (see Table 2.5). Calcium status is linked to vitamin D status in that vitamin D regu-
lates the intestinal absorption of calcium [138]. Absorption of calcium in the intestinal mucosa cell 
requires the action of the vitamin D-dependent protein transient receptor potential vanilloid subfamily 
member 6 and calmodulin-D [138].

In adults, osteoporosis, characterized by a low bone mineral mass, is the most common outcome of 
calcium deficiency. Osteoporosis was historically considered a major public health issue among post-
menopausal women in high-income countries, but is now known to be a global health problem, also 
affecting low- and middle-income countries [139]. Low bone mass, and the development of osteopo-
rosis, is common in both postmenopausal women and men over 50 years of age. In children, calcium 
deficiency increases the risk for nutritional rickets, especially when it overlaps a deficiency in vitamin 
D [140].

 Calcium Metabolism

Regulation of plasma calcium is controlled by three primary hormones, namely parathyroid hormone 
(PTH, secreted by the parathyroid glands), calcitonin (secreted by the thyroid gland), and calcitriol 
(1,25-dihydroxy vitamin D3 (1,25(OH)2D3), secreted by the kidney in response to PTH) [141]. PTH is 
produced when plasma calcium levels are low. Within the nephrons in the kidney, PTH stimulates 
increased reabsorption of calcium from the filtrate and concurrently increases the excretion of phos-
phates. Also in the kidney, PTH stimulates the conversion of 25-OH-D3 to 1,25(OH)2D3, which medi-
ates the action of PTH on the kidney by increasing the reabsorption of calcium in the nephron [142]. 
PTH also has an effect on bones, where it stimulates osteoclasts to break down bones, releasing both 
calcium and phosphate into circulation. Calcitonin is produced by the thyroid gland in response to 
high plasma calcium levels and primarily lowers blood calcium levels by inhibiting bone resorption 
[143]. Mechanisms of bone deposition, and the movement of calcium into bone, are not yet fully 
understood [144]. Within cells, calcium is highly compartmentalized, and its release is tightly 

Box 2.6 Key Facts: Calcium (See Table 2.5)
• Nearly all (~99%) of the body calcium is found in the skeletal system.
• Calcium is critical for several signaling pathways and affects key cellular processes such as 

gene transcription, cellular secretion and muscle contraction.
• Low calcium levels are associated with irregular spasms, muscle twitching (as in tetanus), 

and numbness or tingling.
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regulated. Nearly all of the intracellular calcium is found in the nucleus (>50%), mitochondria (~20%) 
and in endoplasmic or sarcoplasmic reticulum (~20%) [145, 146]. Only about 0.5% of intracellular 
calcium is available in the cytoplasm where it can bind to high affinity proteins to stimulate or inhibit 
specific physiological processes. Calcium may be lost via urine (~40–200  mg/d) and feces (80–
120 mg/d). During stages of growth and development, calcium is concentrated into the skeletal system 
at a rate of about 150 mg/d [147]. However, once growth ceases, the body maintains a calcium equi-
librium through the process of bone remodeling and by the homeostatic regulation of calcium absorp-
tion and renal reabsorption or excretion.

 Potential Pathways to Infections: Calcium

Because of its role in intracellular signaling, and in particular, because of its involvement in the regu-
lation of gene transcription, calcium may be critical in the process of immune response (see Table 2.5) 
[148]. It has been hypothesized that calcium may play a role in regulating antibody production and the 
pro-inflammatory responses in some disease conditions [149]. The potential involvement of calcium 
in immune responses is also supported by the discovery of a calcium-dependent gene in T lympho-
cytes [150]. Additional evidence is needed regarding the role of calcium in the immune responses to 
infection in human population.

 Zinc

 Zinc Needs, Sources, and Risk of Deficiency

Zinc deficiency, affecting >30% of the world population, is a leading cause of morbidity and mortal-
ity, particularly in low-income settings [151]. Zinc is the second most abundant trace element in the 
human body, constituting 2–4 g in the adult human. Zinc is an essential trace mineral involved in 
several catalytic, structural, and regulatory roles in humans. Plasma zinc, commonly used to assess 
zinc status, represents only ~1% of the total body zinc and is not a reliable indicator of an individual’s 
zinc status (see Table 2.1). In light of the absence of specific and sensitive biomarkers of zinc status, 
the current dietary recommendation for zinc is based on an approach which considers both the physi-
ological requirement by age and gender and the minimum amount required to offset daily losses 
occurring primarily via feces and urine (see Table 2.5). In addition, this approach considers the addi-
tional amount of zinc required to promote and support a state of healthy growth, pregnancy, and lacta-
tion, as well as a consideration for the factors that influence the absorption and bioavailability of 
dietary zinc sources. The WHO estimates the total endogenous zinc losses at 1.40 mg/d for males and 
1.00 mg/d for females, and daily physiological zinc requirements at 0.84 mg for 6–12 month infants, 
0.83 mg for 1–3 year old children, 0.97 mg for 3–6 years, and ~ 1.12–1.54 mg from 6–18 years, 
depending on age and gender (see Table 2.5) [152, 153].

Zinc is available in several food groups. Rich sources of zinc include red meat, whole grains, and 
some seafood. The bioavailability of zinc from animal-source foods is higher than plant sources 
because phytates and other non-digestible plant ligands bind to, and therefore inhibit, zinc absorp-
tion. Therefore, zinc deficiency is very prevalent in settings where staples or routine diets are pre-
dominantly plant-based. In grains, zinc is present at higher concentration in the germ and bran, 
making refined grains a poor dietary source for zinc. Zinc deficiency is especially high during the 
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period of complementary feeding. During this period, adequate supply through optimal complemen-
tary feeding is necessary to replace breastmilk zinc and to meet the demands for rapid growth occur-
ring at this time.

 Zinc Metabolism

The fraction of zinc absorbed depends on the amount present in the diet and the amount of inhibitors 
consumed. Although up to 70% of zinc administered in aqueous forms may be absorbed, the frac-
tional zinc absorption decreases when consumed as part of a meal [154]. Dietary zinc is released into 
the small intestine and absorbed into the enterocytes by a family of zinc transporters that also regulate 
the efflux of absorbed zinc from the enterocytes into circulation. The expression of these transporters 
is believed to be regulated by the total zinc content of the diet. Zinc absorption also involves the diva-
lent metal transporter DMT1. There is inconsistent evidence on how the presence of other cations, 
such as iron and copper, may affect the absorption of zinc via DMT1 [155–157]. Zinc absorption is 
increased in individuals that are zinc deficient [158]. Dietary zinc is absorbed in the duodenum and 
transported to the liver bound to albumin. Approximately 70% of circulatory zinc is bound to albumin, 
so any physiological processes which affect the synthesis or mobilization of albumin will also lower 
plasma zinc concentrations. Homeostatic regulation zinc is achieved mainly by regulating intestinal 
absorption and excretion, and these processes are often synergistic [159, 160].

 Potential Pathways to Infections: Zinc

Adequate zinc status may boost immune response via multiple pathways, several of which are due to 
the role of zinc in cell replication, transcription, translation, catalysis [161], and maintenance of 
mucosal and barrier immunity [162, 163]. Zinc plays an essential role in both innate and adaptive 
immune responses. It is important for proliferation of immune cells, including macrophages and neu-
trophils, required for the initial defense against invading pathogens. Zinc’s role in the enhancement of 
mucosal repair is the basis for recommending zinc treatment for gastrointestinal and respiratory ill-
nesses. In particular, the WHO and UNICEF recommend that therapeutic zinc (20 mg) be given daily 
for 10–14 days during diarrhea episodes as adjunctive treatment for diarrhea, along with oral rehydra-
tion solution [164, 165]. There is currently no consensus or recommendations regarding the use of 
zinc during respiratory tract infections, as the body of scientific evidence is inconsistent and inconclu-
sive [3, 166]. There is emerging evidence suggesting that zinc may enhance adaptive immunity [167] 
by increasing antibody responses to some infections [168] and by increasing the proliferation of B and 
T lymphocytes [169]. However, the results have not been consistent across studies [170]. Evidence 
also suggests zinc may reduce the generation of ROS and, therefore, may reduce the severity of the 
pro-inflammatory responses to certain infections [171].

Box 2.7 Sources and Needs: Zinc (See Table 2.5)
• Red meat, whole grains, and some seafoods are rich sources of zinc.
• Phytates in plants bind to and inhibit zinc absorption.
• Zinc deficiency is especially high during complementary feeding of young children.
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 Iodine

 Iodine Needs, Sources, and Risk of Deficiency

Iodine was first discovered as a violet vapor released by the combustion of seaweed. In historical 
Chinese medicine, seaweeds were used in the treatment of goiter (enlargement of the thyroid gland) 
[172]. It is now known that seaweeds and other seafoods are rich sources of iodine, a critical compo-
nent of thyroid hormones produced by the thyroid glands (see Table 2.5) [173]. The thyroid gland 
produces two important hormones, triiodothyronine (T3) and thyroxine (T4), both of which are 
involved in regulating basal metabolism. Through the action of these hormones, iodine promotes 
normal physical and cognitive growth [174]. Iodine deficiency disorders (IDD) include a spectrum of 
disorders characterized by impairment of thyroid hormone biosynthesis [175]. Because the thyroid 
hormone is critical for growth and metabolism, iodine deficiency is associated with physical and neu-
rological growth impairment and, in severe forms, may increase the risk of death in children. The 
classic symptoms of iodine deficiency are goiter and cretinism (severe growth retardation and devel-
opmental delays) [175]. Other physical manifestations of iodine deficiency include congenital abnor-
malities and stillbirths. Because the iodine content of typically consumed foods is low (< 80 ug/
serving), many countries now have universal iodine supplementation programs, achieved primarily 
via use of iodized salts [176].

 Iodine Metabolism

Iodine is highly absorbable, with around 90% of dietary iodine absorbed via active transport in the 
small intestine [177]. Circulatory iodine is removed from the blood by the kidney and thyroid gland. 
Up to 80% of the body’s iodine is stored in the thyroid gland. Iodine uptake by the thyroid may range 
from as low as 10% (during states of adequacy) to as high as 90% during states of severe deficiency 
[178, 179]. This homeostatic control is believed to be regulated at the level of gene transcription, such 
that the expression of genes for the iodine transport protein, sodium-iodide symporter, is up- or down-
regulated to meet the body’s needs [180, 181]. In the thyroid, the protein thyroglobulin is converted to 
mono-diiodotyrosine (MIT) and diiodotyrosine (DIT) by the addition of one or two units of iodine to 
tyrosine residues [182]. These reactions are catalyzed by the enzyme thyroperoxidase, in the presence 
of hydrogen peroxide. The hormones T3 and T4 are the end products, formed by the combination of 
one DIT with one MIT (to produce T3) or by combing two DIT polymers (to produce T4) [182]. Both 
T3 and T4 behave like steroid hormones, by binding to nuclear receptors and activating the transcrip-
tion of several genes.

Box 2.8 Key Facts: Iodine
• In historical Chinese medicine, seaweeds (now known to contain a high amount of iodine) 

were used in the treatment of goiter.
• Iodine is a component of thyroid hormones.
• Thyroid hormones regulate basal metabolism and physical and cognitive growth.
• Goiter and cretinism are the classic symptoms of iodine deficiency.
• In many countries, universal salt iodization has been established to reduce IDD.
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 Potential Pathways to Infections: Iodine

Studies have shown that immune cells have the genes for the transcription of mRNA for thyroglobulin 
and thyroxine peroxidase, two proteins required for the synthesis of the thyroid hormones [183]. It is 
plausible that iodine plays a role in immune responses, although the evidence for this is limited. 
Because thyroid hormones are involved in general metabolism and growth, it is conceivable that 
iodine, acting through these hormones, may be involved in the proliferation and differentiation of 
immune cells, or in regulating the products of immune cells, including cytokine and antibody produc-
tion. Animal studies have shown that administration of iodine can result in an increase in proliferation 
of T lymphocytes and natural killer cells [184]. There is also some evidence than both hypo- and 
hyperthyroidism, defined by changes in T3 and T4 levels, are associated with changes in pro- 
inflammatory activities and changes in levels of ROS [185].

 Selenium

 Selenium Needs, Sources, and Risk of Deficiency

Research on the role of selenium in human nutrition has evolved rapidly over the last few decades 
from an initial focus on potential selenium toxicity [186] to a focus on potential health benefits of 
trace amounts of selenium [187]. Limited evidence in the first half of the twentieth century suggested 
selenium was associated with alkali disease and blind staggers in animals [188]. In the second half of 
the twentieth century, strong evidence emerged linking selenium intake to prevention of necrosis of 
the liver in rat models consuming a vitamin E deficient diet [189]. Around the same time, selenium 
deficiency was also linked to Keshan disease, a fatal disease affecting heart muscle (cardiomyopathy) 
and endemic in certain regions of China [190]. Recent evidence suggests that selenium is essential in 
proper brain functioning [191], glucose metabolism [192], and reproduction [193, 194]. The biologi-
cal activity of selenium occurs through its association with selenoproteins, a class of proteins capable 
of forming complexes with selenium. The primary sources of selenium in the diet are animal products 
and grains such as wheat and corn [195]. Selenium may also come from fungi sources like mush-
rooms and yeast. Selenium intake guidelines consider both safety and needs (see Table 2.5). Regardless 
of the source, dietary selenium is typically in the form of seleno-amino acids. In animal source foods, 
selenium may exist as either selenocysteine (cysteine residues with selenium replacing the sulfur in 
the side group) or as selenomethionine (methionine residues with selenium replacing the sulfur in the 
side group). In plant sources, selenium exists solely as selenomethionine. Both forms of selenium are 
efficiently absorbed (>80%) via active transport by duodenal enterocytes.

Although the spectrum of selenium deficiencies is not well characterized, it appears that the major 
cause of low plasma selenium is living in regions with low levels of selenium in soil [196, 197]. 
Historically, evidence of selenium deficiency came from studies demonstrating the responsiveness of 
certain disease conditions to selenium supplementation. Notably, selenium deficiency was first linked 
to Keshan disease because patients with symptoms consistent with this disease responded positively 
to selenium supplementation [198]. However, even for Keshan disease, it remains debatable whether 
selenium deficiency is the underlying cause, as several recent studies have linked factors independent 
of selenium status, such as family history and specific genetic polymorphisms [199], to Keshan dis-
ease. Hence the health outcomes associated with selenium deficiency remain poorly characterized 
[200]. Evidence from country-level food balance sheets suggests a high prevalence of selenium defi-
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ciency in sub-Saharan Africa [201] and South Asia [202, 203]. Selenium deficiency has also been 
reported in vulnerable groups such as patients on parenteral nutrition and preterm newborns [204–
206]. In most studies selenium deficiency is defined by the activity of glutathione peroxidase 3 (GPX3) 
<86.9 ng m/L) or iodothyronine deiodinase (IDI) <64.8 ng m/L (see Table 2.1). In a recent study in 
Malawi, selenium deficiency was diagnosed in 63% of Malawian women of reproductive age [196].

 Selenium Metabolism

Absorbed selenium is transported bound to protein in plasma. The biologic activities of selenium rely 
on its incorporation into selenoproteins. In selenoproteins, the 21st amino acid position is occupied by 
selenocysteine, a derivative of cysteine in which the sulfur in the side chain is replaced with selenium 
[207]. There are several known selenoproteins, and these are generally considered to have the ability 
to localize in both the nucleus and cytoplasm, suggesting their involvement in intracellular signaling 
and transcription. Glutathione peroxidases (GPXs) are the most studied selenoproteins. These pro-
teins catalyze the breakdown of hydroperoxides, a process critical to maintaining the integrity of cells 
[208, 209]. The catalytic activities of GPXs are aided by glutathione. GPX proteins have different 
forms, such as cytosol GPX, gastrointestinal GPX, plasma GPX, phospholipid hydroperoxide GPX, 
and olfactory system GPX. A second group of selenoproteins catalyzes the deiodination of thyroid 
hormones, and regulates downstream cellular processes such as gene expression [210, 211].

 Potential Pathways to Infections: Selenium

Selenium’s role in regulating levels of ROS provides a basis for its role in reducing inflammation 
[212]. The regulation of ROS is believed to be achieved through the action of the GPX family of sele-
noproteins [213]. Optimal selenium levels are necessary in both the initiation of the immune response, 
as well as in downregulation of the immune response [214]. It is believed that adequate selenium 
status is necessary for optimal activation of phagocytes and lymphocytes and in the proliferation and 
differentiation of these immune cells [213]. Limited evidence also suggests that selenium may be 
involved in regulating the action of interleukin (IL)2, by increasing the expression of receptors for IL2 
by lymphocytes [215]. Selenium may also be involved in the switch from the T helper (Th)1 pro- 
inflammatory response to the less inflammatory Th2 type of immune response [216].

 Copper

 Copper Needs, Sources, and Risk of Deficiency

The essentiality of copper was demonstrated in the first half of the twentieth century, in a study 
where copper was shown to be critical for hematopoiesis in rats [217]. In humans, the earliest evi-
dence of the essentiality of copper came from studies conducted in the late twentieth century and 

Box 2.9 Sources and Needs: Selenium (See Table 2.5)
• Major sources of selenium include animal products, grains, and mushrooms.
• Selenocystein (found in animal products) and selenomethione (found in both plants and 

animal products) are the major dietary forms of selenium.
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thereafter, which showed a strong association between low plasma copper concentrations and ane-
mia [218, 219]. The adult human contains ~100 mg copper, mostly concentrated in tissues of the 
skeletal system (muscles and bones), the brain, and the liver. Copper is a transition metal, which 
exists in two oxidation states (Cu2+ and Cu1+). In biological systems, the Cu2+ state is the predomi-
nant form [220]. Copper acts as a cofactor or allosteric regulator of several oxidation-reduction 
enzymes. Enzymes requiring copper include cytochrome-c-oxidase (involved in the electron trans-
port chain in the inner mitochondrial membrane), copper/zinc superoxide dismutase I (catalyzes the 
conversion of free radicals to hydrogen peroxides), and ceruloplasmin (major copper-carrying pro-
tein in the body) (see Table 2.5) [221]. Ceruloplasmin is a ferroxidase, involved in the conversion 
of ferrous to ferric iron [222], thereby enhancing iron transport in plasma via binding to transferrin. 
Emerging evidence primarily from animal models also suggests that copper is involved in the 
expression of several genes [223].

Copper deficiency has been reported in malnourished children, highlighting its essentiality for 
growth [224–226]. Animal foods constitute the major sources of dietary copper. Other food sources 
of copper include nuts and legumes.

 Copper Metabolism

Absorption of copper from the gut into enterocytes is via DMT1, the same protein used in the absorp-
tion of iron, zinc, and other mineral cations. Absorbed copper is transported in the blood bound to 
albumin, and upon reaching the liver, it is complexed to the protein ceruloplasmin. Most (~90%) of 
the copper in circulation is bound to ceruloplasmin and transported to target tissues and organs. Within 
cells, copper is an essential cofactor for enzymatic reactions including reactions catalyzed by cerulo-
plasmin, superoxide dismutase, and cytochrome C oxidase. In this role, copper serves as an antioxi-
dant nutrient and may protect the integrity of cells from attack by free radicals [227]. In particular, 
copper-zinc superoxide dismutase is localized in the cytosol and intermembrane space where it cata-
lyzes the conversion of free oxygen radicals to hydrogen peroxides, which can subsequently be bro-
ken down by the catalase enzyme.

Box 2.10 Sources and Needs: Copper
• Animal products, nuts and legumes are major sources of copper in the diet.
• In adults, 900 μg/day is recommended.
• Risk of copper deficiency increases in settings with a high burden of malnutrition.

Box 2.11 Key Facts: Copper
• Essentiality of copper was established in the twentieth century as a nutrient critical for the 

formation of cellular components of blood.
• The adult human has ~100 mg of copper distributed in muscles, bones, the brain, and the 

liver.
• Copper is a cofactor for several enzyme-catalyzed reactions.
• Copper facilitates iron absorption by the conversion of ferrous to ferric iron; copper defi-

ciency increases risk of anemia.
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 Potential Pathways to Infections: Copper

There are several theoretical pathways by which copper may affect the immune system, some of 
which are supported by recent evidence from in vitro studies and animal models. Copper is believed 
to affect both structural and functional components of the innate and adaptive immune systems. 
Copper deficiency (defined by plasma ceruloplasmin) has been associated with a reduction in thymus 
size and an enlargement of the spleen in copper-deficient mice relative to controls [228]. In vitro stud-
ies using copper chelators showed that the induction of copper deficiency suppressed the activities of 
monocytes [229]. Evidence from in vitro studies and animal models also suggests that copper defi-
ciency compromises T cell proliferation via a reduction in cytokine production, particularly IL2, 
which serves as a trigger for T cell proliferation [230]. It is believed that this reduction in T cell pro-
liferation may be partly due to a copper-dependent reduction in mitogenic response, although the 
mechanisms are not clear [231]. Copper may also enhance phagocytosis, modulation of neutrophil 
functioning, and differentiation of several immune cell types [232]. There is limited evidence from 
human studies regarding the role of copper in immunity and infections. In one small study of 19 cop-
per deficient, marasmic children in Chilé, copper supplementation had no impact on several immuno-
globulins in both blood and saliva, despite improvement in the phagocytic index [233]. Other more 
recent studies have shown that a copper-sufficient diet may potentially decrease the proliferation of 
peripheral blood mononuclear cells, although these studies were small and the evidence generally 
inconclusive [234]. Therefore, additional evidence from human studies regarding the role of copper in 
the immune response is needed.

 Magnesium

 Magnesium Needs, Sources, and Risk of Deficiency

It is estimated that the human body contains ~23 g of magnesium and about half of this is concentrated 
in the bones [235]. There is a high concentration of intracellular magnesium, especially in cells with 
a high energy need. Magnesium acts as a cofactor in muscle cells for all metabolic reactions involving 
the hydrolysis of ATP (see Table 2.5) [235]. Phosphorylation of enzymes results in their activation or 
inactivation and thus regulates the downstream physiological pathways. Magnesium, in its role as a 
cofactor for ATP-dependent reactions, is also critical for DNA replication, gene transcription and 
translation [236]. About 1% of magnesium is available in the extracellular fluids, bound to specific 
proteins.

Magnesium is supplied in the diet from both plant and animal sources, although plants constitute 
the major sources of dietary magnesium [237]. Green leafy vegetables, legumes, and cereals are all 
good sources of magnesium [238]. Animal sources, because of the high concentrations of calcium and 
phosphate, tend to have a low amount of bioavailable magnesium. Magnesium requirements increase 
with age and are generally higher in adult men relative to women (see Table  2.5). Requirements 
increase during pregnancy (~400 mg) but not during lactation [239].

Box 2.12 Key Facts: Magnesium
• Magnesium is the second most abundant divalent cation in the human body, after calcium.
• Energy-dependent reactions require magnesium for the hydrolysis of ATP.
• About 27% of magnesium in the human body is found in muscle.
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Although magnesium deficiency is uncommon at the population level, deficiencies can be high in 
hospital patients, especially in patients with diseases which interfere with gut and renal functions. 
Magnesium deficiency is estimated at ~10% in hospital patients [240]. Magnesium deficiency during 
pregnancy is especially high in low-income settings, and hypomagnesia during pregnancy may 
increase the risk for poor fetal development and mortality [241, 242]. Magnesium deficiency can also 
result from familial hypomagnesia, an inherited disorder [243]. Magnesium deficiency may also result 
from diseases such as diarrhea, which reduce the transit time of food through the intestines and 
decrease absorption, although the evidence for this mechanism is limited [244].

 Magnesium Metabolism

In normal adults, up to 50% of dietary magnesium is absorbed in the small intestine via both simple 
diffusion and facilitated transport requiring transmembrane proteins. Body magnesium levels are 
regulated mainly in the kidney [245]. When concentrations are higher than normal, renal reabsorption 
of magnesium is decreased, increasing the amount excreted in the urine [246]. In the kidney, the 
proximal tubule, the ascending limb of the loop of Henle and the distal convoluted tubule reabsorb 
approximately 15%, 70%, and 10%, respectively, of magnesium in the glomerular filtrate [245]. 
About 65% of the body’s magnesium is mineralized as part of bones, and an additional 32% is com-
plexed to biomolecules, including nucleic acids and proteins [247]. Within cells, approximately 80% 
of the magnesium is bound to protein and nucleic acids, and it is believed that the binding of magne-
sium provides stability for these molecules [247].

 Potential Pathways to Infections: Magnesium

Experimentally induced magnesium deficiency in animal models has been associated with changes in 
several aspects of the immune response (see Table 2.5). In rat models, magnesium deficiency was asso-
ciated with an increased pro-inflammatory response [248, 249], characterized by increased production 
of several cytokines [250]. It is believed that this action may in part be mediated by an increase in 
polymorphonuclear cells and neutrophils [251]. Magnesium deficiency has also been linked to ana-
tomical changes in key immune system organs. In particular, magnesium deficiency in rats is associ-
ated with accelerated thymus involution and splenomegaly [252]. In thymus cells, magnesium is known 
to influence gene expression, and this process may affect the production of some cytokine receptors. 
There is limited evidence regarding the role in magnesium in immune response in humans.

 Fat Soluble Vitamins

 Vitamin A and Carotenoids

 Vitamin A and Carotenoids Needs, Sources, and Risk of Deficiency

Vitamin A refers to retinol and related molecules and may be pre-formed or derived from pro-vitamin 
A carotenoids. Pre-formed vitamin A, commonly found in animal source foods such as liver, egg, fish 
liver oils, and dairy products, includes all trans retinol, all trans retinal and 3-dehydroretinol. The pro- 
vitamin A carotenoids include β-carotene, α-carotene, and β-cryptoxanthin and are commonly found 
in yellow fruits and vegetables and green leafy vegetables. These carotenoids constitute the major 
supply of vitamin A in the diet. Upon consumption, pro-vitamin A carotenoids are cleaved to form 
vitamin A derivatives (see Table 2.6) [253].

2 Core Principles in Nutrition: Nutrient Needs, Metabolism, and Potential Influences on Infectious Diseases
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About 2.8 million children are at risk for vitamin A deficiency (VAD) and about 250 million others 
are at risk of other functional disorders of vitamin A deficiency [254]. VAD is defined as serum or 
plasma retinol concentration below 0.7 μmol/L [255]. VAD is considered a public health problem in 
about 122 countries [255] and is associated with adverse health outcomes including increased morbid-
ity and mortality risk. In young children, the major causes of VAD are low vitamin A content of breast 
milk [256], low intake of vitamin A from dietary sources, and high prevalence of infectious diseases 
[257, 258]. Poor maternal nutritional status during pre-gestation, gestation, and early postpartum 
periods is associated with low vitamin A content of breast milk [259, 260]. Newborns typically have 
very low vitamin A stores at birth and thus rely on the vitamin A status of the mother to improve their 
vitamin A stores. Unfortunately, women in undernourished regions of the world may not consume 
sufficient quantities of foods containing bioavailable vitamin A [261–264], and, as a result, infants 
born under these conditions are at an increased risk of VAD [258]. Although the vitamin A require-
ment for women increases only slightly during pregnancy, requirements increase substantially during 
lactation (from 700 μg/d in the non-pregnant, non-lactating woman to 1300 μg/d during lactation) 
[265]. In low-income countries, meals served to children typically contain very little animal source 
foods such as liver, egg, and dairy products and thus contain limited quantities of bioavailable pre-
formed vitamin A (retinyl esters) [266].

A third factor increasing risk of VAD in developing countries is the high prevalence of infectious 
diseases such as malaria, measles, diarrhea, and pneumonia [267–272]. Infections in children are 
associated with anorexia, malabsorption, impaired nutrient transportation, and increased losses [267–
272]. When compared to healthy children, in a small trial, absorption of isotope-labeled retinyl acetate 
was reduced by about 30% during both diarrhea and respiratory illnesses [269]. Some evidence from 
animal studies suggests that malaria parasites are able to incorporate host vitamin A and may deprive 
the host of essential vitamin A [273]. During severe infections, up to 6.0 μmol of retinol (representing 
over 18% of liver stores in young children) may be lost daily via urine [268]. Inflammation-induced 
hyporetinolemia has been demonstrated under multiple disease conditions including diarrhea, pneu-
monia, HIV, and malaria [274, 275].

 Vitamin A and Carotenoid Metabolism

Much of the retinol obtained from the diet comes from the digestion of retinyl esters and esters of 
pro-vitamin A carotenoids. As part of lipid digestion in the small intestine, retinol and carotenoids are 
released from their esters and absorbed into enterocytes [276]. In the enterocytes, retinol is re- esterified 

Box 2.13 Key Facts: Vitamin A
• Pro-vitamin A carotenoids (β-carotene, α-carotene, and β-cryptoxanthin) are commonly 

found in yellow fruits and vegetables and green leafy vegetables.
• VAD is especially common among young children in low-income countries.
• Semi-annual high-dose vitamin A supplementation is a global strategy for reducing burden 

of VAD.
• VAD is associated with impaired vision and elevated risk of morbidity and mortality.
• Vitamin A (and other fat-soluble vitamins) is absorbed during the digestion and absorption 

of dietary lipids.
• In the intestine, pro-vitamin A is converted to retinal and then to retinol.
• The physiological activity of vitamin A is mainly in its retinoic acid form.

2 Core Principles in Nutrition: Nutrient Needs, Metabolism, and Potential Influences on Infectious Diseases
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and incorporated into chylomicrons to be transported to the liver. Some absorbed β-carotene is metab-
olized to retinal and then to retinol before being esterified and incorporated in chylomicrons. β-carotene 
may also be incorporated directly into chylomicrons. After incorporation into chylomicrons, retinol 
and carotenoids are transported in the lymphatic system, which drains into the systemic circulation 
via the jugular vein, before being transported to the liver for storage as retinol palmitate. When needed, 
retinol is released from the liver bound to a complex of retinol binding protein (RBP) and transthyre-
tin. Bound retinol is delivered via the systemic circulation to target cells, where RBP binds to its 
receptor on the target cell, allowing for the diffusion of retinol into the cell. Once inside the cell, reti-
nol binds an intracellular RBP, cellular retinol binding protein (CRBP). The CRBP-retinol complex is 
the dominant form of retinol available within cells [277], where it is involved in the conversion of reti-
nol to retinoic acid, which binds to nuclear receptors to modulate replication and transcription of key 
genes (see Table 2.6) [278].

The metabolic roles of vitamin A are typically accomplished through its retinoic acid derivative. 
Via this metabolite, vitamin A regulates physiological processes that affect growth, vision, reproduc-
tion, and immunity. The up-regulation of immune pathways by vitamin A is achieved through the 
binding of retinoic acid to nuclear receptors and the subsequent activation of these receptors, effec-
tively up-regulating transcription and translation, cell proliferation and differentiation (see Table 2.6) 
[279, 280].

 Potential Pathways to Infections: Vitamin A and Carotenoids

Vitamin A is involved in several physiological pathways connected to several disease etiologies. 
Adequate vitamin A status has been associated with enhancement of both innate and adaptive immune 
responses (see Table 2.6) [270, 281–284]. Vitamin A metabolites are key regulators of epithelial cell 
differentiation and growth [285] and are therefore critical in promoting epithelial tissue integrity, an 
important component of the innate defense system. Vitamin A has adjuvant potential and may enhance 
antibody responses to secondary infections [286]. Vitamin A also affects anti-inflammatory responses, 
characterized by a reduction in the secretion of pro-inflammatory cytokines [287, 288]. In infections 
such as malaria, which are accompanied by inflammation, this anti-inflammatory potential of vitamin A 
may be especially important in preventing the progression to severe outcomes. Vitamin A supplementa-
tion is associated with increased eryptosis (the suicidal death of red blood cells) [289] and may therefore 
expedite the clearance of parasitized red blood cells during malaria infection [287, 288]. Vitamin A may 
also enhance the potency of some drugs [290–292] and may improve erythropoiesis [293].

 Vitamin D

 Vitamin D Needs, Sources, and Risk of Deficiency

Vitamin D is best known for its role in regulating blood calcium levels, along with the hormones cal-
citonin and PTH [294]. In this role, vitamin D maintains calcium balance by regulating calcium 
absorption, reabsorption in renal tubules, and release from bone cells (see section “Proteins”). In addi-
tion. More recent literature has shed light on the role of vitamin D in other physiological processes 
including reproduction [295] and immunity [296]. Only a small amount (10–20%) of vitamin D is 
supplied by the diet [297]. The remaining 80–90% is obtained through the skin following exposure to 

M. A. Barffour and D. L. Humphries
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sunlight. Consequently, there is high seasonal variation in the regional burden of vitamin D deficiency. 
In industrialized nations, vitamin D supplements are available over the counter in doses ranging from 
400 to 50,000 IU of vitamin D2 or D3.

Historically, it has been assumed that people in the tropics, because of prolonged exposure to sun-
light, will make enough vitamin D to meet their needs. However, recent studies have documented a 
high prevalence of vitamin D deficiency globally, including a high prevalence in both tropical and 
non-tropical countries [298] and in countries with and without widespread vitamin D fortified foods. 
About 1 billion people globally are estimated to be vitamin D deficient, and the prevalence is high in 
all age groups [298]. Assessment of vitamin D status is challenging because the metabolically active 
form does not correlate strongly with health outcomes and because assays for the metabolites which 
correlate better with health outcomes are not adequately standardized. The assessment of vitamin D 
is typically based on the plasma concentration of the 25(OH)D (see Table 2.1). Although there is no 
consensus on what constitutes an optimal 25(OH)D, current cut-offs are set by considering the levels 
of the metabolites below which downstream metabolic processes may be affected, including levels 
that lead to highest suppression of PTH levels, highest absorption of dietary calcium, and highest bone 
mineralization [299]. In general 25(OH)D levels below 25 nmol/L are associated with metabolic dis-
orders [299], including disorders affecting both the skeletal and non-skeletal systems. Levels between 
25 and 50 nmol/L are considered marginal deficiency and levels >50 nmol/L are considered sufficient 
to meet physiological needs.

 Vitamin D Metabolism

Vitamin D, being a fat-soluble vitamin, is incorporated into micelles and then absorbed into entero-
cytes. In the epidermis of the skin, 7-dehydrocholesterol is converted to vitamin D upon exposure to 
sunlight, which is then transported to the liver for conversion to other vitamin D metabolites (see 
Table 2.6) [300]. Cutaneous (D2) or dietary (D3) vitamin D is transported in circulation bound to an 
α2-globulin vitamin-D binding protein. The metabolically active form of vitamin D, calcitriol (also 
known as 1,25(OH)D2), is produced after hydroxylation of vitamin D2/D3 first in the liver (to form 
25(OH)D) and then in the kidney by 1-α-hydroxylase enzyme to form 1,25(OH)D2) [301, 302]. 
Calcitriol, by binding to vitamin D receptors, is known to regulate calcium metabolism, cell differen-
tiation, and cell division. When calcium levels are low, the parathyroid gland produces PTH, which 
then stimulates production of calcitriol by the kidney. Peripheral tissues respond to calcitriol by 
expressing the vitamin D receptor [300]. Upon binding to vitamin D, the receptor acts as a transcrip-
tion factor [303], regulating the expression of several genes, including those responsible for the uptake 
of calcium and phosphate in the gut, and proteins involved in bone remodeling [304].

Box 2.14 Sources and Needs: Vitamin D
• 80–90% of the body’s vitamin D is obtained through the skin following exposure to 

sunlight.
• 10–20% of vitamin D is supplied by the diet, from food sources such as oily fish.
• In general plasma 25(OH)D levels below 25  nmol/L are considered as vitamin D 

deficiency.
• An estimated 1 billion people may be vitamin D deficient globally.
• Vitamin D deficiency is associated with rickets in children.

2 Core Principles in Nutrition: Nutrient Needs, Metabolism, and Potential Influences on Infectious Diseases
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 Potential Pathways to Infections: Vitamin D

Several immune cells possess the cellular machinery needed for the conversion of 25(OH)D to 
1,25(OH)2D [305], and immune cells are able to express the vitamin D receptor necessary for the 
signaling function of vitamin D [306]. Vitamin D is involved in both innate and adaptive immune 
responses [305]. Vitamin D may modulate immune responses to infection by promoting the develop-
ment of antigen presenting cells, which are necessary for humoral immunity [305]. This is consistent 
with in  vitro studies which showed that vitamin D exerts an antibacterial effect on monocytes in 
patients with tuberculosis [307, 308]. In the adaptive immune system, vitamin D may enhance the 
development of T suppressor cells, which are critical in shutting off the immune response following 
the clearance of an invading pathogen [309]. Vitamin D deficiency has been linked to an increased risk 
of several autoimmune diseases, including type 1 diabetes and multiple sclerosis [296].

 Vitamin E

 Vitamin E Needs, Sources, and Risk of Deficiency

Vitamin E is the general term used to describe a group of compounds, including four tocopherols (α, 
β, γ, and δ) and their respective toco-trienols (α, β, γ, and δ). Vitamin E was discovered in the early 
twentieth century as a fat-soluble factor critical for reproduction and fetal growth in vitamin E- 
deficient rats fed a highly oxidizable lard [310]—hence the name tocopherol (which means an alcohol- 
containing molecule responsible for childbirth). Vitamin E is now known to be involved in other 
physiological processes beyond reproduction. Most of the biological activities of vitamin E revolve 
around preventing the oxidation of polyunsaturated fatty acids by free radicals, an important factor in 
maintaining integrity of plasma membranes (see Table 2.6) [311]. All naturally occurring vitamin E 
compounds have the chromanol ring, bearing a hydroxyl group, which can donate an electron to free 
radicals, and as a result, reduce the oxidative potential of the free radicals. Of the vitamin E metabo-
lites, α-tocopherols are the predominant form in humans and the isoform which exhibits the most 
anti-oxidant activity [311]. It is believed that the antioxidant role of vitamin E is implicated in disease 
conditions such as atherosclerosis and hemolytic anemia as well as in promoting resistance to infec-
tions [312]. While dietary sources are important contributors to vitamin E intake, supplements are 
increasingly becoming a major source of vitamin E in both developed and developing counties [313].

Vitamin E deficiency has been associated with loss of cell life, and this is believed to be the pri-
mary factor responsible for vitamin E deficiency-induced anemia (in the case of red blood cells), 
neuronal dysfunction (in nerve cells), and myopathies (in cardiac and vascular tissues) [314]. Vitamin 
E status is typically defined by plasma or serum concentrations (see Table 2.1). In adults, vitamin E 
deficiency is defined as plasma α-tocopherol concentration below 12 μmol/L. Vitamin E status in 
children is not well characterized, although it has been suggested that serum concentrations between 
7 and 24 μmol/L may reflect normal variations [315]. Studies investigating vitamin E deficiency have 
often used different cut-offs, resulting in wide variations in the estimated prevalence of vitamin E 
deficiency. In low- and middle-income countries, where the burden is believed to be greatest, the esti-
mated prevalence of vitamin E deficiency has ranged from as low as 20% to a high of 90% depending 
on region and target population [313]. In general, the evidence seems to suggest that in populations 
with a high burden of vitamin E deficiency, young children and the elderly are the most likely to be 
deficient [313, 316].
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 Vitamin E Metabolism

An estimated 68% of dietary vitamin E is absorbed in duodenal enterocytes [317]. Alpha-tocopherol 
esters are thought to be hydrolyzed by gut esterase before incorporation into micelles. Alpha- 
tocopherol passively diffuses across cell membranes and into enterocytes. Vitamin E from dietary 
intake is absorbed in the intestines as part of fatty acid digestion and absorption and is then incorpo-
rated into chylomicrons and transported via the lymphatic system [314]. Vitamin E is ultimately trans-
ported to the liver, where it is primarily stored in parenchyma cells. When needed, vitamin E (mainly 
α-tocopherol) is released by the liver into circulation as part of VLDLs [318]. In the body, vitamin E 
is incorporated into tissues or cellular components which have a high fatty acid composition, such as 
cell membranes, the liver, the brain, erythrocytes, and adipose cells. In particular, adipose cells have 
stores of vitamin E, although these are not typically mobilized during deficiency states. It is in the 
adipose cells that the antioxidant properties of vitamin E are exploited. Free radicals (i.e., biochemical 
species with unpaired electrons) react readily with the PUFA component of cell membranes. The 
double bonds in PUFAs are a rich source of electrons for the highly reactive free radicals. By donating 
electrons to stabilize the free radicals, vitamin E protects the integrity of cell membranes. In the anti-
oxidant reactions involving vitamin E, a vitamin E radical intermediate is formed. It is believed that 
this intermediate is subsequently converted back to vitamin E by the actions of ascorbic acid [319] and 
glutathione [320, 321].

 Potential Pathways to Infections: Vitamin E

Evidence from both animal and human studies suggests that the antioxidant role of vitamin E is 
exploited in the immune response [322]. Vitamin E adequacy has been associated with increased pro-
liferation of cells involved in immune defense, which may result in increased production of antibodies 
and lymphocytes (see Table 2.6) [322]. In animal models, it has been shown that vitamin E interacts 
synergistically with selenium in enhancing the production of IgG and splenic cytokine expression 
[323, 324]. This is consistent with several other studies in animal models demonstrating the role of 
vitamin E in the immune response to specific disease conditions, including viral and bacterial infec-
tions [325, 326]. In mouse models, Bou et al. showed that α-tocopherol supplementation may reduce 
the severity of pneumonia by reducing the pathogen load, in a process involving altered expression of 
several adhesion molecules required for neutrophil mobility [325]. In humans, vitamin E supplemen-
tation has been associated with a lower incidence of pneumonia and other respiratory illnesses [327], 
although other studies found no evidence of benefits of vitamin E supplementation on pneumonia 
[328]. There is some evidence suggesting a potentially adverse effect of vitamin E supplementation, 
as vitamin E supplementation was associated with an increase in malaria parasitemia in HIV-infected 
Tanzanian women [329]. Additional evidence is needed to assess the benefits versus harm of vitamin 
E supplementation on the incidence and prognosis of specific infections in humans.

 Vitamin K

 Vitamin K Needs, Sources, and Risk of Deficiency

Vitamin K is best known for its role in blood clotting (see Table 2.6). The vitamin was first discovered 
in 1929 as a factor essential for blood coagulation [330]. Hence the early use of vitamin K in clinical 
practice focused on the treatment of hemorrhagic diseases, including hemorrhagic disease of the 
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newborn [331]. Recent advances in research have shed further light on the essential role of vitamin K 
in living systems. Vitamin K comes in two forms, the K1-vitamins (phylloquinone), which are synthe-
sized in plants and algae, and the K2-vitamins (menaquinones), synthesized by bacteria [332]. 
Phylloquinone forms the major dietary source of vitamin K [332]. Vitamin K is especially abundant 
in green leafy vegetables, oils, meat products, and to a lesser degree cereals. It is thought that vitamin 
K may be produced via endogenous synthesis of menaquinone by certain species of gut microbes 
[332]. However, the evidence is inconsistent regarding how much vitamin K is actually procured by 
this mechanism [333, 334]. Consumption of diets containing fiber (which is known to reduce the 
abundance of vitamin-K producing bacteria) is associated with reduced liver stores of vitamin K 
[335]. This suggests that gut microbes may be important in maintaining adequate vitamin K stores. 
However, vitamin K deficiency is easily induced by limiting the consumption of vitamin K in the diet, 
without necessarily affecting the gut microbes, and this suggests that the contribution from gut 
microbes to the total vitamin K needs may be minimal [336, 337]. Additional evidence is needed to 
more accurately characterize the relative supply of vitamin K from diet versus gut microbes.

 Vitamin K Metabolism

Vitamin K is a fat-soluble vitamin and is absorbed in the intestine as part of the process of fat diges-
tion and absorption. Following incorporation into micelles vitamin K is absorbed into enterocytes. 
Individuals with any disease condition that affects any component of fat digestion, such as pancreatic 
insufficiency, are at increased risk for vitamin K deficiency. Vitamin K (as part of chylomicrons) in 
the intestinal mucosa are released into the lymph and transported to the liver bound to lipoproteins. In 
the liver, vitamin K is involved in carboxylation reactions with amino acid residues known as gamma- 
carboxyglutamic acid (Gla) [338]. Gla residues are formed via the addition of a third carboxylic acid 
group to the gamma carbon of glutamic acid, using an enzyme which requires vitamin K as a cofactor 
[339]. Gla residues are a major component of several blood clotting proteins, including prothrombin. 
The Gla residues allow the clotting factors to bind to phospholipid surfaces in reactions involving 
calcium and iron [332].

 Potential Pathways to Infections: Vitamin K

Evidence regarding the role of vitamin K in immune responses to infections is limited. In vitro studies 
suggest that both phylloquinone (vitamin K from plant and algae sources) and menaquinone (vitamin 
K from bacteria) are associated with reduced pro-inflammatory responses during chronic disease (see 
Table 2.6) [340]. A study by Reddi et al. showed that production of IL-6 from fibroblast cultures cor-
related negatively with the concentration of vitamin K compounds, including K1 and K2, added to the 
cell culture [340]. Additional evidence from animal studies suggests that vitamin K may moderate 
pro-inflammatory responses by suppressing lipopolysaccharide-induced inflammation [341]. It is 
uncertain whether these mechanisms are applicable to humans. More importantly, it is unknown 
whether these mechanisms are involved in down-regulating pro-inflammatory responses to infectious 

Box 2.15 Key Facts: Vitamin K
• Vitamin K is involved in blood clotting.
• The two forms of Vitamin K are K1-vitamins (phylloquinone), which are synthesized in 

plants and algae, and the K2-vitamins (menaquinones), synthesized by bacteria.
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diseases. In a clinical study of acute and intractable diarrhea in children, Bay et al. concluded that, 
among children with bloody diarrhea, coagulation parameters may be improved by administering 
vitamin K [342].

 Water-Soluble Vitamins

 Vitamin C

 Vitamin C Needs, Sources, and Risk of Deficiency

In the mid-eighteenth century, James Lind, a surgeon in the Royal British Navy, conducted one of the 
earliest dietary clinical trials, which showed that citrus fruits were efficacious in treating scurvy [343, 
344]. This followed earlier accounts in the sixteenth century, which indicated that potions made from 
the leaves of a particular tree were effective in curing a disease condition during which patients pre-
sented with symptoms consistent with scurvy [344]. We now know that scurvy results from a lack of 
proper folding of structural proteins, a process that requires vitamin C [343, 345]. Although many 
animals can synthesize vitamin C endogenously from glucose or galactose precursors, humans and 
other primates, because of the lack of the enzyme L-gulonolactone oxidase, are not able to produce 
vitamin C [346]. Thus adequate intake of vitamin C in humans is essential. In addition to preventing 
scurvy, vitamin C plays a role in the synthesis of several signaling hormones and neurotransmitters, 
including norepinephrine (see Table  2.7) [347]. Vitamin C deficiency has been associated with 
impaired brain development and may compromise memory formation or retrieval through its negative 
effects on the hippocampus [348, 349]. Fruit and vegetables are the major sources of vitamin C, and 
citrus fruits (including oranges, grapefruits, and lemons), kiwifruit, potatoes, melon, cauliflower, and 
broccoli are particularly rich sources [350, 351].

Because fruits and vegetables are widely consumed, vitamin C deficiency is uncommon. Vitamin 
C deficiency (defined as plasma concentrations <11 μM) [352] affects an estimated 5–10% of adults 
in upper-income countries [353]. In lower and middle income countries, recent reports of scurvy have 
come from refugee populations where food aid did not include foods rich in vitamin C [354, 355]. 
Predominately formula-fed infants may be at increased risk for vitamin C deficiency [356]. Vitamin 
C toxicity is uncommon, likely because excess intake is regulated by the homeostatic control of uri-
nary vitamin C [357, 358].

 Vitamin C Metabolism

Up to 90% of dietary vitamin C is absorbed [349], and vitamin C is absorbed in the small intestine as 
ascorbate (the ionized form of vitamin C) and dehydroascorbic acid (the oxidized form of vitamin C). 
Vitamin C is absorbed by passive diffusion, facilitated diffusion [359, 360] and active transport [361, 
362]. Because of its polar nature, vitamin C is transported in the blood without a transport protein. 
Plasma vitamin C levels are maintained at an upper limit of ~15 mg/L, and this upper limit is main-
tained by urinary excretion in the event of excess intake [349]. Vitamin C concentrations inside target 
cells are typically higher than circulating levels in plasma, and this disparity is maintained by an ATP- 
dependent mechanism which pumps ascorbic acid into cells against the concentration gradient. 
Vitamin C is distributed widely in tissues, including the brain (2–10 mM), liver (~1 mM) and lungs 
(~1 mM) [357]. The heart, muscle, and kidney each contain ~0.2–0.5 mM of vitamin C [357]. In cells, 
ascorbic acid participates in oxidation and reduction reactions. It is these redox reactions which form 
the basis for most physiological processes involving vitamin C. Vitamin C is particularly known for 
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its role in maintaining the three-dimensional structure of collagen, the most abundant protein in the 
human body [345]. Hydroxylation of proline and lysine residues is a critical step in collagen folding, 
and requires vitamin C (see Table 2.7) [343]. This property of vitamin C underscores its role in the 
etiology of scurvy [343], which is characterized by symptoms including poor wound healing, bleed-
ing of gums and skin, anemia and body pain. As an antioxidant, vitamin C is also involved in the 
reduction of iron in the ferric state (+3) to the ferrous (+2) state. This step is necessary for iron absorp-
tion by the divalent metal iron transporter in enterocytes [95].

 Potential Pathways to Infections: Vitamin C

The role of vitamin C in immunity against specific infections has been an area of intense research and 
debate over the last 60 years. Several plausible pathways have been suggested. These include the 
enhancement of T cell proliferation and differentiation [363] and enhancement of antibody production 
[364, 365], although the support for the latter hypothesis has been inconsistent [366, 367]. Vitamin C 
deficiency in experimental subjects was associated with impaired delayed-type hypersensitivity, 
recovered with supplementation, highlighting the role of vitamin C in T cell function (see Chap. 3) 
[368]. Levels of ascorbate in immune cells, particularly leucocytes, decrease quickly following an 
infection, and then return to normal after the infections resolve [369, 370]. Some consider vitamin C 
to be especially important in staving off viral infections although the evidence base has not been con-
sistent [371–373]. While some studies have shown that vitamin C is efficacious in reducing both 
incidence and severity of common colds, other clinical studies found no such effect [371, 372]. A 
recent meta-analyses of trials delivering 200 mg daily vitamin C found no impact on incidence of 
colds and only a small but statistically significant reduction in duration of colds in both children (by 
~13%) and adults (by ~8%) [373].

 The B-Complex Vitamins

 B-Complex Needs, Sources, and Risk of Deficiency

The B-complex vitamins are group of eight water-soluble compounds typically present in the same 
food sources. The B-complex vitamins are thiamin (B1), riboflavin (B2), niacin (B3), pantothenic acid 
(B5), pyridoxine (B6), biotin (B7), folate (B9), and cobalamin (B12). In general, these vitamins func-
tions as coenzymes or cofactors in the synthesis and degradation of biomolecules. B-complex 

Box 2.16 Sources and Needs: Vitamin C
• Scurvy is classic symptom of vitamin C deficiency.
• Humans and other primates, because of the lack of the enzyme L-gulonolactone oxidase, are 

not able to produce vitamin C.
• Fruit and vegetables comprise the major source of vitamin C.
• Vitamin C deficiency is uncommon because fruits and vegetables are widely consumed.
• Vitamin C toxicity is also uncommon because excess intake is regulated by the homeostatic 

control of urinary vitamin C.
• Plasma vitamin C levels are maintained at an upper limit of ~15 mg/L.
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vitamins are critical in energy metabolism and are especially critical in tissues and systems with high 
energy demand, such as the brain, nervous system, and muscles. Because of their role in DNA and 
protein metabolism, B-complex vitamins are also critical for growth (especially during fetal and early 
childhood stages). They are also important in maintaining structural integrity of cells (including red 
blood cells)  and proteins such as hemoglobin. Some B-complex vitamins are rarely deficient (e.g., 
pantothenic acid) and others such as folate are frequently deficient in low-income settings and in hos-
pitalized patients. Deficiencies of B-complex vitamins are associated with degenerative diseases, 
growth stunting, anemia, and skin disorders. Risk of folate deficiency increases during pregnancy and 
has been associated with neural tube defects. Recommendations for intake of B-complex vitamins are 
typically tied to daily energy intake, although recommendations for biotin are tied to the total intake 
of protein (see Table 2.7).

 B-Complex Absorption and Transport

The absorption and transport of water-soluble B-complex vitamins are similar, in part because of the 
shared hydrophilic characteristics (see Table  2.7). Some B-complex vitamins, including thiamine, 
riboflavin, folate, and B12, are absorbed by active transport, while others, such as niacin, utilize facili-
tated diffusion at lower concentrations and passive diffusion at higher concentrations. Still others, 
such as pyridoxine, rely primarily on passive diffusion for absorption. Biotin is an important excep-
tion, as less than 50% of bound biotin from plant sources is hydrolyzed and available for absorption. 
Binders such as avidin in raw egg whites can prevent hydrolysis, unless the avidin has been denatured 
by cooking [374]. The B-complex vitamins may be transported freely in blood (e.g., niacin) or bound 
to albumin in the case of riboflavin and pyridoxine (B6). Pharmacological interactions can inhibit 
active folate transport (see Chap. 14). As they are water-soluble, the B-complex vitamins are not 
stored in the body.

 B-Complex Metabolism

B-complex vitamins are essential coenzymes in catabolism and biosynthesis and precursors for mol-
ecules involved in biosynthesis (see Table 2.7). Several are coenzymes for energy and glucose metab-
olism; thiamine is a coenzyme in glycolysis and the Krebs’s cycle, generating cellular energy in the 
form of ATP. Riboflavin is a coenzyme for oxidation-reduction reactions, including the generation of 
energy in the electron transport chain. Niacin is a coenzyme in fatty acid synthesis, as an electron 
acceptor in glucose catabolism. B12 is a co-factor for two important enzymes: methylmalonyl CoA 
mutase, which is involved in the degradation of cholesterol, some fatty acids, and amino acids for use 
in tricarboxylic acid cycle, and methionine synthase, which is involved in remethylation of homocys-
teine to methionine (see Table 2.7).

Box 2.17 Sources and Needs: B Vitamins
• Because of their role in energy, DNA and protein metabolism, deficiencies of B-complex 

vitamins are associated with degenerative diseases, growth stunting and anemia.
• Animal source foods (including liver, poultry, meat and fish), whole grains, and legumes are 

good sources of B-complex vitamins.
• Folate is abundant in dark green leafy vegetables.
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 Potential Pathways to Infection: B-Complex

The B-complex vitamins have been shown to modulate several components of both innate and adaptive 
immune responses. Several of the B-complex vitamins, including niacin and thiamin have antioxidant 
properties and may therefore be important in moderating the pro-inflammatory responses to infections. 
Folate and vitamin B12 regulate the synthesis of cytokines, whereas vitamin B6 is involved in inducing 
apoptosis. Specific examples of immune-modulatory roles are summarized in Table 2.7 [374].

 Other Nutrients

The previously covered macro- and micronutrients are those most likely to be deficient or excessive 
in humans. There are additional nutrients with varying levels of evidence for roles in nutrition and 
infection. We will touch briefly on a few—fluorine, phosphorus, choline and carnitine. Interested 
readers are referred to the Institute of Medicine Dietary Reference Intake guides for more information 
about additional essential nutrients [375–378].

 Fluorine Overview

Fluorine is an essential mineral with roles in bone formation and prevention and treatment of dental 
caries [375]. When intake is insufficient to maintain necessary levels, fluoride is mobilized from calci-
fied tissues, and excretion may exceed ingestion [375]. A protective effect of fluoride on both early 
childhood caries and oral Streptococcus mutans (a principal cause of caries) has been demonstrated 
[194]. Fluoride is not the only relevant micronutrient for dental caries, as both caries and periodontitis 
can be exacerbated by micronutrient deficiencies of vitamin C, vitamin D, or vitamin B12 [195]. 
Fluoride-containing toothpaste/dentifrice, low sugar intakes, and excellent oral hygiene are a trifecta 
of practices that can reduce both caries and periodontal disease [196–198]. There is a growing aware-
ness of the importance of the relationship between oral and systemic health. Severe dental caries is a 
serious infectious disease whose bacteriological components can drive disease progression in other 
organ systems. Periodontitis, also of infectious and inflammatory origin, can seed the blood stream 
with gum-derived microorganisms, increasing risk of multiple chronic diseases and conditions, 
including cardiovascular disease [199–202]. Periodontitis has also been implicated in preterm birth, 
rheumatoid arthritis, and even diminished cognitive function, though the quality and consistency of 
evidence is not adequate to make definitive causal statements (205–208).

 Phosphorus Overview

Phosphorus is as essential to life as oxygen, carbon, and nitrogen [374] and is generally found in its 
phosphate form (PO4

3−). It is an essential component of bones, phospholipids, adenine and guanine 
nucleotides, and ATP [375]. Phosphates are highly prevalent in foods, and processed foods, soft drinks 
and animal source foods are good sources of dietary phosphorus. Deficiency is seen only in rare situ-
ations such as premature infants fed insufficient phosphorus in formula [374].
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 Choline Overview

Choline is a water-soluble molecule widely distributed in foods, highly unstable and thus difficult to 
measure accurately in foods, although humans on a choline-free parenteral diet show signs of defi-
ciency [374]. As a component of lecithin (phosphatidylcholine), choline is found in many foods and 
is also frequently used as a stabilizer and emulsifying agent in processed foods [374]. Symptoms of 
deficiency include deficits in central nervous system functioning and a fatty liver, and symptoms of 
excess include hypotension [376]. Choline is a precursor for membrane phospholipids, lipid and cho-
lesterol transport proteins and acetylcholine, an important neurotransmitter [376]. Evidence is emerg-
ing of a potential role for choline in synthesis of metabolites such as trimethylamine N-oxide that are 
associated with risk of CVD [379].

 Carnitine Overview

Carnitine is a water-soluble molecule that can be synthesized in the body, except in extreme condi-
tions such as premature infants and individuals suffering from extreme trauma [374]. Meat and par-
ticularly organ meats are good dietary sources, while dairy products, whole grains, and some legumes 
and vegetables contain moderate amounts [374]. Carnitine is an essential component in fatty acid 
oxidation particularly in the mitochondrial membrane. Deficiencies are only seen under extreme con-
ditions, and carnitine is generally recycled in the body quite efficiently, with approximately 90% of 
the carnitine reaching the kidneys being reabsorbed and returned to circulation [374]. L-carnitine is 
being investigated as a potential supplement to reduce inflammation. A 2019 systematic review con-
cluded that regular supplementation with L-carnitine was significantly associated with lower levels of 
inflammatory markers such as CRP, IL6, and TNFα [380].

 Emerging Nutrients

Bioflavonoids are polyphenolic compounds found throughout the plant kingdom. While characteris-
tics of deficiency have not been identified, there is a growing interest in the potential antioxidant 
capacity of flavonoids for reducing inflammation [381]. Flavonoid content may be an important medi-
ator for the reduced risk of inflammatory conditions of diets rich in fruits and vegetables [381].

 Conclusions

Both epidemiologic and mechanistic evidence support the role of specific nutrients in protecting 
against infectious disease. For instance, adjunctive zinc therapy is recommended by the WHO for 
managing complications of acute diarrhea in low- and middle-income countries, based on evidence 
from systematic reviews indicating a protective effect of zinc on the duration of diarrhea. Similarly, 
high-dose vitamin A supplementation remains a global public health intervention against childhood 
morbidity and mortality from infections. Several other micronutrients, including vitamin D, calcium, 
magnesium, and copper, have been shown to have potentially protective effects against infections, 
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although the evidence is generally insufficient or too inconsistent to drive policy changes. For other 
nutrients such as iron, there is population-level evidence of both beneficial and adverse outcomes, and 
additional data are needed to ascertain the contexts where supplementation may be optimal. 
Mechanistic evidence, relying on in vitro studies and animal models, indicates that nutrition influ-
ences immune functioning through multiple pathways, including proliferation and differentiation of 
immune cells, regulation of production of immune modulators, and the strength and duration of the 
inflammatory responses to infections. When present in adequate concentrations, nutrients important 
for cell division, transcription, and translation, such as zinc, vitamins A, and D, and iodine, promote 
proliferation and differentiation of several types of immune cells and enhance mucosal immunity, 
therefore helping to reduce the incidence and severity of disease of the lungs and gut. Nutrients such 
as copper and magnesium, which are critical in energy metabolism, support the growth and function 
of the thymus and enhance biosynthetic activities of immune cells, including the production of cyto-
kines critical to immune cell signaling. The antioxidant minerals and vitamins (vitamins A, E, C, 
copper, and selenium) are thought to prolong the lifespan of immune cells by preventing the attack of 
cellular membranes by free radicals and downregulating the production of pro-inflammatory cyto-
kines. Thus, whether nutrients are acquired through routine dietary intake or via supplementation 
programs, nutritional status may influence the risk of exposure and susceptibility to infections, the 
progression from subclinical to clinical infections, and the duration or recovery from clinical manifes-
tation of infections.

Key Gaps and Challenges. While extensive laboratory work has gone into broadly characterizing 
the mechanisms by which nutrients affect immune function, additional evidence is needed to elucidate 
the specific pathways by which nutrients directly affect specific pathogens and their transmission. 
Such research might be used to identify particular relationships between host nutritional status and 
pathogens that could provide complementary and supportive interventions for traditional pharmaceu-
tical approaches and also be of value in a preventative context.

Challenges for in vitro studies and animal studies:

• Often nutrients are used at pharmacological rather than physiological concentrations. A database 
that recommends physiologically relevant concentrations for use in vitro would aid laboratory sci-
entists in designing their studies.

• Defining a clear pipeline from proof of concept (e.g., cells produce a specific molecule in response 
to in vitro stimulation), to a more realistic in vitro set up (e.g., including multiple nutrients), to an 
in  vivo animal model with various combinations of nutrient deficiencies and infections might 
remind the research community of the importance of incorporating more of the real-world 
complexity.

Challenges for human studies:

• The benefits and limitations of available biomarkers of nutritional status need to be more clearly 
developed, especially for micronutrients. Several of the currently used nutritional biomarkers are 
acute phase proteins or respond to acute phase reactions. As a result, levels of these biomarkers are 
altered during systemic inflammation, often leading to mischaracterization of nutritional status. 
This phenomenon has been widely demonstrated in settings with acute infections. Less well under-
stood is the impact of chronic infections or of multiple infections on nutrient biomarkers. More 
holistic studies that measure a wider range of infections, immune status, and nutrients will provide 
databases from which the impact of multiple co-existing conditions on nutrient biomarkers can be 
assessed. This will be extremely important in ensuring that biomarkers are accurately interpreted 
both in epidemiological and clinical settings.

• There are considerable challenges to reaching a consensus on the relative risks and benefits of 
specific nutritional interventions, due to heterogeneity among studies in context, age of the study 
population, dose and formulation of nutrients, presence and severity of other nutrient deficiencies 
and of co-existing infections, and differences among studies in the outcomes measured. One of the 
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consequences of this heterogeneity may be the apparently contradictory conclusions often emerg-
ing from research studies. Prioritization of study and population characteristics to be tested and 
measured, as well as expert consideration of when evidence from other populations may be appro-
priate for analogy of exploration, could help address this challenge.

• We have come to rely on systematic reviews and meta-analyses. Yet many of the studies included 
in these analyses were conducted over a decade ago. Globally, the prevalence of undernutrition is 
declining, and health systems are generally improving. Consistent with this transition, it is con-
ceivable that future nutritional interventions, particularly those targeting undernutrition, may have 
a more limited impact at the population level than previously reported. However, such interven-
tions may still have a significant impact in clinical settings where the most severe cases are likely 
to present. By controlling for this changing context, it may be possible to recommend public health 
and clinical situations where specific nutritional inventions are appropriate, as well as contexts 
where particular interventions may not be appropriate.

Expansion of the scientific body of knowledge on nutrition-infection interactions would be aided 
by more human studies and a clear consensus on strategies and biomarkers for defining nutritional 
status at the individual and population level. With increased attention to the complexity of research 
study design, and increased collaboration between disciplines, we are confident that the challenges 
facing research at the interface of nutrition and infection can be met.
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TGF Transforming growth factor
Th1 T-helper 1 cell
Th17 T-helper 17 cell
Th2 T-helper 2 cell
TLR Toll-like receptor
TNF Tumor Necrosis Factor
Treg Regulatory T cell

 Overview: Hosts, Pathogens, and Commensals

Immunologists and microbiologists, as well as parasitologists, traditionally use the term “host” to 
refer to humans or other species at risk of developing an infectious disease, and “pathogen” to refer to 
bacteria, viruses, fungi, and eukaryotic pathogens such as parasites that cause a clinically evident 
infection. Pathogens have always been the major focus of immunologists who, throughout the twen-
tieth century, have studied how the immune system clears pathogens to resolve an infection. Pathogens 
may be viruses, bacteria, fungi (or yeast), protozoa, or multicellular parasites including nematodes 
and flukes. The disease usually occurs when such organisms are specifically adapted to infect humans, 
the so-called “professional” pathogens. The names of many of these pathogens are well-known: mea-
sles virus, the cholera bacterium (Vibrio cholerae), the yeast Candida albicans, the malaria protozoa 
(Plasmodium falciparum and others of this genus), the hookworm nematodes (Necator americanus 
and Ancylostoma duodenale), and the liver fluke (Schistosoma mansoni). Most pathogens have 
evolved methods of evading the innate immune response and must be cleared by adaptive immunity. 
Some evade, to varying degrees, adaptive immunity as well (e.g., malaria or the human immunodefi-
ciency virus [HIV]).

However, in addition to the microorganisms that cause disease, there has always been an interest in 
nonpathogenic “commensal” bacteria that “colonize” rather than infect the host, and this area of 
research is enjoying a major resurgence because of new DNA sequencing and bioinformatic methods 
to characterize bacterial (and other) communities of microorganisms [1, 2]. Commensals can be ben-
eficial to the host as long as they stay in their specific niche (e.g., the large intestine, skin, nasophar-
ynx), which is usually a body site that is directly exposed to environmental microorganisms. When 
nonpathogenic (or mildly pathogenic) bacteria encounter a host with a compromised immune system, 

Key Points
• Epithelial surfaces, particularly at mucosal sites, are important first-line defenses against 

pathogens.
• The innate immune system responds rapidly to infection, differentiates among classes of 

pathogens, and can clear most microbial challenges.
• The adaptive immune system provides pathogen-specific immunity to protect against patho-

gens that evade the innate system.
• The innate and adaptive systems provide an integrated defense against specific types of 

pathogens.
• Infections can cause malnutrition by decreasing food intake, decreasing nutrient absorption, 

increasing nutrient loss, increasing nutrient metabolism, and altering nutrient transport and 
storage.

• Deficiencies in protein, energy, and specific nutrients can impair host defenses against infec-
tion, thus increasing the risk and severity of infections.
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these “opportunistic” pathogens can cause frank disease. An emerging concept that focuses on the 
intestinal microbiome (i.e., the community of bacteria that normally colonizes the host gastrointesti-
nal tract, particularly the large intestine) is that this community may be disrupted, a condition termed 
“dysbiosis” (as opposed to “symbiosis”) [3], and then cause diseases such as environmental enteropa-
thy in young children in settings with poor environmental hygiene [4].

Thus immunologists and microbiologists are now considering not only how the immune system 
deals with frank pathogens but also how it deals with (and does not over-react to) commensal bacteria. 
This change in the research focus of immunologists is bringing a greater focus to “regulatory” immu-
nity that refers to how the immune system learns to tolerate rather than expel commensal bacteria. The 
concepts of protective immunity are better developed, and this chapter focuses necessarily on how the 
host responds to pathogens of different types but also considers how the host immune system may 
respond but not overrespond to commensal microorganisms.

 Organization of Host Defenses

 Barrier Defenses

Many host tissues are exposed to environmental microorganisms, including the skin, conjunctiva, 
respiratory tract, gut, and urogenital tracts. While these may be appropriate micro-environments for 
some commensal bacteria, they are also potential “portals of entry” for pathogens adapted to infect the 
host and cause disease [5]. Tissues at these portals are specifically adapted to prevent access to other 
body tissues (blood, lungs, submucosal intestinal tissues) via a layered approach, as shown in Fig. 3.1. 
First, these sites have a surface layer of epithelial cells interspersed with a few lymphoid or myeloid 
immune cells. Second, the subepithelial tissue provides structure and contains blood vessels that 
allow immune cells to enter the epithelium when needed, as well as lymphatic drainage that allows 
egress of antigen-presenting cells (APCs) to the draining lymph node. This access to the epithelium 
provides for a rapid response by innate immune cells (discussed below) that forms a second level of 
protection against invasion. The skin and the intestine provide useful examples.

The skin consists of two cellular layers, epidermis and dermis [6]. The epidermis consists of four 
layers of keratinocytes interspersed with melanocytes and Langerhans cells, a professional APC, and 
the principal immune cell of the uninfected epidermis. Some commensal microorganisms adhere to 
the epithelial surface and are adapted to persist in this niche [7]. Pathogens, including strains of 
Staphylococcus aureus, may penetrate the skin using special virulence factors (e.g., enzymes to break 
down extracellular matrices) to cause deeper infections which, if the local immune response is not 
sufficient, may become systemic [5, 8]. The dermis contains blood capillaries and lymphatic drainage 
as well as a variety of immune cells, the number and type varying depending on the immunologic 
challenge. Such challenges in the skin may be triggered by insects, parasites (e.g., hookworm larvae 
from soil or Schistosoma cercariae released from the aquatic snail intermediate host), or other irritants 
(e.g., chemicals, ultraviolet light) to which a person may become sensitized (e.g., poison ivy that 
elicits an adaptive immune response).

The mucosal epithelium of the intestine consists of a single layer of absorptive epithelial cells 
interspersed with a variety of other cells, including (a) goblet cells that secrete a protective layer of 
mucus, (b) M cells that collect particulate antigen from the lumen for delivery to mucosa-associated 
APC in underlying lymphoid aggregates, (c) interdigitating dendritic cells (a type of APC) that send 
cytoplasmic arms between epithelial cells to directly sample the antigens present in the gut lumen [9], 
and (d) Paneth cells in intestinal crypts that secrete antifungal α-defensins and other antimicrobial 
factors including enzymes and lectins [10]. The lamina propria underlying the gut epithelium contains 
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abundant immune cells, particularly macrophages and lymphocytes. Unlike the dermis, there are 
many lymph nodes in the lamina propria (termed Peyer’s patches). A number of factors help protect 
the epithelial barrier from microorganisms, including peristalsis, the mucus barrier, the relatively 
rapid turnover of epithelial cells, as well as secreted factors such as immunoglobulin (Ig)A and anti-
microbial peptides [11, 12]. IgA and IgM are transported across intestinal epithelial cells and into the 
gut lumen via the polymeric immunoglobulin receptor (pIgR). In addition to playing a protective role, 
IgA can also help promote colonization by some commensal bacteria [13]. The extensive network of 
macrophages and APCs in the lamina propria, in concert with regulatory T (Treg) cells in the lamina 
propria, helps the body differentiate commensal organisms from pathogens [14].
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Fig. 3.1 Three 
examples of barrier 
defenses, the skin (top), 
bronchial epithelium in 
the respiratory tract 
(middle), and the 
intestinal epithelium 
(bottom). (From 
Janeway’s 
Immunobiology 9E by 
Kenneth Murphy and 
Casey Weaver. 
Copyright © 2017 by 
Garland Science, Taylor 
& Francis Group, 
LLC. Used by 
permission of W. W. 
Norton & Company, 
Inc.)
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Other mucosal sites include the mouth, nasopharynx, trachea, esophagus, stomach, and urogenital 
tracts. These sites have similar organizational features and functions. The lungs present a unique chal-
lenge in that alveoli are gas exchange surfaces and due to limits of gas diffusion cannot be organized 
into multicellular layers. The final line of defense in the lungs is formed by the alveolar macrophages 
which engulf and clear tiny particles and microorganisms (e.g., Mycobacterium tuberculosis).

 Lymphoid Tissues

The immune system in humans and other mammals is made up of primary and secondary organs and 
tissues located strategically throughout the body to protect against invasion by microorganisms [15], 
as shown in Fig. 3.2. “Primary” organs, where immune cells develop, include the bone marrow and 
thymus. All white blood cells (i.e., leukocytes, including lymphocytes, monocytes, and granulocytes 
which are subdivided into neutrophils, eosinophils, and basophils) originate in the bone marrow, but 
one subset of lymphocytes, T lymphocytes (also known as “T cells”), needs an additional maturation 
step in the thymus. In mammals, B lymphocytes (B cells) mature in the bone marrow, but in avian 
species this step occurs in the bursa of Fabricius. The lymph nodes, spleen, and mucosa-associated 
lymphoid tissue are “secondary” organs and tissues. These secondary sites are meeting places for 
immune cells that are connected by the blood and lymphatic systems to allow transmission of infor-
mation from the innate to the adaptive immune system.

This information transfer occurs when an APC, after an encounter with invading microorganisms, 
travels via lymphatic vessels from peripheral tissues (e.g., skin, respiratory mucosa, gut) into the closest 
draining lymph node [15]. As lymph nodes are located regionally along lymphatic vessels, lymphatic ves-
sels drain all tissues of the body; thus this APC-based surveillance system delivers information from any 
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Fig. 3.2 Organization 
of primary (shown in 
yellow) and secondary 
(shown in blue) 
lymphoid tissues 
throughout the body, 
including the lymphatic 
draining system. (From 
Janeway’s 
Immunobiology 9E by 
Kenneth Murphy and 
Casey Weaver. 
Copyright © 2017 by 
Garland Science, Taylor 
& Francis Group, 
LLC. Used by 
permission of W. W. 
Norton & Company, 
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site of infection to a regional lymph node. “APC” is a functional definition, and antigen presentation can 
be made by several cell types, including dendritic cells, macrophages, and B cells (in special cases of 
soluble antigen that can be internalized via the immunoglobulin on the surface of a B cell). The spleen, 
like the lymph nodes, provides a site for APCs to transfer information to lymphocytes. The spleen also 
filters the blood. In the case of a breach of peripheral defenses, blood- borne microorganisms or infected 
erythrocytes (e.g., in the case of malaria) are removed from the blood by phagocytic cells in the spleen.

 Innate and Adaptive Immunity

The immune system has two components, “innate” and “adaptive” [15], though the two work together 
as an integrated whole. The cellular constituents of these systems, and their developmental stages, are 
shown in Fig. 3.3. The innate system is evolutionarily older, and it is fully functional at birth. Innate 
immune cells (including granulocytes, macrophages, and innate lymphoid cells) use a diverse group of 
cell-surface or intracellular receptors (e.g., toll-like receptors [TLR]) to recognize molecules containing 
specific motifs, known as pathogen-associated molecular patterns (PAMP). The TLRs are a well-studied 
class of receptors, recognizing PAMPs from different classes of bacteria (e.g., flagella), yeast (e.g., cell 
wall carbohydrate), and viruses (e.g., RNA) [16]. For example, bacterial lipopolysaccharide (LPS) is 
recognized by TLR4, bacterial flagellin by TLR5, single-stranded RNA (in the cytoplasm of a host cell) 
by TLR7, and repeated DNA sequences of the bases C and G (common in bacterial but not mammalian 
genomes) by TLR9. Other receptors perform similar functions. For example, proteins with a nucleotide-
binding domain and leucine-rich repeats also recognize PAMPs [17]. These receptors are part of a multi-
protein complex in the cytoplasm termed an “inflammasome” that results in cleavage of pro-interleukin 
(IL)-1β and pro-IL-18 to produce the active cytokines. This pathway can also be activated by nonmicro-
bial tissue “irritants” such as uric acid crystals, which accumulate in tissues of patients with gout, and 
the adjuvant alum, which is used in many human vaccines.

The adaptive immune system differs in that the host’s response adapts to a specific pathogen (e.g., 
the RNA measles virus specifically and not RNA viruses in general as would happen within the innate 
immune system) in order to develop “immunologic memory.” Immunologic memory is initiated when 
the innate immune system interacts with B and T lymphocytes of the adaptive immune system to 
develop antibody-mediated and cell-mediated responses to pathogens. Immunologic memory depends 
on the development and persistence of memory T and B cells in lymphoid and other tissues, thus 
allowing a more rapid response to subsequent exposures to a particular pathogen. While the primary 
adaptive response to a specific pathogen may take a week to develop, memory cells may then be resi-
dent at the portal of entry of a particular pathogen after initial exposure, allowing a nearly immediate 
response to the subsequent infection. Thus, individuals have different levels of adaptive immunity 
depending on their exposure history. The adaptive nature of this response explains why the first 
encounter with a childhood pathogen (e.g., measles) can make a child quite ill, but subsequent infec-
tions are rapidly controlled and likely to go unnoticed.

 Cell Types in the Immune System

 Innate Immune Cells

The immune system has many specific lineages, and much new information has been gleaned about 
these cell types in recent years [15]. The most abundant innate immune cells seen in peripheral blood 
are of myeloid origin (i.e., derived from a common myeloid precursor cell in the bone marrow) and 
include monocytes and granulocytes.
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Monocytes, a homogeneous cell type, exit the bone marrow, circulate in the blood, and differenti-
ate into macrophages following extravasation [18]. Macrophages ingest invading microorganisms into 
a phagocytic vesicle, the phagosome, using several cell-surface receptors. The phagosome fuses with 
lysosomes containing antibacterial peptides and enzymes (e.g., lysozyme). Following fusion, a respi-
ratory burst involving NADPH oxidase acidifies the phagolysosome and injects reactive oxygen spe-
cies which kill ingested microorganisms. While blood-derived monocytes are a major source of tissue 
macrophages during inflammation, some lineages of tissue-resident macrophages are seeded into tis-
sues before birth, persist through longevity and division, and contribute to tissue-specific defenses as 
well as repair and homeostasis [19]. Macrophages play a prominent role in responses to intracellular 
pathogens such as viruses and M. tuberculosis. Their cellular transcription machinery allows them to 
regenerate phagosomes and live for months or even years. Immature dendritic cells, also of myeloid 
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origin, originate in the bone marrow and mature when they enter tissue, where they reside until being 
stimulated by microorganisms to carry out their principal function of presenting antigen to lympho-
cytes. Alternatively activated macrophages are discussed in the context of helminth infections and 
nutrition in Chap. 12 [20].

Granulocytes, named for their prominent cytoplasmic granules that contain antimicrobial mole-
cules, include neutrophils, eosinophils, and basophils. Neutrophils are the most abundant white blood 
cell but are not found in healthy tissue, and their predominant role is as a phagocytic cell to kill patho-
genic bacteria, although recent work has also shown that neutrophils can contribute to adaptive immu-
nity and can have a role in chronic inflammatory diseases as well as in acute infections [21]. Neutrophil 
numbers at sites of inflammation increase rapidly during bacterial infections. Neutrophils kill engulfed 
bacteria in a manner similar to macrophages. The life span of a neutrophil is short, and these cells 
typically die after one round of phagocytosis and granule discharge. Neutrophils are involved in kill-
ing extracellular bacteria, such as Streptococcus pneumoniae, which cause bacterial pneumonia. Mast 
cells, similar in function to basophils, are found in subepithelial tissues and play a role in the response 
to enteric helminth infections. More recently, innate lymphoid cells (ILC), which develop from a 
common lymphoid progenitor in the bone marrow (as do lymphocytes of the adaptive immune sys-
tem), have been described that circulate through the blood and are found in tissues, particularly near 
portals of entry. The primary role of ILCs is not to kill pathogens directly, as lymphocytes do not have 
inherent phagocytic activity, but to stimulate other effector functions of the innate and adaptive 
immune system by the production of cytokines. Natural Killer (NK) cells are also important cells in 
innate immunity, are derived from lymphoid progenitor cells, and can be directly cytocidal but are not 
phagocytic.

Phagocytic neutrophils and macrophages ingest bacteria via direct recognition of bacterial cell- 
surface structures or recognition after the bacteria are coated with antibody or other host proteins 
found in the serum (e.g., lectins such as mannose-binding lectin and acute phase proteins such as 
C-reactive protein [CRP]) or secretory proteins such as surfactant proteins A and D produced in the 
lungs. These proteins bind to PAMPs on the surface of bacteria and enhance their uptake and killing 
by phagocytic cells [22]. This activity is termed “opsonization.” The complement system of serum 
proteins opsonizes bacteria by binding to the bacterial surface directly or to a lectin or antibody bound 
to the bacteria. Complement proteins undergo a conformational change and enzymatic activation 
upon binding, and a cascade of such events leads to the formation of biologically active components 
such as C3a and C5a, which are chemo-attractants for phagocytes, and C3b, which is an opsonin. In 
addition, the accumulation of several terminal complement components, known as a “membrane 
attack complex,” on the surface of a bacterial cell forms a pore which disrupts membrane integrity and 
kills the bacteria [15].

 Lymphocytes and Antigen Specificity in the Adaptive Immune System

Lymphocytes are the single-cell type of the adaptive immune system, and they produce highly special-
ized molecules that recognize specific antigens, usually of microbial origin. (In the case of autoim-
munity, these molecules may recognize host antigens, causing diseases like type 1 diabetes.) Antigens 
are generally macromolecules containing one or a few antigenic epitopes, the specific molecular 
structure recognized during an adaptive immune response. Epitopes are typically subregions of mac-
romolecules such as short sequences of amino acids from a microbial protein or a sequence of mono-
saccharides on a bacterial polysaccharide. The ability of lymphocytes to recognize the epitopes of 
antigenic molecules allows the adaptive immune system to identify and target specific microorgan-
isms (e.g., cholera bacteria) or even specific variants of a particular pathogen (e.g., this season’s strain 
of influenza virus). There are two main types of lymphocytes, B and T lymphocytes. The 
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antigen- specificity of B cells is conferred by the production of immunoglobulin (Ig) and of T cells by 
expression of the T-cell receptor (TCR). While Ig can recognize both peptide and carbohydrate epit-
opes, the TCR primarily recognizes peptide epitopes. At birth, an infant’s B and T cells are naïve to 
exposure to specific antigens (in utero exposure can induce a memory response in the fetus, however). 
Naïve B cells develop into antibody-producing plasma cells (as well as memory B cells) during an 
adaptive immune response. T cells have diverse functions, as they can provide “help” in the develop-
ment of an adaptive immune response or provide direct, “effector” activity, such as cell-mediated 
cytotoxicity to eliminate, for example, virus-infected host cells. These roles will be discussed below.

 Adaptive Immune Cells: B Cells

Naïve B cells bear surface immunoglobulin with specificity for a single, unique epitope. Once stimu-
lated, naïve B cells proliferate dramatically and differentiate into both antibody-producing plasma 
cells and memory B cells. Thus a key element of adaptive immunity is the amplification of a few naïve 
B cells which recognize one or a few specific epitopes on a microbial pathogen to produce several 
lineages of highly abundant effector cells (i.e., the plasma cells secreting antibody) and memory cells. 
The antibody produced by the plasma cells provides protection against pathogens while the longevity 
of the memory B cells produces immunologic memory to a specific pathogen that allows a more rapid 
response upon subsequent exposure to the same (or a closely related) pathogen. Plasma cells primarily 
reside either in the bone marrow, where they secrete antibody that is found in the blood plasma or at 
sub-mucosal sites, where they secrete antibody specific for mucosal-associated pathogens or com-
mensals. Plasma cells are particularly abundant in the intestine but are also found in the respiratory 
and urogenital mucosal tissues. Ig molecules have a Y-like molecular structure consisting of two 
identical heavy (H) and two identical light (L) polypeptide chains. The C-terminus, at the base of the 
Y, consists of the two heavy chains and denotes the constant (C) region. The two variable (V) regions, 
forming the two arms above the N-terminal fork of the Y structure, are composed of one heavy and 
one light chain each. The identical variable regions, at each tip of the Y, are responsible for binding to 
specific antigens. The diversity of these regions, with regard to recognizing foreign antigens, is driven 
by somatic (not germline) rearrangement of Ig gene segments, resulting in a highly diverse repertoire 
of antibody binding capacities.

There are four classes of antibody that play significant roles in response to infections: IgM, IgG, 
IgA, and IgE. A mature antibody response usually consists of IgG (the primary plasma Ig) and may 
also include IgE or IgA. IgM is produced early in an immune response, but then wanes, and exists as 
a pentamer of Ig units held together by a J chain peptide. IgA can form either a monomer or dimer 
joined by the J chain. Plasma cells at mucosal sites primarily secrete dimeric IgA. Antibodies can bind 
directly to a soluble antigen (e.g., to “neutralize” bacterial toxins) and to surfaces of microorganisms 
(as opsonins, to aggregate the microorganisms and to “neutralize” the ability of viruses to enter host 
cells) via the two antigen-binding sites on each molecule.

 Adaptive Immune Cells: T Cells

T cells are typically divided into two types based on the two surface markers, CD4 and CD8. CD4 
T cells provide a variety of effector functions, including “help” in the development of a variety of 
adaptive immune responses, as discussed below. The primary effector role of CD8 T cells is as a 
cytotoxic T cell, which kills host cells infected with intracellular pathogens, particularly viruses. 
Both CD4 and CD8 T cells also develop into memory cells that reside in lymph nodes to provide 

3 Primer on Immune Response and Interface with Malnutrition



92

a more rapid response to subsequent pathogen exposures. As with naïve B cells, naïve CD4 or CD8 
T cells proliferate and differentiate into abundant effector and memory T cells, all recognizing the 
same antigenic epitope (within a lineage derived from a single naïve T cell) via their cell-surface 
TCR. The TCRs of CD4 and CD8 T cells recognize different epitopes. For example, a viral protein 
might contain two distinct TCR epitopes, one recognized by a CD4 T cell and the other by a CD8 
T cell. CD4 and CD8 T cells have different functions. CD4 T cells are known as T-helper (Th) cells 
because of their role in helping elicit adaptive immune responses, including the development of 
CD8 cytotoxic T cells as well as memory B cells and plasma cells. There are currently three 
widely acknowledged types of effector/memory Th cells, Th1, Th2, and Th17, as shown in Fig. 3.4. 
These three cell types represent key components of what immunologists now refer to as type 1, 
type 2, and type 3 immunity, as will be discussed below. Also, among CD4 T cells, there are 
T-regulatory (Treg) cells and a subset of memory T-helper cells that help elicit antibody responses 
which are known as T-follicular-helper (Tfh) cells, because of their localization near the B-cell 
follicles of lymph nodes where they interact with developing memory B cells to promote antibody 
responses. The majority of T cells express TCRs composed of α and β chains which recognize 
peptide antigens of nonhost molecules. Diversity in recognition of these foreign antigens is again 
driven by recombination of TCR gene subregion and somatic mutation, as was the case with the 
generation of antibody diversity.
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 Functions of the Immune System: Innate Immunity and Inflammation

 Local Inflammation

As pathogens disrupt and pass beyond initial barrier defenses, the PAMPs that they carry will stimu-
late local epithelial cells and immune cells – usually macrophages or dendritic cells – in the tissues 
underlying the barrier epithelium, to initiate a local inflammatory response. Stimulation of these pat-
tern recognition receptors, such as TLRs, initiates cellular responses including transcription of cyto-
kines, which signal other cells, and chemokines, which can attract more immune cells to this initial 
site of infection. To give one example, the transcription of many pro-inflammatory cytokines and 
chemokine genes is regulated by the transcription factor, nuclear factor (NF)-κB [23]. Genes induced 
by this pathway include genes for the cytokines tumor necrosis factor (TNF)-α and IL-6, as well as 
genes for two enzymes, cyclooxygenase-2 and 5-lipoxygenase, that produce lipid mediators of infec-
tion, including prostaglandin (PG) E2 and leukotriene (LT) B4, respectively. Keratinocytes in the skin 
express TLRs that are activated during infections causing the production of chemokines that attract T 
cells (e.g., CCL20 and CXCL9, 10, and 11) and neutrophils (CXCL1 and 8) [6] and cationic antimi-
crobial peptides such as cathelicidin and β-defensin [24] that mediate killing of invading bacteria and 
thus protect epithelial surfaces from infection.

The innate immune response can also protect against viral infections. Viral replication in most cells 
induces transcription of the cytokines interferon (IFN)-α and IFN-β following recognition of double- 
stranded RNA by TLR3 or other “sensors” such as retinoic acid-inducible gene-1 [25]. These interfer-
ons bind to cell-surface receptors on the same and adjacent cells and induce protective factors that 
degrade viral RNA or otherwise interfere with viral replication. IFN-α and IFN-β also activate NK 
cells to kill target cells.

These initial responses to infection trigger a local inflammatory response involving cells already at 
the site and cells recruited to the site by soluble mediators [5, 15]. Many tissues contain resident mac-
rophages that also respond to infection by producing chemokines (CXCL8), cytokines (including 
IL-12, IL-1β, TNF-α, and IL-6), leukotrienes (including LTB4 and LTE4), prostaglandins (including 
PGE2), and platelet-activating factor that mediate inflammation. The goal of this inflammation is to 
eliminate the pathogen or to minimize the spread of the pathogen until adaptive immunity can produce 
a pathogen-specific response. The key events in inflammation include (a) release of preformed media-
tors and rapid enzymatic production of mediators followed by transcription and translation of chemo-
kine and cytokine genes; (b) induction of cell adhesion molecules (e.g., intercellular adhesion 
molecule (ICAM)-1) in the vascular endothelium in adjacent capillaries, which slows the progress of 
leukocytes; (c) loosening of tight junctions between epithelial cells to allow egress of leukocytes 
along a chemokine gradient; (d) stimulation of blood clotting by activation of platelets to minimize 
“escape” of pathogens; and (e) killing of microorganisms or infected cells by the leukocytes attracted 
to the site. Later, (f) a recovery phase stimulates the repair of damage caused by pathogens or the 
responding leukocytes.

Innate immune cells such as macrophages, because of their location in tissues throughout the body, 
are often the first cell to sense the presence of a pathogen via its surface receptors. Epithelial cells at 
mucosal surfaces can also play a similar role. As mentioned above, different pathogens can elicit dif-
ferent patterns of cytokines from these sensor cells, and these cytokines can elicit different types of 
immunity directed at particular classes of pathogens, as discussed below. For example, intracellular 
bacteria and viruses may stimulate dendritic cells and macrophages to produce IL-12, which will 
stimulate ILC1 and NK cells to produce the effector cytokine IFN-γ which can augment the ability of 
macrophages to kill intracellular bacteria. NK cells can also kill stressed host cells, which can occur 
as a result of intracellular infection. Intestinal helminth infections stimulate intestinal epithelial cells 
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to produce cytokines that activate ILC2 cells to produce IL-13, which can enhance mucus production 
by the intestine to help clear helminths, and IL-5, which attracts eosinophils that are also active in 
anti-helminth responses. A third example is extracellular bacteria that activate macrophages or den-
dritic cells may stimulate ILC3 cells to produce IL-17, which attracts neutrophils, and IL-22, which 
can stimulate the production of antibacterial peptides by epithelial and other cells at a site of infection. 
These three examples are examples of type 1, type 2, and type 3 immunity, respectively (Table 3.1). 
Adaptive immune responses with similar effector mechanisms to deal with pathogens (described 
below) are elicited when this innate response does not clear an infection on its own.

 Systemic Inflammation and the Acute-Phase Response

When production of TNFα, IL-1β, and IL-6 at a site of inflammation is high, serum levels of these cyto-
kines increase, and systemic effects are triggered. These include fever, malaise, muscle aches, and 
decreased appetite. Fever is induced by PGE2 acting on the hypothalamus. One early name for TNFα was 
“cachexin” because it decreases appetite, an effect also mediated through the central nervous system. 
These cytokines also act on hepatocytes to increase the synthesis of positive acute-phase proteins, 
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including ferritin, CRP, and mannose-binding lectin, and decrease the synthesis of negative acute-phase 
proteins, including albumin and retinol-binding protein (RBP), the serum transport protein for vitamin A. 
The positive acute-phase proteins typically have a protective role in the innate immune response. They 
increase within a few hours and reach a peak at 10- to >100-fold their initial concentrations within a few 
days. CRP, for example, increases from about 1 mg/L to >100 mg/L during bacterial pneumonia and 
binds to cell wall polysaccharides, acting as an opsonin. The reason for decreased levels of negative acute-
phase proteins, which may drop by 25–50%, is not clear but may represent a shift of resources to the 
synthesis of the positive acute-phase proteins. Serum iron, which is bound to the transport protein trans-
ferrin, also decreases during the acute phase response as a result of increased hepcidin synthesis [26] (see 
Chap. 2). Hepcidin blocks normal recycling of transferrin-bound iron through macrophages resulting in 
increased intracellular and decreased serum iron levels [27]. Increased ferritin synthesis may facilitate 
intracellular iron storage. This sequestration of iron decreases its availability to opportunistic pathogens. 
Chronic inflammation may result in the “anemia of chronic disease” by decreasing the availability of iron 
for erythropoiesis. Serum zinc levels also decrease during the acute phase response to inhibit bacterial 
zinc acquisition. Macronutrient metabolism is also altered during the acute phase response with elevated 
levels of serum triglycerides, decreased β-oxidation of fatty acids, and increased gluconeogenesis. 
Neutrophils are also mobilized from the bone marrow to increase availability at sites of inflammation, and 
TNF-α stimulates activation of APC and their migration to lymph nodes.

 Functions of the Immune System: Integration of Innate with Adaptive 
Immunity

 Antigen-Presenting Cells (APC) Link Innate to Adaptive Immunity

The mission of the APC is to stimulate an adaptive immune response by transferring information 
about a specific microorganism from the site of infection to the draining lymph node for presentation 
to T cells [15]. At least three types of “information” are transferred. Figure 3.5 shows the steps in the 
activation of a naïve T cell.

Table 3.1 Typical components of the three types of protective immune responses to pathogens and of inducible Treg 
(iTreg) cells

Components Type 1 Type 2 Type 3 Regulatory

Type of pathogens targeted Viruses, 
intracellular 
bacteria

Helminths Extracellular bacteria All

Innate lymphoid cells (ILC) and 
their effector cytokines

NK cell, ILC1
IFN-γ

ILC2
IL-5, IL-13

ILC3
IL-17, IL-22

(Uncertain)

Cytokines causing T-helper cell 
differentiation

IFN-γ, IL-12 IL-4 TGF-β, IL-6, IL-23 IL-2, TGF-β

Adaptive immune cells: T-helper 
(Th) and cytotoxic T lymphocytes 
(CTL) and their effector cytokines

Th1
CTL
IFN-γ

Th2
IL-4, IL-5, 
IL-13

Th17
IL-17, IL-22

iTreg
IL-10, TGF-β

Innate myeloid cells Macrophage Eosinophil
Basophil
Mast cell

Neutrophil Macrophages 
may produce 
IL-10

Antibody response produced by B 
lymphocytes

IgG, IgA IgE IgG, IgA (No usual, 
specific role)

Role in chronic diseases Autoimmunity, 
cardiovascular

Allergy, 
asthma

Autoimmunity, 
inflammatory bowel 
diseases

Dampens chronic 
responses
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First, unique peptides from microbial protein antigens are displayed on the APC surface by major 
histocompatibility complex (MHC) molecules for “presentation” to naïve T cells (for recognition via 
their TCR) in the draining lymph node. This presentation causes the T cell to enter the cell cycle and 
begin cell division.

Second, following antigen-specific stimulation via the TCR, a co-stimulatory signal is required for 
the naïve T cell to progress through the cell cycle and allow proliferation and survival of daughter 
cells. Co-stimulatory molecules on the activated APC (e.g., B7-1 and B7-2 molecules, also known as 
CD80 and CD86) bind to cell-surface receptors on the T cell (e.g., CD28) which enhance cell survival 
(e.g., by stimulating IL-2 production, an autocrine growth signal for T cells). Such co-stimulation is 
required for effective development of effector and memory T cells.

Third, a differentiation signal is required to steer development of CD4 T cells toward their specific 
effector/memory phenotype (i.e., Th1, Th2 or Th17) or toward Treg development. This differentiation 
signal is the keystone of development of the three types of immunity within the adaptive immune 
system (Table 3.1). This information is provided by cytokines produced by APCs (or other cells in the 
local environment). IL-12 is the key differentiating cytokine for Th1 cells and type 1 immunity and 
IL-4 for Th2 cells and type 2 immunity, and three cytokines – TGF-β, IL-6, and IL-23 – initiate devel-
opment of Th17 cells (so-called because they produce IL-17), a component of type 3 immunity. 
Specific cytokines steer differentiation toward specific lineages, as discussed below. Treg cell devel-
opment will be discussed later, and Tfh development occurs in parallel with the Th1, Th2, and Th17 
lineages as all of these types of immunity involve antibody production.

 Types of Immunity

During the 1980s, it became clear that different types of pathogens (e.g., viruses, bacteria, helminths) 
elicited distinct types of responses that integrated components of innate and adaptive immunity into a 
coordinated response against different types of pathogens. Currently, three main types of immunity 
(Table 3.1) are widely recognized by immunologists: Type 1 immunity is triggered by viruses and 
intracellular pathogens, type 2 immunity by helminthic infections, and type 3 by extracellular bacteria 
and fungi [15]. These types of immunity have both innate components, as discussed above, and adap-
tive components, which employ similar effector mechanisms. The difference between the two, of 
course, is the adaptive responses are antigen-specific, while the innate responses rely solely on recog-
nition of classes of pathogens via PAMPS. Each of these types of immunity can also be involved in 
pathologic responses (Table 3.1). These three types of protective responses have common features 
that will be described in more detail.

 Type 1 Immunity

Type 1 immunity is directed against viruses and other intracellular pathogens. As discussed above, 
macrophages and dendritic cells produce IL-12 after exposure to such pathogens, and other innate 
immune cells, ILC1 and NK cells, respond to this stimulus by producing effector cytokines, particu-
larly IFN-γ. NK cells also target and kill stressed (infected) host cells as part of this response. Activated 
dendritic cells migrate from the site of infection to a draining lymph node where they present pathogen- 
specific antigen to naïve CD4 T cells. These cells respond by proliferating, and the IL-12 produced by 
such dendritic cells stimulates a differentiation program that results in development of an effector and 
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memory Th1 phenotype. The key effector cytokine produced by Th1 cells is IFN-γ, and this cytokine 
also helps drive naïve T cells toward Th1 development. Effector Th1 cells will leave the draining 
lymph node within days and be attracted to the site of infection that elicited this response, such as the 
lung in the case of M. tuberculosis infection. At the site of infection, the production of IFN-γ will 
enhance the antibacterial activity of macrophages, playing a role similar to ILC1 cells. In addition, 
direct cell-to-cell interactions between Th1 cells and macrophages can deliver survival signals to the 
macrophage to augment the ability of these macrophages to fight infection. Naïve CD8 T cells can 
also be stimulated by IL-12-producing dendritic cells during such a response to develop into cytotoxic 
T lymphocytes (CTLs). Memory Th1 and CTL cells can persist for years and may result in decades- 
long immunity to pathogens such as measles virus and yellow fever virus. Tfh cells also help elicit 
development of memory B cells during a type 1 response, resulting in the development of antibody- 
producing plasma cells that often produce opsonizing and virus-neutralizing IgG to help clear viral 
infections.

CTLs are the principal type of adaptive immune cells that mediate the killing of host cells infected 
with viruses (e.g., influenza, hepatitis B, and herpes simplex) and intracellular bacteria (e.g., M. tuber-
culosis and Salmonella typhimurium) [28]. CTLs also respond to intracellular protozoan infections 
caused by Plasmodium sp. (malaria), Toxoplasma gondii (toxoplasmosis), and Trypanosoma cruzi 
(Chagas disease). CTL kill infected cells (after antigen-specific recognition of the infected cell via the 
CTL’s T-cell receptor for a specific antigen) by the CD95 and perforin/granzyme-mediated lytic path-
ways [29, 30]. NK cells also kill cells by these mechanisms, but NK recognition is not antigen- 
specific, relying on the expression of cell-surface markers of infection or stress. Thus NK cells of the 
innate immune system perform a similar role to CTL of the adaptive immune system. These cytotoxic 
responses are unique to type 1 immunity. Type 1 immunity can be activated by autoimmune responses 
and may also be activated during noninfectious damage to tissues, which happens during the develop-
ment of plaque in coronary arteries, for example, where classically activated macrophages play a role 
in pathogenesis.

 Type 2 Immunity

Type 2 immunity develops in response to helminthic infections (as well as other antigens such as 
insect venoms and allergens associated with allergic rhinitis), and the effector mechanisms that 
develop involve defenses at mucosal, epithelial barriers. These type 2 responses are elicited by the key 
effector cytokines, including IL-5 and IL-13, and include goblet cell development and resulting mucus 
accumulation at epithelial surfaces, smooth muscle contractility (e.g., to help eliminate intestinal 
helminths via enhanced peristalsis), as well as eosinophil and mast cell recruitment to the site of infec-
tion where degranulation of eosinophils can kill tissue parasites [31]. IgE antibody also typically 
develops as part of a type 2 response. IgE can bind via its C-terminus to receptors on the surface of 
eosinophils, basophils, and mast cells, allowing these cells to be stimulated in an antigen-specific 
manner. The key differentiating cytokine that drives Th2 development is IL-4. IL-4 is produced by 
eosinophils, basophils, and mast cells when activated by chitin, a polysaccharide from helminthic 
parasites (such as the intestinal roundworm Ascaris lumbricoides and the hookworms A. duodenale 
and N. americanus), as well as from insects and crustaceans. Thus for the development of Th2 cells 
from naïve T cells, the antigenic stimulus is provided by dendritic cells arriving from the site of infec-
tion, but the differentiating signal, IL-4, may come from another cell source within or migrating to the 
lymph node. Developing Th2 cells also produce IL-4 which helps drive differentiation via autocrine 
activity.
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 Type 3 Immunity

ILC3 cells are found at submucosal sites, and Th17 cells are also commonly elicited by mucosal and 
skin infections. These type 3 immune cells facilitate responses to a diverse group of extracellular 
pathogens, including Klebsiella pneumoniae, Staphylococcus aureus, and Candida albicans [32]. 
Enteric pathogens, including segmented filamentous bacteria and Citrobacter rodentium in mice, 
elicit strong Th17 responses indicating a role for these cells in enteric infections [33]. Th17 cells are 
the key memory CD4 T cell involved in type 3 immunity. Their development is stimulated by the 
cytokines IL-6, IL-23, and transforming growth factor (TGF)-β [34]. TGF-β is constitutively pro-
duced at mucosal sites (and is responsible for the development of Treg cells, as discussed below), 
while IL-6 and IL-23 are elicited during bacterial infections, commonly by macrophages and den-
dritic cells. The principal effector cytokine produced by ILC3 and Th17 cells is IL-17, which can 
stimulate epithelial and stromal cells to produce antimicrobial peptides that are effective against extra-
cellular bacteria and chemotactic factors for neutrophils, which are typically recruited to sites of 
bacterial infection. Th17 cells may be active against nonpathogenic bacteria or opportunistic patho-
gens under certain circumstances and may thus contribute to chronic inflammation in the gut which 
may lead to diseases such as irritable bowel disease and, perhaps, to colon cancer [33, 35]. Th17 cells 
may also play a role in autoimmune disease, perhaps including systemic lupus erythematosus, psoria-
sis, and rheumatoid arthritis [33].

 Regulatory Immunity

Treg cells play a critical role in the induction of self-tolerance and, thereby, significantly contribute to 
resistance to autoimmunity [36]. Treg cells are largely CD4+ although CD8+ Treg cells exist and have 
not yet been extensively characterized [36, 37]. Natural Treg (nTreg) cells develop in the thymus and 
can dampen responses to self-antigen, while induced Treg (iTreg) cells develop in peripheral lym-
phoid tissue, including in the intestinal lymphoid tissue. Their differentiation is driven by exposure to 
TGF-β, retinoic acid, and IL-2 after exposure of a naïve T cell to an antigen. In the intestinal lymphoid 
tissue, there is a balance between Th17 and Treg development. Both cell types require TGF-β for 
development. iTreg cells predominate in the absence of inflammation, while Th17 cells develop when 
IL-6 and IL-23 are produced as a result of local inflammation. iTreg cells play a role in immune 
homeostasis by suppressing excessive immune responses that may develop in response to infection 
and may thus be damaging to the host. iTreg cells may also develop with specificity for food antigens 
or commensal bacteria. Since these responses typically develop in the absence of inflammation, these 
iTreg cells predominate (and Th17 cells do not develop) and promote tolerance rather than inflamma-
tion in response to such antigens. Treg cells comprise 5–10% of peripheral blood CD4 T cells and are 
characterized and identified by the expression of the signature transcription factor forkhead box P3 
(FoxP3) and the surface marker CD25 which is the α chain of the IL-2 receptor. Treg cells have speci-
ficity for antigen via a TCR, like other T cells, but the cytokines they produce are typically IL-10 and 
TGF-β, which downregulate the activity and proliferation of Th1 and Th2 cells and can also dampen 
production of cytokines by dendritic cells, which may affect the development of Th1, Th2, or Th17 
cells. Treg cells also show contact inhibition of CD4 T-cell activation. Thus Treg cells dampen inflam-
matory responses mediated by Th1, TH2, and Th17 cells and play a role in regulating the extent of 
immune responses to pathogens or in situations of autoimmunity [38].
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 Nutrition-Infection Interactions: Infections Cause Malnutrition

The investment of nutrients into an immune response is of substantial benefit to the host, as the host 
may die without such a protective response. This survival does come at some nutritional cost, how-
ever, and that cost is the topic of this section. The immune response to infection uses nutrients, and 
this response, via induction of the acute phase response, also makes the host feel ill. Both the immune 
response and the resulting illness can affect nutritional status via a variety of mechanisms that are 
reviewed below.

 Frequency and Severity of Infections

Common childhood infections increase the risk of malnutrition in children. Lower respiratory 
tract infections such as pneumonia have a pronounced effect on nutritional status because such 
severe infections can be clinically severe and substantially decrease food intake, while less severe 
but more common infections (e.g., mild diarrhea) may also adversely affect infant growth because 
of their frequency [39]. Opportunistic enteric pathogens or “environmental enteropathy” affecting 
the intestinal microbiome (and causing immune activation) can also contribute to the development 
of malnutrition, as evidenced by the negative association of this condition with infant growth [4, 
40]. Relatively few studies demonstrate effects of infection on the risk of specific nutritional defi-
ciencies. However, an observational study in Indonesia demonstrated an association between 
respiratory infections and diarrhea with increased risk for xerophthalmia, the principal clinical 
manifestation of vitamin A deficiency [41]. In addition, common infections (e.g., chickenpox) 
have been implicated in the depletion of liver stores or failure of vitamin A intake to maintain liver 
stores [42].

 Decreased Food Intake

Infections increase the risk of malnutrition by a variety of mechanisms that were originally described 
for vitamin B12 [43] and have been reviewed for vitamin A [44]. These mechanisms include decreased 
food intake, impaired nutrient absorption, direct nutrient loss, increased metabolic requirements, or 
catabolic losses and altered transport or storage. Acute infections during childhood decrease food 
intake, the magnitude of the decrease being proportional to illness severity. For example, in community- 
based studies, the occurrence of acute respiratory infections in children decreased caloric intake by 
8% relative to periods when children were asymptomatic [45]. Decreases were 11% for malaria [46] 
and 18% for diarrhea [45]. Measles generally causes a more severe infection, and one study showed a 
caloric deficit of 75% compared with intake during recovery [47], although intake during recovery 
might be slightly higher than normal. Interestingly, a community-based study of infants, employing 
quantification of breastmilk and food intake, showed that while total energy intake from non- 
breastmilk sources was decreased by diarrhea and fever, the intake of breastmilk was not affected 
[48], revealing a previously unrecognized benefit of breastfeeding.
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 Decreased Nutrient Absorption

Enteric infections can decrease the absorption of many nutrients. Enteric infections damage the intes-
tinal epithelium and decrease the expression of brush-border enzymes, such as lactase, as shown in a 
piglet model of neonatal diarrhea [49]. Intestinal barrier damage during mild Ascaris infections of 
children also decreases lactose absorption, which recovers upon anthelminthic treatment [50], as is 
also true for β-carotene, a fat-soluble nutrient [51]. Absorption of physiological doses of vitamin A is 
generally quite high (over 90%) but is lower (70–80%) in children with diarrhea, Ascaris infection, 
and non-enteric infections, such as pneumonia [52, 53]. Thus absorption of multiple nutrients can be 
decreased by enteric infections.

 Increased Nutrient Loss

After absorption, several infections can cause direct nutrient loss, perhaps from intestinal “leakiness” 
resulting in protein-losing enteropathy, which occurs with post-measles diarrhea [54], or by direct loss 
of blood, which occurs during hookworm infection leading to iron-deficiency anemia [55]. Nutrients 
may also be lost through sweating or in urine. Significant amounts of vitamin A can be lost in the urine 
as a result of proximal tubular dysfunction in the kidney. Low molecular weight plasma proteins, 
including RBP, filtered through the glomerulus are normally reabsorbed in the proximal tubule [44]. 
One hospital-based study [56] found adults with severe infections, such as pneumonia or sepsis, 
excreted substantial amounts of vitamin A (presumably bound to RBP) in the urine, with 24% excret-
ing greater than their recommended daily allowance during a single day. The illness itself may not 
have been the only cause of this loss, as aminoglycoside antibiotics can impair tubular function and 
may have been a contributing factor. Children with sepsis also excrete substantial vitamin A in the 
urine, while children with pneumonia and diarrhea excrete lower amounts [57]. Retinol loss in urine 
with infections may continue for several days [58] and is often associated with high fever and evi-
dence of kidney tubular dysfunction (e.g., increased urinary levels of β2-microglobulin).

 Increased Nutrient Utilization

During infection, the requirements for some nutrients may increase due to increased utilization or 
catabolism. For example, resting metabolic rate is increased during HIV infection [59, 60], which 
demands increased caloric intake to prevent weight loss at equivalent levels of activity. In addition, 
classical studies of model infections of human volunteers show increased nitrogen loss due to protein 
catabolism [61]. Some intracellular bacteria manipulate cholesterol metabolism of the host as a means 
of gaining cholesterol that is needed for synthesis of their own biological membranes [62], which 
could thus affect the nutrient status of the host.

 Altered Nutrient Transport or Storage

Finally, the plasma levels of several nutrients are decreased during the acute phase response, including 
iron, zinc, and vitamin A, as recently reviewed [63]. These nutrients are redistributed to tissues, 
including the liver, during the acute phase response. While transient redistribution of nutrients 
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presumably has some benefits for the host (e.g., decreasing the availability of iron to invading bacte-
ria), chronic inflammation can be detrimental. In the case of iron, chronic inflammation can result in 
a prolonged increase of hepcidin, which blocks non-heme iron absorption from the gut, decreases 
recycling of iron from senescent erythrocytes by macrophages, and blocks iron mobilization from 
liver stores [64], which can result in mild anemia because this altered iron metabolism inhibits eryth-
ropoiesis due to this inflammation-induced “deficiency” of iron availability. Whether the redistribu-
tion of other nutrients during chronic infection has other adverse effects on the host is not clear.

 Nutrition-Infection Interactions: Malnutrition Impairs Immunity

 Protein-Energy Malnutrition (PEM)

Tuberculosis is an infectious disease that has long been associated with malnutrition, though both 
cause (malnutrition increasing the risk or severity of tuberculosis) and effect (tuberculosis causing 
malnutrition) could account for this association. A recent review points out, however, that malnutri-
tion (a low body mass index, essentially low body weight for a given height) was associated with a 
higher risk of developing the clinically evident disease tuberculosis, though the risk of initial infection 
is hard to determine [65]. This development of frank disease (as compared to a host controlling the 
infection and remaining asymptomatic) presumably occurs due to the ability of PEM to impair 
immune function. A recent, comprehensive review of both animal and human studies indicates that 
PEM can impair most aspects of innate immunity, including epithelial barriers and the function of 
neutrophils and macrophages, as well as development of adaptive immunity [63]. Since type 1 immu-
nity is key to controlling tuberculosis, an impaired macrophage or Th1 response could tip the balance 
from asymptomatic to symptomatic infection. Other T-cell responses are compromised by PEM as 
well as the function of the thymus itself (the source of T cells). Of particular interest are studies show-
ing that malnutrition is associated with a decrease in the size of the thymus of infants [66] (which can 
be measured by noninvasive ultrasound). This has significant implications for child health as a small 
thymus in infancy is associated with an increased risk of death [67, 68]. Fortunately, treatment of 
malnutrition can reverse changes seen in thymus size and related aspects of T-cell immunity [69].

 Fat-Soluble Vitamins

 Vitamin A

Vitamin A deficiency can affect nearly all aspects of innate and adaptive immunity, as recently 
reviewed [63]. Vitamin A deficiency causes squamous metaplasia at epithelial surfaces and thus can 
impair barrier defenses. Vitamin A deficiency also affects myelopoiesis and granulopoiesis in the 
bone marrow, thus impairing the activity of monocytes/macrophages and granulocytes [44], and also 
impairs development and activity of NK cells [70]. APC function is also altered by vitamin A defi-
ciency and can impair antigen presentation [71] as well as enhance the production of IL-12 [72] which 
may skew some adaptive responses away from the development of Th2 and towards that of Th1 cells. 
Antibody responses to T-cell-dependent antigens are impaired by vitamin A deficiency [73, 74] with 
secretory IgA responses being particularly impaired [44]. Retinoic acid produced by some cells of the 
immune system, including APCs, appears to act in a paracrine manner to promote development of 
Treg cells in the intestine and may thus play a significant role in maintaining “tolerant” rather than 
“inflammatory” responses toward gut flora. Retinoic acid also enhances the expression of α4β7 
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integrin and CCR9 on gut-derived lymphocytes. These molecules allow trafficking back to the gut for 
mature effector lymphocytes and IgA-producing plasma cells. Vascular endothelium in the gut 
expresses mucosal vascular addressin cell adhesion molecule 1, to which α4β7 binds thus allowing 
extravasation. Epithelial and other cells in the gut express CCL25, which attracts CCR9-expressing 
cells [75].

Vitamin A deficiency increases the risk of death for infants and young children living in areas with 
a high burden of infectious diseases, and treatment of vitamin A deficiency with high-dose vitamin A 
capsules has been shown to reduce infant mortality when administered after 6 m of age [76]. Though 
the use of supplements at younger ages has had variable results, in areas where the risk of maternal 
vitamin A deficiency is high, decreased child mortality does occur with supplementation [77], sug-
gesting that some interventions may not show benefit because infants may not have been deficient. 
Vitamin A supplementation can sometimes have adverse effects such as increasing the risk of mortal-
ity in girls in a neonatal supplementation trial in Guinea-Bissau [78], decreasing the rate of recovery 
from pneumonia [79] or possibly increasing the risk vertical transmission of HIV from mother to 
infant [80]. Such results suggest consideration of two factors when considering the use of high-dose 
vitamin A supplements. (1) Are the recipients of supplements actually at risk of deficiency, since 
supplements may have unintended effects in non-deficient individuals? (2) Should supplements be 
given during an acute illness, when inflammation may be altering vitamin A metabolism (e.g., reduc-
ing plasma retinol concentrations) for an unknown, and possibly beneficial, reason. These consider-
ations are appropriate for other nutrients as well.

 Vitamin D

The active metabolite of vitamin D, calcitriol, can be produced by macrophages (and other cells of the 
innate immune system) following TLR2 activation by microbial pathogens such as M. tuberculosis. 
This stimulation induces expression of the 1-α-hydroxylase gene to produce calcitriol from 25-hydroxy 
vitamin D [81], the form of vitamin D that circulates in the blood but is not biologically active. 
Calcitriol produced by macrophages can then act in an autocrine or paracrine fashion to increase 
expression of the antimicrobial peptides cathelicidin and β2 defensin which mediate bacterial killing 
by macrophages. This activity may be a factor in host defense against tuberculosis [82]. Recent work 
has shown that poor vitamin D status is associated with a diagnosis of tuberculosis [83], but whether 
this is cause or effect is uncertain. Randomized, controlled intervention trials have been conducted 
using vitamin D as an adjunct therapy for treating tuberculosis. A recent meta-analysis of such trials 
shows that vitamin D may increase the percent of subjects responding to standard antibiotic therapy 
(which continues for several months) by becoming “sputum negative” for the detection of M. tuber-
culosis [84]. However, vitamin D treatment did not shorten the duration of antibiotic therapy needed 
to become negative, which would be an important benefit for patients and prevention programs [85]. 
This meta-analysis was the first to show such potential benefit though a more recently published trial 
in a deficient population showed no similar benefit [86], raising the question of whether there is suf-
ficient benefit to recommend vitamin D as an adjunct therapy to tuberculosis. More encouragingly, 
vitamin D supplementation does appear to decrease the risk of developing acute respiratory infections 
(which would not include tuberculosis) in preventive studies [87]. The mechanism underlying this 
benefit may be, as discussed above, the role of vitamin D in the initial response of the innate immune 
system to infection [88]. Vitamin D supplementation has also been shown to decrease the risk of exac-
erbation of symptoms in adult asthma patients [89], an effect which could be due to an effect on the 
risk of respiratory infections, which can cause exacerbations, or to an underlying effect on asthma 
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itself. Vitamin D can enhance the development and function of Treg cells (as well as have other effects 
on adaptive immunity); thus it is possible that vitamin D treatment could directly dampen inflamma-
tion in asthma or other chronic inflammatory diseases, including the autoimmune disease multiple 
sclerosis [90], as discussed in a recent review of the effects of vitamin D on the immune system [91].

 Vitamin E

Vitamin E is a fat-soluble antioxidant which can protect cells of the immune system against oxidative 
damage, which may account for some of its reported effects related to dampening inflammation in the 
innate immune system and supporting the proliferation of T cells [92]. Human studies on the effect of 
vitamin E are relatively rare, but vitamin E has been shown to promote Th1 responses in naïve CD4+ 
T cells [93]. In purified CD4+ T cells from young and old mice, vitamin E enhanced the formation of 
immune synapses between the TCRs and APCs [94]. Many of the human studies with vitamin E have 
been performed in elderly adults, and these data suggest that vitamin E supplementation may be 
important for improving the declining immune response in the aged and decreasing the risk of some 
infections [95].

 Water-Soluble Vitamins

 Vitamins B6, B12, Folate

Vitamins B6, B12, and folate play critical roles in one-carbon metabolism and are essential for the 
synthesis of nucleic acids and proteins [63, 96]. Therefore, deficiency impairs both T-cell and B-cell 
function. Impairment of proliferative responses, decreased antibody synthesis, and reduced cytokine 
production have been observed in humans deficient for any of these nutrients. A recent study in preg-
nant women at risk of deficiency showed that supplementation with vitamin B12 enhanced the anti-
body response to influenza vaccination [97], suggesting that impaired immune function may be 
examined further as a consequence of B vitamin deficiencies.

 Vitamin C

Vitamin C is an important, water-soluble antioxidant that plays a key role in protecting immune cells 
against oxidative stress during immune responses [98]. Neutrophils in particular have a high cytoplas-
mic concentration of vitamin C and also rapidly regenerate ascorbate following activation [99], pre-
sumably to protect the neutrophil against the oxidative stress associated with bacterial killing. Human 
subjects fed a vitamin C-deficient diet had decreased delayed-type hypersensitivity (DTH) skin 
responses which are mediated by the Th1 cytokine IFN-γ [100], indicating defects in adaptive as well 
as innate immunity. Supplementation of these subjects with vitamin C normalized the DTH response, 
indicating that vitamin C is involved in the maintenance of Th1 function. In elderly subjects, vitamin 
C supplementation for 1 month increased the ex vivo proliferative responses of T cells to mitogen 
[101]. Studies in a mouse model for asthma showed high-dose supplementation with vitamin C 
increased the ratio of IFN-γ to IL-5 in bronchoalveolar fluid, again indicating that vitamin C supports 
Th1 function [102].
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 Minerals

 Selenium

Selenium presumably exerts its activity in immune cells via its incorporation into selenoproteins 
[103]. Selenium is an essential component of the antioxidant enzymes glutathione peroxidase and 
thioredoxin reductase, both of which reduce the level of damaging reactive oxygen species gener-
ated during cellular processes. Thioredoxin reductase also regulates the redox potential of key 
cellular enzymes and transcription factors involved in immune responsiveness [96]. Selenoprotein 
knockout mice showed severe decreases in T-cell populations in the thymus, spleen, and lymph 
nodes [104], and T-cell proliferation, production of IL-2 after TCR activation, and antibody syn-
thesis were defective in these mice compared to wild-type control animals. Selenium deficiency 
(as well as vitamin E deficiency) in mouse models of viral infection is associated with an increased 
occurrence of virulent virus strains that may result from an increased rate of mutation of the viral 
genome or perhaps from increased virus replication and opportunity for mutation [105]. 
Selenoproteins may also play a prominent role in redox-mediated signaling from cell-surface 
receptors [106], a mechanism which could be particularly important in the activation of cells of 
the immune system.

 Zinc

Zinc deficiency can impair key aspects of both innate and adaptive immunity, as recently reviewed 
[63, 84]. The function of phagocytic cells of the innate immune system, and of NK cells, is impaired 
by zinc deficiency [84]. Studies with humans have shown that deficiency of dietary zinc resulted in 
thymic atrophy, decreased numbers of peripheral T cells, and reduced IL-2 and IFN-γ production by 
T cells [107, 108]. Zinc-deficient individuals have a decreased DTH response due to the reduction in 
IFN-γ production. Zinc supplementation of children at risk of zinc deficiency in lower-income coun-
tries has decreased the risk of infectious disease, particularly diarrhea but also other infections [109]. 
This beneficial effect of zinc on diarrhea prevention has recently been confirmed in a meta-analysis of 
intervention trials [110].

 Copper and Iron

Copper and iron are components of the antioxidant enzymes superoxide dismutase and catalase, 
respectively. These metals along with selenium and zinc (also a component of superoxide dismutase) 
regulate the redox state and proliferative responses of T and B cells. T-cell proliferation is reduced in 
copper-deficient rats and humans [111]. Iron is actively transported by the transferrin receptor that is 
upregulated in activated T cells. Th1 cells are more sensitive to iron deficiency which results in a 
reduction in IFN-γ production and decreased proliferation. Reduction of IFN-γ production leads to 
decreased CTL activation and DTH responsiveness. Iron is required for the growth of microorgan-
isms, and pathogens are specifically adapted to acquire iron in the relatively iron-poor environment of 
the human host [112, 113]. This need for iron by pathogens suggests that the decrease in serum iron 
seen during the acute phase may be an attempt by the host to restrict iron availability to pathogens. 
This may explain the association of hemochromatosis (which results in increased tissue iron levels) 
with increased severity of invasive bacterial infections [114] and the increased risk of infectious diar-
rhea with the use of iron supplements [115].
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 Omega-3 Polyunsaturated Fatty Acids (PUFA)

Fatty acids are a major component of the phospholipid component of cell membranes. With regard to 
molecular structure, fatty acids have a carboxylic acid moiety at one end and a methyl group at the 
other. Fatty acids differ in chain length (from a few carbons to over 20), differ in the number of 
carbon- carbon double bonds they contain (saturated fatty acids contain none, monounsaturated fatty 
acids contain one, and PUFA contain two or more), and differ in the location of their double bonds 
(should they have any). The omega-3 (or n-3) designation indicates that there is a double bond three 
carbons from the methyl end of the fatty acid (omega-6 indicates six carbons and so on). Humans 
require omega-3 and omega-6 fatty acids in their diets because they cannot produce fatty acids with a 
double bond in these positions.

Omega-3 fatty acids of marine origin, particularly eicosapentaenoic acid (EPA) and docosahexae-
noic acid (DHA), have well-characterized anti-inflammatory activities and are useful in treating 
symptoms of some chronic inflammatory diseases, including rheumatoid arthritis and perhaps asthma 
[116]. EPA is effective because it is so similar to arachidonic acid (AA). They are both 20 carbons 
long and have four double bonds, but AA, an abundant component of human cell membranes, is an 
omega-6 PUFA. This similarity is important because AA is a precursor for mediators of inflammation 
produced by monocytes, granulocytes, and, at times, lymphocytes, including prostaglandin E2 (PGE2) 
[117] and leukotriene B4 (LTB4) [118], to name just two. Leukotrienes mediate inflammation by 
enhancing leukocyte chemotaxis, phagocytosis and killing of bacteria by neutrophils and macro-
phages, and enhancing transcription of pro-inflammatory genes [119]. PGE2 has different effects, 
including enhancement of Th2 cytokines, promoting IgG1 and IgE production and diminishing syn-
thesis of pro-inflammatory cytokines [117]. Because EPA is so similar to AA, it is also a substrate for 
the enzymes producing prostaglandins and leukotrienes, but the resulting omega-3-derived mediators 
generally have lower levels of activity. People with diets low in cold-water fish have cellular mem-
branes with very low in EPA content, but the use of supplements or consumption of EPA-rich marine 
foods increases the EPA/AA ratio in the membranes of monocytes and granulocytes, resulting in rela-
tively greater production EPA-derived eicosanoids and changes in immune function [120]. Thus 
increased EPA intake has anti-inflammatory effects in diseases such as rheumatoid arthritis [121] 
because EPA-derived eicosanoids are less inflammatory than AA-derived eicosanoids. For example, 
the EPA-derived leukotriene LTB5 has lower activity than LTB4 to stimulate granulocyte chemotaxis 
[122], which could alleviate symptoms of arthritis. EPA can also be converted to another type of lipid 
mediator, resolvin E1, which has direct anti-inflammatory activity including increasing production of 
the anti-inflammatory cytokine IL-10 as well as decreasing pro-inflammatory cytokine production by 
macrophages [116, 123]. Anti-inflammatory immune processes are covered in the context of helminth 
infections and nutrition in Chap. 12 [20].

DHA is typically found in cellular membranes at higher levels than EPA. While both EPA and 
DHA can be produced by chain elongation from the more commonly consumed 18-carbon, omega-3 
PUFA α-linolenic acid, DHA is retained in membranes to a greater degree than EPA, presumably 
because it has a variety of important biological activities [116]. Consumption of DHA from supple-
ments or fish will increase DHA levels further in the membranes of immune cells and can increase 
EPA levels as well because the 22-carbon DHA can be shortened by 2 carbons to form EPA. DHA 
intake can thus recapitulate some of the anti-inflammatory activities of EPA, described above, but also 
has additional activities. In particular, DHA is itself a substrate for the production of a class of anti- 
inflammatory mediators known as maresins, which limit recruitment of inflammatory cells, enhance 
apoptosis of damaged cells, and may have other activities to help dampen inflammation and resolve 
localized tissue damage caused by inflammation [116, 123]. In addition, DHA has anti-inflammatory 
activity because it can block TLR4-mediated signaling initiated by bacterial LPS [124]. This effect 
may be mediated by the disruption of lipid rafts in cellular membranes, which are important for 
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 signaling from cell-surface receptors such as TLR4, which is activated by LPS. Similarly, DHA may 
diminish the activation of T cells via the TCR and may thus dampen T-cell-mediated immune activa-
tion [125].

Thus DHA and EPA have somewhat different, but overlapping, biological effects that primarily act 
to dampen inflammation and immune activation. Interventions in low- and middle-income countries 
with fish oil or purified EPA and DHA have been rare, presumably because chronic inflammatory 
diseases are not a major concern, particularly among children. One recent study in the Gambia did 
evaluate fish oil as an intervention to improve growth by dampening intestinal inflammation and 
decrease intestinal permeability, but no benefits were seen [126].

 Conclusion

Given the complexity of nutritional intake and its measurement, metabolic processes, and microbial 
pathogenesis, we are only beginning to discover the myriad pathways of exacerbation or amelioration 
of infections via nutrition. Key discoveries of the value of zinc, vitamins A and D, iron, and other 
nutrients in battling infectious disease risks exist, but many more mysteries must be resolved. This 
chapter serves as an anchor to delve further into these complexities; nutritional status unpins all of the 
human health, and a better understanding of nutrition, infection, and immunity is a vital research 
priority.
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 Overview

This chapter will focus on our relationships with commensal, symbiotic, and pathogenic bacteria that 
are present in the human microbiome, as well as concepts that link the presence of bacteria to focal or 
invasive diseases and clinical infections. The chapter will include a discussion of the influence of 
nutritional status and specific nutrients on colonization, invasion, severity, and mortality of bacterial 
infections. The effects of undernutrition on responses to vaccines against bacterial pathogens and the 
effects of antimicrobials on growth will be addressed. Examples will mostly be drawn from malnutri-
tion in children, who globally bear the greatest burden of both undernutrition and serious morbidity 
from bacterial infections, and from disruptions in the commensal bacterial populations in the gastro-
intestinal tract that affect normal growth and development. Overnutrition and metabolic diseases also 
affect risks of infectious diseases, potentially through mechanisms that overlap with those observed in 
undernourished individuals [1]. However, these will not be the focus of this chapter. Where clinical 
trials are discussed, the focus will be on whether they demonstrate differences in bacterial disease 
incidence or mortality.

 Bacteria of Importance to Humans

Bacteria are single-cell organisms without a membrane-bound nucleus that live in almost every envi-
ronment on Earth. The community of bacteria and other microbes that live together, for example, in the 
intestine, is referred to as the microbiome. Historically, bacterial species have been classified by their 
appearance under a light microscope, including their shapes (e.g., spheres, rods, spirals) and ability to 
take up pigment stains (e.g., the Gram stain) which characterize properties of the bacterial cell wall. 
When bacteria are cultured, their nutrient requirements and biochemical metabolic characteristics pro-
vide further means of identification. Although genotypic classification, including by 16s ribosomal 
RNA sequencing and whole-genome sequencing, is allowing us to more precisely group related spe-
cies, identify separate species and sub-species, and in some cases revise the classification of the genera, 
nomenclature based on pigment staining characteristics remains useful in clinical practice. The effec-
tiveness of many common antibiotics, including penicillin, often depends on their ability to penetrate 
bacterial cell walls where they target the synthesis of components of the bacterial cell wall.

 Gram-Positive Bacteria

Gram-positive bacteria have a cell wall containing peptidoglycan and take up the Gram stain. Common 
Gram-positive species include staphylococci, typically resident in the skin and nose, causing soft tis-
sue and bone infections or disseminated sepsis; streptococci, in the oropharynx and skin, causing skin, 
throat, or cardiac infections; and pneumococci, resident in the nasopharynx, causing pneumonia, sep-
sis, and meningitis. Other Gram-positive bacteria may be resident in the gut, including enterococci. 
Gram-positive bacteria can form toxins causing food poisoning or localized tissue destruction. 
Lactobacilli are Gram-positive and are a major component of the gut and vaginal microbiome, acting 
to prevent other invasive species; they are also used in food production to ferment wine, cheese, and 
yoghurt. Bifidobacteria are Gram-positive anaerobes, another major component of the gut microbi-
ome, able to ferment carbohydrates, including milk oligosaccharides in children. Lactobacilli and 
bifidobacteria are commonly used as probiotics, although benefits tend to be target and strain-specific. 
Firmicutes, including clostridia and bacilli, are one of the two phyla comprising more than 90% of the 
human microbiota.
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 Gram-Negative Bacteria

Gram-negative bacteria have an additional cytoplasmic membrane in their wall and do not take up the 
Gram stain. Many Gram-negative bacteria express endotoxin, a lipopolysaccharide (LPS), on their 
cell wall which is essential for bacterial survival and a major target of human immune and inflamma-
tory responses. One component of endotoxin, lipid A, can cause an overwhelming inflammatory 
response known as sepsis, with high mortality. Gram-negative bacteria include the Enterobacteriaceae 
(Escherichia coli, Klebsiella, Salmonella, Shigella, and others) resident in the gut of humans and 
animals and Pseudomonas, Vibrio, and Campylobacter species resident in the gut, water, soil, and the 
environment. Other Gram-negative bacteria are resident in the nasopharynx and cause pneumonia, 
sepsis, and meningitis, including Neisseria and Haemophilus species. However, most Gram-negative 
bacteria are harmless or beneficial, such as the phylum Bacteroidetes that are resident in soil and most 
notably in the human and animal intestine where they form a major component of the resident 
microbiota.

 Other Bacteria

Helicobacter (e.g., H. pylori), Treponema (e.g. T. pallidum causing syphilis), Borrelia, Mycoplasma, 
and Rickettsia are not classified using the Gram stain system as they have unique characteristics of 
shape and culture requirements or cannot be cultured.

 Mycobacteria

Mycobacteria, including Mycobacterium tuberculosis and nontuberculous mycobacteria, are the most 
common bacterial cause of death worldwide, estimated to cause 10 million cases and 1.5 million 
deaths each year. They do not take up the Gram stain and were originally classified by their ability to 
take up the Ziel-Neilson (acid-fast) stain. Mycobacteria may cause acute infection in an individual 
without pre-existing immunity such as young children. However, mycobacteria normally have a much 
slower replication cycle than other bacteria; hence they require treatment over a period of months 
rather than days as antibiotic treatment is only active during cell division. Mycobacteria most com-
monly enter a dormant phase of latent infection after exposure, usually in childhood, effectively a 
stalemate between the slowly replicating bacteria, the host immune response, and the “walling off” of 
tuberculous granuloma by fibrous tissue as a result of local inflammation. Latent infection with M. 
tuberculosis affects 25% of the world population. Latent infection may be reactivated when the stale-
mate is broken by a decline in host immunity due to older age, immunosuppressive drugs, or condi-
tions such as HIV, alcoholism, or malnutrition.

 Pathogenic and Nonpathogenic Bacteria

We commonly regard bacterial species as pathogenic or nonpathogenic; however, this is an oversim-
plification. Within species, bacteria can be characterized by the presence of identifiable surface anti-
gens (serotypes) and by the presence of genes conferring virulence characteristics such as invasiveness 
or production of a toxin. Thus, within a species, only some serotypes or genotypes may cause 
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significant disease. Furthermore, because infection is a result of interaction with the host, a species of 
a particular genotype may only cause serious infection where normal barriers to infection are breached 
or when there is immune function compromise. Such species are known as facultatively pathogenic. 
For example, Staphylococcus epidermidis is a ubiquitous skin commensal organism and does not 
generally cause disease in healthy individuals. However, in an intensive care unit, among individuals 
with long intravenous cannulae to deliver drugs or parenteral nutrition directly to the large vessels of 
the central circulation, S. epidermidis is a common cause of sepsis, especially among preterm infants. 
S. epidermidis and other pathogens may colonize the tips of plastic cannulae and thus be introduced 
into the host without crossing the usual barriers to infection. There they evade immune responses and 
antibiotic drugs by forming biofilms to wall off and protect bacterial colonies.

 Antimicrobial Resistance

We live in an era when evolving bacterial antimicrobial resistance (AMR) is outstripping the rates of 
discovery, evaluation, and implementation of new antibiotic classes and agents. It is estimated that 
there are ~700,000 deaths (including ~230,000 to multidrug-resistant tuberculosis) worldwide each 
year, and at the current trajectory, this may rise to ~10 million deaths per year by 2050 [2]. Antibiotic 
resistance genes are frequently encoded in plasmids, genetic units independent of the main bacterial 
chromosome that are transferrable between bacteria of the same and different species. Plasmids allow 
rapid spread of resistance to the main classes of antibiotics in use today, including penicillins, cepha-
losporins, and carbapenems. The development of new classes of antibiotics is generally very expen-
sive. Furthermore, facilities for accurate diagnosis and classification of AMR are most lacking in 
regions of poverty.

Malnourished individuals are at increased risk from AMR because of more frequent and more 
severe infections and generally longer stay as inpatients in healthcare facilities, thus increasing expo-
sure to hospital-acquired infections. In Kenya, hospital-acquired bloodstream infection was 2.5 times 
more common in severely malnourished children [3]. Thus, the problem of AMR disproportionately 
affects individuals and communities of low economic status that are at the highest risk of bacterial 
infection and those with an inadequate diet or malnutrition.

 The Human-Bacterial Interface

 Symbiotic Relationships

The sections above may give an impression of a battleground where, at best, a stalemate is achieved 
between the human host and bacterial aggressors. However, the predominant features of the human 
host-bacteria relationship are beneficial in terms of control of more pathogenic bacterial species, 
immune signaling, and nutrient processing within the intestinal microbiome.

 The Intestinal Microbiome

Humans are exposed to bacteria from the moment of birth to the time of death. At birth, after living in 
a usually sterile environment in utero, a complex community that is primarily bacterial but also 
includes other prokaryotes (Archaea) as well as eukaryotes (Eukarya) is acquired predominantly from 
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the birth canal and first colonizes the infant intestinal tract, oropharynx, and other spaces. This com-
munity of organisms is collectively known as the microbiota, and the overall composition of genes 
that are present is known as the microbiome, although microbiome and microbiota are often used as 
synonyms.

The infant normally acquires its first intestinal microbiome from the mother’s intestinal and vagi-
nal tracts. Not surprisingly, the intestinal microbiome of babies born by cesarean section differs from 
those born by vaginal delivery. The intestinal microbiome undergoes a relatively predictable process 
of maturation through childhood, with dramatic changes at the time of weaning and subsequent stabi-
lization (see Fig. 4.1) [4]. Under favorable circumstances, this occurs by the age of about 3 years. In 
the adult body, an estimated 100 trillion microbes from 4 major phyla, Firmicutes, Bacteroidetes, 
Actinobacteria, and Proteobacteria, exceed the number of human cells. The intestinal microbiome 
has been nicely described as an “ecosystem on a leash” [5].

Major metabolic roles of the intestinal microbiome include anaerobic fermentation of dietary fiber 
(e.g., Bacteroidetes and Bifidobacterium) producing short-chain fatty acids including acetate, propio-
nate, and butyrate; resistance of colonization and invasion by potentially harmful organisms; regulation 
and facilitation of immune development; and synthesis of vitamins and essential amino acids. Short-
chain fatty acids (SCFA) provide a source of energy and also have a broad range of physiological and 
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Fig. 4.1 Key bacterial taxa at different stages of 1000 days that contribute to healthy versus undernourished growth. 
Current evidence suggests that a number of bacterial signatures are associated with either undernutrition or healthy 
growth during the first 1000 days. During pregnancy, a vaginal microbiota with low diversity and rich in Lactobacillus 
is associated with term birth and normal birth weight in high-income settings. Conversely, a more diverse vaginal micro-
biota, rich in Prevotella spp., Gemella spp., and Corynebacterium, is associated with reduced newborn LAZ. Healthy 
growth is associated with greater Bifidobacterium longum and Streptococcus thermophilus in the first 6 months of life, 
which are less prevalent in early-life undernutrition. Breastfeeding during this period is associated with greater 
Bacteroides and Bifidobacterium. In later childhood, higher Akkermansia muciniphila, Methanobrevibacter smithii, 
Faecalibacterium prausnitzii, Lactobacillus, and obligate anaerboes are associated with healthy growth, while 
Escherichia coli, Staphylococcus aureus, and other species are associated with severe acute malnutrition. A two-way 
interaction exists between an immature microbiome and the risk factors contributing to undernutrition, whereby diar-
rhea, nutrition, birth weight, and other factors both influence and are influenced by the “undernourished” microbiome. 
Image adapted from Servier Medical Art under a CC-BY license. HICs high-income countries, LMICs low- and middle- 
income countries, HMO human milk oligosaccharide, MAZ microbiota-for-age Z-score, E. coli Escherichia coli, S. 
aureus Staphylococcus aureus, D. longicatna Dorea longicatna. (Reprinted under a Creative Commons CC-BY License 
from: Robertson et al. [4])
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metabolic effects. SCFAs regulate appetite, modulate immune responses, and are also involved in 
maintaining intestinal epithelial integrity and thus protection against bacterial invasion [6]. Other spe-
cies, such as lactobacilli, produce hydrogen peroxide and other mediators that inhibit invasive bacteria 
and fungi. Some metabolites of the microbiome, including trimethylamine, secondary bile acids, and 
hydrogen sulfide, are linked to an increased risk of noncommunicable diseases [7].

The intestinal microbiome is influenced by diet, specifically by naturally occurring prebiotic com-
pounds (favoring bacterial growth, such as oligosaccharides), by antibacterial compounds (such as 
antibodies and lysozyme) present in breastmilk and artificially added to commercial infant formulas 
along with antibiotics, and by ingestion of bacterial components (probiotics) and potentially patho-
genic bacteria. During infancy and childhood, the switch from breastfeeding to non-breastmilk dietary 
carbohydrate components is known to have a major influence on the composition of the microbial 
community, and species diversity increases with age [8].

 Malnutrition and Dysbiosis

In malnourished children, the intestinal microbiome is “less mature,” for the child’s age, with lower 
diversity and a greater proportion of potentially pathogenic Enterobacteriaceae [9]. There is evidence 
that the microbiome may contribute to malnutrition, although “cause” and “effect” may be difficult to 
disentangle. When the fecal microbiomes of young Malawian twin pairs with and without kwashior-
kor (edematous malnutrition) were transferred to germ-free mice fed on a typical Malawian diet, mice 
with the microbiome from the twin with kwashiorkor had greater weight loss during the subsequent 
3 weeks compared to mice transplanted with the non-kwashiorkor twin’s microbiome [10]. However, 
when fed a normal rodent diet, no such differential weight change occurred. Members of the 
Clostridiales order were overrepresented in the microbiota of children with kwashiorkor compared to 
their twins without kwashiorkor, including species previously associated with inflammatory bowel 
disease and inflammation. When the malnourished children were treated with ready to use therapeutic 
food (RUTF), there was a rapid expansion of species of Bifidobacterium and Lactobacillus (known to 
stimulate innate immunity and reduce the burden of enteropathogens) and anti-inflammatory mem-
bers of the Clostridiales order [10].

However, in studies in Bangladesh, when malnourished children were fed either a RUTF or a 
locally prepared therapeutic diet, the “immaturity” of the microbiome of both groups improved within 
1 month becoming not significantly less mature than that of healthy children [9]. Four months after 
stopping therapeutic feeds, their microbiome regressed to a level of immaturity similar to that found 
at baseline despite improved nutritional status. These findings suggest either that modification of the 
microbiome was due to the diet rather than nutritional recovery or that the endogenous intestinal envi-
ronment (mucosal immunity and competing bacterial species) or exogenous environmental exposures 
had not changed. More recent trials have focused on longer-term dietary modification, for example, 
using microbiota-directed complementary foods, with early evidence of the types of foods that are 
associated with microbiota repair and that bring plasma biomarkers closer to those found in healthy 
children [11].

Regarding micronutrients, there is generally limited evidence of the effects of deficiency or treat-
ment on the intestinal microbiota. An exception is iron, which is commonly given in an inorganic form 
to prevent or treat anemia in childhood. Iron has been associated with reductions in abundance of 
Bifidobacterium and Lactobacillus and increased abundances of Clostridiales in children in Kenya 
and in Cote d’Ivoire [12, 13]. In Kenya, those treated with iron also had an increase in bacterial viru-
lence and toxin genes, increased intestinal fatty acid-binding protein suggesting intestinal mucosal 
damage, increased fecal calprotectin (a biomarker of neutrophil activity and inflammation), and 
increased abundance of pathogenic E. coli strains [12, 13]. Thus, although inorganic iron is effective 
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in treating iron deficiency anemia, it may potentially result in significant dysbiosis and intestinal 
pathology. Ongoing research is investigating other forms of delivery of iron to overcome these risks 
and other potential infectious risks [14].

 Environmental Enteric Dysfunction

Environmental enteric dysfunction (EED) is a condition of chronic intestinal inflammation, increased 
permeability, and reduced nutrient absorptive surface affecting the majority of people living in cir-
cumstances of poverty, food insecurity, crowding, poor water and sanitation, and poor access to 
healthcare. EED is associated with both wasting and stunting in children and may underlie much of 
what is measured as malnutrition. It was first recognized in the 1960s among volunteers to poor areas 
in Asia from high-resource settings. Gut absorptive function recovered within 2 years of returning to 
a high-income environment. Blunted villi, crypt atrophy, and villous hyperplasia in the small intestine 
during EED reduce the area available for nutrient absorption and are accompanied by reduced lym-
phocyte counts in Peyer’s patches (the lymphatic tissue providing surveillance and protection through-
out the small intestine) and reduced mucosal immunoglobulin (Ig) A secretion. Similar histological 
abnormalities were demonstrated in Zambian adults and Gambian children and were associated with 
linear growth faltering [15–18]. Recently, the multicenter MAL-ED study in Bangladesh, Brazil, 
India, Nepal, Pakistan, Peru, South Africa, and Tanzania identified biomarkers of EED as being asso-
ciated with increased risks of low ferritin, low retinol, and anemia in children [19].

The specific causes of EED remain unclear. The apparent correlation of inflammation and intesti-
nal absorption with rainfall, poverty, and migration have suggested dietary and environmental factors 
[15, 20]. Chronic fecal-oral contamination and exposure to intestinal protozoans Cryptosporidium 
and Giardia, in the context of micronutrient deficiencies, are highly likely to be involved but as a rela-
tively silent process, without overt episodes of diarrhea. Specific bacteria and small intestinal bacterial 
overgrowth (SIBO) may be involved, and enterotoxigenic E. coli, Citrobacter rodentium, and H. 
pylori have been implicated [15, 21–23]. In the multicenter MAL-ED study, impaired linear growth 
was associated with subclinical infections with the protozoan pathogen, Giardia, and bacteria such as 
Shigella species, enteroaggregative E. coli, and Campylobacter [24]. However, it is less clear that 
biomarkers of intestinal inflammation are reliable markers of the severity of EED.

Malnourished children typically have severe enteropathy, which is similar to and/or may be the 
same as EED [25–27]. There is concern that chronic inflammation and exposure to bacterial LPS may 
have consequences for the regulation and efficiency of immune responses and potentially metabolic 
syndromes and adult noncommunicable diseases. Besides effects on growth, EED (or perhaps the 
specific enteric species associated with EED) has been correlated with impaired responses to oral vac-
cines and impaired cognitive development [28]. However, it is difficult to eliminate the effects of 
confounding, and these correlations may occur as a result of similar exposures in parallel with EED, 
rather than being caused by EED.

 Colonization as a Precursor to Infection in the Respiratory Tract

Asymptomatic mucosal colonization is a precursor to many common bacterial infections and also 
facilitates transmission. The transition to invasive disease is not fully understood, and once colonized, 
invasive or focal bacterial infection is not necessarily associated with abundance or relative density of 
bacterial pathogens which have a wide natural variation in healthy children [29]. This may be partially 
explained by differences in the prevalence of virulent serotypes and function between colonizing and 
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invasive strains within the same bacterial species [30, 31]. Thus, composition and virulence are likely 
to be more important than the numbers of bacteria. Symptomatic infection may involve colonization 
by new species or by new (more pathogenic) strains or serotypes, including acquisition of virulence 
genes or selection pressure from other resident organisms [32], or alterations in host factors including 
mucosal immunity (both antibody-mediated protection, such as immunoglobulin (Ig)A and cellular 
immunity) or in physiological factors such as disruption of tight junctions between mucosal cells that 
facilitates translocation of bacteria. Colonization by bacterial pathogens in the respiratory tract may 
be modified by concurrent viral infections [33] or by vaccination against respiratory bacterial patho-
gens such as Streptococcus pneumoniae that alters bacterial species other than the pathogens vacci-
nated against [29]. Viral species are also long-term residents of the respiratory and gastrointestinal 
tracts and can alter bacterial invasiveness by disruption of the epithelial barrier or direct effects on 
coresident bacteria [32].

Published studies on the influences of malnutrition on respiratory infections are relatively limited. 
However, malnutrition was associated with nasopharyngeal colonization with S. pneumoniae in stud-
ies in Ethiopia and Venezuela [34, 35], and in the latter study, colonization with S. pneumoniae was 
associated with symptomatic respiratory tract infection.

 Effect of Nutritional Status and Diet on Risks of Bacterial Infection

Multiple epidemiological observations of the increased susceptibility, severity, and duration of bacte-
rial infections that occur in both over- and undernourished individuals suggest a secondary immune 
deficit [36–45]. Such deficits are of particular concern in children who are malnourished, where mal-
nutrition has cascading physiological effects that are associated with increased risk of infection (see 
Fig. 4.2) [46]. The type of infection may also be determined by nutritional status. For example, diarrhea 
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Fig. 4.2 A growing understanding of a “vicious cycle”: interactions between malnutrition, infection, and intestinal 
dysfunction. (Reprinted with permission from Wolters Kluwer Health: Walson and Berkley [46])
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in malnourished children is more likely to be caused by bacterial pathogen rather than a viral pathogen 
[47]. Various immunological abnormalities have been reported among individuals with malnutrition; 
however investigators have not always distinguished the effects of malnutrition from those of acute 
concurrent infections or comorbidities. Comprehensive reviews of nutrition and immunity have been 
undertaken by Rytter et al. [48] and Ibrahim et al. [49] as well as Stephensen (see Chap. 3) [50].

 Barriers to Infection

Although careful studies using modern techniques are generally lacking, loss of skin and mucosal 
barrier function are likely to be major contributors to infection since this is the case in other conditions 
where such barriers are breached. The skin and wound healing are affected by malnutrition, and in 
addition to depigmentation or hyperpigmentation, malnourished children may have skin cracking, 
bullae (blistering), and skin erosion, providing a portal for bacterial infection [51]. Immune responses 
within the intact skin may also be affected. Other protective mechanisms, including the production of 
saliva containing salivary IgA, tears, and mucus, are reported to be reduced [48].

Gastric acidity is reduced in undernutrition, likely contributing to small intestinal bacterial over-
growth [52, 53]. The intestinal mucosa has a high rate of cell turnover and cell replication; thus the 
amino acids, folate, zinc, vitamin A, and other nutrients that are required for the transcription of new 
proteins from DNA may be limited. Reduced mucosal integrity and mucosal immune abnormalities 
[54–56], as in EED, as described above, lead to an increased translocation of bacterial products 
including LPS, leading to chronic inflammation and immune dysfunction [49]. Of note, translocation 
of bacteria from the gut to the bloodstream has been clearly documented by bacterial genotyping 
among severely malnourished children [57].

 Systemic Immunity, Malnutrition, and Bacterial Infections

Functions of the systemic immune system are broadly classified as “innate” and “adaptive.” Innate 
and adaptive functions are closely interlinked, providing multiple “layers” of defense which are care-
fully regulated to avoid targeting the individual themselves causing bystander damage from inflam-
matory and pathogen-killing responses (see Chap. 3) [50].

Innate immunity is a process of recognizing molecular patterns of bacteria, other pathogens, and 
nucleic acids. This occurs through a set of specialized cell surface receptors, the toll-like receptors 
(TLRs), that induce signaling cascades within cells to release molecules that recruit, activate, and 
destroy pathogens and foreign materials during the first exposure. Cells including macrophages and 
neutrophils engulf bacteria, foreign material, and cellular debris (phagocytosis) and signal to recruit 
other cells through cytokines and chemokines. Neutrophils, which are the main line of cellular defense 
against established bacterial infections, also release granules containing superoxide free radicals that 
are toxic to bacteria and fungi in an intensive burst requiring energy from adenosine triphosphate 
(ATP). Neutrophils may also trap and kill bacteria outside the cell by forming neutrophil extracellular 
traps (NETs) comprising DNA, chromatin, and granule proteins. In addition, chemical cascades, such 
as the complement system, provide a way of marking foreign material for phagocytosis (opsoniza-
tion), attracting cells, especially macrophages, to the site of infection (chemotaxis), punching holes in 
cell walls (lysis), and binding of pathogens together (agglutination).

Besides the impaired barrier function, it seems highly likely from the evidence of increased risks 
of bacterial infection and delayed recovery from susceptibility to infection compared to anthropomet-
ric recovery [58] that innate immune function is impaired. Several studies have examined circulating 

4 Bacterial Infections and Nutrition: A Primer



122

biomarkers and identified elevated pro-inflammatory markers and cytokines suggestive of innate 
immune activation in malnourished children (see Fig. 4.3) [26, 27, 59], but the possibility of concur-
rent infections, which may be subclinical, makes interpretation of these studies difficult. Few human 
studies have directly examined innate immune cell function in relation to malnutrition. Natural killer 
(NK) lymphocytes function independently as innate actors, and studies have suggested that NK cell 
numbers may be reduced in severe malnutrition [48]. The neutrophil functions of chemotaxis and 
bacterial killing capacity have been found to be impaired in some, but not all studies [48, 60–63]. 
Animal studies suggest that micronutrients including vitamin A, vitamin C, folate, iron, and zinc may 
be important in neutrophil activation, chemotaxis, adherence to other cells, and bactericidal oxidative 
burst, but definitive studies and clinical trials with infectious disease endpoints and other clinical 
endpoints are awaited [49]. Thus, we currently lack critical mechanistic information that could help 
better understand relationships with bacterial infections. Of particular interest is the role of 
 micronutrients, for example, niacin/nicotinamide and vitamin A-derived retinoic acid, which are 
required to create neutrophil superoxides among many other cellular processes.

In contrast, adaptive immunity is built through exposure to specific antigenic molecules of patho-
gens (proteins, peptides, or polysaccharides) that bind to antibodies which are either free in the circu-
lation, released at mucosal surfaces or bound to cell membranes and trigger the proliferation and 
activity of T and B lymphocytes. Exposure to antigens, typically delivered by specialist antigen- 
presenting cells such as dendritic cells, results in antibody production by B cells as well as generation 
of memory B cells that enable rapid and efficient future production of pathogen-specific antibodies 
when exposed to the pathogen again. Likewise, antigen-specific adaptive responses include cytotoxic 
T cells that kill cells infected by viruses or intracellular bacteria and cancer cells without harming 

Fig. 4.3 Summary of innate immune cell dysfunction during undernutrition. (a) Cellular functions where there is evi-
dence of dysfunction from human cohort studies and animal models of undernutrition. Functions in brackets only have 
evidence from animal models. (b) Innate immune characteristics of the adequately nourished (left) vs. undernourished 
(right) gut. Solid arrows indicate secreted proteins and cell behavior. Dashed arrows indicate signaling pathways. 
Differences in the size of arrows and text indicate quantitative differences in the response between the adequately nour-
ished and undernourished state. AMP antimicrobial peptides, DAMP damage-associated molecular patterns. (Reprinted 
under a free PMC article with a CC-BY license from Bourke et al. [27])
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healthy host cells, as well as memory T cells. This process of pathogen recognition through adaptive 
immune responses is the basis of vaccination.

There are more studies on adaptive immunity in relation to nutritional status than there are for 
innate immunity. Firstly, there is some evidence that both numbers and signaling functions of den-
dritic cells are affected by malnutrition [64, 65]. Dendritic cells are early detectors of antigens, pro-
cessing and presenting them in a recognizable format to T cells, and acting as a main line of cytokine 
signaling between the innate and adaptive arms of the immune system. Several studies report malnu-
trition to be associated with atrophy of the thymus, where T lymphocytes originate, with depletion in 
thymic cell numbers associated with deficiencies in protein, phosphorous, and zinc [45, 49, 66]. 
Thymus size is seen to recover with nutritional rehabilitation. Several studies report reduced T-cell 
numbers [67–70], but not a specific deficit of CD4 T cells unless there is concurrent HIV [71]. There 
is evidence of impaired in vivo and in vitro tests of T cell function, including those involved in skin 
tests against tuberculin and candida antigens (delayed-type hypersensitivity) [70, 72–75]. However, 
studies have not always been consistent, and, as mentioned above, the effects of concurrent illness 
have not always been accounted for. Despite there being more studies of adaptive immunity, our pic-
ture remains incomplete. New “omic” technologies and the ability to study single-cell metabolism 
and responses are likely to improve knowledge in this area.

 Specific Micronutrients and Bacterial Infections

Vitamin A supplementation reduces all-cause child mortality by an estimated 12%, largely due to 
effects on diarrhea, but without demonstrable effect on respiratory infections [76]. Vitamin A from the 
diet or supplementation is converted to its active form retinoic acid (RA) which plays multiple roles 
in innate and adaptive systemic immunity through regulation of gene transcription (see Chap. 2) [77]. 
In the innate system, RA is the primary antibacterial defense mechanism, and it regulates monocyte, 
macrophage and neutrophil proliferation, maturation, and cytokine responses. RA is key to maintain-
ing respiratory, gut, and urogenital epithelial integrity and production of secretory IgA [78]. In adap-
tive immunity, RA helps induce regulatory T cells and induces a gut-homing phenotype in T cells. 
These functions of RA influence tolerance and regulation of intestinal dysbiosis [79].

Vitamin D in the forms of sunlight and cod liver oil was used as an adjuvant treatment for tubercu-
losis (TB) (see Chap. 9) [80]. In recent years, a close relationship between vitamin D and the immune 
system has been established, with both antibiotic and anti-inflammatory mechanisms. Vitamin D 
receptors (VDR) are found on the surface of most cells of the immune system. Activation of TLRs by 
pathogens causes upregulation of VDRs on the surface of macrophages, inducing an antimicrobial 
peptide, cathelicidin, which directly kills intracellular M. tuberculosis [81]. Cathelicidins also have 
direct antibacterial effects on other bacterial species. Concurrently, vitamin D modulates T-cell prolif-
eration and cytokine production, pushing responses away from pro-inflammatory T helper (Th)1 
responses towards an anti-inflammatory Th2 response and immune regulation [82]. Thus, vitamin D 
is responsible for targeted, but measured, immune responses. A systematic review of vitamin D sup-
plementation in TB patients reported an increase in the proportion of patients in whom sputum sam-
ples converted from positive for M. tuberculosis on microscopy and on culture and improvements in 
X-ray findings, but no effect on mortality [83]. There is also evidence that vitamin D supplementation 
reduces the incidence of acute respiratory infections in adults and children [84].

Zinc deficiency is common in low- and middle-income countries, partly due to the lowering of 
bioavailability by antinutrients such as phytates in many plant-based diets. Zinc is involved in multi-
ple areas of the innate and adaptive immune system that control bacterial infections, in DNA and RNA 
synthesis, and in the maintenance of human cell structures (see Chap. 2) [77, 85]. Zinc deficiency is 
associated with thymic atrophy, reduced differentiation of immature T cells and subsequent  maturation 
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and proliferation of T cells, impaired neutrophil and macrophage chemotaxis, phagocytosis, release 
of superoxides, and formation of extracellular NETs, as well as impaired regulation of pro- 
inflammatory and anti-inflammatory cytokines and of oxidative stress [85]. Zinc supplementation is 
associated with a reduction in diarrhea morbidity and X-ray-confirmed pneumonia (which is more 
likely to be bacterial than pneumonia defined by clinical signs) incidence in children [86]. Measured 
blood zinc concentrations are observed to be decreased in patients with sepsis, possibly due to redis-
tribution to decrease zinc availability of zinc as a nutrient for replicating bacteria and, in a crisis, to 
shift immune responses towards innate responses rather than slower adaptive responses to potentially 
overwhelming bacterial infection [87].

Iron deficiency anemia remains widespread in preschool and school-aged children and pregnant 
women. Iron supplementation is commonly given in these groups. However, iron is also an essential 
micronutrient for the replication of most bacterial species. Many bacteria, including those within the 
gut microbiota, pathogenic Enterobacteriaceae (including E. coli, Salmonella, Vibrio, and Klebsiella 
species), and Listeria species produce siderophores, which scavenge free iron and form complexes 
that are transported into bacterial cells by membrane receptors. Thus, iron is involved in a “tug of war” 
between bacteria and humans (and other mammals) [88]. Consequently, iron absorption and circulat-
ing concentration are normally tightly regulated by the hormone, hepcidin, and iron-binding proteins, 
ferritin and transferrin (see Chap. 2) [77]. When required, such as during inflammation or infection, 
raised serum hepcidin causes iron to be redistributed and sequestered within macrophages and the 
liver. Some bacterial pathogens have evolved strategies to scavenge iron, such as Neisseria meningiti-
des that obtains iron from iron-binding proteins and E. coli that obtains iron from hemoglobin [89]. 
There is also data from animal studies indicating that iron and mechanisms involving siderophores 
contribute to bacterial virulence and tissue damage during infection [90]. Free iron overload may 
occur in individuals with conditions that are dependent on regular blood transfusion or with familial 
hemochromatosis and is associated with serious infections with the iron-scavenging bacteria men-
tioned above.

Oral iron supplementation is associated with intestinal inflammation and dysbiosis and an increased 
risk of diarrhea. Among children with low hemoglobin concentrations, iron supplementation is asso-
ciated with improved motor and mental development [91]. However, it is unclear where the upper 
limit of beneficial hemoglobin lies and whether there is harm in iron-replete children. However, 
despite these findings, and ongoing concerns in settings where malaria-surveillance and treatment 
services are unavailable (see Chap. 11) [92], an increased risk of serious bacterial infections has not 
been attributed to iron supplementation.

 Antibacterial Vaccine Responses

The major bacterial species that children (and sometimes adults) are vaccinated against include 
Mycobacterium tuberculosis causing TB; Bordetella pertussis causing whooping cough; 
Corynebacterium diphtheria causing diphtheria; Haemophilus influenzae causing pneumonia and 
meningitis; Streptococcus pneumoniae causing pneumonia, sepsis, and meningitis; Neisseria menin-
gitidis causing sepsis and meningitis; Pasteurella pestis causing plague; Salmonella typhi causing 
typhoid fever; and Vibrio cholera causing cholera.

Several types of vaccines exist. Live vaccines are attenuated, but viable bacterial organisms induce 
a protective response (typically a T-cell and B-cell response, as in a natural infection) and include the 
bacillus Calmette-Guérin (BCG) vaccine against TB and oral typhoid vaccine. Live vaccines against 
viruses, such as measles vaccine, may also protect against secondary bacterial infections. Inactivated 
(non-live) vaccines come in several forms and typically require several doses. Whole bacterial cell 
inactivated vaccines are used against pertussis, typhoid, cholera, and plague. Protein vaccines com-
prise purified or recombinant protein antigens from a pathogen, such as the diphtheria toxoid vaccine. 
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Polysaccharide vaccines comprise long-chain sugars from the surface capsule of bacteria and may 
include several serotypes of a bacterial species; they are used against S. pneumoniae, H. influenzae, N. 
meningitidis, and S. typhi infections. Polysaccharide conjugate vaccines elicit B-cell responses (hence 
antibody production) without the need for accompanying T-cell support and therefore are effective in 
infancy. Plain polysaccharide vaccines without a protein conjugate are not reliably effective in chil-
dren under 2 years of age but are used in older children and adults, such as the 23-valent S. pneu-
moniae polysaccharide vaccine.

In determining the effectiveness of vaccines, the gold standard is a clinical trial with a specific 
disease incidence endpoint. However, these are large and expensive and may not be feasible for rare 
diseases. Antibody concentrations (titer) can be measured in the blood. However, not all antibodies 
are equally important in controlling infection and other assays that assess the affinity of the antibody 
for a pathogen or the ability of the antibody to neutralize a pathogen are more specific. Where a vac-
cine (or natural exposure) induces a T cell response, the resulting T cell cytokine response to pathogen 
antigens may be measured in a blood sample.

Polysaccharide-protein conjugate vaccines are key to efforts to reduce child mortality, as they tar-
get pneumonia, sepsis, and meningitis. In South Africa, the 13-valent pneumococcal conjugate vac-
cine was similarly protective against invasive pneumococcal disease in malnourished infants and 
children as in well-nourished children [93]. Other studies have generally examined antibody responses 
only. In Gambian children, plain polysaccharide vaccine responses in children aged above 5 years 
were unrelated to anthropometry or measured micronutrient status [94].

While there is no recent epidemiological evidence of an increased burden of diphtheria associated 
with undernutrition in children, studies of antibody titers following diphtheria protein vaccines sug-
gest there may be variation by season of birth, stunting, and underweight in some studies but not oth-
ers, although titers are likely still to be within a protective range [95, 96]. For killed typhoid vaccine, 
South African children with severe malnutrition have been shown to have similar responses to well- 
nourished children [95].

Generally, BCG has lower efficacy against pulmonary TB in low-income countries than in more 
wealthy nations, whereas protection against disseminated TB and TB meningitis appear preserved in 
all settings. Responses to live BCG vaccine have been examined in older studies (25–50 years ago) by 
skin tests of response to a purified protein derivative of M. tuberculosis, tuberculin (TST), indicating 
delayed-type hypersensitivity mediated by T cells, reporting reduced responses in malnutrition [70, 
72–75]. More recent studies show that Gambian children who were undernourished (at the time of 
assessment rather than at the time of vaccination) had similar TST responses to well-nourished chil-
dren, with similar rates of latent and active TB [97]. In an animal model, malnutrition did not alter the 
T-cell number, but it did impair T-cell cytokine responses during TB infection in BCG-vaccinated 
mice, which was reversible on refeeding [98].

Overall, the limited data suggest that, as far as they have been measured, there is limited if any 
clinically meaningful impact of undernutrition on the efficacy of currently used antibacterial (?) vac-
cines. However, only rarely have actual disease endpoints been examined, and reviews have identified 
questionable quality of studies and heterogeneity of study designs as problems in this area [95].

 Nutrients in Treatment of Serious Bacterial Infection

There is growing interest in immunometabolism (the metabolism and substrate requirements of 
immune cells), as well as immunonutrition (the requirements of individuals to maintain or restore for 
normal immune function), with most research taking place in relation to surgery, oncology, and sep-
sis. Although outcomes of serious infection are known to be worse in undernourished individuals, 
there is evidence from the well-conducted PEPaNIC trial that, in bacterial sepsis, initiating parenteral 
or enteral feeding in the first 24 h, rather than a week later, is harmful [99]. This effect was most 
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closely related to amino acid doses, which were associated with an increase in new infections and 
greater dependency on the intensive care unit (ICU) care [100]. In contrast to amino acid doses, early 
glucose and lipid administration was associated with fewer infections and earlier ICU discharge. 
Specific amino acids, including arginine and glutamine, and other nutrients, including omega-3 fatty 
acids, have been investigated as immune adjuvants in sepsis, but as yet there is no clear evidence of 
reduced mortality [101]. Deficiencies of vitamin A, vitamin D, or zinc are common in patients with 
sepsis [102–104]. However, several trials have examined vitamin A, vitamin D, or zinc as adjuvants 
to pneumonia treatment without generating any clear evidence of benefit in terms of mortality or treat-
ment failure rates [105–107]. The results of larger trials are awaited, and other therapeutic targets such 
as mitochondrial function are being targeted [108].

 Effects of Bacterial Infection on Host Nutritional Status

Diarrhea is associated with malabsorption and marked losses of protein, vitamin A, zinc, and other 
micronutrients (see Chap. 8) [109–111]. Bacteria require nutrients for their proliferation and metabo-
lism. However, the predominant effects on human nutrition are from physiological and immunologi-
cal host responses [112–115]. Besides anorexia due to illness, infections are associated with net 
protein and energy loss. Amino acids and micronutrients are diverted to meet the requirements of 
generating acute-phase proteins for the host response [116–119]. Increased body temperature has 
evolved to inhibit bacterial replication, but this comes at a cost of increased metabolic work and 
depends on the availability of energy (ATP) and enzymes that catalyze these reactions. A one-degree 
centigrade increase above normal body temperature is estimated to cost an additional 7–13% over 
resting energy expenditure [120–122].

Interleukin (IL) 6 and other mediators involved in the activation of inflammatory cascades cause 
reduced appetite and loss of lean tissue and fat [17, 114, 123]. These inflammatory pathways also act 
directly on insulin-like growth factor (IGF)1 that is responsible for linear growth in children; thus 
inflammation contributes to stunting. Severely malnourished children may expend less energy and 
protein because of a temporary reduction in less essential physiological processes through reductive 
adaptation in response to malnutrition [117], but nutritional costs of infection may impair catch-up 
growth [17, 124].

 Conclusions

Bacterial infections remain a major cause of adult and pediatric morbidity and mortality. Current 
evidence suggests that their impact is likely to dramatically increase with the continued spread of 
transferrable bacterial genes conferring resistance to most of the currently available antibiotics. There 
is strong evidence that bacterial infections are more common, severe, and fatal in malnourished indi-
viduals. However, evidence from trials of nutritional interventions for either prevention or treatment 
of bacterial infections is weak. It is notable that, when systematically reviewed, these trials have often 
been observed to be small and of low quality. New tools and techniques are providing opportunities 
for improving our understanding of pathogen biology, of the relationships between metabolism and 
nutrients and the immune system, and of the microbiome and its potential for manipulation. This 
understanding, combined with rigorous trials, is anticipated to lead to targeted and effective nutri-
tional strategies for the prevention and treatment of bacterial infections. Prevention of infections 
through vaccination and improved water, sanitation, and living conditions is also likely to reduce the 
burden of endemic malnutrition in low- and middle-income countries.
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rcDNA Relaxed circle DNA
RNA Ribonucleic acid
ROS Reactive oxygen species
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ssRNA Single-stranded RNA
TGF Transforming growth factor
TNF Tumor necrosis factor
UVB Ultraviolet B
VDR Vitamin D receptor
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WHO World Health Organization

 Brief Overview of Viruses

The International Committee on Taxonomy of Viruses (ICTV) is responsible for the taxonomic and 
nomenclature for all viruses. In general, viruses are classified by a variety of features: nucleic acid 
(DNA vs RNA), number of nucleic acid strands, conformation of the strands (linear, circular), sense 
(+ or − or antisense), presence or absence of 5′ terminal caps, terminal proteins or poly (A) tracts, 
morphology, physiochemical properties (e.g., stability to heat, pH), content and nature of proteins, 
lipids and carbohydrates, genomic organization and replication, antigenic properties, and biological 
properties (e.g., host range, mode of transmission, cell and tissue tropisms). Viruses have also been 
classified based on their nucleic acid alone, with dsDNA versus ssDNA viruses, and ssRNA further 
divided into − sense or + sense. Some viruses are enveloped, that is, they contain portions of the host 
cell membrane that cover the viral protein capsid. Because the viral envelope contains the lipid bilayer 
of the host cell, enveloped viruses are easier to neutralize with heat and detergents and have limited 
ability to survive for long periods of time outside of the host cell due their sensitivity to desiccation.

The complete viral taxonomy can be downloaded from the ICTV website (https://talk.ictvonline.
org/taxonomy/). As of this writing, there is 1 phylum, 2 subphyla, 6 classes, 14 orders, 5 suborders, 
143 subfamilies, 846 genera, and 4958 species of known viruses [1].

 Viral Structure and Replication

Viral structure and replication varies widely among viruses. In general, viruses use host cells for rep-
lication, as they are unable to reproduce without a host. Viruses outside of the host, referred to as 
virions, must enter a host cell in order to use the host’s machinery for DNA and protein synthesis. 
Once inside, viruses reproduce by the lytic or lysogenic cycles. The lytic cycle refers to the immediate 

Key Points
• Adequate nutrition is essential for innate and adaptive immune protection from viral 

infections.
• Malnutrition, including obesity and micronutrient deficiencies, increases risk for influenza 

infection in adults and children.
• Rising trends in global malnutrition burden are a serious public health risk for influenza 

epidemics and pandemics despite vaccination efforts.
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replication and spread of the virus, causing lysis of the host cell. In contrast, lysogenic replication 
involves incorporation of viral nucleic acid into the host cell’s genome, allowing routine replication 
along with the host cell genome until conditions are more favorable and a lytic cycle can be triggered. 
A few examples of viruses important to human health are reviewed below as examples of the com-
plexity of differences among viral species.

 Rotavirus (Reoviridae)

Rotaviruses are responsible for 34–50% of hospitalizations of young children and infants due to their 
ability to cause severe diarrhea. These viruses have a distinct morphology, similar to a wheel, made 
up of a well-defined rim with short spikes resembling wheel spokes (hence the name derived from the 
Latin word “rota,” meaning wheel). Rotaviruses do not contain a viral envelope. Rotaviruses replicate 
in the enterocytes of the gastrointestinal tract, and their viral protein capsid makes them resistant to 
stomach acid. Entering the cell via endocytosis, the segmented dsRNA is used as mRNA for produc-
tion of viral proteins and gene replication. Following assembly of the virus within the cell cytoplasm, 
the virus exits the cell by budding from the host membrane. Diarrhea results from loss of the infected 
enterocytes resulting in malabsorption. Rotaviruses generally spread through the fecal-oral route via 
direct (person to person) or indirect (through contaminated food and water) transmission [2].

 Measles (Paramyxoviridae)

Measles is a highly contagious non-segmented negative-sense RNA virus. The virus itself contains six 
structural proteins and two non-structural proteins. A transmembrane hemagglutinin protein is present 
on the surface of the virus, which binds to host cellular receptors found on a number of immune cells, 
including lymphocytes, monocytes, macrophages, and dendritic cells. The measles virus is also able 
to recognize and bind to an epithelial cell receptor present on a broad range of cell types, allowing 
infection of many cells and tissues. Measles virus is spread through respiratory droplets and initially 
infects immune cells of the respiratory tract. These infected immune cells then travel throughout the 
body, spreading the virus to almost all organ systems. In exiting the host cell, the virus picks up a 
lipid-containing envelope from the host cell membrane. Measles infection initially results in fever and 
cough, coryza (nasal inflammation), and conjunctivitis. The characteristic measles rash consisting of 
perivascular, lymphocytic infiltrates generally occurs 3–4 days after fever onset. In cases with compli-
cations, measles recovery usually occurs within 1 week of the appearance of the rash, due to control 
by the host immune response. Immunocompromised patients or undernourished children, particularly 
those with vitamin A deficiency, pregnant women, and young infants are at risk for measles complica-
tions. Complications can include pneumonia, diarrhea, and blindness and for pregnant women a risk 
of low birthrate, spontaneous abortion, and fetal and maternal death [3].

 Herpes Simplex Virus (Herpesviridae)

Herpes simplex viruses (HSV) 1 and 2 are large, double-stranded DNA viruses with an icosahedral 
capsid. There are at least 84 viral genes coded by both HSV-1 and HSV-2, which share about 83% of 
their aligned nucleotides. The host-derived lipid envelope contains 11 virally encoded glycoproteins. 
HSV enters host cells by binding to three different cellular receptors and fusing the viral envelope 
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with the host membrane. Viral DNA then enters the nucleus where viral transcription, viral DNA 
replication, and assembly of new capsids occur. These viruses are able to establish latency, in which 
the virus fuses with the axon of nerves and travels along sensory fibers in a retrograde fashion to the 
ganglion of the trigeminal and sacral nuclei. The viral genome becomes circular during latency and 
produces latency-associated transcripts (LAT) that protect the neuron from apoptosis, ensuring sur-
vival of the latent virus. Physical or emotional stress or other stressors such as fever, trauma, or hor-
monal imbalances can trigger reactivation of the virus, whereby the virus travels back down the 
sensory nerves to cutaneous nerve endings resulting in a viral eruption in the skin. Viral transmission 
occurs through close physical contact, and because these viruses can become latent, individuals can 
have recurrent infections due to reactivation of the latent virus [4].

 Ebola Virus (Filoviridae)

Ebola virus is one of the deadliest of epidemic viral diseases, with a case mortality rate for Ebola Zaire 
strain of 88% and Ebola Sudan strain of 60%. However, with effective supportive care, the mortality 
rate can fall into the 40% range. Ebola virus is a non-segmented negative-strand RNA virus, which 
codes for seven viral proteins. The virus infects cells by attaching to a number of cellular molecules 
and enters cells mainly by micropinocytosis. Ebola outbreaks have occurred across the entire equato-
rial belt of Africa, frequently in areas where it had not been seen previously. The animal reservoir for 
Ebola has not been definitely identified, although migratory bats have been implicated. Human-to- 
human spread occurs via exposure of mucous membranes or nonintact skin to infectious body fluids 
or tissues. Ebola targets cells of the monocyte/macrophage lineage, including dendritic cells. These 
virus-infected cells then disseminate the virus throughout the bloodstream resulting in immune sup-
pression and immune overactivation, disordered coagulation, tissue damage, hemorrhage, organ fail-
ure, and death within 10 days of symptom onset without adequate supportive care [5].

 HIV (Retroviridae)

Human immunodeficiency virus (HIV) has been pandemic for over 30 years, and advanced HIV dis-
ease was originally termed acquired immune deficiency syndrome (AIDS). Nearly all HIV infections 
are with type 1 (HIV-1). HIV-2 is less common and overall less virulent. A distinguishing feature of 
HIV is the reverse transcription of an RNA viral genome into a DNA copy, which is then subsequently 
integrated into the host genome. The HIV particle consists of a viral envelope surrounding a capsid 
core containing two copies of ssRNA and the viral enzymes reverse transcriptase, integrase, and pro-
tease. HIV attaches to the CD4 T cell receptor and the chemokine co-receptors CCR5 and CXCR5. 
This leads to fusion of the viral envelope with the host cell membrane, releasing the viral contents into 
the cytoplasm of the infected cell. Viral reverse transcriptase will then reverse transcribe the viral 
RNA into double-stranded DNA. This dsDNA will move into the host cell nucleus and will be incor-
porated into the host DNA by the viral integrase protein. This integrated viral DNA will be transcribed 
and translated into viral polyprotein using host cell machinery. Infection of CD4 T cells results in their 
destruction, making individuals infected with HIV highly susceptible to opportunistic infections and 
the development of tumors (see Chap. 3) [6]. Recent improvements in anti-retroviral drug treatments 
for HIV have resulted in infected persons living nearly as long as non-infected individuals, without 
developing the classical presentation of classic HIV-related disease (e.g., candidiasis, cryptococcosis, 
Kaposi sarcoma) (see Chap. 9) [7].
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 Hepatitis B (Hepadnaviridae)

Rather than causing an acute, short-lived infection, infection with hepatitis B virus (HBV) can result 
in a chronic infection. It currently infects over 250 million people worldwide, and the resulting chronic 
inflammation causes 800,000 deaths annually due to liver cirrhosis and hepatocellular carcinoma. 
HBV, one of the smallest DNA viruses, is an enveloped virus with a nucleocapsid core enclosing a 
partially double-stranded DNA in a relaxed circle (rcDNA) along with a viral polymerase protein. The 
viral receptor is a bile acid transporter expressed on hepatocytes. Once bound to the receptor, the virus 
is internalized through clathrin-mediated endocytosis. The rcDNA is delivered to the nucleus where 
the rcDNA is converted into the covalently closed circular DNA (cccDNA) form, which constitutes 
the template for the viral transcription. The transcripts then move to the cytoplasm for translation into 
viral proteins. Once assembled, the viruses leave the infected cell by budding. The virus is not directly 
cytopathic, and the pathology observed in the liver is due to activation of cytotoxic T cells. Chronic 
infection with HBV is maintained by the presence of the cccDNA, which persists throughout the 
lifespan of the infected hepatocyte. Acute infections can be symptomatic with jaundice, fatigue, nau-
sea, vomiting, and abdominal pain. Chronic HBV infection is broken down into three phases: the 
immune-tolerant phase with minimal liver inflammation, the immune-active phase associated with 
active liver inflammation, and the inactive hepatitis B phase, characterized by the presence of HBV 
antigen with mild or inactive liver disease. The inactive phase can last for decades, and about 20% of 
chronically infected patients develop cirrhosis, with a risk of hepatocellular carcinoma 100 times that 
of healthy controls. HBV is spread via sex with an infected partner, sharing of needles, from an 
infected mother to child, and by accidental needle sticks [8].

 Hepatitis C (Flaviviridae)

Similar to hepatitis B, hepatitis C (HCV) causes chronic liver infection. This spherical, enveloped, 
positive-strand RNA virus causes acute liver infection leading to viral peaks within the first 8–12 weeks 
[9]. The initial lytic phase is followed by a dormant and chronic infection phase similar to HBV. Unlike 
hepatitis B virus, there is currently no effective vaccine [10]. Thus, approximately 50–85% of infected 
individuals develop long-term hepatic infection often leading to fibrosis, cirrhosis, and hepatocellular 
carcinoma [10, 11]. HCV affects 3–5 million Americans with a global burden of 63–107 million [12]. 
Since identification in 1989, improved blood screening has reduced US incidence rates [13], with the 
highest at-risk populations remaining males born between 1945 and 1965 [11]. However, since 2006, 
resurgence in HCV incidence has occurred alongside growing rates of intravenous drug use in younger 
adults [14]. Recent advancements in direct-acting antiviral (DAA) therapy have allowed for nearly 
100% curative rates of HCV by targeting the RNA polymerase, NS3/NS4 protease, and NS5A pro-
teins of HCV [15, 16]. Nonetheless, due to lack of screening and high cost of DAA treatment, the 
public health burden of HCV remains high.

 Rhinovirus (Picornaviridae)

There are about 150 human rhinovirus (HRV) serotypes that are responsible for more than 50% of 
upper respiratory tract infections. The main site for HRV infections is the nasal mucosa. HRV are non-
enveloped, ssRNA genome within an icosahedral protein capsid. The major group of HRVs binds the 

5 Viral Infections and Nutrition: Influenza Virus as a Case Study



138

ICAM-1 molecule on the surface of ciliated epithelial cells of the upper respiratory tract. Upon entering 
the cells through receptor-mediated endocytosis, the RNA is released into the cytoplasm whereupon 
the viral RNA is translated into a polyprotein, which is then cleaved into individual viral proteins. The 
viral progeny are released from the cells through a non-lytic mechanism. Although HRVs are mainly 
found in the upper respiratory tract, they can be found in ciliated epithelial cells of the lower respiratory 
tract as well. HRVs are transmitted person to person via contact (direct or through fomites) or by aero-
sol. HRV infection is generally self-limiting, causing what is typically known as the “common cold” 
ranging from asymptomatic infection to symptoms such as rhinorrhea, nasal congestion, sore throat, 
headache, and malaise. Despite the mildness of the illness, infections with HRV are responsible for a 
considerable economic burden estimated to be close to $40 billion annually in costs [17].

Coronaviruses (Coronaviridae)

Coronaviruses comprise a family of enveloped positive-strand RNA viruses. The characteristic 
“corona” or crown-like morphology was first observed by electron microscopy in the late 1960s [18], 
giving rise to the family name. Coronaviruses infect numerous animal species including humans and 
can be divided into four main groups or genera: α, β, γ, and δ [19]. Generally, coronaviruses cause 
acute and chronic respiratory, enteric, and central nervous system (CNS) diseases. Predominant 
human coronaviruses, NL-63, OC43, and 229E, cause mild respiratory infections often referred to as 
the common cold [20]. In 2002  in Guangdong, China, emergence of a Severe Acute Respiratory 
Syndrome Coronavirus (SARS-CoV) marked the first accounted outbreak of severe coronavirus dis-
ease in humans. Two other severe coronaviruses have recently emerged in humans: the Middle Eastern 
Respiratory Coronavirus (MERS-CoV), which surfaced in 2012  in Saudi Arabia, and the Severe 
Acute Respiratory Coronavirus-2 (SARS-CoV-2), in 2019 from Wuhan, China [21]. This most recent 
novel β-coronavirus outbreak has sparked the Coronavirus Disease 2019 (COVID-19) pandemic, 
which has caused over 28 million confirmed global cases and 922,252 deaths as of September 14, 
2020 [22].

Coronaviruses consist of structural spike (S), membrane (M), envelope (E), and nucleocapsid 
(N) proteins. Importantly, SARS-CoV-2 infects humans primarily through the respiratory system, 
where the viral S protein binds the angiotensin converting enzyme 2 receptor (ACE2) of the host, 
allowing viral entry with the help of the viral transmembrane protease serine 2 (TMPRSS2) [19]. 
However, given the widespread expression of ACE2 in the heart, kidney, ileum, and bladder, SARS-
CoV-2 can infect numerous tissues and has thus been considered an endothelial disease [23]. 
Individuals at high risk of severe COVID-19 include the elderly (>65 years of age), immunocom-
promised, pregnant women, children under 5 years, and individuals with comorbidities including 
chronic kidney disease, heart disease, hypertension, type 2 diabetes, and chronic obstructive pul-
monary disease [24, 25]. A recent meta-analysis by Popkin et al. identified obesity as a significant 
driver of COVID-19 incidence, hospitalization, severity, and mortality [26]. Of particular worry, 
similar to individuals with obesity and influenza infection [27, 28], SARS-CoV-2 infection and/or 
vaccination may lead to a decreased memory immune response, which could increase the vulnera-
bility of populations with obesity to reinfection. Morbidity and mortality from COVID-19 primar-
ily result from the development of acute respiratory distress syndrome (ARDS) caused by the 
immune-generated cytokine storm [29–31]. Among 60 COVID-19 patients with clinical status 
varying from mild to critical and studied a median of 10 days post disease onset, more severe dis-
ease correlated with greater lymphopenia, activation of both innate and inflammatory pathways 
(e.g., excessive NF-kB-driven inflammatory response with higher IL-6 and TNF-α), and higher 
SARS-CoV-2 viral loads [32]. While both interferon (IFN) and TNF-α responses increased in 
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milder cases, they were diminished in more critical cases.  The severe decline in type I IFN defi-
ciency in the blood was a hallmark of critical COVID-19 disease in this case series and is now the 
subject of research towards combined therapies. Early data suggests that asymptomatic infections 
or coronavirus viral protection may be in part due to T-cell mediated immunity [33–35], and ongo-
ing efforts continue to detail the immune response and pathophysiology of COVID-19 [36, 37]. 
Further, Zabetakis et al. summarize the influence of diet and nutritional status of key micronutrients 
such as zinc, copper, vitamin D, and vitamin C on COVID-19 and speculate on how nutrient factors 
may help ameliorate COVID-19 severity [38]. New information is constantly being added to 
improve the understanding of SARS-CoV-2 and COVID-19.

 Influenza Virus: A Case Study

The influenza virus is a segmented, negative-strand RNA virus of the family Orthomyxoviridae. The 
outer structure is composed of a lipid bilayer with two predominant glycoproteins, hemagglutinin 
(HA) and neuraminidase (NA). These viral proteins facilitate viral entry and exit through binding of 
sialic acid residues on host cells, allowing the influenza virion to infect host cells [39]. There are four 
known types of influenza virus, classified as influenza A, B, C, and D. Influenza A and B cause most 
human illness and have 8 RNA segments encoding 11 viral proteins. Influenza C and D both have 7 
RNA segments with 9 viral proteins, with influenza C rarely occurring in humans and causing mild 
illness [40] and influenza D mostly affecting cattle [41]. Influenza A viruses are further classified by 
subtype depending on the HA and NA viral proteins, with HA having 18 different subtypes and NA 
11. Other important proteins for influenza virus replication include the RNA-dependent RNA poly-
merase chain complex (PA, PB1, and PB2), the ion matrix channel protein (M), and the nucleoprotein 
(NP) [42]. Current nomenclature for influenza viruses follows international standards set by the WHO 
in 1979 [43], where influenza viruses are named by (1) antigenic type (A, B, or C), (2) host of origin, 
(3) geographical region, (4) strain number, (5) year of isolation, and (6) the hemagglutinin or neur-
aminidase description (e.g., H1N1). For example, the 2009 pandemic swine flu caused by influenza A 
(H1N1) virus is named “A/California/7/2009 (H1N1).”

Infection with influenza virus results in respiratory illness commonly referred to as the flu. 
Symptoms include fever (over 100 °F), chills, headaches, fatigue, cough, and body aches or pains. 
Unlike other respiratory viral infections, influenza has a fast onset and can last up to 14 days [44]. 
Transmission occurs between humans during colder winter months through airborne droplets of 
infected hosts, causing significant morbidity and mortality [45, 46]. Influenza-related complications 
include viral or bacterial pneumonia, dehydration, and death [47]. Due to their highly mutable 
nature, influenza viruses go through continual antigenic drift as a result of minor changes in HA or 
NA. This subtle adaptation allows the virus to evade the host antibody response and infect otherwise 
immune- protected populations [48]. Occasionally influenza viruses can go through a major anti-
genic shift usually through a zoonotic transfer from swine or birds to humans, resulting in a dramatic 
change in viral proteins and causing pandemic outbreak as evidenced by the 2009 swine H1N1 pan-
demic [49, 50].

Yearly vaccination remains the primary method of influenza prevention. In general, vaccines target 
the adaptive immune system by eliciting immunological memory through a protective antibody 
response and cellular or T cell response. For influenza vaccines, yearly formulations target HA pro-
teins as they are the most abundant glycoprotein and critical for viral envelopment into the host cell 
[39, 51, 52]. Antiviral therapies, however, target influenza NA proteins to prevent the spread of influ-
enza after infection [40]. Despite these developments, each year 5–15% of the world population con-
tracts influenza virus, causing approximately half a million cases of severe illness, influenza-related 
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complications, and death. Importantly, young children, the elderly, and individuals with chronic dis-
eases are particularly susceptible to influenza [53].

The remainder of this chapter will focus on what is currently known about the impact of nutritional 
status on influenza infection.

 Influenza and the Host-Nutrient Environment

Nutrition influences the immune response to infectious diseases in numerous ways. Figure 5.1 pro-
vides an overview of the immune response to influenza virus infection/vaccination and the points at 
which host nutrition impacts these responses. Micronutrients facilitate the production of enzymes, 
hormones, and other constituents essential for growth, development, and metabolism of innate and 
adaptive immune cells (see Chap. 3) [6]. Macronutrients provide the amino acid building blocks and 
metabolic fuels required for these cells to develop, function, and survive. On a global scale, malnutri-
tion and infection remain the cause of over half of preventable deaths worldwide, especially in 
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Fig. 5.1 Immune response to influenza virus in the malnourished host. Influenza infection of the respiratory epithelium 
elicits a robust innate and adaptive immune response, hallmarked by production of chemoattractants, inflammatory 
cytokines, and neutralizing antibodies. In malnutrition (red), impairments in numerous immune response mechanisms 
result in greater inflammation and reduced viral clearance. These reductions in immune cell-mediated cytokine and 
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growth factor beta, Treg T regulatory cell, Teff T effector cell. (Reprinted with permission from Karlsson and Beck [257])
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children [54]. However, recent trends in obesity rates in resource-rich and resource-poor nations dem-
onstrate a strong link between obesity and infectious disease outcomes [55]. Lack of proper nutrition, 
whether it is micronutrient deficiencies, stunting or wasting from caloric malnutrition, or even obe-
sity-related malnutrition, can lead to decreased immune function and increased susceptibility to infec-
tion [54, 56, 57]. What has become known as the “triple burden of malnutrition” is a concern for many 
resource-poor countries, in which stunting or wasting, micronutrient deficiencies, and obesity are all 
present together within the population.

Furthermore, infection can worsen malnutrition through several mechanisms such as infection- 
associated anorexia, altered metabolic rate, and altered dietary absorption, further complicating infec-
tion susceptibility and severity [58]. Indeed, the frequency of infectious diseases has been shown to 
increase the risk of poor nutrition [59]. Nutritional status of the host has also been shown to affect the 
invading pathogen itself. Host nutritional status, especially micronutrient status, can drive pathogen 
mutation and evolution [60]. Therefore, it is apparent that the interactions between nutritional status 
and infectious disease are not unidirectional and the degree of interplay between host, pathogen, and 
nutrition can become extremely complex (see Chap. 1) [61].

 Malnutrition, Obesity, and the Triple Burden

Malnutrition and infection remain a critical public health problem accounting for the largest number 
of preventable deaths and disabilities worldwide. Chronic undernutrition, which can lead to stunting, 
defined as low height for age, and/or wasting, low weight for height, is predictor of poor outcomes 
from infections [62]. For influenza virus, children under the age of 5 are at high risk for influenza 
infection, comorbidity, and death [63]. Further, malnutrition is recognized as a risk factor in this 
already vulnerable population. However, recent meta-analyses acknowledge the lack of information 
on undernutrition and influenza infection and on vaccination efficacy and effectiveness, especially for 
low- to middle-income countries like those in Africa [64, 65].

Recently, data from influenza-associated hospitalizations in two provinces of South Africa from 
2012 to 2015 identified children under 59  months and adults over age 65 as having the greatest 
adjusted odds ratio (aOR) of influenza-related hospitalizations compared to individuals age 5–24, 
with similar findings to those seen in high-income countries. Alarmingly, malnourished children (2.4 
aOR) and obese adults (21.3 aOR) had even greater risk of influenza hospitalization [66]. In mice, 
protein malnutrition has been shown to impair antibody production and cytotoxic CD8+ T cell func-
tion, while increasing lung inflammation and mortality following influenza infection (see Chap. 3) 
[6]. However, return to an adequate protein diet improved viral clearance and protective immunity 
upon influenza viral challenge [67].

Considered by some as a modern phenomenon, obesity has exploded within the past few decades 
[68]. Defined as a body mass index (BMI) or weight by height ratio of 30.0 kg/m2 or greater, obesity 
results from chronic excess caloric consumption beyond energy expenditure. For the first time in his-
tory in 2014, obese adults outnumber underweight adults worldwide, with 10.8% of men and 15.9% 
of women classified as obese [68]. In the United States alone, obesity prevalence has reached 36.5%, 
with another one third overweight (BMI 25.0–29.9 kg/m2) [69]. Since its meteoric rise beginning in 
the 1960s, obesity has demonstrated a strong and causal relationship with chronic conditions like type 
II diabetes, kidney disease, and cardiovascular disease. This phenomenon and the various metabolic, 
psychological, and social factors responsible have been reviewed thoroughly elsewhere [70–72].

Obesity has also been linked to increased incidences of infectious diseases. Following the 2009 
swine H1N1 influenza pandemic, obesity was recognized as an independent risk factor for greater 
influenza-related morbidity and mortality [73]. Obese subjects also have increased rates of hospital-
ization and death from both seasonal and pandemic influenza infection [74–76], with obese-related 
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complications independent of other comorbidities [73]. Influenza vaccination of obese adults com-
pared to lean adults results in decreased antibody response at 1-year post-vaccination [77]. Interestingly, 
influenza-vaccinated overweight and obese adults have decreased CD4+ and CD8+ T cell activation 
and function [51], with two times greater risk of influenza or influenza-like illness despite equivalent 
30-day post-vaccination antibody response [78].

Unlike specific micronutrient deficiencies, obesity is a multisystem disorder and is inherently a 
metabolic disease characterized by alterations in systemic metabolism, including insulin resistance, 
elevated glucose levels, altered adipokines (e.g., increased leptin, decreased adiponectin), and lipid 
accumulation, contributing to the development of “metabolic syndrome.” In any given year, roughly 
3000–56,000 people die from influenza in the United States [79]. In pandemic years, as was the case 
in 2009 with the pandemic H1N1 influenza outbreak, roughly 500 million people in high-risk popula-
tions like children, the elderly, and the obese are at greater risk of influenza infection. Despite the 
observation of greater risk to obese individuals of influenza, the mechanistic causes of impairment 
against influenza immunity remain largely unknown. For insights into some potential mechanisms 
through which obesity may impair the immune response to influenza, refer to the work by Karlsson 
et al. [80].

 Vitamins and Influenza Virus

Vitamins are essential, organic nutrients that are critical for immune defenses. As organic com-
pounds, vitamins are extremely susceptible to degradation by heat, pH, and air. Therefore, obtaining 
vitamins from food and other sources into the body can be difficult due to inactivation by cooking, 
storage, and even simple exposure to air. This instability and the fragile nature of these compounds 
and decreased access to a varied diet of fruits and vegetables mean that vitamin deficiencies are 
widespread in many developing countries. Vitamin deficiencies impair both innate and adaptive 
immunity and can be important immunomodulators during infection (see Chaps. 2 and 3) [6, 81]. 
Interactions of vitamins with the immune system and impact on influenza infection are outlined in 
Table 5.1.

 Respiratory Infections and Vitamin A

Vitamin A deficiency is a major nutritional concern, especially in low-income countries, and can lead 
to many health consequences. Xerophthalmia, the most specific vitamin A deficiency, is the leading 
preventable cause of blindness in children, and it is estimated that approximately 190 million 
preschool- aged children and 19 million pregnant women have low vitamin A status worldwide [82]. 
Vitamin A is vital for processes such as vision and reproduction [83]; however it is also apparent that 
vitamin A is important for the resistance to infection. Indeed, vitamin A deficiency is implicated as a 
major contributor to the high infectious disease mortality rates in young children [84, 85]. The role of 
vitamin A in immune function was first recognized at the beginning of the twentieth century, when it 
was dubbed the “anti-infective” vitamin [86, 87]. Since then, the role of vitamin A in modulating 
immunity and its anti-infective effects have been well studied for reducing the mortality of measles 
and diarrhea [85, 88], and vitamin A is integral in maintaining the respiratory and intestinal epithe-
lium [89]. Vitamin A-deficient children have an increased risk of developing respiratory disease [90]. 
Interestingly, while it appears that correction of xerophthalmia can provide modest benefit in decreas-
ing disease incidence [90, 91], studies suggest that vitamin A supplementation does not diminish 
severity or duration of respiratory infections and may slow recovery in individuals with normal 
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vitamin A levels. Supplementation over dietary needs may even exacerbate damage to the respiratory 
tract by increasing the inflammatory response [88, 92–95].

The majority of epidemiological observations and clinical trials looking at vitamin A and respira-
tory infections have focused on all-cause pneumonia and respiratory syncytial virus (RSV) infections, 
so little is known about the specific association between influenza and vitamin A in the clinical set-
ting. In the laboratory setting, neither vitamin A deficiency nor high-level dietary vitamin A influ-
enced influenza morbidity or mortality or viral clearance in mice [96, 97]. Vitamin A deficiency did 
decrease regeneration of the normal respiratory epithelium in vitamin A-deficient mice, suggesting 
increased risk of secondary bacterial infections in individuals with xerophthalmia [97]. Changes in 
vitamin A status do appear to affect influenza A-specific immunoglobulin (Ig) levels, with deficiency 
decreasing the salivary IgA response and increasing serum IgG [97–99], while high-level dietary 
supplementation increases IgA and decreases IgG [96]. Therefore, the utility of vitamin A supplemen-
tation in treating or preventing influenza infection appears to be limited; however, in mice and humans, 
vitamin A supplementation has been shown to improve antibody responses to vaccination [56, 100–
103], and vitamin A preparations have been successfully used as parts of adjuvant formulations [104].

 Influenza and Vitamin D

Vitamin D insufficiency and hypovitaminosis D are major global concerns, estimated to affect over 
one billion people worldwide [105–107]. Obtained through both diet and UV-mediated synthesis via 
exposure to sunlight, the classical role of vitamin D is to regulate calcium homeostasis and skeletal 
health, and deficiency is associated with rickets and osteoporosis (see Chap. 2) [81, 107]. However, 
the prevalence of the vitamin D receptor (VDR) throughout the body indicates vitamin D is important 
for more than skeletal health [108, 109]. The discovery that cells of the immune system express the 
VDR and can metabolize the active form of vitamin D (calcitriol; 1,25-dihydroxyvitamin D) suggests 
vitamin D is important for immune responses, especially expression of antiviral and inflammatory 
signals to combat infectious disease. Undeniably, vitamin D has since been shown to be important for 
the response to both bacterial and viral pathogens. The specific effects of vitamin D on the immune 
and adaptive response to infection have been reviewed previously [110–114].

Numerous in vitro studies demonstrate how changes in the immune system lead to increased risk 
of respiratory infections [115], and early studies in mice suggested a link between low vitamin D 
status and greater influenza infection [116]. In humans, an inverse association between serum vitamin 
D levels and incidence of respiratory infection has been observed in both adults and children [117]. 
Interestingly, it has been hypothesized that there may be a seasonal association between vitamin D 
status and influenza infection. While vitamin D can be obtained from dietary intake, very few foods 
naturally contain significant amounts of vitamin D. Therefore the most important source of vitamin D 
is through UV-B exposure from sunlight on the skin. Increased incidence of influenza (and other 
respiratory infections) occurs in the winter months during times of decreased sunlight and vitamin D 
levels; however, the seasonal fluctuations in vitamin D levels do not consistently match seasonal pat-
terns in influenza, suggesting vitamin D is unlikely to be a significant factor in the seasonality of 
influenza [118]. In terms of vitamin D supplementation to prevent respiratory illness, UV radiation 
exposure and cod liver oil supplementation have both been found to decrease incidence of viral respi-
ratory infections [119]; however, influenza-specific results have been inconclusive. Some studies have 
shown a modest protective effect, while others show no differences between supplemented and unsup-
plemented groups [120–123]. In the case of influenza vaccination, vitamin D deficiency has not been 
associated with decreased vaccine response [124, 125]. Meanwhile, data on vitamin D supplementa-
tion show some modest increases in vaccine response observed in vivo [102], but no conclusive evi-
dence has been observed in human trials [126, 127].
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 Influenza and Vitamin E

In humans, vitamin E deficiency is extremely rare. However, vitamin E deficiency does occur in 
infants and as a result of genetic abnormalities in fat absorption [128]. As a fat-soluble vitamin, 
Vitamin E functions as an antioxidant mainly by preventing the oxidation of polyunsaturated fatty 
acids in membranes [129]. Vitamin E is comprised of a family of tocopherols and tocotrienols. Alpha- 
tocopherol is the form preferentially secreted by the liver into the plasma for uptake by tissues. 
Vitamin E supplementation has also been shown to support the immune response and is associated 
with increases in lymphocyte proliferation in response to mitogen stimulation as well as NK cell and 
macrophage activity (see Chap. 2) [81]. In addition, vitamin E supplementation has been associated 
with increased resistance to infection, especially in the elderly [129].

Vitamin E supplementation has been found to significantly improve the response to influenza both 
in vivo and in human trials. Mice given vitamin E-supplemented diets display significantly decreased 
morbidity and lung viral titers following influenza infection compared to controls [130, 131]. Vitamin 
E supplementation was also shown to stabilize influenza-associated lipid peroxidation [132, 133]. In 
addition, when vitamin E supplementation was compared with other forms of antioxidants, vitamin E 
was the only effective agent at reducing both morbidity and viral titer following an influenza chal-
lenge, indicating that other mechanisms may be associated with vitamin E intake aside from its anti-
oxidant properties [134]. Vitamin E supplementation has also been shown to alleviate secondary 
bacterial infection following an influenza challenge in a mouse model [135]. Vitamin E has also been 
found to be a potent component of adjuvant preparations, and α-tocopherol is a critical component of 
a new generation of squalene-containing oil-in-water emulsion adjuvants licensed for use in influenza 
vaccines [136, 137].

 Influenza Vaccination and Vitamin K

The role of vitamin K in coagulation and in skeletal health has been well established; however, vita-
min K is one of the least studied vitamins in terms of its impact on immune function [138]. Vitamin 
K deficiency is rare in healthy adults, but newborn infants are particularly susceptible, and prophylac-
tic vitamin K supplementation is common practice [139]. While the role of vitamin K in influenza 
infection has not been studied, there have been some reports that influenza vaccination can have nega-
tive interactions with vitamin K antagonist (VKA) therapies. Observational studies suggest that influ-
enza vaccination during a VKA regimen could increase the anticoagulation function of these drugs. 
However, to date, this theory has not been proven, and clinical trials have indicated that influenza 
vaccination is safe in individuals receiving VKAs [140, 141].

 Vitamin B Complex and Influenza Vaccine Response

The B vitamin group consists of 8+ chemically distinct compounds that are vital for cell metabolism. 
The better understood B vitamins involved in immune function include B6 (pyridoxine), B9 (folate), 
and B12 (cobalamin), which are implicated in cell proliferation and erythrocyte production as well as 
protein biosynthesis (see Chap. 2) [81]. Deficiencies in these nutrients result in anemia, making it dif-
ficult to determine whether the immunocompromised state is due to vitamin deficiency or from the 
more general state of anemia. Vitamin B6 is essential for nucleic acid and protein biosynthesis and, 
therefore, is vital for antibody and cytokine production. Human B6 deficiency and marginal B6 
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deficiency result in decreased lymphocyte maturation, growth, and activity, as well as decreased anti-
body production, and supplementation can reverse these effects [142–144]. Vitamin B12 is involved in 
one- carbon metabolism, and vitamin B12-deficient patients have been shown to have altered lympho-
cyte populations and decreased NK cell activity [145]. In addition, B12 deficiency has also been asso-
ciated with decreased antibody response to vaccination [146]. Due to the difference in each of the B 
complex vitamins, it is difficult to determine the exact impact on influenza infection; however, deficits 
in vitamin B6 and B12 have been associated with a higher burden of respiratory infections and impaired 
immune responses in elderly individuals [147]. In addition, vitamin B deficiency has been associated 
with decreased antibody responses to influenza vaccination in mice [148], and B12 supplementation 
has been shown to increase vaccine response in pregnant women [149].

 Influenza Infection and Vitamin C (Ascorbic Acid)

While severe vitamin C deficiency, also known as scurvy, is relatively rare in developed countries, 
almost 10–14% of the population is thought to be below the recommended dietary levels of vitamin C 
intake, mainly in low-income groups [150, 151]. Vitamin C is essential for mammalian health and is 
important in many vital processes throughout the body [152]. Interestingly, while vitamin C is synthe-
sized from glucose in the liver of most mammalian species, humans, nonhuman primates, guinea pigs, 
and some fruit bats have evolved to lack the key enzyme to endogenously synthesize vitamin C [153]. 
Therefore, it is vital that humans have adequate vitamin C in their diets. As an antioxidant vitamin, the 
effects of vitamin C on the immune system have been well studied. Antioxidants, such as vitamin C, 
are particularly important for cells of the immune system that are exposed to high concentrations of 
reactive oxygen species (ROS) as a result of immune activation (see Chap. 2) [81]. While ROS play 
essential roles in killing invading pathogens, free radicals and lipid peroxidation are immunosuppres-
sive, and antioxidants serve to counteract their effects [59, 142, 154]. Ascorbic acid markedly enhances 
immune functions, is found in high concentrations in leukocytes, and can be readily utilized during an 
infectious event. In addition, animals deficient in vitamin C have impaired immune function, and high 
levels of vitamin C can increase the immune response [138, 155, 156]. While the exact mechanism by 
which vitamin C enhances immune response has not been fully studied, it is generally accepted that 
vitamin C can “boost” immune function. Indeed, high daily intake of vitamin C has been considered 
to be preventive of many infections [157–159].

There has been considerable interest in vitamin C supplementation during influenza infection, 
spurred, perhaps, by Linus Pauling’s famous claim that ascorbic acid has a physiologic effect on the 
common cold [160]. Since then, a number of studies have been conducted to observe the effects of 
ascorbic acid on respiratory infections both in vivo and in vitro. Based on reviews of these studies, 
vitamin C has been hypothesized as a potential preventative for the next influenza pandemic [161, 
162]. Similar to the B complex vitamins, vitamin C deficiency has been associated with higher burden 
of respiratory infections and impaired immune responses [147]. In laboratory mice lacking the enzyme 
necessary to form endogenous vitamin C, ascorbic acid deficiency increased influenza-associated 
lung pathology but not viral titers [163]. In addition, vitamin C has been shown to be associated with 
the generation of antiviral cytokines critical for early protection against influenza infection [164]. 
While there appears to be some contention in the literature, clinical trials have shown a positive cor-
relation between high-dose vitamin C supplementation and prevention of cold and flu symptoms; 
however, only a few trials have observed effects on clinically confirmed influenza. Supplementation 
of vitamin C to hospitalized influenza-infected patients appears to reduce the severity of influenza- 
related complications and duration of stay [165]. In addition to the immune effects, vitamin C has also 
been shown to have influenza-specific antiviral effects, significantly reducing influenza virus prolif-
eration (Reviewed in [161, 162]). To date, no significant information is available on vitamin C status 
and response to influenza vaccination itself.
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 Minerals and Influenza Virus

There has been a significant amount of research in the last part of the twentieth century and 
early twenty-first century establishing the importance of trace element nutrition in protection 
against infection. Generally, trace elements have been found to be extremely important for 
number and function of immune cells, and correction of deficiency can generally restore 
immune functionality [166]. Macrominerals include magnesium, calcium, phosphorous, and 
potassium. A large number of trace minerals have been found in human tissues, but only a 
few of these have been found to be essential for survival. These elements include cobalt, 
copper, iodine, iron, manganese, molybdenum, selenium, and zinc. There is a lack of consen-
sus on the essentiality of arsenic, boron, nickel, and vanadium for human health; however; 
they are considered to be essential for some species. In addition, fluoride and chromium have 
also been implicated in human health. Deficiencies in essential trace elements can arise 
through inadequate intake from poor diet or from a number of secondary pathways including 
genetic factors, nutritional interactions, physiological stressors, and exposure to drugs or 
other chemicals or toxicants. Prolonged deficiency in an essential mineral can ultimately 
result in death of an individual. In addition to deficiency, host needs of these nutrients must 
be balanced since acute high- level or chronic low-level exposure can result in toxicity that 
can also have deleterious effects. While much remains to be learned about the interactions of 
these elements and resistance to influenza infection, several elements have been studied for 
their roles in the response to influenza. Interactions of essential trace elements with the 
immune system and impact on influenza infection are outlined in Table 5.2.

 Calcium (Ca) and Influenza Viral Replication

Calcium is required for bone formation, repair, and supporting skeletal growth. Due to the 
lack of biochemical indicators of Ca status, the global prevalence of calcium deficiency is 
unknown; however, it can be estimated by dietary intake. Ca intakes are the highest in North 
America and Europe, and the lowest intakes are found in developing countries, especially in 
Asia. The association between hypo- or hypercalcemia and influenza infection has not been 
well studied. However, Ca is also a critical cellular signal involved in numerous processes 
throughout the cell (see Chap. 2). Strong evidence supports the role of Ca in influenza A 
virus entry into the cell through Ca-binding domains on neuraminidase as well as 
Ca-dependent signaling involved in clathrin-mediated and clathrin- independent endocytosis 
of influenza A virus [167]. Several antiviral medications for influenza target Ca-mediated 
signaling in order to reduce symptoms and disease burden. For example, the Ca channel 
blocking drugs, verapamil and chlorpromazine, limit influenza viral replication by inhibiting 
calmodulin- dependent signaling and viral assembly [168].

 Magnesium (Mg) and Influenza Inflammation

Of the macrominerals, magnesium has been the most studied in connection to the immune 
response. While Mg deficiency is rare in humans, low serum Mg (hypomagnesemia) is quite 
common. It has been estimated that most population groups do not ingest the recommended 
daily allowance of Mg, most likely due to the increased consumption of refined and pro-
cessed foods that are generally low in Mg. Indeed, only 48% of individuals in the United 
States are estimated to intake the recommended levels of Mg [169, 170]. Mg is involved in a 
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number of metabolic processes including immune function (see Chap. 2). In experimental animal 
models, Mg deficiency has been associated with thymic atrophy as well as decreased cellular and 
humoral responses [171]. In addition, hypomagnesemia is considered to cause a pro-inflammatory 
state and is a potent inducer of a generalized inflammatory response in the body [172]. While very few 
studies have looked at hypomagnesemia or Mg deficiency in regard to influenza infection, there has 
been some association of low serum Mg with hospitalization for acute respiratory infection in chil-
dren [173]. In addition, the inflammation associated with low Mg status has been implicated in exac-
erbating the development of both asthma and diabetes, known risk factors for susceptibility to severe 
influenza infection [53, 170, 174].

 Phosphorous (P)

Following Ca, phosphorous is the most abundant mineral in the body. While P deficiency in healthy 
individuals is rare, diabetes, celiac disease, starvation, and alcoholism can all decrease levels of phos-
phorous in the body. In addition, taking certain antacids and diuretics can also lower P levels [175]. 
The association between low P levels and influenza infection has not been well studied; however, low 
P is associated with high-risk conditions known to increase severity of influenza.

 Influenza and Potassium (K)

Potassium) is a vital nutrient in the body essential for nerve and muscle function. Hypokalemia (low 
K) can be a serious concern and, at its most severe, can lead to abnormal heart function. Most com-
monly, low K is a result of excessive loss through urination, vomiting, or the digestive tract [175]. 
While low K has not been associated with increasing influenza infection severity per se, influenza 
infection has been associated with causing low K through gastrointestinal distress associated with the 
clinical manifestations [176]. These deficiencies are mainly seen in high-risk groups such as the 
elderly and children who may develop more severe forms of disease.

 Influenza and Copper (Cu)

Copper is found in a number of foodstuffs and is required for several processes within the body. While 
Cu was clearly demonstrated to be an essential trace element for mammalian life in the 1920s and 
1930s, Cu deficiency was not described until the 1960s. Severe Cu deficiency from food intake is rare; 
however, long-term, marginally acquired Cu deficiency may be underdiagnosed, as it has been esti-
mated that 25% of people do not ingest the recommended amount of Cu. Cu deficiencies can also 
occur from genetic abnormalities, such as Menkes syndrome, or from secondary deficiencies associ-
ated with ingestion of other nutrients such as molybdenum [177, 178]. Similar to deficiencies in 
Vitamin E and selenium, Cu deficiency has been associated with increased levels of oxidative stress, 
and Cu is essential to the immune system in humans and animals for its antioxidant properties (see 
Chap. 2). Numerous studies have shown that both Cu deficiency and high intake can lead to impaired 
immune function [142, 179, 180] and increased severity of viral infection [181]. While humans and 
other mammals are generally protected from excess dietary Cu levels, Cu overload can occur via 
ingestion or genetic abnormalities [182]. Increased Cu intake has been shown to cause immunosup-
pression in mice [183]. While not much is known about Cu toxicity and influenza, severe complica-
tions from influenza infection have been associated with Wilson’s disease [184].
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 Iron (Fe) and Influenza Infection

Despite an abundance of iron on earth, Fe deficiency anemia is one of the most common nutrient 
deficiencies worldwide [185]. Several reviews have addressed the associations between Fe and the 
immune system [186–191]. Interestingly, Fe status can act as double-edged sword to the host. While 
Fe is necessary for proper immune function, invading pathogens also require access to Fe for replica-
tion and survival as well. Therefore, it is necessary for the host to restrict pathogen access to Fe while 
maintaining adequate Fe levels to mount an adequate immune response and to avoid excess Fe that 
could cause free radical damage. Many cells of the immune system play a part in this homeostasis, 
especially macrophages. The interactions between Fe and susceptibility to infection are complex. Fe 
is required for many aspects of the immune response, and inadequate intake of Fe can lead to decreased 
neutrophil function, decreased numbers and function of lymphocytes and NK cells, and decreased 
cytokine production (see Chap. 2) [81]. These changes can be reversed by Fe supplementation. In 
addition, many Fe-associated genes and proteins, such as transferrin and ferritin, are present in cells 
of the immune system and certain Fe-containing proteins, such as lactoferrin, have antimicrobial 
properties themselves [192]. Fe overload and supplementation have also been associated in vivo and 
in human populations with increased susceptibility to infection, especially from pulmonary tubercu-
losis and malaria.

Fe-containing enzymes have also been investigated for their antiviral activity against influenza. 
Lactoferrin has been found to inhibit influenza-associated cytopathic effects in vitro [193, 194]. While 
severe anemia has been associated with decreased humoral responses to influenza vaccination in the 
laboratory setting, it does not appear that moderate Fe deficiency severely impacts the humoral 
response in humans [195].

 Selenium (Se) and Influenza

Selenium has been shown to be particularly important for immune function (see Chap. 2) [196, 197]. 
Se is a naturally occurring, essential trace element, and the penultimate source of Se is from rocks and 
soils. Generally limestone and sandstone contain lower levels than shale. Se bioaccumulates in food 
chains, and dietary uptake of Se depends on concentrations in water and food sources. There are 
numerous places on the planet with inadequate Se in soil resulting in deficiency in humans and domes-
tic animals fed with plants grown in Se-deficient soils [198]. Se is very important for several aspects 
of the immune system and susceptibility to disease. The significance of host Se status is based on 
properties of the amino acid selenocysteine acting as the catalytic center of several selenoenzymes 
such as glutathione peroxidase (GPx). Selenoproteins are involved in the activation, proliferation, and 
differentiation of cells that drive innate and adaptive immune responses (see Chap. 2) [81]. Dietary Se 
and selenoproteins are important for initiating or enhancing immunity, and they are also involved in 
immunoregulation, which is crucial for preventing excessive responses [197].

Yu et al. [199] demonstrated that supplementing mice with Se markedly reduced mortality from 
H1N1 infection. Although there were no differences in viral titers between supplemented and non- 
supplemented mice, decreased TNF-α and IFN-γ in the non-supplemented group demonstrate that Se 
can enhance the immune response. A deficiency in Se has also been reported to alter epithelial cell 
morphology and the response to influenza infection [200]. Sheridan et al. [201] demonstrated that 
mice with reduced selenoproteins due to expression of a transgene carrying a mutant selenocysteine 
tRNA had altered chemokine levels and slower viral clearance. Interestingly, Li and Beck [202] saw 
an increased survival in Se-deficient mice infected with a highly pathogenic mouse strain of influenza, 
likely due to reduced lung inflammation as a consequence of Se deficiency. Finally, a deficiency in Se 
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may allow increased mutations to occur in the influenza viral genome, presumably due to the reduced 
immune response [203, 204].

 Zinc (Zn) and Respiratory Infection

Zinc is vital for catalytic processes as well as functioning as a structural and regulatory ion. It can also 
act as an antioxidant, and Zn is an important element in prevention of free radical formation. The 
essentiality of Zn for animals and plants has been known since the mid-1800s; however, Zn deficiency 
was not thought to be an issue in humans until the mid-1900s when it was identified in populations in 
the Middle East. Today, it is estimated that Zn deficiency affects billions of individuals in the develop-
ing world, and even a small deficiency in Zn can have deleterious effects resulting in premature loss 
of life, most likely from increased susceptibility to infection. Approximately 12% of the US popula-
tion does not consume the estimated average requirement of Zn. The interactions of Zn and the 
immune system have been recently reviewed, and Zn deficiency has been shown to be essential for the 
functions of neutrophils, NK cells, and macrophages as well as the growth of T and B cells (see Chap. 
2) [81]. Zn-deficient individuals are thought to be extremely susceptible to parasitic, viral, and bacte-
rial infections. While Zn supplementation can help to ameliorate immune defects in Zn deficiency, 
long-term, high-dose intake of Zn may provoke accumulation and subsequent immune deficiency 
[205–209].

While it does not appear that Zn intake has been directly correlated with incidence or severity of 
influenza infection, Zn has been found to be important for respiratory diseases. Zn supplementation 
has been shown to be beneficial for decreasing duration and severity of symptoms of the common cold 
in several studies [210]; however, others have shown no association. The differences in these trials 
may be due to inadequate sample sizes, dosages, or formulations to observe adequate protections. In 
addition, Zn supplementation has been shown to possibly decrease the risk of upper respiratory tract 
infections and pneumonia [166, 205]. In terms of vaccination, while Zn supplementation has been 
shown to increase seroconversion following an oral cholera vaccine in children [211] and can raise 
immune system responsiveness in immunocompromised individuals, no beneficial effect has been 
seen between Zn supplementation and influenza vaccination [212, 213]. Due to the high prevalence of 
mild Zn deficiency and the finding that Zn supplementation can improve immune response to infec-
tion, it has been suggested that Zn should be considered as a possible preventative therapy for influ-
enza infection [214, 215].

 Arsenic (As) and Influenza

While there is a lack of consensus on the essentiality of arsenic for human health, As is a recognized 
toxicant and carcinogen. Hundreds of millions of people worldwide ingest excessive amounts of As 
through drinking water and food, and chronic exposure to As is considered a significant environmen-
tal health concern. In the United States alone, 25 million people may be exposed to As levels high 
above the standard for exposure through consumption of water from private wells [216–218]. Chronic 
As exposure is associated with a number of diseases including certain cancers, cardiovascular disease, 
and diabetes [216, 219–221]. As has been found to be a potent immunomodulatory agent [222].

Chronic As exposure has been associated with pulmonary effects such as cough and shortness of 
breath, and As has been linked with a number of pulmonary disorders such as impaired lung function, 
lung cancer, and chronic respiratory illness [216, 223]. Recently, As exposure has also been found to 
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alter the immune response to influenza infection. Spurred by the ecological association between high 
As exposure in the Southwestern United States and Mexico and the emergence of the 2009 influenza 
H1N1 pandemic, it was hypothesized that chronic As exposure could exacerbate influenza infection. 
Mice exposed to high levels of As in their drinking water experienced significantly increased morbid-
ity and viral titers compared to untreated controls following influenza infection, most likely due to a 
compromised immune response [224]. In addition, taking data from the 2009 pandemic, As exposure 
has also been quantitatively linked with severity of influenza infection in a dose-dependent manner 
[225]. Early life exposure to As can also affect the response to influenza virus infection. Mice exposed 
to As in utero and throughout postnatal life were infected with influenza at 1 week of age. Those 
exposed to As had reduced lung clearance of the virus and increased inflammation compared to mice 
not exposed to As. In addition, at 8 weeks post-influenza infection, As-exposed mice had increased 
airway hyperresponsiveness, with defects in lung mechanics [226]. While the mechanistic links 
between As exposure and increased risk of influenza infection are still being investigated, it does 
appear that chronic As exposure is associated with increased influenza severity.

 Life Stages Influence Micronutrient Needs and Influenza

 Pregnancy/Breastfeeding

The health and nutrition of pregnant and lactating woman has always been a major concern, and the 
nutritional and immune status of the mother can affect not only her own health but also the health of 
her child. During the gestational period, increased requirements for several nutrients can occur in 
varying amounts [227, 228]. The most frequent nutritional complication associated with pregnancy is 
anemia from Fe and/or folate deficiency [229]. In addition, pregnant women have increased require-
ments for other specific nutrients such as vitamin A and Zn [230, 231]. Indeed, approximately 80% of 
pregnant women worldwide may be Zn-deficient [232]. Aside from changes in nutritional status and 
their impact on immune function, the altered immune status of pregnant women required for fetal 
growth can also be favorable for the development of certain infections. The burden of pregnancy and 
influenza infection has been reviewed in depth elsewhere [233].

Lactation is even more nutritionally demanding for a woman than pregnancy and is also an 
extremely vulnerable time for the infant. Indeed, breastfeeding has been associated with protection 
from gastrointestinal and respiratory infections in infants [234]. In regard to influenza infection, 
maternal IgA from breast milk provides vital mucosal protection against influenza virus by directly 
binding sialic acid residues to the C-terminal portion of IgA, preventing neuraminidase activity [235]. 
This type of passive immunity, where antigen resistance is acquired from an external source like 
breast milk, helps provide protection for the infant while the infant’s immune system develops. 
Additional immunological and non-immunological factors provide protective functions to infants 
against influenza infection. These include cytokines such as type I interferon (IFN), transforming 
growth factor (TGF) alpha, immune cells (B cells, macrophages, T cells, NK cells), and non-immune 
factors found in breast milk [236].

Aside from maternal IgA and IgM which help to protect the infant from infection, it is well known 
that milk also contains various non-antibody components with known antiviral activity, such as lacto-
ferrin [192, 237]. Lactoferrin, found in the colostrum, inhibits influenza absorption while enhancing the 
cellular machinery in breast milk [238]. Other bioactive compounds such as glycans and lipoprotein 
lipases can prevent influenza infection through viral envelope inactivation and cell lysis [239, 240]. 
While vitamin A requirements increase only slightly during pregnancy, these requirements almost dou-
ble during lactation since healthy term infants are born with very low stores of vitamin A and must 
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obtain their stores from lactation. While many micronutrients remain adequate in breast milk despite 
maternal undernutrition, retinol in breast milk varies with maternal vitamin A status [241].

 Aging

In 2017, approximately 13% of the global population was aged 60 or older, and 2% were over the age 
of 80. These numbers are projected to triple by 2050 [242]. Aging is associated with significant under-
nutrition and subsequent adverse health outcomes [243]. Decreases in appetite and/or food intake 
result in “anorexia of aging” caused by a failure to ingest essential nutritional requirements. Coupled 
with physiological changes associated with aging, this anorexia can lead to significant deficiencies in 
a number of essential micronutrients [244]. Interestingly, in some populations, micronutrient deficien-
cies are directly associated with a high prevalence of overweight and obesity, suggesting high con-
sumption of energy-dense but micronutrient-poor foods [245, 246].

Vitamin D appears to be particularly affected by aging. Several studies globally have found that the 
majority of free-living adults over 65 years of age have clinical vitamin D deficiency. Aside from 
Vitamin D, it is estimated that almost 15% of elderly individuals have low serum vitamin B12 concen-
trations, and B12 supplementation has been shown to increase innate and adaptive immunity in elderly 
populations [142, 247]. In addition, elderly individuals are also susceptible to Zn deficiency. It is 
estimated that 40% of men and 45% of women over the age of 50 consume less than the estimated 
requirement of Zn and that plasma Zn levels decline with age [248]. Low serum Zn was associated 
with increased risk of mortality, and elderly individuals with normal Zn levels had decreased inci-
dence and duration of pneumonia [249].

It is well established that adults over the age of 65 have greater risk of influenza morbidity and 
mortality [63, 250]. For this reason, elderly adults represent a major population group targeted for 
influenza vaccination programs to help reduce influenza burden. Vaccine effectiveness in elderly 
adults has long been a contentious point, suggested as the primary cause for greater risk in the elderly 
compared to younger adults. Russell et al. [251] compared vaccine effectiveness (VE) of adults over 
65 with younger adults from 2011–2012 to 2015–2016. Their analysis of 20,022 adults contained 
4785 confirmed cases (24%) of influenza within the United States, finding no difference in VE 
between subjects 18–49 years and adults ≥65 years. Furthermore, they found no difference in VE 
influenza subtype (A/H1N1, A/H3N2, or B lineage) [251]. However, influenza vaccine effectiveness 
for elderly adults has previously been reported to be significantly lower in some vaccine seasons [252, 
253], with VE low during years when A/H3N2 was the dominant circulating strain [254]. Decreases 
in nutritional status have been significantly associated with the decreased vaccine responsiveness of 
elderly individuals compared with nutritionally adequate controls [255].

 The Future of Nutrition at the Host-Influenza Interface

As seen in this chapter, the influence of nutrition on influenza is complex. Influenza provides an 
important case study because of the continuous threat of global pandemics from these viruses. This 
significant public health threat was dramatically shown with the so-called “Spanish flu” epidemic of 
1918. Over 50 million persons, mostly previously healthy young adults, are thought to have died on 6 
continents; perhaps the worst pandemic in world history until the HIV/AIDS epidemic was recog-
nized in 1981 [256]. Influenza pandemics continue to occur, increasing the death rate beyond the 
“usual” rate of typical seasonal influenza infections. Because of the ability of segmented influenza 
virus genome to re-assort and our close proximity to both porcine and avian hosts, we face the risk of 
a human-adapted strain that might integrate genetic material from a more virulent avian- or 
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porcine- adapted influenza strain, making a new human pathogen far more lethal. As we have shown 
in this chapter, the nutritional status of the host can make individuals more susceptible, both to epi-
demic and pandemic strains of virus.

Over- and undernutrition, as well as micronutrient deficiencies, play a significant role in increasing 
the risk of influenza morbidity and mortality. The global prevalence of the triple burden of malnutri-
tion (underweight, overweight, and micronutrient deficiencies together) coupled with endemic, 
emerging, and re-emerging infectious diseases makes it imperative to continue to understand the 
nutrition-infection-immunity axis. The increase in obesity and other non-communicable diseases as 
well as the consumption of energy-dense and nutrient-poor foods means that micronutrient deficien-
cies and obesity will continue to be a problem while being coupled with other high-risk nutritional 
states. Interestingly, these deficiencies can occur not only in humans but also in animals that can act 
as vectors and reservoirs such as poultry and swine. Improving nutritional health worldwide is imper-
ative for reducing the burden of infectious diseases, including influenza.
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Chapter 6
Nutrition and Protozoan Pathogens of Humans: 
A Primer

Mark F. Wiser

Abbreviations

AIDS Acquired immunodeficiency syndrome
Th T helper

 Introduction

Protozoa are ubiquitous eukaryotic microbes that are found in nearly all ecological niches. In the taxo-
nomic sense, protozoa do not represent a monophylogenetic group but are a convenient grouping of a 
diverse array of unicellular eukaryotic organisms. In fact, organisms that have been historically clas-
sified as protozoa are found in all eukaryotic supergroups [1]. This diversity is also accompanied by a 
wide range of metabolisms including autotrophic, heterotrophic, and mixotrophic. Although most 
protozoa are free-living, a large number exist in symbiotic or parasitic relationships with other organ-
isms. Of particular relevance to human health, several protozoa are human pathogens and cause 
important human diseases (Table 6.1).

Among the major pathogenic protozoan of humans, there are two major routes of infection: ingestion 
of the pathogen and transmission via a blood-feeding arthropod vector. One exception is Trichomonas 
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Key Points
• Several human diseases are caused by pathogenic protozoa.
• Dietary factors can influence transmission as many protozoal diseases are acquired via 

ingestion.
• Undernutrition, due to its adverse effect on immunity, generally increases the virulence of 
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vaginalis, which is sexually transmitted. Numerous protozoa inhabit the gastrointestinal tract of humans, 
and these are all transmitted via ingestion of the organism. Many intestinal protozoa are considered 
nonpathogenic commensals or only cause mild disease symptoms. However, Entamoeba histolytica, 
Giardia duodenalis, and Cryptosporidium are well-documented pathogens that cause diarrhea. 
Toxoplasma gondii, while also being transmitted via ingestion, affects internal organs rather than the 
gastrointestinal tract. Toxoplasmosis is initiated by the ingestion of undercooked meat containing the 
parasite or food or water that has been contaminated with feces from an infected cat.

Several major protozoan pathogens of humans are transmitted via arthropod vectors. Most notable 
is the malaria parasite, transmitted by mosquitoes, that is a very common infection in some tropical 
regions. Other notable vector-transmitted pathogens include Leishmania, Trypansoma cruzi, and the 
African trypanosomes, which are all phylogenetically related and form a group called the kinetoplas-
tids. Vector-transmitted pathogens can gain access to the circulatory system and disseminate through-
out the body, affecting various internal organs.

The biology of human protozoan pathogens and the diseases they cause have been described in 
detail [2]. This chapter covers the salient features of transmission and pathology for the major proto-
zoal pathogens of humans. The major protozoal diseases include trichomoniasis, amebiasis, giardia-
sis, cryptosporidiosis, malaria, African sleeping sickness, Chagas disease, leishmaniasis, and 
toxoplasmosis. For each of these diseases, aspects of the pathogen’s physiology are discussed in rela-
tion to human nutrition and the pathophysiology of the disease.

 Nutrition and Infection

The relationship between nutrition and infection can be viewed as a two-way street. Nutrition can 
affect pathogens, and at the same time pathogens can impact nutritional status. Currently we have 
limited knowledge about the mutual influences between pathogenic protozoa and nutrition. Broadly 
speaking, however, undernutrition can increase the success of a pathogen, while at the same time 

Table 6.1 Major protozoan pathogens infecting humans

Protozoan Disease Transmission Importance

Trichomonas 
vaginalis

Inflammation of the 
urogenital tract

Sexually transmitted Most common nonviral sexually transmitted 
infection with >140 million cases per year 
worldwide

Entamoeba 
histolytica

Amebic dysentery Fecal-oral An estimated 50 million symptomatic cases 
with 100,000 deaths per year

Giardia duodenalis Diarrhea Fecal-oral Common intestinal infection causing 180 
million clinical cases per year

Cryptosporidium 
species

Acute watery 
diarrhea

Fecal-oral and 
water-borne 
outbreaks

Prevalence ranges from 1% to 10%; life- 
threatening in AIDS patients

Plasmodium 
falciparum

Malaria, acute 
febrile disease

Mosquito Approximately 200 million clinical cases with 
500,000 deaths per year

Leishmania species Cutaneous or 
visceral disease

Sand fly 1.5–2 million new cases and 70,000 deaths per 
year

Trypanosoma cruzi Chagas disease Triatomine bug Major cause of cardiac disease in South and 
Central America with at least 6 million infected

Trypanosoma 
gambiense

African sleeping 
sickness

Tse-tse fly 70–80,000 new cases with 30,000 deaths per 
year

Toxoplasma gondii Neurological and 
vision defects

Ingestion of 
undercooked meat

A common infection that can cause birth 
defects; seroprevalence ranges from 6% to 75% 
depending on the region

Mark F. Wiser



167

nutritional deficiencies may be antagonistic to a pathogen and have a protective effect. In particular, 
undernutrition has a major negative impact on immunity [3] and can exacerbate infections in ways 
that promote disease progression and slow recovery [4]. Similarly, many pathogens are opportunistic 
in that severe disease is primarily associated with an immunocompromised state. Thus, there is a 
synergism between undernutrition and infectious disease since the immunological impairment associ-
ated with undernutrition promotes parasite proliferation and increases disease virulence.

Enteric infections, as discussed in detail in Chap. 8 [5], are another example of synergism between 
undernutrition and infectious disease. The inflammation and diarrhea associated with intestinal infec-
tions—especially in the small intestine—result in malabsorption [6]. This malabsorption results in 
decreased uptake of nutrients and contributes to undernutrition. In the case of systemic infections, the 
resulting fever and inflammation increase the metabolic rate and lead to an increase in energy expen-
diture. This diversion of energy and nutrients away from normal processes means less energy is 
 available for growth and normal physiological processes. This decrease in absorption and diversion of 
energy worsens the nutritional status and in resource-poor settings leads to a vicious cycle between 
infection and nutrition, especially in children.

On the other hand, as pathogens are highly dependent on the host for nutrients, it is certainly feasible 
that the nutritional status of the host might negatively impact pathogen proliferation and disease progres-
sion. For example, deficiencies in certain nutrients may limit the ability of a pathogen to proliferate [7]. 
In particular, iron presents a bit of an enigma since it is an important nutrient for immune function and 
especially innate immunity. However, at the same time, iron is also an essential nutrient for most, if not 
all, pathogens [8]. Thus, deficiencies in certain minerals and vitamins may be antagonistic to pathogen 
proliferation and disease progression. Limitations in energy-yielding nutrients probably do not greatly 
impact pathogen proliferation and disease progression, given that the total biomass of a pathogen will 
generally be a small percentage of that of the total microbiome. Exceptions would include a localized 
effect on nutrient availability due to the tropism of a pathogen for a particular organ or tissue.

 Trichomoniasis

Trichomonas vaginalis is a common sexually transmitted infection [9]. Despite the name, the parasite 
readily infects both men and women and is likely the most prevalent nonviral sexually transmitted 
infection. The parasite is transmitted from person-to-person during sexual intercourse. The life cycle 
of Trichomonas is rather simple, with a single stage called the trophozoite. Trichomonas trophozoites 
are flagellated and mobile, and they replicate by binary fission. The parasite can adhere to epithelial 
cells of the urogenital tract.

T. vaginalis is a relatively non-virulent pathogen, and generally infections are asymptomatic or produce 
a rather mild disease. Women are more likely to exhibit symptoms than men. The infection in women is 
primarily associated with the vagina and usually causes a mild inflammation. This vaginitis is often associ-
ated with a vaginal discharge that is accompanied by burning and itching. The urethra and prostate are the 
most common sites of infection in men. More than half of the infections in men are asymptomatic, and 
symptoms when present are generally mild urethral discharge, painful urination, and itching.

 Trichomonad Metabolism

The trophozoites of T. vaginalis readily grow in rather simple media and do not have any exceptional 
metabolic requirements. T. vaginalis does secrete a glucosidase that breaks glycogen into simple sug-
ars and thus exploits the glycogen-rich environment of the vaginal mucosa [10]. These simple sugars 
are also available for other microbes of the vaginal microbiome which are unable to use glycogen as 
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an energy source. Trichomonads exhibit a unique anaerobic metabolic feature involving a specialized 
organelle called the hydrogenosome [11]. This hydrogenosome is a remnant of the mitochondrion that 
lacks the enzymes of the tricarboxylic acid cycle and oxidative phosphorylation. Instead, the pyruvate 
produced during glycolysis is converted to acetate and carbon dioxide, and the electrons released dur-
ing this reaction are ultimately transferred to hydrogen ions to produce molecular hydrogen (H2) via 
the action of a hydrogenase within the hydrogensome. Thus, molecular oxygen is not the terminal 
electron acceptor, as is the case in typical aerobic metabolism.

As is true for most organisms, Trichomonas requires an exogenous source of iron for survival and 
proliferation. In response to the constant flux in vaginal iron concentrations, Trichomonas has evolved 
mechanisms to prevent intracellular depletion or overload of iron. Iron depletion upregulates the 
expression of genes for the assembly of iron-sulfur proteins but downregulates the expression of 
genes associated with carbohydrate metabolism in the hydrogenosome [12]. In addition, nitric oxide 
accumulates in the hydrogenosome and maintains hydrogenosomal functions under iron-poor condi-
tions [13]. The host has also evolved mechanisms to interfere with the bioavailability of iron. For 
example, lactoferrin binds iron and reduces its availability to microbes at mucosal sites. Accordingly, 
lactoferrin concentrations are higher in women infected with T. vaginalis, and this may affect iron 
homeostasis for the parasite [14].

 Intestinal Protozoan Infections

Several protozoan species infect the human gastrointestinal tract (Table 6.2). Many of these protozoa 
do not cause severe disease, and some are no longer commonly found in human stools. Considering 
both prevalence and clear evidence of human disease, Entamoeba histolytica, Giardia duodenalis, 
and Cryptosporidium are the most important human pathogens. Diarrhea is a major clinical manifes-
tation for all three of these pathogens and can be quite profuse in the case of giardiasis and cryptospo-
ridiosis. Profuse diarrhea can certainly contribute to protein-energy malnutrition and electrolyte 
imbalances, as well as deficiencies in vitamins, minerals, and other micronutrients [5]. Intestinal 
infections can also result in dehydration. This intestinal dysfunction can lead to weight loss and a 
failure to thrive, especially in malnourished children.

Although the protozoa that infect the human gastrointestinal tract are quite diverse, they all exhibit 
a similar life cycle and mode of transmission referred to as fecal-oral transmission (Fig. 6.1). The 
infection is acquired through the ingestion of food or water that has been contaminated with fecal 
matter. In most cases a specialized stage called the cyst initiates the infection. After ingestion the cyst 
converts into a trophozoite. The trophozoite is often motile and exhibits an active metabolism. Most 
importantly, the trophozoite is the replicative form of the parasite and leads to an expansion of the 
population. Some of the trophozoites convert back into cyst stages which are passed in the feces. The 

Table 6.2 Protozoa infecting the human gastrointestinal tract (major pathogens in bold face)

Ameba Flagellates Apicomplexa Other

Entamoeba 
histolytica
Entamoeba dispar
Entamoeba coli
Entamoeba 
hartmanni
Endolimax nana
Iodamoeba 
bütschlii

Giardia duodenalis
Dientamoeba fragilis
Chilomastix mesnili
Pentatrichomonas 
hominis
Enteromonas hominis
Retortamonas 
intestinalis

Cryptosporidium 
hominis
Cryptosporidium 
parvum
Cyclospora 
cayetanensis
Isospora belli

Blastocystis hominis (stramenopile)
Balantidium coli (ciliate)
Microsporidia (now considered to be highly 
derived fungi)
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cyst stage is characterized by a cyst wall that makes the parasite more resilient to environmental ele-
ments such as desiccation. Many protozoan cysts can survive for months outside of the body if kept 
moist and cool. Furthermore, the cysts are highly infectious in that ingestion of only a few cysts can 
initiate an infection.

 Amebiasis

Disease manifestations associated with E. histolytica infections can range from asymptomatic in the 
case of a cyst passer, to death [15]. In regard to pathogenesis, the disease is often characterized as 
being either noninvasive or invasive. During noninvasive disease, the trophozoites establish a colony 
of ameba in the colon and exhibit the typical fecal-oral life cycle. The trophozoites ingest bacteria and 
fecal matter as a food source and replicate by binary fission. Noninvasive disease is often asymptom-
atic but can be associated with diarrhea and other gastrointestinal symptoms such as cramping or pain. 
Most infections exhibit no severe clinical manifestations and self-resolve in weeks to months.

However, in some cases the infection does not resolve and progresses into a severe invasive disease 
(Fig. 6.2). E. histolytica trophozoites can kill intestinal epithelial cells in a contact-dependent manner 
resulting in the formation of colonic ulcers that can progress to colitis and dysentery. The lesions can 
expand through the submucosa and occasionally through the colon wall leading to a perforation of the 
colon wall and peritonitis. In addition, the trophozoites in the submucosa can enter the circulatory 
system and metastasize throughout the body and cause extraintestinal amebiasis. Since the mesentery 
blood vessels and portal vein system go directly from the intestines to the liver, the liver is the most 
common site of extra-intestinal amebiasis. From the liver the trophozoites can continue spreading 
throughout the body and affecting other organs. The pathology associated with amebiasis is due to a 
contact-dependent killing of host cells by the trophozoites. Severe disease such as fulminant amebic 
colitis, peritonitis, or extraintestinal amebiasis can be fatal if not treated.

Cyst Trophozoite

Passed in feces

Ingestion

Replication

Fig. 6.1 Typical protozoan fecal-oral life cycle. Cysts are highly infectious forms that convert to trophozoites following 
the ingestion of contaminated food or water. Trophozoites are feeding stages that replicate within the intestinal tract and 
are often motile. Some trophozoites convert back into cysts and are passed in the feces. Cysts have a thick wall and can 
survive outside of the host until ingested by another host
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The severity of amebiasis is increased under conditions that lower immunity such as in neonates 
and young children, pregnant and postpartum women, those using corticosteroids, those with malig-
nancies, and malnourished individuals. In particular, protein-energy malnutrition adversely affects 
immunity and plays a role in susceptibility to amebiasis and the progression to severe disease [16].

 Giardiasis

Giardia duodenalis, formerly known as G. lamblia, is a common protozoan of the intestinal tract [17]. 
As implied by the name, the parasites have a strong tropism for the duodenum. The prevalence in low 
resource countries ranges from 4 to 43% and 1 to 7% in high-resource countries. It exhibits a typical 

Fecal-oral
transmission Lung

Liver

Colitis

Ulcer

Genitalia

Peritonitis

Invasive disease

Non-invasive
infection

Fig. 6.2 Noninvasive versus invasive amebiasis. During noninvasive disease, the trophozoites of Entamoeba histolytica 
form a colony on the mucosa of the large intestine and exhibit a typical fecal-oral life cycle. Invasion of the epithelial 
layer of the colon by trophozoites results in ulcers and colitis. Trophozoites in the submucosa can enter the portal vein 
system and travel to the liver and other organs, such as the lung. The lesion can also expand and perforate the colon wall 
leading to peritonitis or spread to the genitalia
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fecal-oral life cycle and is periodically associated with water-borne outbreaks. Giardia trophozoites 
have a unique structure on their ventral surface called the adhesive disk (Fig. 6.3). This disk is com-
posed of cytoskeletal elements and contractile proteins and is involved in the attachment of the tro-
phozoite to the epithelium of the small intestine. The attached trophozoites absorb nutrients from the 
intestinal milieu via pinocytosis.

Most infections with Giardia are either asymptomatic or go undiagnosed. The most common 
symptom associated with giardiasis is acute diarrhea. Initially the stools are watery and profuse but 
later may become greasy and foul-smelling. Abdominal cramping, bloating, and flatulence are also 
common symptoms. The symptoms usually clear spontaneously after 5–7 days. A small number of 
people develop a chronic infection that can last for several months or even years. Chronic giardiasis 
is characterized by intermittent diarrheal episodes and progresses to weight loss and a failure to thrive.

No mortality or severe pathology is associated with giardiasis. In some patients villus blunting, 
crypt cell hyperplasia, and an increased rate of enterocyte apoptosis are observed. The increased crypt 
cell proliferation leads to a repopulation of the intestinal epithelium by immature enterocytes with 
reduced absorptive capabilities. This malabsorption, combined with increased secretion of chloride 
and water, results in an osmotic type of diarrhea. Damage to the brush border and microvillus shorten-
ing is also sometimes observed. This is accompanied by a decrease in metabolite transport function 
and a reduction in enzymes, particularly disaccharidases, on the surface of epithelial cells. In fact, 
some patients present with lactose intolerance that can persist for months after parasite clearance. This 
reduced digestion and absorption of metabolites and electrolytes increase the fluid retention in the 
intestinal lumen and contribute to watery diarrhea.

 Cryptosporidiosis

Cryptosporidium is another common intestinal protozoan of humans [17, 18]. Two Cryptosporidium 
species infect humans: C. hominis is strictly a human pathogen, and C. parvum is a parasite of cattle 
that infects a wide range of mammals including humans. Cryptosporidium is a member of the 
Apicomplexa and exhibits an apicomplexan life cycle. Although the details of the Cryptosporidium 
life cycle are more complex than other protozoal pathogens of the intestinal tract, it still exhibits a 
basic fecal-oral life cycle. The infection is initiated upon the ingestion of the oocyst stage. Like the 
cyst, the oocyst is covered with a thick cyst wall and can survive for extended periods in the environ-
ment. The oocysts contain forms known as sporozoites that are released from the oocyst after passing 
through the stomach.

The sporozoites are motile forms that interact with epithelial cells of the small intestine. As part of this 
interaction, the sporozoites induce the microvilli of the enterocytes to expand, flatten, and fuse together so 

Fig. 6.3 Adhesive disk of Giardia. A scanning electron 
micrograph showing the ventral surface of a Giardia 
trophozoite. The suction cup-like structure is the 
adhesive disk (AD) that attaches to the intestinal 
epithelium. The circle to the left (arrowhead) is an 
imprint left in the brush border (microvilli) of the 
intestinal epithelium following the detachment of the 
trophozoite. (Courtesy of the Public Health Image 
Library and attributed to Dr. Stan Erlandsen and the 
CDC)
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that the parasite is completely surrounded by a double membrane of host origin (Fig. 6.4). This is referred 
to as an extracytoplasmic location since the parasite is not intracellular, but yet it is surrounded by mem-
branes of host origin. A junction forms between the parasite and epithelial cell called either the feeder 
organelle or the adhesive zone. The parasite derives nutrients from the host cell via this junction.

After attachment and formation of the extracytoplasmic space, the parasite undergoes an asexual 
replication producing four or eight progeny called merozoites. These merozoites are functionally equiva-
lent to the sporozoites and infect intestinal epithelial cells and repeat this replicative process to maintain 
the infection. Some of the parasites, instead of undergoing replication, differentiate into sexual forms 
that ultimately produce the oocyst containing the sporozoites. After maturation the oocyst is released 
from the intestinal epithelial cell and passed with the feces to complete the life cycle.

The most common clinical manifestation of cryptosporidiosis is a mild to profuse watery diarrhea. 
Generally, the infection is self-resolving and the symptoms persist for a few days. However, recrudes-
cence is common and the infection can persist for weeks to months. The symptoms are generally more 
severe in immunocompromised persons, and the disease can be life-threatening in AIDS patients [19]. 
In AIDS patients diarrhea can be voluminous and is often described as being cholera-like. As is com-
mon in other intestinal infections, undernutrition intensifies the disease manifestations, and 
Cryptosporidium infection contributes to undernutrition [20]. The pathogenesis associated with cryp-
tosporidiosis is primarily due to superficial damage to the intestinal epithelium and in general is quite 
similar to that of giardiasis. In immunocompetent persons, the infection is primarily confined to the 
jejunum and ileum of the small intestine. However, the infection spreads to the duodenum, biliary 
tract, colon, and stomach in immunocompromised persons.

 Malaria

Among the diseases caused by protozoa, malaria is clearly the most important in terms of human 
morbidity and mortality. Even though control efforts over the past two decades have been relatively 
successful at decreasing the incidence of malaria, there are still approximately 200 million cases per 

Initial contact and
junction formation

Microvilli lengthening
and flattening

Formation of extracytoplasmic
compartment and feeder

organelle

Host membrane
surrounding
parasite

Feeder organelle

Fig. 6.4 Extracytoplasmic location of Cryptosporidium. Upon initial interaction between the sporozoite or merozoite 
and the intestinal epithelial cell, a junction forms between the parasite and the host cell. The microvilli of the intestinal 
epithelial cells lengthen, flatten, and fuse to surround the parasite. The junction between the parasite and the epithelial 
cell develops into the feeder organelle
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year with nearly a half million deaths. The mortality associated with malaria is predominantly due to 
Plasmodium falciparum as the other species of human malaria parasites rarely cause death (Table 6.3). 
Most of the deaths associated with malaria are among children in sub-Saharan Africa.

 Life Cycle

The malaria parasite has a complex life cycle that includes features found in other apicomplexans 
[21]. Infection in humans is initiated via the bite of a mosquito (Fig. 6.5). Sporozoite stages in the 
mosquito saliva are injected as the mosquito takes a blood meal and enter the circulatory system. 
The sporozoites invade liver cells and undergo an asexual replication that results in the production 
of thousands of merozoites that are released into the circulation. The merozoites then invade eryth-
rocytes and undergo additional rounds of asexual replication to produce more merozoites. The 
newly produced merozoites repeat the erythrocyte invasion and replication and thus maintain the 
infection in the human host. It is this blood stage of the infection that is responsible for the disease 
pathology.

As an alternative to this asexual replication, some of the merozoites differentiate into sexual forms 
that are infective to the mosquito. When these forms are taken up by a mosquito during feeding, they 
undergo a complex differentiation process called sporogony which culminates in the production of 
sporozoites. The sporozoites migrate to the salivary glands in anticipation of infecting a new host.

 The Food Vacuole and Digestion of Hemoglobin

During the erythrocytic stage, the malaria parasite takes up the host cell cytoplasm and breaks down 
the hemoglobin to amino acids. The digestion of hemoglobin takes place within a lysosome-like 
organelle called the food vacuole (Fig. 6.6). Various proteases acting in sequential fashion break down 
the globin polypeptide chains into peptides and amino acids [22]. During its erythrocytic stage cycle, 
the parasite digests 60–80% of the host’s hemoglobin. The resulting amino acids and peptides are 
transported to the parasite cytoplasm and utilized by the parasite for the synthesis of parasite proteins 
and as an energy source.

Table 6.3 Human malarial parasites

Species Key features

P. 
falciparum

Found throughout the tropics and subtropics
Mortality associated with disease complications due to sequestration of infected erythrocytes in deep 
tissues

P. vivax Found in most tropical areas and can extend into temperate zones
Lower prevalence in Africa due to Duffy-negative phenotype
Can cause severe febrile attacks but very low mortality
Relapses from liver stage possible

P. malariae Spotty distribution throughout tropics
Causes a rather benign disease
Can produce sub-patent infection lasting for decades

P. ovale Occurs primarily in tropical west Africa
Causes a rather benign disease
Relapses from the liver stage possible

P. knowlesi Natural parasite of macaque monkeys
A limited number of human infections reported in Malaysia and Southeast Asia
Some mortality associated with infection
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One consequence of breaking down hemoglobin is the release of free heme. Free heme is toxic due 
to its ability to destabilize and lyse membranes. The parasite detoxifies the heme via a biocrystalliza-
tion process converting the heme into hemozoin [23]. Hemozoin is also known as the malarial pig-
ment. The deposition of this malarial pigment in tissues has long been associated with malaria and 
was described even before the parasite was identified. In fact, the malarial pigment played a role in the 
identification of the malaria parasite. The formation of hemozoin is also important in that chloroquine 
and other anti-malarials block its formation resulting in high levels of free heme and parasite death. 

Sporozoites

Liver stage

Merozoites

Blood stage

Sexual forms

Mosquito
stage

Sporogony

Fig. 6.5 The life cycle of malaria parasite. The 
Anopheles mosquito bites a human and injects 
sporozoites with the saliva. The sporozoites invade liver 
cells and undergo an asexual replication culminating in 
the production of merozoites. Merozoites invade 
erythrocytes and undergo repeated rounds of asexual 
replication producing more merozoites. It is the blood 
stage of the infection that is responsible for the disease. 
Instead of continuing to replicate, some merozoites 
differentiate into sexual forms that are infective for the 
mosquito. The parasite undergoes a process called 
sporogony in the mosquito that results in sporozoites in 
the salivary glands

Hemoglobin

Plasmepsin

Globin
fragments

Heme +

-Lipids?
-Detox protein? Multiple

Proteases
Hemozoin

Small peptides
Di-amino acids

Amino acids

PfCRT

H+

H+

ATP

ADP

Fig. 6.6 The food vacuole and digestion of hemoglobin. The Plasmodium food vacuole is an acidic lysosome-like 
organelle specialized in the digestion of hemoglobin. An initial cleavage of hemoglobin by plasmepsin results in an 
unfolding of the molecule exposing it to other proteases. The resulting amino acids and peptides are transported to the 
cytoplasm via the chloroquine resistance transporter (PfCRT). The free heme that is released during the degradation of 
hemoglobin is detoxified via a biocrystallization process that forms hemozoin
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The fact that the biocrystallization of heme is a rather unique process accounts for the high therapeutic 
index of chloroquine and other related drugs.

This sequestration of the iron into hemozoin means that it is not available for the parasite, and the 
parasite needs an exogenous source of iron. Paradoxically, iron deficiency appears to protect against 
severe malaria, while iron supplementation increases the risks of infection and progressing to severe 
disease [24]. Thus, there is controversy about iron supplementation in malaria-endemic areas as popu-
lations with high rates of iron deficiency are often at the highest risks of malaria [25].

 Sequestration and Severe Falciparum Malaria

Approximately 10% of falciparum malaria cases develop into a severe disease with complications and 
a mortality rate of 10–50%. The increased severity associated with falciparum malaria is due in large 
part to the higher parasitemia as compared to the other species. In addition, erythrocytes infected with 
P. falciparum cytoadhere to endothelial cells and sequester in the deep tissues [26]. This cytoadher-
ence is mediated by structures induced on the erythrocyte membrane by the parasite called knobs 
(Fig. 6.7). Several parasite proteins are associated with the knobs, and one of these is a transmem-
brane protein called PfEMP1 [27]. This protein corresponds to members of the var gene family, and 
there are approximately 60 paralogs (i.e., alleles) of this gene in the parasite’s genome. PfEMP1 has 
a large extracellular domain, and the various PfEMP1 proteins bind to a wide range of receptors found 
on endothelial cells. Sequential expression of the various var genes results in antigenic variation as 
well as a change in the binding phenotype of the infected erythrocyte.

The sequestration of the infected erythrocytes also has pathological consequences. One obvious 
consequence is the blockage of capillaries in the tissues, and some of the pathology is ischemic in 
nature due to the mechanical blockage of the blood vessels. In addition, the parasite exhibits a high 
level of glycolysis that can cause localized hypoglycemia and lactic acidosis (Box 6.1). Furthermore, 
there is some inflammation that affects endothelial cell function and leads to vascular leakage and 
hemorrhaging. One potential complication of falciparum malaria is cerebral malaria which is charac-
terized by impaired consciousness and other neurological manifestations. The ischemia, metabolic 
effects, vascular leakage, and hemorrhaging in the brain all contribute to the severe disease symptoms 
associated with cerebral malaria. Respiratory distress is another complication associated with severe 

Fig. 6.7 Plasmodium falciparum knobs. Transmission 
electron micrograph (upper panel) showing electron-
dense knobs on the surface of infected erythrocytes 
(lower panel). A carbon replica scanning electron 
micrograph (lower panel) showing the distribution of 
knobs protruding from the surface of the infected 
erythrocyte. Arrows denote examples of knobs. 
(Micrographs kindly provided by Dr. H. Norbert 
Lanners)
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malaria and is a good predictor of death. Metabolic acidosis in the lungs due to parasite sequestration 
and a high rate of glycolysis is the likely cause of the lung injury that can lead to respiratory failure.

 Kinetoplastids

The kinetoplastids are a monophyletic group of flagellated protozoa. The original unifying feature of 
this group was a Giemsa-staining structure distinct from the nucleus that was named the kinetoplast 
due to its proximity to the base of the flagellum. Despite its name and location, the kinetoplast is not 
involved in the movement, although it contains an abundance of mitochondrial DNA. Kinetoplastids 
parasitize virtually all animal groups—ranging from fish to humans—as well as plants and insects. 
Three distinct human diseases are caused by kinetoplastids: human African trypanosomiasis, Chagas 
disease, and leishmaniasis [30]. All three are transmitted by arthropod vectors (Table 6.1).

 Human African Trypanosomiasis

Human African trypanosomiasis, also called African sleeping sickness, is a parasitic infection that is 
almost always fatal if not treated [31]. African trypanosomiasis exhibits a patchy distribution in equa-
torial Africa that is determined by the distribution of the tse-tse vector. Two species of African try-
panosomes infect humans: Trypanosoma gambiense and T. rhodesiense. T. gambiense is the more 

Box 6.1 Glucose Metabolism by Blood Parasites
Hypoglycemia has long been associated with severe malaria, and some of this hypoglycemia is 
likely due to glucose consumption by the parasite [28]. The parasite essentially only utilizes 
anaerobic glycolysis for the conversion of glucose into energy, and this anaerobic metabolism 
results in excess glucose consumption. In other words, the pyruvate produced as a result of 
glycolysis is not subjected to aerobic metabolism involving the tricarboxylic acid cycle and 
oxidative phosphorylation in the generation of ATP. This is rather wasteful in that glycolysis of 
one molecule of glucose results in the net synthesis of two ATP molecules, whereas the com-
plete aerobic metabolism of a single glucose molecule produces 38 molecules of ATP.  The 
extreme abundance of glucose in the blood and tissues of the host means that the parasite can be 
rather wasteful in the generation of ATP. Another consequence of glycolysis without the tricar-
boxylic acid cycle is that pyruvate is converted to lactic acid as a final product of glucose 
metabolism. This can result in acidosis, another clinical manifestation of malaria. If one also 
considers the phenomenon of sequestration observed in P. falciparum, the hypoglycemia and 
acidosis can be quite extreme in a localized area in the deep tissues.

This phenomenon of hypoglycemia and acidosis due to anaerobic metabolism is also observed 
in other vector-transmitted protozoa, such as African trypanosomes. Both the African trypano-
somes and malaria parasites have the full complement of genes for the tricarboxylic acid pathway 
and oxidative phosphorylation. However, these genes are not expressed during the blood stage of 
the infection. During the vector stage of the infection, though when glucose is much less abundant, 
these parasites switch to an aerobic metabolism and oxidize glucose completely to carbon dioxide 
and water. In addition, in the case of the African trypanosomes, proline is the major fuel source 
during the vector stage [29]. Proline is an abundant amino acid in the tsetse fly and is the main 
energy source used by the fly for egg production, lactation, and to fuel flight muscles.
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common cause of human African trypanosomiasis and exhibits an anthroponotic type of transmission, 
whereas T. rhodesiense is a common parasite of animals and exhibits a zoonotic transmission cycle in 
humans.

The infection is initiated when forms known as metacyclic trypomastigotes are introduced via 
the bite wound as the tse-tse is taking a blood meal. The trypomastigotes are extracellular parasites 
that reside in the blood and tissue fluids of the host. A sophisticated antigenic variation involving a 
surface coat protein allows the parasite to avoid elimination by the host immune system [32]. These 
bloodstream forms exhibit a high rate of replication with a doubling time as short as 6 h. Associated 
with this high rate of replication is a high rate of glycolysis (Box 6.1). After bloodstream forms are 
taken up by the tse-tse, they convert into a stage known as the procyclic trypomastigote. The procy-
clic forms replicate within the gut of the tse-tse and then later migrate to the salivary glands, where 
they convert into metacyclic trypomastigotes in preparation for infecting another human or mam-
malian host.

African trypanosomiasis is often broken down into two stages: early and late. During the early 
stage, parasites are found in the bloodstream and lymphatics. Clinical manifestations of this stage 
include intermittent fevers and swollen lymph nodes. The late stage is marked by the invasion of the 
central nervous system, and clinical manifestations become neurological in nature. Initially the symp-
toms are subtle behavioral changes that progress to more serious symptoms, eventually leading to 
convulsions, coma, and death. A notable neurological manifestation is severe sleep disturbances, thus 
the name African sleeping sickness. Little has been done in humans on the impact of nutrition on 
African trypanosomiasis. Studies using rodent models have demonstrated that vitamin deficiencies 
increase parasitemia and infection duration (Box 6.2).

 Chagas Disease

Another trypanosome that infects humans is Trypanosoma cruzi [37]. The disease caused by this 
pathogen is called Chagas disease in reference to Carlos Chagas who first discovered the parasite and 
vector and described the salient features of the disease. The vectors in this case are blood-feeding 
insects known as triatomine bugs. T. cruzi infects a wide range of vertebrates, and transmission to 
humans generally involves close proximity of domiciliary or peri-domiciliary triatomine bugs and 
animal reservoirs. Chagas disease is found in foci throughout South and Central America where suf-
ficient contact between humans and vectors exists.

Box 6.2 Vitamin Deficiencies and Trypanosomiasis
Lab studies using rodent models related to the African trypanosomes have explored the impact 
of low dietary vitamins A, B12, and E on parasite proliferation. Vitamin A-deficient diets were 
associated with earlier and prolonged parasitemia in T. musculi-infected mice [33]. Similarly, 
rats deficient in vitamin B12 suffered earlier and higher parasitemia followed by persistent infec-
tion when infected with T. lewisi [34]. This increase in susceptibility to T. lewisi was accompa-
nied by a decrease in antibody production. Similarly, reduced macrophage activity was observed 
in vitamin B12-deficient rats infected with T. lewisi [35]. In contrast, knockout of the alpha- 
tocopherol transfer protein gene in mice, which creates a vitamin E deficiency, conferred resis-
tance to T. congolense [36]. This is likely due to the free radical scavenger activity of vitamin E 
and the hypersensitivity of trypanosomes to oxidative stress. In other words, without vitamin E 
the parasites are not able to completely detoxify reactive oxygen species.
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Infection is initiated by metacyclic trypomastigotes excreted in the feces of the infected triatomine 
bug as it takes a blood meal. This happens at night while the person is sleeping. The trypomastigote 
gains entry via the bite wound or penetrating mucous membranes, especially the conjunctiva of the 
eyes. After gaining entry into the host, the trypomastigotes invade host cells and convert into amasti-
gotes (Fig. 6.8). The parasite is capable of invading a wide range of host cells. Within the cytoplasm 
of the host cell, the amastigotes replicate by binary fission. Following replication the amastigotes 
convert back into trypomastigotes which are released from the infected cell. The trypomastigotes then 
invade other cells and continue these replicative cycles.

Alternatively, some trypomastigotes enter the blood where they can be ingested when a triatomine 
bug takes a blood meal. These ingested trypomastigotes convert into epimastigotes in the midgut of 
the triatomine and replicate. Some of the epimastigotes migrate to the hindgut and convert into meta-
cyclic trypomastigotes to complete the life cycle.

Chagas disease is characterized by three phases: an acute stage, a long latent or indeterminate 
period, and chronic disease. The acute phase lasts a few weeks to months and is most often asymp-
tomatic. If symptoms are present, they are generally typical of systemic infections such as fever, 
malaise, and swollen lymph nodes. The acute phase is followed by a decades-long asymptomatic 
latent period that is characterized by seropositivity, but no detectable parasitemia. During this latent 
period, the immune system controls the parasitemia, but does not eliminate the parasites. Approximately 
one-third of those seropositive individuals in the long latent phase will develop symptomatic Chagas 
disease.

Symptomatic Chagas disease most often manifests as either cardiomyopathy or megaviscera 
(Table 6.4). Myocardial involvement associated with Chagas disease includes arrhythmias, conduc-
tion defects, cardiomegaly, congestive heart failure, and thromboembolic events. All parts of the heart, 
including the endocardium, myocardium, and pericardium, can be affected. Autonomic ganglia and 
cardiac nerves are also frequently affected. Dilation of the digestive tract, especially the esophagus 
and colon, is also sometimes observed in chronic Chagas disease. The dilation of these organs is pos-
sibly due to the loss of autonomic ganglia associated with these organs. Pathogenesis is likely due to 
the persistence of T. cruzi at a low parasitemia that results in the foci of cellular damage and inflam-
mation. Over time the accumulation of these small areas of damage may reach a clinically relevant 
level and produce the symptoms of cardiomyopathy and megaviscera.

In that the pathophysiology of Chagas disease includes a major chronic inflammation component, 
it is likely that both protein-energy and micronutrient undernutrition affects the infection. A low- 

a b c

Fig. 6.8 Trypanosoma cruzi life cycle stages. (a) A trypomastigote found in blood with kinetoplast (kt), nucleus (nu), 
flagellum (fl), and undulating membrane (u) denoted with arrows. This is a nonreplicating form capable of infecting 
various host cells or the triatomine vector. (b) A heart muscle cell infected with amastigotes which replicate by binary 
fission. The arrows denote individual amastigotes in which the nucleus and kinetoplast are both visible. (c) A replicating 
epimastigote form with two nuclei and two kinetoplasts. This stage is found in the midgut of the triatomine vector
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protein diet results in an earlier appearance of parasitemia and higher parasitemia and mortality in 
experimental rodent models [38, 39]. Similarly, deficiencies in iron and vitamins A, E, B1, B5, and B6 
exacerbate T. cruzi infections in experimental models [reviewed in 40]. In addition, rats fed a low- 
protein diet exhibited a slower recovery of noradrenaline levels in the heart following T. cruzi infec-
tion, as compared to rats fed a normal diet [41].

However, despite the higher parasitemias and slower recovery, the inflammatory lesions associated 
with the heart were less extensive in the mice fed on a restricted protein diet [39]. Similarly, Martins 
et al. [42] observed higher parasitemias associated with a low-protein diet but at the same time, less 
infiltration of inflammatory cells into the heart. Therefore, despite the higher parasitemia, there was 
less inflammation and pathogenesis. Similarly, a marked leukopenia was observed in infected vitamin 
E-deficient rats as compared to infected control rats [43]. However, this leukopenia was accompanied 
by a monocytosis and increased differentiation into macrophages resulting in enhanced pathology. At 
this time our knowledge about the relationship between Chagas disease and nutrition is quite limited, 
and there have been very few studies in humans (Box 6.3).

 Leishmaniasis

Several species of Leishmania infect humans and cause a wide range of disease manifestations 
(Table 6.5). Leishmaniasis is found in tropical and subtropical regions throughout the world. The 
disease is transmitted by two different genera of phlebotomine sandflies: Phlebotomus in the eastern 
hemisphere (i.e., Old World including Africa, Asia, and Europe) or Lutzomyia in the western 

Table 6.4 Pathophysiology of chronic Chagas disease

Pathology Clinical symptoms or possible outcomes

Heart
Arrhythmias and conduction 
defects

Abnormal ECG, palpitations, lightheadedness, fainting

Enlargement of the heart Aneurysm due to thinning heart wall
Inflammation and fibrosis Congestive heart failure and thromboembolic events
Gastrointestinal tract
Megaesophagus Difficult swallowing, regurgitation, heartburn, hiccups, increased salivation, and 

speech impairments
Megacolon Prolonged constipation

Box 6.3 Undernutrition and Chagas Disease
Results from experimental Trypanosoma cruzi models generally show that undernutrition is 
accompanied by a lower immunity and higher parasitemia. In that the acute stage of Chagas 
disease is often asymptomatic and usually goes undetected, it is difficult to discern if undernu-
trition has a major impact on parasitemia in humans. Furthermore, the decades-long latent 
period would likely mask any effect of undernutrition on the development and progression of 
symptomatic chronic Chagas disease. However, infection with T. cruzi may impact nutritional 
status. De Andrade and Zicker [44] compared anthropometric measurements in Brazilian school 
children in seropositive individuals and seronegative individuals. Seropositive children had a 
2.4-fold higher risk of being stunted and a 2.8-fold higher risk of being underweight suggesting 
a potential impact of infection on nutrition or metabolism.
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hemisphere (i.e., New World including South and Central America). Leishmaniasis is often a zoonotic 
infection involving either a rodent or dog reservoir. Clinical manifestations associated with leishmani-
asis can range from simple benign cutaneous lesions to a fatal systemic disease [45]. The clinical 
manifestation depends largely on the species causing the infection, as well as the nature of the immune 
response against the pathogen. Strong T helper type 1 (Th1) responses combined with weak T helper 
type 2 (Th2) responses are associated with a self-healing cutaneous lesion [46]. A strong Th2 response 
is generally associated with more severe pathology.

During vector feeding a stage known as the promastigote is introduced into the bite wound 
(Fig. 6.9). The promastigotes are then phagocytosed by macrophages or other professional phagocytic 
cells. The parasite cannot actively invade host cells and is dependent on the phagocytic activity of the 

Table 6.5 Major Leishmania species infecting humans

Species Clinical manifestations Geographical distribution

L. mexicana 
complex

CL and rare cases of DCL Central America, northern and central South America; very 
rare in southern USA

L. braziliensis 
complex

CL with some cases developing 
into MCL

Central and South America

L. major CL Northern and Central Africa, Middle East, Southern Asia
L. tropica CL and rare cases of relapses Middle East and Southern Asia
L. aethiopica CL and some cases of DCL Highlands of Ethiopia and Kenya
L. donovani VL with rare cases of 

posttreatment CL
East Africa, Sub-Saharan Africa, Southern Asia including 
India and Iran

L. infantum VL or CL according to strain North Africa and Southern Europe
L. (infantum) 
chagasi

VL and some CL Foci in Brazil, Venezuela, and Colombia; isolated cases 
throughout South America

CL cutaneous leishmaniasis, MCL mucocutaneous leishmaniasis, DCL diffuse cutaneous leishmaniasis, VL visceral 
leishmaniasis

a b

Fig. 6.9 Leishmania life cycle stages. (a) An infected macrophage containing numerous amastigotes. Amastigotes are 
the replicating form in the vertebrate host. (b) Promastigote forms are the replicating form found in the sand fly vector. 
Arrowheads denote parasites actively dividing as indicated by two nuclei and kinetoplasts
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host cell to gain entry. The promastigote converts into an amastigote and replicates within the macro-
phage. The Leishmania amastigote has several adaptations that allow it to survive in the phagolyso-
some of the macrophage [46]. Newly formed amastigotes are released via lysis of the host macrophage 
and re-phagocytosed by other macrophages to continue the replicative cycle. If the infected macro-
phage is ingested by a sand fly, the amastigotes are released and convert back into promastigotes. The 
promastigotes replicate in the gut of the fly and develop into the promastigote form that is infective 
for the mammalian host.

The most common clinical manifestation associated with leishmaniasis is a self-healing skin 
lesion referred to as simple cutaneous leishmaniasis. The lesions are typically ulcerated with 
raised borders. Generally, the lesion starts as a papule at the bite site. Replication of the amasti-
gotes destroys the macrophages, and the localized inflammation leads to tissue destruction and 
ulceration. The lesion expands outward with the repeated cycles of parasite replication at the 
boundary between the ulcerated tissue and healthy tissue. With the onset of the Th1 response, the 
macrophages begin to eliminate the parasite, and the lesion stops expanding and retracts until it 
completely heals. This process generally takes weeks to months. On rare occasions the infected 
macrophages can metastasize and cause diffuse cutaneous leishmaniasis or mucocutaneous leish-
maniasis. These clinical manifestations heal more slowly and are associated with a high level of 
pathogenesis.

Visceral leishmaniasis is due to infection of macrophages in the reticuloendothelial system 
including the spleen, liver, bone marrow, and lymph nodes. It is a disseminated disease character-
ized by a weak Th1 response and a strong Th2 response. This results in a slowly progressing sys-
temic infection that is often fatal if not treated. The three most common species associated with 
visceral leishmaniasis are L. donovani, L. infantum, and L. chagasi. All three species are closely 
related, and L. chagasi and L. infantum are especially closely related. Some data suggest that L. 
chagasi was introduced to the Americas by the early Spanish and Portuguese colonists and thus is 
sometimes designated at L. infantum chagasi. The immune status of the host also influences the 
development of visceral leishmaniasis in that immune suppression can result in normally cutaneous 
species or strains causing a visceral disease. Likewise, more severe disease manifestations are asso-
ciated with undernutrition (Box 6.4).

Box 6.4 Protein Deficiency and Leishmaniasis
Nutritional status plays a critical role in the clinical manifestations of leishmaniasis [reviewed 
in 47]. Epidemiological studies have shown that protein-energy malnutrition is a major deter-
minant of both the progression and severity of leishmaniasis and undernutrition increases the 
case fatality rate. Studies in laboratory models consistently find that mice fed protein-deficient 
diets develop long-term chronic infections instead of self-resolving infections. The failure to 
resolve infections is generally associated with impaired innate and adaptive immune responses 
and especially the Th1 response. One consequence of this immune impairment is an increased 
likelihood of visceral disease [48]. Specifically, protein deficiency has been shown to impair 
monocyte and polymorphonuclear leukocyte function [49], to reduce phagocytes in the lymph 
nodes and lower skin lymph node barrier function [50], to reduce chemotaxis of T cells to the 
spleen [51], and to dysregulate T cell and cytokine responses against the parasite [52]. 
Furthermore, an increase in arginase activity in monocytes and macrophages is also associated 
with protein deficiency, and this likely provides a more permissive environment for parasite 
replication [53]. In general, these changes in T-cell and phagocyte function would increase 
parasite dissemination and reduce parasite killing, thereby increasing visceralization and 
severe disease manifestations.
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 Toxoplasmosis

Toxoplasma gondii is an apicomplexan parasite that infects a wide range of mammals and birds. 
Estimates based on seropositivity suggest that up to one-third of the human population may be infected 
with Toxoplasma. However, toxoplasmosis in adults and children beyond the neonatal stage is usually 
benign and symptomless. Severe disease is generally only observed in immunocompromised persons 
or associated with congenitally acquired infections.

 Transmission

Toxoplasma exhibits a complex predator-prey life cycle [54, 55]. Felines, including domestic cats, are 
the definitive host in which sexual reproduction of the parasite occurs. Cats acquire the infection by 
eating an infected intermediate host. The parasite infects the intestinal epithelium of the cat and exhib-
its a coccidian life cycle similar to Cryptosporidium resulting in the production of oocysts that are 
excreted with the feces. Intermediate hosts such as rodents become infected by ingesting the mature 
oocysts. Within the intermediate host, the parasite disseminates throughout the body and establishes 
a life-long chronic infection. The immune response restrains the parasite in a latent form called the 
tissue cyst. These tissue cysts are highly infectious to felines, as well as other intermediate hosts, if 
ingested.

Humans generally acquire Toxoplasma infections by one of three routes: (1) ingestion of oocysts 
via contaminated food or water, (2) ingestion of undercooked meat containing tissue cysts, or (3) 
congenitally (Fig. 6.10). Thus, diet increases potential exposure to Toxoplasma (Box 6.5). Historically, 
infections were sometimes acquired via organ transplants. However, screening of organ donors and 
recipients has essentially eliminated organ transplants as a source of toxoplasmosis. Children of the 
crawling and dirt eating age may be particularly susceptible to infections via oocysts. Similarly, gar-
dening or ingesting raw vegetables may be a risk factor for acquiring toxoplasmosis. It is generally 
believed that the ingestion of undercooked meat is the major source of human infections. Presumably, 
livestock that graze in areas contaminated with cat feces become infected and are carriers of latent 
toxoplasmosis. In addition, during pregnancy, the acute stage of the parasite can be transmitted from 
mother to fetus.

 Pathogenesis

The progression of toxoplasmosis is the same regardless of whether infections are acquired by inges-
tion of oocysts or tissue cysts. Immediately following infection there is an acute phase of the infection 
involving rapid parasite replication and dissemination throughout the body [54, 55]. Most acute infec-
tions are asymptomatic, and when symptoms do occur, they are generally described as being 
mononucleosis- like with fever, headache, muscle ache, fatigue, and swollen lymph nodes. After a few 
weeks and coinciding with immunity, the parasite converts to the slowly replicating tissue cysts to 
mark the beginning of a life-long latent chronic phase without symptoms. Immunosuppression such 
as the development of AIDS can lead to a reactivation of the acute phase of the infection (Fig. 6.11). 
The most common clinical manifestation associated with this reactivation is toxoplasmic encephalitis 
[60]. Early symptoms associated with toxoplasmic encephalitis include headache, lethargy, and minor 
personality changes. As the disease progresses, the neurological symptoms increase in severity lead-
ing to disturbances in speech and coordination and ultimately to seizures and convulsions. It has been 
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suggested that the neurological manifestations may be due in part to the parasite acquiring folate and/
or vitamin B12 from the host neural cells to such an extent that it affects cognitive function [61].

Infections acquired congenitally are more likely to be symptomatic than postnatal infections and 
can be quite severe [62]. Possible outcomes include spontaneous abortion and stillbirth or live birth 
with neurological or vision problems ranging from moderate to severe. The most common outcome is 
to be asymptomatic at birth and develop retinochoroiditis or neurological symptoms later in childhood 
or adolescence. Ocular disease is a common sequela of congenital infection. In addition, ocular toxo-
plasmosis is sometimes observed in immunocompetent persons. Generally, ocular toxoplasmosis is 
self-resolving in immunocompetent persons, and vision problems are transient. However, there can be 

Natural
cycle

Tissue cyst

Oocyst

Congenital

Human
transmission

Fig. 6.10 Transmission cycles of Toxoplasma. A natural 
transmission cycle between cats and small animals and 
birds exists in nature. Humans become infected 
primarily through three routes: (1) the ingestion of food 
or water contaminated with oocysts from cat feces, (2) 
ingestion of tissue cysts in undercooked meat from 
infected intermediate hosts, or (3) congenital infection 
from mother to fetus

Box 6.5 Diet and Toxoplasmosis
Animal source foods are an important source of high-quality nutrients. However, production 
and consumption of animal source foods do entail some potential food safety risks [56]. 
Toxoplasma is well documented in the food supply [57], and consumption of raw or under-
cooked meat is a major source of human toxoplasmosis. An estimated 30–60% of newly 
acquired toxoplasmosis in European pregnant women is due to the consumption of inadequately 
cooked or cured meat [58]. Cultural differences in the consumption of raw or cured meat obvi-
ously impact the risk of acquiring toxoplasmosis. In addition, there may be an increased risk of 
infection in regions where fuel for cooking is limited. Contact with soil contaminated with cat 
feces is another risk factor for toxoplasmosis. This includes activities such as gardening and the 
ingestion of raw unwashed fruit and vegetables [59].
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scarring of the retina leading to longer-lasting vision problems. In AIDS patients the retinochoroiditis 
continues to progress and results in severe eye damage.

As symptomatic toxoplasmosis is generally associated with an immunocompromised state, such as 
AIDS or congenital infection, one might think undernutrition would have a negative impact on disease 
outcome as it does in most other diseases. However, there are no studies clearly showing a link 
between nutritional deficiencies and the severity of toxoplasmosis. Nonetheless, Toxoplasma may 
induce immune-metabolic interactions. For example, Toxoplasma- infected mice lose 20% of their 
body mass, including both adipose and muscle tissue [63]. A transient anorexia and an elevation in 
cachexia inflammatory cytokines accompany this weight loss. In contrast, patients seropositive for 
Toxoplasma infection may have a higher prevalence of nonalcoholic fatty liver disease [64] and may 
be at higher risk for obesity [65]. At the cellular level, Toxoplasma alters lipid metabolism within the 
host cell [66]. Thus, at this time it is not clear exactly how the chronic toxoplasmosis affects inflam-
mation and metabolism and how these effects impact the nutritional status of the host.

 Conclusion

Protozoa are a diverse group of eukaryotic microbes and include several major human pathogens. 
Several of these protozoan pathogens cause diarrheal disease which contributes to undernutrition and 
lowers immunity. Similarly fever and inflammation associated with systemic infections divert energy 
and negatively impact nutritional status. In general, undernutrition, and especially protein deficiency, 
lowers immunity and leads to more severe disease. This creates a snowball effect in which undernutri-
tion worsens the outcomes of infections and infections worsen the nutritional status of the individual. 
This is especially true in resource-poor settings where undernutrition and infectious diseases are both 
prevalent. In general, we have little specific knowledge about the interactions of protozoan pathogens 
and nutritional status and how specifically host nutritional status may affect the immune response 
against protozoan pathogens.

Congenital Toxoplasmosis
(primarily neurological
manifestations after birth)

Ocular Toxoplasmosis
(inflammation of the
retina and choroid)

Chronic Infection
(life long infection
with no symptoms)

Toxoplasmic Encephalitis
(neurological symptoms that
gradually progress to
convulsions and seizures)

Acute Infection
(generally mild or
no symptoms)

Ingestion of
tissue cysts
or oocysts

mother to fetus

immune suppression

Fig. 6.11 Disease progression and clinical manifestations associated with toxoplasmosis. Following infection there is 
a relatively asymptomatic acute phase followed by a life-long asymptomatic chronic phase. Disease manifestations are 
primarily due to immune suppression, congenital transmission, and ocular disease
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Abbreviations

ABZ Albendazole
DEC Diethylcarbamazine
GI Gastrointestinal tract
IVM Ivermectin
L Larval stage
LF Lymphatic filariasis
MBZ Mebendazole
MDA Mass drug administration
MF Microfilariae
NTD Neglected tropical disease
PZQ Praziquantel
STH Soil-transmitted helminths

Key Points
• Helminth infections remain common in resource-limited regions, particularly in tropical 

areas.
• These parasites contribute to the cycle of poverty that restrains economic development in 

tropical areas.
• Helminth parasitism limits growth, development, and physical and cognitive abilities, espe-

cially in individuals bearing large numbers of these pathogens.
• Although anthelmintic-based control programs have limited the numbers of heavily infected 

individuals and have decreased the morbidity associated with many parasitic helminths, 
more than a billion people remain infected.
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 Introduction

Infectious diseases commonly found in people living in resource-limited areas are often termed “trop-
ical diseases,” the most prominent of which, based on mortality, are tuberculosis, HIV/AIDS, and 
malaria. The pathogens responsible for these diseases wreak enormous tolls in morbidity and mortal-
ity in regions of poverty, but also threaten health in wealthier countries, and consequently have 
attracted significant funding to develop and support research and control programs. In contrast, hel-
minth infections fall into a group of diseases of poverty that are chronic rather than acutely lethal and 
consequently have attracted much less interest and funding; these are termed “Neglected Tropical 
Diseases” (NTDs) [1]. Prominent among the NTDs are the human helminthiases that are the subjects 
of this chapter.

Once essentially ubiquitous in human populations, helminth infections have been largely elimi-
nated as threats to public health in areas that enjoy adequate infrastructure for housing and sanitation 
or areas where pathogen transmission is limited to at least some degree by climate and the ready 
 availability of safe and effective medicines (anthelmintics). Nonetheless, helminth parasites are 
thought to infect 1.5–2 billion people, almost all of whom live in regions characterized by limited 
resources for infrastructure and health care [2–4]. Many of these people are infected with more than 
one species of parasite (“polyparasitism” or “co-infection”) as well as by bacterial and/or viral patho-
gens. The intersection of limited resources and common infectious diseases contributes to physical 
and economic underdevelopment, leading to a cycle of poverty that is challenging to break.

Parasitic helminths of humans are primarily classified into three general groups: nematodes (round-
worms) in the phylum Nematoda and trematodes (flatworms or flukes) and cestodes (tapeworms) in 
the phylum Platyhelminthes. These macroscopic pathogens are among the most important factors that 
sustain the cycle of poverty; helminth infections have been associated with reductions in birthweight, 
reduced physical and educational development, anemia, and reduced work output [2, 5]. Measurable 
effects are more common in individuals who harbor larger numbers of adult parasites, but detrimental 
effects cannot be ruled out in individuals who have lower worm burdens. Helminthiases pose continu-
ing challenges for human health, particularly in tropical areas in which transmission is favored by 
environmental conditions. However, it must be stressed that parasitic helminths are also enormously 
detrimental to animal health and plant agriculture on a global scale, seriously limiting the production 
of livestock, poultry, and crops in the absence of control programs, which are primarily based on 
chemical treatments. Notwithstanding the important extent to which these parasites limit food secu-
rity in many regions of the world, the focus of this chapter is on the biology and health impacts of the 
most common human helminth infections.

Helminth NTDs include infections by nematodes that reside in systemic tissues (filariae), which 
cause lymphatic filariasis (LF) and onchocerciasis (river blindness) [6], and those that inhabit the 
gastrointestinal (GI) tract, commonly referred to as soil-transmitted helminths (STHs) [2, 4]. As 
noted, some 1.5–2 billion people harbor parasitic nematodes (Table 7.1), many being infected with 
more than one species. The infectious larval stages of filarial parasitic nematodes are transmitted from 
one infected human to another by the bite of an arthropod vector (in which the parasite undergoes 
development), while the infectious larval stages of STH species are acquired directly from environ-
ments contaminated by fecal material excreted by infected people. Among trematode NTDs, parasites 
in the genus Schistosoma cause urinary or intestinal schistosomiasis in hundreds of millions of people 
[7], and other species of parasitic trematodes infect tens of millions of humans via food-borne infec-
tions [8] (Table 7.1). Several cestode species cause intestinal infections in humans, while larval stages 
of two species encyst in systemic tissues and can cause serious pathology (Table 7.1). Among the 
NTDs is the tapeworm Taenia solium, a parasite of pigs; following ingestion of eggs, cysts of this 
parasite often localize in the human brain (neurocysticercosis) and are a common cause of epilepsy in 
endemic areas [9, 10]. It should be stressed that estimates of the prevalence of these infections are 
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based on incomplete datasets and vary depending on geographical region. However, they serve to 
illustrate that very large numbers of people are infected, justifying the need for better understanding 
and control measures.

Human helminthiases are chronic infections, with some species of parasites surviving more than a 
decade in a human host. In general, immunity against helminths develops slowly and often incom-
pletely [11], and ongoing transmission allows worm numbers to accumulate within an individual over 
time. Indeed, for some of these pathogens, the immune response directly contributes to the pathology 
associated with infection (see below). For many of these parasites, highly evolved transmission strate-
gies make re-infection an expected occurrence following chemotherapeutic intervention in the absence 
of adequate infrastructure and sanitation practices. A common feature of many helminthiases is that 
the distribution of the number of worms per host is highly skewed, with a few individuals harboring 
large number of parasites while most of the population is moderately or lightly infected [12]. 
Importantly, the symptomatic and pathological consequences of helminth infection are highly depen-
dent on the number of parasites present in the host (“worm burden”); health consequences are often 
not explicitly demonstrable in individuals who harbor few parasites. However, data from the use of 
anthelmintic chemotherapy in livestock supports the conclusion that even light infections can affect 
host performance. Routine treatment with anthelmintics consistently leads to measurable productivity 
benefits (meat, milk, wool), even in animals that bear low worm burdens and show no overt symptoms 
(subclinical infections) [13–15].

Our ability to precisely define the effects of helminth infections on humans is challenged by diverse 
factors that are difficult to control. These include a lack of appropriate field-compatible methods to 
measure long-term changes in health or performance following the removal of parasites by chemo-
therapy, unlike the case in livestock animals. The situation is further complicated by the fact that our 
ability to measure adult worm burdens in people is based on indirect measures (egg output in excreta, 
for example, or the presence of a parasite antigen) and that the rate of re-infection following treatment 

Table 7.1 Varying estimates of global prevalence of some human helminth infections

Estimated
prevalence (2008)e

Estimated
prevalence (2018)f

Soil-transmitted nematodes

Ascaris lumbricoides 820,000,000 450,000,000
Hookworms
  Necator americanus, Ancylostoma spp. 439,000,000 230,000,000
Trichuris trichiura 465,000,000 300,000,000
Strongyloides stercoralisa 30–100,000,000
Filarial nematodes

Wuchereria bancrofti (LF)b 36,000,000 65,000,000
Onchocerca volvulus 30,000,000 21,000,000
Trematodes

Schistosoma spp. 250,000,000 145,000,000
Food-borne trematodesc 16,000,000 85,000,000
Cestodes

Adult tapewormsd

Cysticercosis 1,400,000 5,500,000
Echinococcosis 1,100,000 600,000

aFrom Ref. [19]
bIncludes B. malayi and B. timori
cIncludes Clonorchis sinensis, Paragonimus spp., Opisthorchis spp., and Fasciola hepatica
dReliable estimates not available
eFrom Ref. [2]
fFrom Ref. [18]
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may be very high, meaning that the duration of parasite-free periods following treatment can be quite 
short. Finally, we have made insufficient progress in resolving the influence of confounding variables 
on the health of helminth-infected children or adults living in resource-limited regions, including 
chronic malnutrition, periodic undernutrition, helminth-induced changes in the microbiome, parasite- 
induced changes in host immune response, and frequent co-infections with other pathogens (parasites, 
fungi, bacteria, and viruses).

 Nematode Infections

 Gastrointestinal Infections

Although many species of nematodes can infect humans, this discussion focuses on those categorized 
as NTDs (Table 7.1). The most common human nematode infections are STHs, prominently including 
Ascaris lumbricoides; the hookworms Ancylostoma duodenale, A. ceylanicum, and Necator america-
nus; and the whipworm Trichuris trichiura. These species have been estimated to infect up to 2 billion 
people combined [2, 4, 16, 17], although lower estimates have also been reported [18]. Strongyloides 
stercoralis is an additional species of interest; while the prevalence of infection is imprecisely known, 
perhaps 30–100 million humans may be infected, and this is likely an underestimate [19, 20]. Much 
less is known about the impacts of this parasite on human health and nutrition (except for dissemi-
nated infections in immunocompromised individuals) (see Chap. 12) [20, 21], and it will not be a 
focus of the current discussion.

STHs are globally distributed in areas of poverty, with significant variations in local abundance of 
particular species. Parasites are directly acquired from environments contaminated with infective eggs 
or larvae, which are shed in human feces. The infective stages can persist in the environment, some-
times for several years, depending on variables such as temperature and relative humidity. 
Environmental persistence greatly complicates control measures that rely on sporadic interventions, 
since re-infection can readily occur in the absence of co-incident improvements in sanitation infra-
structure and practices.

Ascaris lumbricoides is the most prevalent human STH, with estimates of up to 800,000,000 infec-
tions [2, 4]. Eggs shed into the environment in feces develop in a few weeks to the infective stage 
(embryonated eggs) (Fig. 7.1). After ingestion in contaminated food or water, or transfer from person 
to person via unclean hands, the eggs hatch in the duodenum. L3-stage larvae penetrate the gut wall 
and migrate to the liver and reach the lungs in approximately 10 days. During this transition, the lar-
vae molt to the L4 stage before exiting the lung into the trachea, from which they are coughed up and 
swallowed. Back in the intestine, the worms undergo a final molt to the adult stage and grow to sexual 
maturity in a few months. Females can be up to 30 cm in length, with males about half as long. Adults 
are usually found in the jejunum, where they feed on gut contents and are motile to resist peristalsis 
and the flow of gastrointestinal (GI) contents. Adults can live at least 2 years, and immunity slowly 
develops; infections are more common in children than in adults. This is a very fertile parasite; a 
female may produce and excrete as many as 200,000 eggs per day.

A complicating factor is the zoonotic potential of a very closely related species, Ascaris suum, 
which preferentially infects pigs but can also infect people. These species are virtually identical in 
morphology and life cycle and are so closely related at the genomic level that the possibility that they 
are the same species has been advanced [22]. However, some differences have been observed, and 
there appears to be at least a degree of host preference for the two [23]. Nonetheless, to the extent that 
A. suum can infect people, the control of ascariasis in populations that live in proximity to pigs may 
not be attainable without some veterinary intervention.
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Like A. lumbricoides, whipworm infections are acquired by oral ingestion of embryonated eggs 
that develop in an environment contaminated by feces shed from an infected person (Fig.  7.2). 
Development in the environment from the egg to the infectious embryonated egg (L2 larva) takes 
2–4 weeks, depending mostly on temperature. Ingested embryonated eggs hatch in the small intestine 
and undergo two additional molts to become adults, at which point they have migrated to the cecum 
and ascending colon and have inserted their anterior end into the gastric mucosa. Adults are about 
4 cm in length and resemble a whip (hence the name), with a slender anterior end and a relatively 
enlarged posterior. Adults may live a year and a female can shed 20,000 eggs per day. Partial immu-
nity is thought to develop, as infections are more common in children than adults. Estimates of the 

Ascaris lumbricoides

Ingestion of
embryonated eggs

Embryonated
egg with L3

larva

4

1

3

6Hatched larvae enter
circulation and migrate
to lungs.

5

Feces

Adults in small intestine

Larvae are coughed up
and swallowed, re-entering
the gastrointestinal tract.
Maturation proceeds in the
small intestine.

7

Fertilized egg Unfertilized egg
(will not undergo
further development)

2 2
Infective stage

Diagnostic stage

Fig. 7.1 Life cycle of Ascaris lumbricoides. Adult worms (1) live in the lumen of the small intestine. A female may 
produce approximately 200,000 eggs per day, which are passed with the feces (2). Unfertilized eggs may be ingested 
but are not infective. Larvae develop to infectivity within fertile eggs after 18 days to several weeks (3), depending on 
the environmental conditions (optimum: moist, warm, shaded soil). After infective eggs are swallowed (4), the larvae 
hatch (5), invade the intestinal mucosa, and are carried via the portal, then systemic circulation to the lungs (6). The 
larvae mature further in the lungs (10 to 14 days), penetrate the alveolar walls, ascend the bronchial tree to the throat, 
and are swallowed (7). Upon reaching the small intestine, they develop into adult worms. Between 2 and 3 months are 
required from ingestion of the infective eggs to oviposition by the adult female. Adult worms can live 1 to 2 years. 
(Source: CDC Parasites Ascariasis: https://www.cdc.gov/parasites/ascariasis/biology.html. Accessed 10 Oct 2019)

7 Human Helminth Infections: A Primer

https://www.cdc.gov/parasites/ascariasis/biology.html


194

Trichuriasis
(Trichuris trichiura)

Advanced cleavage

Embryonated eggs are ingested.

2-cell stage
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= Infective Stage
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Fig. 7.2 Life cycle of Trichuris trichiura. The unembryonated eggs are passed with the stool (1). In the soil, the eggs 
develop into a two-cell stage (2), an advanced cleavage stage (3), and then they embryonated (4); eggs become infective 
in 15 to 30 days. After ingestion (soil-contaminated hands or food), the eggs hatch in the small intestine and release 
larvae (5) that mature and establish themselves as adults in the colon (6). The adult worms (approximately 4 cm in 
length) live in the cecum and ascending colon. The adult worms are fixed in that location, with the anterior portions 
threaded into the mucosa. The females begin to oviposit 60 to 70 days after infection. Female worms in the cecum shed 
between 3000 and 20,000 eggs per day. The life span of the adults is about 1 year. (Source: CDC Parasites: Trichuriasis 
[Whipworm Infection]: https://www.cdc.gov/parasites/whipworm/biology.html. Accessed 10 Oct 2019)
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number of infected humans range from 500 to 1000 million. Pathology, like that from ascariasis, is 
primarily evident in individuals bearing heavy infections [24].

As for the other STHs, hookworm eggs are shed into the environment in infected feces and develop 
to the infectious larval stage (L3). Unlike Ascaris and Trichuris, hookworm infective larvae are free- 
living (not in the eggshell) and not transmitted orally. Instead, they directly penetrate bare skin. 
Unprotected by a shell, hookworm infectious larvae may survive only about a month in the environ-
ment in favorable conditions of temperature and humidity. Following penetration, the larvae migrate 
through tissues until reaching the lungs, enter the airspace, and are coughed up and swallowed, a 
process that takes about 10 days. During this period, a molt to the L4 stage occurs. These larvae begin 
to ingest blood in the GI tract, undergoing the final molt to the fertile adult stage in about a month 
(Fig. 7.3). Hookworms are hematophagous and acquire blood meals by cutting small holes in the 
intestinal epithelium. Adult N. americanus can live up to 5 years, whereas Ancylostoma spp. typically 

Intestinal Hookworm

Filariform 
larva
penetrates skin

Development to
filariform larva in
environment

Larvae exit circulation
in the lungs; they are
then coughed up and
swallowed.

Ancylostoma spp. larvae
can become developmentally
arrested and dormant in tissues.
Re-activated larvae may enter
the small intestine.

Adults in small intestine

Eggs in 
feces

Rhabditiform larva
hatches

Infective stage

Diagnostic stage
Ancylostoma
duodenale

Ancylostoma
ceylanicum

Necator
americanus

4

3

2

1

5

Fig. 7.3 Life cycle of human hookworms. Eggs are passed in the stool (1), and under favorable conditions (moisture, 
warmth, shade), larvae hatch in 1 to 2 days. The released larvae grow in the feces and/or the soil (2), and after 5 to 
10 days (and two molts), they become infective third-stage larvae (3). These infective larvae can survive 3 to 4 weeks 
in favorable environmental conditions. On contact with the human host, the larvae penetrate the skin and are carried 
through the blood vessels to the heart and then to the lungs. They penetrate into the pulmonary alveoli, ascend the bron-
chial tree to the pharynx, and are swallowed (4). The larvae reach the small intestine, where they reside and mature into 
adults. Adult worms live in the lumen of the small intestine, where they attach to the intestinal wall with resultant blood 
loss by the host (5). Most adult worms are eliminated in 1 to 2 years, but the longevity may reach several years. (Source: 
CDC Parasites: Intestinal Hookworm: https://www.cdc.gov/parasites/hookworm/biology.html. Accessed 10 Oct 2019)
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survive less than a year (but dormant parasites in tissue can reactivate to continue the infection). 
Females can produce as many as 30,000 eggs per day. Immunity to hookworms develops slowly; 
adults as well as children may harbor significant and clinically relevant worm burdens [25].

 Systemic Infections

Tissue-dwelling filarial nematodes include Onchocerca volvulus, the cause of river blindness, with 
approximately 21 million current infections, and Wuchereria bancrofti, Brugia malayi, and B. timori, 
the causes of LF, with perhaps 60 million current cases (the considerable majority due to W. bancrofti) 
[6, 18]. These infections are transmitted by arthropod vectors (black flies in the genus Simulium for 
the former and a variety of mosquito species for LF) (Fig. 7.4). Adult O. volvulus reside in nodules 
located around the body, some of which are palpable and which do not cause much overt pathology. 
Larval stages called microfilariae (mf or L1) are produced by fertilized females and circulate in the 
skin. Immune responses that eventually develop against the mf lead to their death in dermal (and 
sometimes optical) tissues; bystander damage associated with immune-mediated killing events causes 
pathology in the skin and eye, leading to the characteristic symptoms of intense itching, skin pathol-
ogy, and blindness [26]. The infection is spread when a black fly ingests mf while feeding on an 
infected person; in the black fly intermediate host, the larvae molt to the infective L3 stage and are then 
transmitted to a human during a blood meal, where they resume development through the L4 stage to 
adults over several months. These parasites may live up to 15 years, producing around 1000 mf per 
day. Adult females, which can exceed 0.5 meters in length, reside in a nodule in which movement is 
restricted; adult males (much smaller) travel among nodules to inseminate the females. Immunity 
against the adult stage develops very slowly.

The life cycle of parasites that cause LF resembles that of O. volvulus. Adult worms, which live 
around 5 years, reside in lymph vessels, often in the groin region. Adult females are up to 10 cm in 
length, and males are no more than half this length. Fertile females produce around 10,000 mf per day. 
After migrating to the blood stream, mf can be ingested by a suitable mosquito intermediate host dur-
ing a blood meal. The larvae undergo two molts in the mosquito over about a 2-week period to the 
infectious L3 stage. Upon transfer to a host during a blood meal, larvae undergo two additional molts 
over a period of 6–12 months before becoming adults in a “worm nest” in a lymph vessel. Unlike the 
case for onchocerciasis, the primary cause of pathology is the adult stages of LF parasites, not the mf. 
Adult worms and the immune response to them cause long-term changes in lymph vessel structure 
and function, leading to lymphedema downstream of the worm nest, with potentially profound 
enlargement of the affected limb or tissue (elephantiasis), and secondary infections, which can be 
severe and incapacitating [27].

 Pathogenesis

Parasitic nematodes cause pathology in several ways. The damage observed in the skin, eyes, and 
lymphatic tissues due to filariases can be attributed in large part to the host immune response to mf 
(onchocerciasis)  or adults (LF) . These parasites, like other helminths, induce a T-regulatory pheno-
type that retards inflammatory responses and enables chronic infection [11, 26, 27]. As the infection 
proceeds, the host response gradually begins to evolve beyond this state, and inflammation-related 
“bystander” damage to host tissues commences in areas in which the parasites reside. Skin damage, 
blindness, and the classic lymphedema and associated sequelae of LF ensue.
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Fig. 7.4 (a) Life cycles of Onchocerca volvulus and Wuchereria bancrofti. During a blood meal, an infected blackfly 
(genus Simulium) introduces third-stage filarial larvae onto the skin of the human host, where they penetrate into the bite 
wound (1). In subcutaneous tissues the larvae (2) develop into adult filariae, which commonly reside in nodules in sub-
cutaneous connective tissues (3). Adults can live in the nodules for approximately 15 years. Some nodules may contain 
numerous male and female worms. Females measure 33 to 50 cm in length and 270 to 400 μm in diameter, while males 
measure 19 to 42 mm by 130 to 210 μm. In the subcutaneous nodules, the female worms are capable of producing 
microfilariae for approximately 9 years. The microfilariae, measuring 220 to 360 μm by 5 to 9 μm and unsheathed, have 
a life span that may reach 2 years. They are occasionally found in peripheral blood, urine, and sputum but are typically 
found in the skin and in the lymphatics of connective tissues (4). A blackfly ingests the microfilariae during a blood meal  
(5). After ingestion, the microfilariae migrate from the blackfly’s midgut through the hemocoel to the thoracic muscles 
(6). There the microfilariae develop into first-stage larvae (7) and subsequently into third-stage infective larvae (8). The 
third-stage infective larvae migrate to the blackfly’s proboscis (9) and can infect another human when the fly takes a 
blood meal (1). (Source: CDC Parasites: Onchocerciasis [River Blindness]: https://www.cdc.gov/parasites/onchocerciasis/
biology.html. Accessed 10 Oct 2019). (b) Different species of the following genera of mosquitoes are vectors of W. 
bancrofti filariasis depending on geographical distribution. During a blood meal, an infected mosquito introduces third- 
stage filarial larvae onto the skin of the human host, where they penetrate into the bite wound (1). They develop in adults 
that commonly reside in the lymphatics (2). The female worms measure 80 to 100 mm in length and 0.24 to 0.30 mm 
in diameter, while the males measure about 40 mm by 0.1 mm. Adults produce microfilariae measuring 244 to 296 μm 
by 7.5 to 10 μm, which are sheathed and have nocturnal periodicity, except the South Pacific microfilariae which have 
the absence of marked periodicity. The microfilariae migrate into lymph and blood channels moving actively through 
lymph and blood (3). A mosquito ingests the microfilariae during a blood meal (4). After ingestion, the microfilariae 
lose their sheaths, and some of them work their way through the wall of the proventriculus and cardiac portion of the 
mosquito’s midgut and reach the thoracic muscles (5). There the microfilariae develop into first-stage larvae (6) and 
subsequently into third-stage infective larvae (7). The third-stage infective larvae migrate through the hemocoel to the 
mosquito’sproboscis (8) and can infect another human when the mosquito takes a blood meal (1). (Source: CDC 
Parasites: Lymphatic Filariasis https://www.cdc.gov/parasites/lymphaticfilariasis/biology_w_bancrofti.html. Accessed 
10 Oct 2019)
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Larval stages of A. lumbricoides and hookworms cause acute pathology, including fever and cough, 
as they migrate through host tissues on their way to the gut [2, 4]. The symptoms may be severe if 
large numbers of larvae are present. Adult STH species cause chronic pathology via several mecha-
nisms. Mechanical damage to the intestinal surface occurs and increases with increasing worm bur-
dens. Higher worm burdens put greater stress on the absorptive surface of the intestinal wall and cause 
changes in its cellular structure and function. Large numbers of A. lumbricoides can physically cause 
intestinal blockage, and large numbers of T. trichiura can lead to rectal prolapse. Adult Ascaris can 
migrate out of the lumen into the bile ducts and elsewhere, causing multiple complications. However, 
thanks to control campaigns (see below), few people now harbor large worm burdens, and these 
sequelae are more rarely observed.

The most significant STH pathology is the anemia caused by hookworms, which are hematopha-
gous; these parasites use oral cutting plates or teeth to rip small holes in the intestinal epithelium and 
consume the blood that emerges [2, 4, 25]. An adult N. americanus may consume 30 ul of blood per 
day, while the larger Ancylostoma adults may ingest 10 times that amount. It is therefore not surpris-
ing that anemia is a consequence of hookworm infection and that the risk of clinically significant 
anemia increases as the worm burden and duration of infection increase [21].

As noted, it has long been observed that STH infections are associated with growth and develop-
mental delays and suboptimal productivity in humans [2–5, 28]. The anemia induced by hookworm 
infections is an obvious cause of these long-term effects, but they also can result from a combination 
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of myriad, difficult-to-unravel factors which are of variable and imprecisely defined importance in 
each individual. These factors include parasite-dependent reduced nutrient absorption, loss of appe-
tite, diarrhea, recently recognized changes in the host microbiome [29–33], and the effects of parasite- 
induced altered host immune responses [11, 34]. The additional complicating factors associated with 
parasitism in resource-limited areas, including chronic malnutrition and concomitant infections, make 
it challenging to define the precise contribution of STH to the growth, developmental, and behavioral 
phenotypes too frequently observed in children who live in endemic areas [5, 35].

The proliferation of anthelmintic-based control programs has markedly reduced the number of 
people who harbor high worm burdens, in whom the consequences of infection are more apparent 
[36–39]. Double-blind, placebo-controlled long-term studies that monitor growth and performance in 
children provided with regular (e.g., quarterly) anthelmintic treatments in a cohort of at at-risk indi-
viduals are not possible for many reasons, including the unethical denial of treatment to infected 
individuals. Studies that measure before-and-after indicators in individuals following a single anthel-
mintic treatment are problematic from a design perspective (since each individual has a different 
background of ill-defined complicating factors and re-infection occurs rapidly after treatment), and 
such studies have perhaps unsurprisingly provided conflicting results [35]. Against this background, 
it is prudent to revisit the commonly accepted concept in veterinary medicine that the presence of even 
small numbers of gastrointestinal helminths leads to reduced measures of performance. It is unwise to 
presume that humans are an exception in this regard.

 Effects on Human Nutritional Status

It is essential to distinguish direct from indirect impacts of nematode infections on human nutritional 
status. For example, the pathological consequences of symptomatic onchocerciasis and LF clearly 
reduce the ability of the affected individual to contribute to household activities and economic pro-
ductivity, limiting familial food security and hence detracting from general nutritional status. In this 
regard, the nutritional consequences of these systemic infections are similar to those due to other 
physical disabilities or limitations and will not be discussed further.

In contrast, most STH infections do not cause acute, obvious physical limitations in an infected 
person that could lead to food insecurity. Nonetheless, as noted above, it has generally been accepted 
that STH are associated with growth impairment, developmental delays, and reduced productivity, 
especially in heavily infected individuals. Although the pathophysiological causes may be impre-
cisely defined, STH infections have been associated with nutritional deficiencies in humans [5, 28, 40, 
41]. Most prominent is iron deficiency associated especially with hookworm infections (due to blood- 
feeding), but this condition may also arise during infection with other STH species. Malabsorption 
and reduced appetite can lead to reduced energy and fat intake, resulting in reduced vitamin A levels; 
intake of essential micronutrients may also be reduced [21].

As discussed above, simple surveys of the health and nutritional impacts of human STH face chal-
lenges in quantification and causality due to the difficulty of controlling the confounding variables. 
Unfortunately, it is also difficult to extrapolate from studies in helminth-infected laboratory animals 
to humans. Animal models typically explore impacts of a single infection on nutritional variables of 
inbred strains of rodents. In contrast, human nutrition in regions of poverty, as noted, is affected by 
myriad factors that are challenging to replicate in the laboratory environment, not least of which is 
concurrent infection with other pathogens. A complicating factor that is only recently being addressed 
is the effect of helminth infections on the composition and metabolic profile of the gut microbiota; the 
influence of the microbiome on human nutrition has become clear [42], but how helminth infections 
affect this complex ecosystem remains an urgent subject for research, particularly in chronically 
infected individuals in whom microbiome alterations may persist after removal of the parasites by 
chemotherapy (see section, Understanding Microbiome-Helminth Interactions, below).
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 Trematode Infections

Schistosomes are the most prevalent parasitic trematodes of humans. Three species, Schistosoma 
mansoni, S. haematobium, and S. japonicum, account for almost all human infections, with S. man-
soni being the most prevalent. Estimates of prevalence typically range around 200 million infections 
[2, 43], with recent estimates somewhat lower [18]. However, prevalence is likely underestimated, as 
the diagnostic tests are not optimally sensitive [44]. Schistosomes are acquired from water bodies that 
harbor specific species of snails that serve as intermediate hosts (Fig.  7.5). Infective larvae 
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Fig. 7.5 Life cycle of Schistosoma species. Schistosoma eggs are eliminated with feces or urine, depending on species 
(1). Under appropriate conditions the eggs hatch and release miracidia (2), which swim and penetrate specific snail 
intermediate hosts (3). The stages in the snail include two generations of sporocysts (4) and the production of cercariae 
(5). Upon release from the snail, the infective cercariae swim, penetrate the skin of the human host (6), and shed their 
forked tails, becoming schistosomulae (7). The schistosomulae migrate via venous circulation to lungs, then to the 
heart, and then develop in the liver, exiting the liver via the portal vein system when mature (8,9). Male and female adult 
worms copulate and reside in the mesenteric venules, the location of which varies by species (with some exceptions) 
(10). S. japonicum is more frequently found in the superior mesenteric veins draining the small intestine (A), and S. 
mansoni occurs more often in the inferior mesenteric veins draining the large intestine (B). However, both species can 
occupy either location and are capable of moving between sites. S. haematobium most often inhabits the vesicular and 
pelvic venous plexus of the bladder (C), but it can also be found in the rectal venules. The females deposit eggs in the 
small venules of the portal and perivesical systems. The eggs are moved progressively toward the lumen of the intestine 
and of the bladder and ureters and are eliminated with feces or urine, respectively (1). (Source: CDC Parasites: 
Schistosomiasis: https://www.cdc.gov/parasites/schistosomiasis/biology.html. Accessed 10 Oct 2019)
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(“cercariae”) emerge from snails to seek an appropriate host; they enter through the skin and mature 
into adult male and female parasites which live for many years in veins surrounding the intestine or 
bladder, depending on the species of parasite. Eggs produced by fertilized females (thousands per 
day) must travel to the feces or urine in order to reach the external environment and so must pass 
through tissue barriers to be evacuated. Once shed into the water, the eggs hatch and release larval 
stages (“miracidia”) that infect snails, where they undergo additional rounds of development and 
replication. The pathology of schistosomiasis is almost entirely due to the host response to eggs 
trapped in tissues [45]. Acute lethality is rare, but—like nematode infections—these parasites cause 
chronic symptoms that reduce growth and productivity. Chronic untreated schistosomiasis is associ-
ated with mortality due to liver damage, esophageal varices, and bladder cancer, among other 
pathologies.

In addition to schistosomes, parasitic trematodes that inhabit the lungs or liver are also considered 
NTDs [1, 2]. These parasites are typically acquired from undercooked or raw freshwater fish, amphib-
ians, or crustaceans and are estimated to infect in aggregate almost 100,000,000 people, with highly 
regional patterns of distribution of the various species involved. Pathology induced by these food- 
borne parasites includes chronic cough, lung damage, and liver cancer [8]. Their effects on growth, 
development, and nutritional status have been little studied and remain unresolved.

 Cestode Infections

All cestodes are parasitic and have life cycles that require infection of more than one host animal (like 
schistosomes but unlike gastrointestinal nematodes). Tapeworms are hermaphrodites and most con-
tain a long string of connected segments (“proglottids”), each with its own ovary and testes that allow 
both self-fertilization and cross-fertilization with nearby adults. Humans are important definitive 
hosts for a few species in the genus Taenia, of which the most globally important are T. solium 
(acquired from pigs) and T. saginata (acquired from cattle); infectious larval stages in these interme-
diate hosts (pigs or cattle) are ingested by humans in undercooked meat, leading to the development 
of adult stages in the intestinal tract that shed infectious eggs into the environment (Fig. 7.6). In addi-
tion, humans who ingest the eggs of T. solium may develop larval stage infections in tissues (cysticer-
cosis; Fig.  7.6); these infections cause by far the greatest health burden of tapeworm parasites in 
humans. Because of this, T. solium is considered to be an NTD. Of particular concern is encystation 
of larvae in the brain (neurocysticercosis), a leading cause of epilepsy in people who live in close 
proximity to pigs in regions with inadequate sanitary infrastructure [46].

A much less common but even more devastating human infection by larval tapeworms is associ-
ated with ingestion of eggs shed by Echinococcus granulosus or E. multilocularis. These tapeworms 
normally cycle between canids as definitive hosts and a variety of other mammals as intermediate 
hosts; humans become accidental hosts when they ingest the eggs following close contact with 
infected dogs. Larval stages of Echinococcus spp. cause serious and difficult-to-treat infections in 
people that have high fatality rates [9].

In addition to infection with adult T. solium and T. saginata, humans can be infected with adult 
Hymenolepis nana (the dwarf tapeworm) by eating infected insects and Diphyllobothrium latum (the 
fish tapeworm) by eating larval stages in undercooked fish [10]. The most common human infection 
appears to be H. nana because in addition to infection from insects, this infection can also recur in an 
infected human via autoinfection. In these cases, eggs can be retained in the intestinal tract and 
develop from larvae to adults in situ. The other human tapeworms may reach lengths of many meters 
in the GI tract, but adult H. nana are much smaller. Remarkably, adult tapeworms cause little overt 
pathology in humans unless present in large numbers [10]. Occasionally, inappetence, nausea, diar-
rhea, and/or gastric discomfort may coincide with the presence of adult tapeworms; infections with D. 
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Fig. 7.6 Life cycle of Taenia solium. Cysticercosis is an infection of both humans and pigs with the larval stages of the 
parasitic cestode, Taenia solium. This infection is caused by ingestion of eggs shed in the feces of a human tapeworm 
carrier (1). These eggs are immediately infectious and do not require a developmental period outside the host. Pigs and 
humans become infected by ingesting eggs or gravid proglottids (2,7). Humans are usually exposed to eggs by ingestion 
of food/water contaminated with feces containing these eggs or proglottids or by person-to-person spread. Tapeworm 
carriers can also infect themselves through fecal-oral transmission (e.g., caused by poor hand hygiene). Once eggs or 
proglottids are ingested, oncospheres hatch in the intestine (3,8) invade the intestinal wall, enter the bloodstream, and 
migrate to multiple tissues and organs where they mature into cysticerci over 60–70 days (4,9). Some cysticerci will 
migrate to the central nervous system, causing neurocysticercosis. This differs from taeniasis, which is an intestinal 
infection with the adult tapeworm. Humans acquire intestinal infections with T. solium after eating undercooked pork 
containing cysticerci (5). Cysts evaginate and attach to the small intestine. Adult tapeworms develop to maturity and 
may reside in the small intestine for years (6). (Source: CDC Parasites: Cysticercosis https://www.cdc.gov/parasites/
cysticercosis/biology.html. Accessed 10 Oct 2019)
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latum were historically associated with vitamin B12 deficiency and consequent anemia in the human 
host due to scavenging by the parasite [47], but this symptom is now rarely noted. The folkloric con-
cept that the presence of adult tapeworms can lead to weight reduction in people has long been 
 disproven, and there is little evidence of a major impact of intestinal tapeworms on human develop-
ment or performance.

 Helminth Feeding Strategies

Little recent work has been reported on how parasitic helminths acquire nutrients in the host milieu. 
Although the host provides the sole source of nutrients for parasitic stages, the mechanisms of acqui-
sition and subsequent metabolism vary, primarily depending on the location.

 Systemic Nematodes

Adult filarial parasites primarily absorb small-molecule nutrients from the host by transport across 
their outer cuticle (“transcuticular uptake”); glucose, nucleotide precursors, and amino acids are 
absorbed across the cuticle of the worm [48]. Microfilariae lack a gut and therefore obtain all nutrients 
via transcuticular absorption. This strategy is understandable in light of the fact that these parasites are 
continuously bathed in a solution rich in nutrients, maintained by the host at constant osmotic pres-
sure. Because glucose is so readily available, filariae are nominally homolactate fermenters and do not 
need to engage mitochondrial electron transport for energy generation. However, adult filariae are 
capable of oxidative phosphorylation and can survive in culture, for example, with glutamine as the 
sole energy source [49]. In the context of the current discussion, it is important to recognize that the 
biomass of these parasites is usually too small, especially in areas with chemotherapy-based control 
programs, to deprive a human host of key nutrients by competition. An exception may be vitamin A, 
which filarial parasites acquire from the host; humans with high burdens of O. volvulus may show 
hypovitaminosis A [50]. However, high parasite loads are also associated with reduced work perfor-
mance, and it can be challenging to control for inadequate diet in heavily infected individuals who 
lack the capacity to contribute to the economics of the household or community.

The exception to the transcuticular nutrient absorption paradigm is iron acquisition. Large quanti-
ties of iron are needed for the production of larvae, but the only iron available in the host is complexed 
to proteins that are too large to cross the cuticle. This is proposed to underlie the need for oral inges-
tion, which can be directly observed in situ, and potentially for the anti-reproductive effects of the 
anthelmintic ivermectin, which paralyzes the pharynx and could therefore restrict the availability of 
iron necessary for the formation of mf [51].

 Soil-Transmitted Helminths

Few recent studies have been reported on nutrition and intermediary metabolism of adult STH spe-
cies. Two species residing in the gastrointestinal tract primarily utilize anaerobic pathways for energy 
generation, a process that has been most intensively explored in A. suum [52]. Adults of Ascaris spp. 
ingest luminal contents of the intestinal tract, including digesta and bacteria, but also obtain nutrients 
by transcuticular absorption [53, 54]. The proportion of nutrients acquired by oral ingestion vs. 
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transcuticular absorption by Ascaris adults in situ is unknown, but—as for adult filariae—iron acqui-
sition is almost certainly by the oral route.

In contrast, adult Trichuris spp. have a distinct feeding strategy; the anterior end of these nema-
todes is encased in a tunnel of intestinal epithelial cells, leading to its characterization as a macro-
scopic intracellular parasite. The mouth is very small, and the parasite lacks teeth and a muscular 
pharynx, suggesting that oral ingestion is not an important route for nutrient acquisition. Instead, the 
parasite is characterized by an unusual bacillary band in the anterior region that contains a large num-
ber of pores overlaying cells that are specialized for absorption. It appears that secreted digestive 
enzymes produce pools of nutrients from host epithelial cells which are then absorbed through the 
bacillary band [55–57]. This system can absorb proteins as large as 100 kDa, suggesting that iron 
absorption can also occur through this pathway. The intermediary metabolism of Trichuris is primar-
ily anaerobic, consistent with its niche environment [52].

Finally, adult hookworms employ a different strategy. These parasites, as noted above, ingest large 
quantities of oxygenated blood and have the capacity for aerobic as well as anaerobic metabolism in 
culture [58], although this has not been confirmed in vivo. The proportion of nutrients absorbed orally 
vs. across the cuticle by these parasites is unknown. Nonetheless, the blood loss induced by their feed-
ing strategy, including the amounts ingested and lost to the intestinal lumen, constitutes by far the 
greatest nutritional consequence of helminth parasites on human health.

 Schistosomes

Adult schistosomes ingest blood and thus have access to all the nutrients contained therein; they also 
are able to transport a variety of nutrients across their outer tegument [48, 52, 59]. Adult females 
ingest about 10 times more blood than males, reflecting the increased demand for iron for the forma-
tion of viable eggs. Nonetheless, both sexes can acquire essential nutrients by absorption across the 
tegument; the proportion of nutrients acquired by ingestion vs. tegumental absorption in situ has not 
been defined. Despite living in a highly oxygenated environment, adult schistosomes exhibit a primar-
ily anaerobic type of intermediary metabolism, generating energy primarily through glycolysis and 
excreting primarily lactose back into the host circulation. However, these parasites are clearly capable 
of aerobic metabolism, and how these pathways are coordinated and integrated remains the subject of 
research [60].

 Cestodes

Cestodes lack a mouth and an anatomically distinct digestive system, and acquisition of nutrients 
occurs by absorption across the tegument [48, 52]. In the course of host-parasite co-evolution, ces-
todes have adapted to compete with the intestinal epithelium of the host for nutrients. The tegument 
is characterized by numerous finger-like projections called microtriches, which increase the surface 
area by ten-fold, providing for efficient nutrient absorption [61]. Microtriches contain transporters for 
low molecular weight nutrients present in the intestinal lumen. Hymenolepis diminuta has six trans-
porters for amino acids, three for purine/pyrimidines, and at least two for nucleosides. Carbohydrates 
such as glucose, galactose, and glycerol are transported either by carrier molecules or by diffusion. 
Additionally, distinct transporters exist for short-chain and long-chain fatty acids [62, 63]. Microtriches 
also express extrinsic digestive enzymes (such as glucose-6-phosphatase) which cleave nutrients for 
absorption by the worms [52]. The important zoonotic cestode D. latum absorbs vitamin B12 from the 
host and can cause megaloblastic anemia [64]. Another zoonotic species, H. diminuta, may utilize 
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vitamin B6 from the host [65], although evidence for clinically significant deficiency in humans is not 
available.

Developing, but probably not mature, proglottids also exhibit endocytosis, which may be neces-
sary for the acquisition of iron to fuel the development of eggs. Adult stages are anaerobic in their 
intermediary metabolism [52], reflecting the low-oxygen tension in their environment.

 Influence of Human Nutritional Status on Helminth Infections

Human susceptibility to helminth infection, measured as the number of worms present in a person and 
the pathological consequences of those worms, is controlled by many hard to quantify factors. As 
discussed above, the effects of chronic malnutrition, microbiome composition, and concomitant 
infections all influence the outcome of infection, and it is difficult to investigate all these conditions 
simultaneously in animal models. Evidence from studies in humans supports a conclusion that mal-
nutrition (protein, energy, and micronutrient insufficiency) can be a risk factor for helminth infections, 
possibly by impairing the immune response to them [21, 66], leading to a negative spiral given the 
infections also lead to malnutrition.

Like nematode infections, concurrent schistosomiasis and malnutrition are widely prevalent, and 
animal studies have shown that host nutritional status influences pathogenesis of the infection, likely 
correlated with altered immune responses [67]. Other studies in animal models have demonstrated 
that host nutritional status influences multiple aspects of reproduction of Schistosoma [68–70], but 
whether these findings can be extrapolated to parasites in humans is unknown.

As for nematode infections, studies in humans with schistosome infections are difficult to interpret, 
as the vast majority are cross-sectional surveys that associate anthropometric indices with the pres-
ence or absence of schistosomes, with sometimes conflicting results. A recent meta-analysis indicated 
that micronutrient supplementation reduced the risk of infection with S. mansoni and S. haematobium 
[71], and an earlier analysis of the STH and schistosome infections of children in the Philippines 
found evidence that low energy and nutrient intake was associated with increased risks of infection 
with schistosomes, hookworms, and whipworms [72]. Whether these risks were associated with 
altered immune responses was not investigated.

 Impact of Control Programs

The consequences of chronic helminth infections led to the development and implementation of pro-
grams designed to limit the prevalence and intensity of these infections, with the primary intention of 
improving child development and population health. Initial efforts were based on environmental inter-
ventions, including the construction of sanitation infrastructure and vector control methods for snails 
and black flies to address schistosomiasis and onchocerciasis, respectively [73, 74]. The introduction 
of ivermectin (IVM) for onchocerciasis control revolutionized these efforts, particularly because the 
drug was donated for this indication (see below). The success of the program led to donations of medi-
cines for other helminth control programs [75, 76]. These interventions have reduced the morbidity of 
human helminth infections on a global scale and to a remarkable (although incomplete) extent. 
Success has led to the adoption of ambitious goals to eliminate these parasites as threats to public 
health in the next decade, although challenges unquestionably remain.

Treatment options for helminthiases can be divided into two principal strategies: mass drug admin-
istration (MDA) and diagnosis-driven therapy (sometimes referred to as “test and treat”). MDA) pro-
grams directed at filariases, schistosomiasis, and STH are summarized in Table 7.2. These campaigns 
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are triggered by epidemiological surveys of the prevalence and intensity of infection [77]. These 
surveys typically measure the abundance of larval stages of filarial parasites (mf) in skin snips (oncho-
cerciasis) or blood samples (LF), although antigen detection tests have become more common and 
new diagnostic assays have been the subject of research [78]. STH and schistosome infections are 
typically detected by counting parasite eggs in feces (or urine) using microscopy, although antigen 
detection assays are becoming more common for schistosome infections [43]. Communities that 
exceed prevalence/intensity thresholds can be targeted for MDA campaigns. These programs rely on 
donated anthelmintics which are given as a single dose once or twice yearly to as many residents as 
possible in these communities (often targeting school-age children) without individual diagnosis prior 
to treatment [77, 79, 80]. The goals of MDA programs are complex and depend on the target parasite, 
and progress varies; considerable progress has been achieved for many helminth parasites, but chal-
lenges remain.

Test and treat regimens are employed following individual diagnosis and, as noted, may be more 
intensive than the treatment received as part of MDA campaigns. However, this strategy will have to 
be extended to the field as control programs move closer to elimination or eradication; it will be chal-
lenging to sustain MDA programs in areas where incidence has dropped. In these areas, it will be 
important to identify and treat the remaining infected people to prevent resurgence of the infection as 
MDA ceases. The unabated presence of competent vectors and inadequate sanitation infrastructure 
will be of continuing concern.

 Filarial Infections

The first helminth MDA campaign was for onchocerciasis, motivated and sustained by donations of 
IVM by Merck and Co. IVM was discovered and developed for veterinary use by this company; 
based on its extraordinary potency and efficacy in preventing infections with the canine heartworm, 
Dirofilaria immitis, which is closely related to O. volvulus, trials were initiated in onchocerciasis 
patients [81]. A single low oral dose of IVM removes all or almost all mf from the skin and steril-
izes adult worms for 6–9 months; the removal of mf and prevention of their re-appearance for many 
months limits the development of dermal and ocular pathology and blocks transmission. This drug 
does not kill adult O. volvulus, necessitating yearly or biannual treatments with IVM for 
10–15 years, which can locally eliminate the parasite as transmission ceases and the adults eventu-
ally die [80, 82, 83].

MDA programs for onchocerciasis have made notable progress in eliminating these infections; a 
remarkable success story is the near-eradication of this parasite from sites in Central and South 
America through intensive rounds of IVM-based MDA [84, 85]. Impressive gains have been made in 
Africa as well, although the availability of field-friendly macrofilaricides (anthelmintics that kills 

Table 7.2 MDA control programs for human helminthiases

Indication Drugs Donor/number of doses per year

Onchocerciasis Ivermectin Merck & Co./>700,000,000
Lymphatic filariasis Ivermectina Merck & Co./>700,000,000

Diethylcarbamazine Eisai/2,000,000,000 total by 2020
Albendazole GSK/600,000,000

Schistosomiasis Praziquantel Merck KGaA/250,000,000
STH Albendazole GSK/400,000,000

Mebendazole Johnson & Johnson/200,000,000
Data from WHO: https://www.who.int/neglected_diseases/Medicine_Donation_June_2016.pdf
aDonations for the filarial diseases combined in this total
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adult filarial worms) would help achieve elimination goals. Moxidectin, a macrocyclic lactone in the 
milbemycin class structurally related to IVM, was recently approved by the US Food and Drug 
Administration for treatment of onchocerciasis. Moxidectin has a much longer half-life than IVM in 
humans and causes a more prolonged suppression of microfilaridermia than the standard once-yearly 
dose of IVM [86]. Inclusion of this drug in MDA campaigns could reduce the time required for elimi-
nation [87]; whether cumulative doses have macrofilaricidal effects and are safe for use in regions that 
are co-endemic for the filarial parasite Loa loa (see below) remains to be determined.

MDA programs were subsequently introduced for LF, based on annual treatment of people in 
endemic areas with single doses of diethylcarbamazine (DEC) plus albendazole (ABZ). In areas in 
which LF is co-endemic with onchocerciasis, DEC is contraindicated, and a yearly dose of IVM + ABZ 
was used [80, 88]. As for onchocerciasis, this strategy removes mf from the circulation and provides 
long-term suppression of new mf production, blocking transmission but not pathology. Annual treat-
ments for 5 years have eliminated LF from some areas [80, 88–90], depending on the underlying 
epidemiology and degree of population coverage.

Recently, high macrofilaricidal efficacy has been reported for a “triple therapy” regimen, simulta-
neous administration of single doses of DEC + ABZ + IVM [91]. This strategy appears to kill adult 
LF parasites, and the regimen is now being introduced for this purpose [92]. This strategy should 
dramatically accelerate the elimination of LF as a threat to public health by killing adult parasites, 
reducing the duration of treatment required. Extension of triple therapy to onchocerciasis is challeng-
ing because of the danger of serious adverse events posed by DEC-induced killing of mf in onchocer-
ciasis patients. Filarial parasites respond differently to anthelmintic drugs, and evidence of efficacy of 
the combination against adult O. volvulus is not available. As mentioned above, a complicating factor 
is the use of IVM or DEC in regions where recipients may also be infected with L. loa [93]. Patients 
harboring high numbers of L. loa mf are at risk of severe adverse CNS events following administra-
tion of DEC or IVM, a situation that poses a challenge in the field unless prescreening can guarantee 
patient safety.

Patients presenting in a clinical setting with a diagnosis of onchocerciasis or LF can be treated with 
the same regimens used in MDA, though dosing may be more frequent. In the case of onchocerciasis, 
surgical removal of palpable nodules, in which adult female parasites reside, may be helpful. An addi-
tional therapeutic option is treatment with standard antibiotic doses of doxycycline daily for 
4–6 weeks, a regimen which slowly kills adult filarial parasites through elimination of the essential 
Wolbachia symbiotic bacteria present in most filarial species that parasitize humans [94]. It is not 
clear that the duration of daily dosing needed for efficacy is compatible with use in all endemic areas, 
but finding new anti-Wolbachia chemotherapeutics that act more rapidly is a highly promising area of 
drug discovery [95].

 Soil-Transmitted Helminths

MDA programs for STH primarily rely on single doses of the benzimidazole anthelmintics ABZ or 
mebendazole (MBZ), given quarterly, semiannually, or yearly [77, 79, 80]. ABZ is donated for this 
purpose by GlaxoSmithKline, and MBZ is donated by Johnson & Johnson; each company provides 
hundreds of millions of tablets every year [75, 76] (Table 7.2). The single-dose regimen of either drug 
provides excellent efficacy against A. lumbricoides, less complete but still notable efficacy against 
hookworms, and suboptimal efficacy against whipworms [96–99]. In diagnosed patients in a clinic, 
three doses of either drug given once per day provide excellent efficacy against all STH species, but 
this regimen (although standard for treatment of pets in veterinary clinics) is thought not to be com-
patible with MDA. The persistence of infective stages of these parasites in the environment means that 
re-infection following treatment is expected, and benefits are not equivalent for all STH species, 
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notably for hookworms [25], or in areas of high transmission, where successful control is particularly 
challenging. Nonetheless, MDA reduces adult worm burdens in treated populations, reducing the 
consequences of parasitism, even if elimination remains a challenge without concomitant improve-
ments in sanitation [98–101]. Several other anthelmintics have been approved for use in human STH 
infections in at least some countries, most notably the nicotinic cholinergic agonists pyrantel (as the 
pamoate salt), levamisole, and oxantel; none has particular advantages over ABZ or MBZ in the 
absence of drug resistance, which, while undoubtedly threatening, has not yet emerged as an impedi-
ment to STH control.

 Trematodes

Treatment of schistosome infections relies almost entirely on MDA programs that administer a single 
dose of praziquantel (PZQ) once or twice a year (sometimes more frequently) to populations in 
endemic areas [77, 79, 80]. PZQ, hundreds of millions of doses of which are donated annually for 
MDA programs by Merck KGaA [75, 76], has reasonably high efficacy against adult schistosomes but 
not against juvenile parasites during their tissue migration, and re-treatment approximately 6 weeks 
after the first dose may be needed to clear the parasites [102, 103]. Continued contact with contami-
nated water means that re-infection in highly endemic areas is to be expected. As for STH, MDA 
programs have reduced adult worm burdens in treated populations, resulting in fewer eggs produced 
and less pathology [37, 80, 100]. However, PZQ in single dose regimens is typically not 100% effica-
cious, and its bitter taste and sometimes unpleasant side effects may lead to reduced compliance. As 
with many MDA programs, challenges remain, particularly in areas of high transmission [104]. In 
addition, as worm burdens are reduced, the health benefits of continuing to adhere to treatment may 
become less obvious, and coverage may become more difficult to sustain [105].

Most food-borne trematode infections are susceptible to PZQ. For GI parasites, a single oral dose 
of 25 mg/kg is used; for liver and lung flukes, the same dose is given three times a day for 2 days. PZQ 
is not effective for the treatment of fasciolosis; instead one or two doses of 10 mg/kg triclabendazole 
is used [8]. MDA strategies have not been deployed for control of these infections.

 Cestodes

Infections with adult T. solium, H. nana, or D. latum in the GI tract of humans can be cured with a 
single 10–25 mg/kg dose of PZQ [102]. Treatment of infected pigs with a single 30 mg/kg dose of 
oxfendazole eliminates muscle cysts [106], thereby preventing transmission to humans from under-
cooked pork, and a highly effective recombinant vaccine called TSOL 18 is commercially available 
that prevents infection in pigs [107]. Insufficient economic gain is realized by pig owners via use of 
this vaccine to motivate control programs in the field targeted to swine. Nonetheless, a combination 
strategy of TSOL 18 vaccination and oxfendazole treatment of pigs is a promising strategy to elimi-
nate T. solium as a significant cause of human disease if the case for investment of public health 
resources can be made [107, 108].

Treatment of neurocysticercosis is much more challenging [9, 10, 46]. Cysts typically reside in an 
inflammatory matrix in the CNS, and killing of the parasites may exacerbate the inflammation, lead-
ing to greater pathology. Long courses of either ABZ or PZQ, generally co-administered with a ste-
roid to control inflammation, are the current standard of care; neither option is reliably completely 
curative.
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 Challenges, Gaps, and Unmet Needs

Helminth infections, once ubiquitous in human populations, have been eliminated from many areas of 
the world. Despite notable success of MDA-driven control programs, helminths remain depressingly 
common in areas of the world that lack the economic resources to provide adequate sanitation and 
housing infrastructure. The provision of healthcare resources has reduced the global health burden 
associated with these parasites, and this may be helping to break the cycle of poverty in at least some 
regions. In that context, we have identified challenges that limit our ability to remove parasitic hel-
minths as a barrier to healthy human development and performance.

 Climate Change

The incidence and prevalence of human helminth infections are strongly influenced by environmental 
conditions, which are changing as a result of human-induced global warming [109]. Arthropod, mol-
luscan, and aquatic animal species that serve as vectors for these parasites are all dependent upon 
water bodies, and climate changes that influence rainfall patterns and water body stability will both 
limit and expand their territories, depending on altered rainfall and temperature patterns (see Chap. 
15) [110]. Temperature and humidity influence the longevity of STH egg and larval stages in the envi-
ronment, and changes in these factors as the world warms will alter the distribution and intensity of 
these parasites. These changes will be felt locally and will vary from species to species; it is essential 
that control programs be adaptable to address new realities and that potential expansion of helminth 
distribution be actively monitored.

 Impacts of Elimination Programs

As heavy helminth infections diminish due to overall economic development and the effects of control 
campaigns, the consequences of these pathogens for human health, development, and productivity will 
diminish. Because of their environmental persistence, migration of untreated populations, and the ability 
of some vector species to travel long distances, it is essential that investments in control continue until 
the risks of resurgence are eliminated. It is possible that some pathogens may be eradicated through 
MDA campaigns, especially those which lack zoonotic potential (onchocerciasis, W. bancrofti, some 
STH species). Monitoring populations in which these infections have been eliminated as public health 
threats, but not eradicated, is necessary to prevent re-emergence. Sustainability of progress to date will 
also depend on availability of low-cost drugs, and both global and local political will. Implementing 
improved sanitation infrastructure and practices will be an essential part of sustaining and expanding the 
gains made by ongoing control programs. The investment of resources into this endeavor would be 
strengthened if better methods to document the beneficial effects of helminth control could be devised.

 Understanding Microbiome-Helminth Interactions

STH species and trillions of microbes, including viruses, bacteria, and protozoa/fungi, co-habit the GI 
tract. As part of this co-existence, microbes and worms constantly interact. GI nematode infections of 
humans, livestock, and laboratory animals alter/modify the GI microbiome, and these alterations can 
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have positive impacts on the host [111]. For example, nematode infection in mice increased the abun-
dance of Lactobacillus [112], a beneficial and health-promoting bacteria. Nematode-mediated micro-
biome alterations may have ameliorative effects on inflammatory bowel disease [113]. Nonetheless, 
adverse effects are also possible [114], and the complex interactions among helminths, the microbi-
ome, and the host remain incompletely understood. This is particularly vexing in the context of defin-
ing the effects of chronic helminth infections on human nutritional status. This area clearly warrants 
increased research funding to better understand the therapeutic interventions that may be needed to 
reverse the effects of chronic helminthiases on human growth and development.

 The Hygiene Hypothesis

The hygiene hypothesis proposes that the presence of helminth infections (and infections with other 
pathogens) reduces the occurrence of chronic inflammatory autoimmune diseases [115]. A multitude 
of epidemiological and experimental studies involving both human populations and experimental 
animal models support the hypothesis. For example, exposure to parasitic infection during early child-
hood reduces the risk of allergic diseases in later life [116]. Given that helminth parasites induce 
strong Th2 responses similar to those seen in allergic reactions, the idea that exposure to helminths 
minimizes allergic and autoimmune response may seem counterintuitive. However, besides inducing 
Th2 responses, helminths also induce regulatory T cells, leading to immune suppression which can 
reduce the risk of autoimmune and allergic diseases. Intriguingly, the therapeutic potential of GI 
nematodes and their products for amelioration of autoimmune diseases is a subject of active investiga-
tion [117, 118]. A comparison between incidence of autoimmune and allergic cases and prevalence of 
helminths among developed and developing country clearly showed an inverse relationship, support-
ing the validity of the hygiene hypothesis. From the co-evolutionary point of view, it is imperative to 
appreciate the importance of our “old friends” (parasitic nematodes) while formulating control strate-
gies. Thus, given uncertainties about the benefits and potential adverse consequences of eradicating 
these organisms, questions remain about whether long-term goals should be eradication of infection 
or control of disease.

 Conclusions

Parasitic helminths have been the almost constant companions of humans (and all other metazoan 
animals) throughout evolution and have shaped many aspects of physiology, metabolism, and immu-
nology. For the most part, they impose relatively minor burdens on their hosts, unless present in large 
numbers or in individuals who react badly to them. Capable of creating profound pathology, even 
death, and of limiting growth, development, and physical and mental performance, these pathogens 
have attracted investment for control and eradication. Comparatively little has been invested in under-
standing their precise impacts on human nutritional status and performance. Their elimination from 
much of the wealthy areas of the globe via vector control and sanitation now restricts their distribution 
to poorer and more tropical regions. Despite support for MDA-based control campaigns, including the 
donation of several essential medicines for these operations, these parasites remain prevalent, even if 
the burden of disease is generally lifting. We do not yet understand enough about their effects on 
human children, particularly with regard to individual variation and the effects of comorbidity factors, 
to assume that we can relax control efforts once most people in an area are free from infection. 
Instead, in the absence of adequate economic development, the environmental conditions that favor 
their transmission will remain poised to enable a resurgence of disease if we are not vigilant. Breaking 
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the cycle of poverty is a hard task. Removing helminths as contributing factors is an important step 
toward that goal.

References

 1. World Health Organization Neglected Tropical Diseases. https://www.who.int/neglected_diseases/diseases/en/. 
Accessed 12 Aug 2019.

 2. Hotez PJ, Brindley PJ, Bethony JM, King CH, Pearce EJ, Jacobson J. Helminth infections: the great neglected 
tropical diseases. J Clin Invest. 2008;118:1311–21.

 3. Mitra AK, Mawson AR.  Neglected tropical diseases: epidemiology and global burden. Trop Med Infect Dis. 
2017;2:36.

 4. Jourdan PM, Lamberton PHL, Fenwick A, Addiss SG.  Soil-transmitted helminth infections. Lancet. 
2018;391:252–65.

 5. Hall A, Hewitt G, Tuffrey V, de Silva N. A review and meta-analysis of the impact of intestinal worms on child 
growth and nutrition. Mat Child Nutr. 2008;4:118–236.

 6. Taylor MJ, Hoerauf A, Bockarie M. Lymphatic filariasis and onchocerciasis. Lancet. 2010;376:1175–85.
 7. Colley DG, Bustinduy AL, Secor WE, King CH. Human schistosomiasis. Lancet. 2014;383:2253–64.
 8. Keiser J, Utzinger J. Food-borne trematodiases. Clin Microbiol Rev. 2009;22:466–83.
 9. Brunetti E, White AC Jr. Cestode infections: hydatid disease and cysticercosis. Inf Dis Clinics N Am. 

2012;26:421–35.
 10. Webb C, Cabada MM. Intestinal cestodes. Curr Opin Infect Dis. 2017;30:504–10.
 11. McSorley HJ, Maizels RM. Helminth infections and host immune regulation. Clin Microbiol Rev. 2012;25:585–608.
 12. Anderson RM, May RM. Infectious diseases of humans. Dynamics and control. Oxford: Oxford University Press; 

1991.
 13. Gross SJ, Ryan WG, Ploeger HW. Anthelmintic treatment of dairy cows and its effect on milk production. Vet Rec. 

1999;144:581–7.
 14. Forbes AB, Huckle CA, Gibb MJ, Rook AJ, Nuthall R. Evaluation of the effects of nematode parasitism on grazing 

behaviour, herbage intake and growth in young grazing cattle. Vet Parasitol. 2000;90:111–8.
 15. Miller CM, Waghorn TS, Leathwick DM, Candy PM, Oliver A-MB, Watson TG. The production costs of anthel-

mintic resistance in lambs. Vet Parasitol. 2012;186:376–81.
 16. World Health Organization. Soil-transmitted helminthiases: eliminating soil-transmitted helminthiases as a public 

health problem in children: progress report 2001–2010 and strategic plan 2011–2020. Geneva: WHO; 2012.
 17. Pullan RL, Smith JL, Jasrasaria R, Brooker SJ. Global numbers of infection and disease burden of soil transmitted 

helminth infections in 2010. Parasit Vectors. 2014;7:37.
 18. Global Burden of Disease 2017 Disease and Injury Incidence and Prevalence Collaborators. Global, regional, 

and national incidence, prevalence and years lived with disability for 354 diseases and injuries for 195 coun-
tries and territories. 1990-2017: a systematic analysis for the global burden of disease study 2017. Lancet. 
2018;392:1789–858.

 19. Schär F, Trostdorf U, Giardina F, Khieu V, Muth S, Marti H, et al. Strongyloides stercoralis: global distribution and 
risk factors. PLoS Negl Trop Dis. 2013;7:e2288.

 20. Bisoffi Z, Buofrate D, Montresor A, Requena-Méndez A, Muñoz J, Krolewiecki AJ, et al. Strongyloides stercora-
lis: a plea for action. PLoS Negl Trop Dis. 2013;7:e2214.

 21. Scott ME, Koski KG. Soil-transmitted helminths – does nutrition make a difference? In: Humphries DL, Scott ME, 
Vermund SH, editors. Nutrition and infectious diseases – shifting the clinical paradigm. Switzerland: Springer 
Nature; 2020.

 22. Leles D, Gardner SL, Reinhard K, Iñiguez A, Araujo A. Are Ascaris lumbricoides and Ascaris suum a single spe-
cies? Parasit Vectors. 2012;5:42.

 23. Anderson TJ. The dangers of using single locus markers in parasite epidemiology: Ascaris as a case study. Trends 
Parasitol. 2001;17:183–8.

 24. Izurieta R, Reina-Ortiz M, Ochoa-Capello, T. Trichuris trichiura. In: JB Rose, B Jiménez-Cisneros (eds) Global 
Water Pathogen Project. http://www.waterpathogens.org (Robertson, L (ed) Part 4 Helminths). Michigan State 
University, East Lansing, MI, UNESCO 2018. http://www.waterpathogens.org/book/trichuris-trichiura.

 25. Bartsch SM, Hotez PJ, Asti L, Zapf KM, Bottazzi ME, Diemert DJ, et al. The global economic and health burden 
of human hookworm infection. PLoS Negl Trop Dis. 2016;10:e0004922.

 26. Ottesen EA. Immune responsiveness and the pathogenesis of human onchocerciasis. J Infect Dis. 1995;171:659–71.
 27. Babu S, Nutman TB. Immunopathogenesis of lymphatic filarial disease. Semin Immunopathol. 2012;34:847–61.

7 Human Helminth Infections: A Primer

https://www.who.int/neglected_diseases/diseases/en/
http://www.waterpathogens.org/
http://www.waterpathogens.org/book/trichuris-trichiura


212

 28. Stephenson LS, Latham MC, Ottesen EA.  Malnutrition and parasitic helminth infections. Parasitology. 
2000;121(Suppl):S23–38.

 29. Glendinning L, Nausch N, Free A, Taylor DW, Mutapi F. The microbiota and helminths: sharing the same niche in 
the human host. Parasitology. 2014;141:1255–71.

 30. Jenkins TP, Rathnayaka Y, Perera PK, Peachey LE, Nolan MJ, Krause L, et al. Infections by human gastroin-
testinal helminths are associated with changes in faecal microbiota diversity and composition. PLoS One. 
207(12):e0184719.

 31. Rosa BA, Supali T, Gankpala L, Djuardi Y, Sartono E, Zhou Y, et al. Differential human gut microbiome assem-
blages during soil-transmitted helminth infections in Indonesia and Libya. Microbiome. 2018;6:33.

 32. Schneeberger PHH, Coulibaly JT, Panic G, Daubenberger C, Gueuning M, Frey JE, et al. Investigations on the 
interplay between Schistosoma mansoni, praziquantel and the gut microbiome. Parasit Vectors. 2018;11:168.

 33. Easton AV, Quiñones M, Vukkovic-Cvijin I, Oliveira RG, Kepha S, Odiere MR, et al. The impact of anthelmintic 
treatment on human gut microbiota based on cross-sectional and pre- and postdeworming comparisons in western 
Kenya. MBio. 2019;10:e–00519-19.

 34. Varyani F, Fleming O, Maizels RM. Helminths in the gastrointestinal tract as modulators of immunity and pathol-
ogy. Am J Gastrointest Liver Physiol. 2017;312:G537–49.

 35. Majid MH, Kang SJ, Hotez PJ. Resolving “worm wars”: an extended comparison review of findings from key 
economics and epidemiological studies. PLoS Negl Trop Dis. 2019;13:e0006940.

 36. Webster JP, Molyneux DH, Hotez PJ, Fenwick A. The contribution of mass drug administration to global health: 
past, present and future. Phil Trans Roy Soc B. 2014;369:20130434.

 37. Andrade G, Bertsch DJ, Gazzinelli A, King CH. Decline in infection-related morbidities following drug-mediated 
reductions in the intensity of Schistosoma infection: a systematic review and meta-analysis. PLoS Negl Trop Dis. 
2017;11:e0005372.

 38. Marocco C, Bangert M, Joseph SA, Fitzpatrick C, Montresor A. 2017. Preventative chemotherapy in one year 
reduces by over 80% the number of individuals with soil-transmitted helminthiases causing morbidity: results 
from meta-analysis. Trans Roy Soc Trop Med Hyg. 2017;111:12–7.

 39. Lo NC, Addiss DG, Hotez PJ, King CH, Stothard JR, Evans DS, et al. A call to strengthen the global strategy for 
schistosomiasis and soil-transmitted helminthiasis: the time is now. Lancet Infect Dis. 2017;17:e64–9.

 40. Solomons NW. Pathways to the impairment of human nutritional status by gastrointestinal pathogens. Parasitology. 
1993;107(Suppl):S19–35.

 41. Crompton DWT, Nesheim MC. Nutritional impact of intestinal helminthiasis during the human life cycle. Ann 
Rev Nutr. 2002;22:35–59.

 42. Robertson RC, Manges AR, Finlay BB, Prendergast AJ. The human microbiome and child growth – first 1000 
days and beyond. Trends Microbiol. 2018;27:131–47.

 43. McManus DP, Dunne DW, Sacko M, Utzinger J, Vennervald BJ, Zhou X-N. Schistosomiasis. Nature Rev Dis 
Primer. 2018;4:13.

 44. Colley DG, Andros TS, Campbell CH Jr. Schistosomiasis is more prevalent than previously thought: what does 
it mean for public health goals, policies, strategies, guidelines and intervention programs? Infect Dis Poverty. 
2017;6:63.

 45. Burke ML, Jones MK, Gobert GN, Li YS, Ellis MK, McManus DP. Immunopathogenesis of human schistosomia-
sis. Parasite Immunol. 2009;31:163–76.

 46. Nash TE, Mahanty S, Garcia HH.  Neurocysticercosis  – more than a neglected disease. PLoS Negl Trop Dis. 
2013;7:e1964.

 47. Nyberg W, Grasbeck R, Saarni M, von Bonsdorff B. Serum vitamin B12 levels and incidence of tapeworm anemia 
in a population heavily infected with Diphyllobothrium latum. Am J Clin Nutr. 1961;9:606–12.

 48. Thompson DP, Geary TG.  Helminth surfaces: structural, molecular and functional properties. In: Marr JJ, 
Komuniecki R, editors. Molecular medical parasitology. Oxford: Academic Press; 2003. p. 297–338.

 49. MacKenzie NE, VandeWaa EA, Gooley PR, Williams JF, Bennett JL, Bjorge SM, et al. Comparison of glycol-
ysis and glutaminolysis in Onchocerca volvulus and Brugia pahangi by 13C NMR spectroscopy. Parasitology. 
1989;99:427–35.

 50. Storey DM. Filariasis: nutritional interactions in human and animal hosts. Parasitology. 1993;107:S147–58.
 51. Geary TG, Moreno Y. Macrocyclic lactone anthelmintics: spectrum of activity and mechanism of action. Curr 

Pharmaceut Biotechnol. 2012;13:866–72.
 52. Saz HJ. Energy metabolism of parasitic helminths. Annu Rev Physiol. 1981;43:323–41.
 53. Fleming MW, Fetterer RH. Ascaris suum: continuous perfusion of the pseudocoelom and nutrient absorption. Exp 

Parasitol. 1984;57:142–8.
 54. Halton DW. Nutritional adaptations to parasitism. Int J Parasitol. 1997;27:693–704.
 55. Tilney LG, Connelly PS, Guild GM, Vranich KA, Artis D. Adaptation of a nematode parasite to living with the 

mammalian epithelium. J Exp Zool A Comp Exp Biol. 2005;303:927–45.

Timothy G. Geary and Manjurul Haque



213

 56. Hansen TVA, Hansen M, Nejsum P, Mejer H, Denwood M, Thamsborg SM. Glucose absorption by the bacillary 
band of Trichuris muris. PLoS Negl Trop Dis. 2016;10:e0004971.

 57. Hüttemann M, Schmahl G, Mehlhorn H. Light and electron microscopic studies on two nematodes, Angiostrongylus 
cantonensis and Trichuris muris, differing in their mode of nutrition. Parasitol Res. 2007;101:S225–32.

 58. Warren LG. Biochemistry of the dog hookworm. III. Oxidative phosphorylation. Exp Parasitol. 1970;27:417–23.
 59. Skelly PJ, Da’dara AA, Li X-H, Castro-Borges W, Wilson RA.  Schistosome feeding and regurgitation. PLoS 

Pathog. 2014;10:e1004246.
 60. You H, Stephenson RJ, Gobert GN, McManus DP. Revisiting glucose uptake and metabolism in schistosomes: 

new molecular insights for improved schistosomiasis therapies. Front Genetics. 2014;5:1.
 61. Hayunga EG. Morphological adaptations of intestinal helminths. J Parasitol. 1991;77:865–73.
 62. Pappas PW, Read CP. Membrane transport in helminth parasites-a review. Exp Parasitol. 1975;33:469–530.
 63. Insler GD. Population and developmental changes in thymidine uptake kinetics of Hymenolepis diminuta (Cestoda: 

Cyclophyllidea). Comp Biochem Physiol. 1981;70B:697–702.
 64. Nyberg W. Diphyllobothrium latum and human nutrition, with particular reference to vitamin B12 deficiency. Proc 

Nutr Soc. 1963;22:8–14.
 65. Platzer EG, Roberts LS. Developmental physiology of cestodes. V. Effects of vitamin deficient diets and host 

coprophagy prevention on development of Hymenolepis diminuta. J Parasitol. 1969;55:1143–52.
 66. Koski KG, Scott ME. Gastrointestinal nematodes, nutrition and immunity: breaking the negative spiral. Ann Rev 

Nutr. 2001;21:297–321.
 67. Marques DVB, Felizardo AA, Souza RLM, Pereira AAC, Gonçalves RV, Novaes RD. Could diet composition 

modulate pathological outcomes in schistosomiasis mansoni? A systematic review of in vivo preclinical evidence. 
Parasitology. 2018;145:1127–36.

 68. Neves RH, Machado-Silva JR, Pelajo-Machado M, Oliveira SA, Coutinho EM, Lenzi HL, et al. Morphological 
aspects of Schistosoma mansoni adult worms isolated from nourished and undernourished mice: a comparative 
analysis by confocal laser scanning microscopy. Memòrias Instituto Oswaldo Cruz. 2001;96:1013–6.

 69. Okumura-Noji K, Sasai K, Zhan R, Kawaguchi H, Maruyama H, Tada T, et al. Cholesteryl ester transfer pro-
tein deficiency causes slow egg embryonation of Schistosoma japonicum. Biochem Biophys Res Comm. 
2001;286:305–10.

 70. Oliveira SA, Barbosa AA Jr, Gomes DC, Machado-Silva JR, Barros AF, Neves RH, et al. Morphometric study of 
Schistosoma mansoni adult worms recovered from undernourished infected mice. Memòrias Instituto Oswaldo 
Cruz. 2003;98:623–7.

 71. Morales-Suarez-Varela M, Peraita-Costa I, Llopis-Morales A, Llopis-Gonzalez A. Supplementation with micronu-
trients and schistosomiasis: systematic review and meta-analysis. Pathogens Glob Health. 2019;113:101–8.

 72. Papier K, Williams GM, Luceres-Catubig R, Ahmed F, Olveda RM, McManus DP, et al. Childhood malnutrition 
and parasitic helminth interactions. Clin Infect Dis. 2014;59:234–43.

 73. Sokolow SH, Wood CL, Jones IJ, Swartz SJ, Lopez M, Hsieh MH, et  al. Global assessment of schistosomia-
sis control over the past century shows targeting the snail intermediate host works best. PLoS Negl Trop Dis. 
2016;10:e0004794.

 74. Cupp EW, Sauerbrey M, Richards F. Elimination of human onchocerciasis: history of progress and current feasi-
bility using ivermectin (Mectizan®) monotherapy. Acta Trop. 2011;120(Suppl. 1):S100–8.

 75. World Health Organization. NTD donation program. 2016. https://www.who.int/neglected_diseases/Medicine_
Donation_June_2016.pdf. Accessed 10 Oct 2019.

 76. Cohen JP, Silva L, Cohen A, Awatin J, Sturgeon R. Progress report on neglected tropical disease drug donation 
programs. Clin Therapeut. 2016;38:1193–204.

 77. World Health Organization. Preventive chemotherapy in human helminthiasis: coordinated use of anthelminthic 
drugs in control interventions: a manual for health professionals and programme managers. Geneva: World Health 
Organization; 2006.

 78. Alhassan A, Li Z, Poole CB, Carlow CKS. Expanding the MDx toolbox for filarial diagnosis and surveillance. 
Trends Parasitol. 2015;31:391–400.

 79. World Health Organization. Accelerating work to overcome the global impact of neglected tropical diseases—a 
roadmap for implementation. Geneva: World Health Organization; 2012.

 80. World Health Organization. Crossing the billion: lymphatic filariasis, onchocerciasis, schistosomiasis, soil- 
transmitted helminthiases and trachoma: preventative chemotherapy for neglected tropical diseases. Geneva: 
WHO; 2017.

 81. Campbell WC. Ivermectin as an antiparasitic agent for use in humans. Ann Rev Microbiol. 1991;45:445–74.
 82. Boatin BA, Richards FO. Control of onchocerciasis. Adv Parasitol. 2006;61:349–94.
 83. Lawrence J, Sodahlon YK, Ogoussan KT, Hopkins AD.  Growth, challenges and solutions over 25 years of 

Mectizan and the impact on onchocerciasis control. PLoS Negl Trop Dis. 2015;9:e0003507.

7 Human Helminth Infections: A Primer

https://www.who.int/neglected_diseases/Medicine_Donation_June_2016.pdf
https://www.who.int/neglected_diseases/Medicine_Donation_June_2016.pdf


214

 84. Sauerbrey M, Rakers LJ, Richards FO.  Progress toward elimination of onchocerciasis in the Americas. Int J 
Health. 2018;10(suppl 1):i71–8.

 85. World Health Organization. Progress report on the elimination of human onchocerciasis, 2017-2018. Weekly 
Epidemiol Rec. 2018;93:633–48.

 86. Opoku NO, Bakajika DK, Kanza EM, Howard H, Mambandu GL, Nyathirombo A, et al. Single dose moxidec-
tin versus ivermectin for Onchocerca volvulus infection in Ghana, Liberia, and the Democratic Republic of the 
Congo: a randomised, controlled, double-blind phase 3 trial. Lancet. 2018;392:1207–16.

 87. Boussinesq M, Fobi G, Kuesel AC. Alternative treatment strategies to accelerate the elimination of onchocerciasis. 
Int Health. 2018;10:i40–8.

 88. Gyapong JO, Owusu IO, da Costa Vroom FB, Mensah EO, Gyapong M. Elimination of lymphatic filariasis: cur-
rent perspectives on mass drug administration. Res Rep Trop Med. 2018;9:25–33.

 89. Ramaiah KD, Ottesen EA.  Progress and impact of 13 years of the global Programme to eliminate lymphatic 
Filariasis on reducing the burden of filarial disease. PLoS Negl Trop Dis. 2014;8:e3319.

 90. World Health Organization. Global programme to eliminate lymphatic filariasis: progress report, 2017. Weekly 
Epidemiol Rec. 2018;93:589–604.

 91. King CH, Suamani J, Sanuku N, Cheng YC, Satofan S, Mancuso B, et al. A trial of a triple-drug treatment for 
lymphatic filariasis. N Engl J Med. 2018;379:1801–10.

 92. World Health Organization. WHO guideline: alternative mass drug administration regimens to eliminate lym-
phatic filariasis. Geneva: World Health Organization; 2017.

 93. Herrick JA, Legrand F, Gounoue R, Nchinda G, Montavon C, Bopda J, et al. Posttreatment reactions after single- 
dose diethylcarbamazine or ivermectin in subjects with Loa loa infection. Clin Infect Dis. 2017;64:1017–25.

 94. Hoerauf A. Filariasis: new drugs and new opportunities for lymphatic filariasis and onchocerciasis. Curr Opin 
Infect Dis. 2008;21:673–81.

 95. Bakowski MA, McNamara CW.  Advances in antiwolbachial drug discovery for treatment of parasitic filarial 
worm infections. Trop Med Infect Dis. 2018;4:E108.

 96. Becker SL, Liwanag HJ, Snyder JS, Akogun O, Belizario V Jr, Freeman MC, et al. Toward the 2020 goal of soil- 
transmitted helminthiasis control and elimination. PLoS Negl Trop Dis. 2018;12:e0006606.

 97. Farrell SH, Coffeng LE, Truscott JE, Werkman M, Toor J, de Vlas SJ, et al. Investigating the effectiveness of cur-
rent and modified World Health Organization guidelines for the control of soil-transmitted helminth infections. 
Clin Infect Dis. 2018;66(S4):S253–9.

 98. Schulz JD, Moser W, Hürlimann E, Keiser J. Preventative chemotherapy in the fight against soil-transmitted hel-
minthiasis: achievements and limitations. Trends Parasitol. 2018;34:590–602.

 99. Freeman MC, Akogun O, Belizario Jr. V, Broker SJ, Gyorkos TW, Imtiaz R, et  al. Challenges and oppor-
tunities for control and elimination of soil-transmitted helminth infection beyond 2020. PLoS Negl Trop Dis 
2019;13:e0007201.

 100. World Health Organization. Schistosomiasis and soil-transmitted helminthiases: number of people treated in 2016. 
Weekly Epid Record. 2017;92:749–60.

 101. World Health Organization. NTD elimination roadmap. https://www.who.int/neglected_diseases/news/NTD-
Roadmap-targets-2021-2030.pdf. Accessed 1 Aug 2019.

 102. Chai J-Y. Praziquantel treatment in trematode and cestode infections: an update. Inf Chemotherapy. 2013;45:32–43.
 103. LoVerde PT. Schistosomiasis. Adv Exp Biol Med. 2019;1154:45–70.
 104. Toor J, Alsallaq R, Truscott J, Turner HC, Werkman M, Gurarie D, et al. Are we on our way to achieving the 2020 

goals for schistosomiasis morbidity control using current WHO guidelines? Clin Infect Dis. 2018;66(S4):S245–2.
 105. Mutapi F, Maizels R, Fenwick A, Woolhouse M. Human schistosomiasis in the post mass drug administration era. 

Lancet Infect Dis. 2017;17:e42–8.
 106. Sikasunge CS, Johansen MV, Willingham ALIII, Leifsson PS, Phiri IK. Taenia solium porcine cysticercosis: via-

bility of cysticerci and persistency of antibodies and cysticercal antigens after treatment with oxfendazole. Vet 
Parasitol. 2008;158:57–66.

 107. Lightowlers MW.  Control of Taenia solium taeniasis/cysticercosis: past practices and new possibilities. 
Parasitology. 2013;140:1566–77.

 108. Lightowlers MW, Donadeu M.  Designing a minimal intervention strategy to control Taenia solium. Trends 
Parasitol. 2017;33:426–34.

 109. Blum AJ, Hotez PJ. Global “worming”: climate change and its projected its projected general impact on human 
helminth infections. PLoS Negl Trop Dis. 2018;12:e0006370.

 110. Rocklov J, et al. Climate change pathways and potential future risks to nutrition and infection. In: Humphries DL, 
Scott ME, Vermund SH, editors. Nutrition and infectious diseases: shifting the clinical paradigm. Switzerland: 
Springer Nature; 2020.

Timothy G. Geary and Manjurul Haque

https://www.who.int/neglected_diseases/news/NTD-Roadmap-targets-2021-2030.pdf
https://www.who.int/neglected_diseases/news/NTD-Roadmap-targets-2021-2030.pdf


215

 111. Jenkins TP, Rathnayaka Y, Perera PK, Peachey LE, Nolan MJ, Krause L, et al. Infections by human gastroin-
testinal helminths are associated with changes in faecal microbiota diversity and composition. PLoS One. 
2017;12:e0184719.

 112. Reynolds LA, Smith KA, Filbey KJ, Harcus Y, Hewitson JP, Redpath SA, et al. Commensal-pathogen interactions 
in the intestinal tract: lactobacilli promote infection with, and are promoted by, helminth parasites. Gut Microbes. 
2014;5:522–32.

 113. Zaiss MM, Rapin A, Lebon L, Dubey LK, Mosconi I, Sarter K, et al. The intestinal microbiota contributes to the 
ability of helminths to modulate allergic inflammation. Immunity. 2015;43:998–1010.

 114. Reynolds LA, Redpath SA, Yurist-Doutsch S, Gill N, Brown EM, van der Heijden J, et al. Enteric helminths pro-
mote Salmonella coinfection by altering the intestinal metabolome. J Infect Dis. 2017;215:1245–54.

 115. Greenwood BM. Autoimmune disease and parasitic infections in Nigerians. Lancet. 1968;2(7564):380–2.
 116. Cooper PJ. Interactions between helminth parasites and allergy. Curr Opin Allergy Clin Immunol. 2009;9:29–37.
 117. Fleming JO, Weinstock JV. Clinical trials of helminth therapy in autoimmune diseases: rationale and findings. 

Parasite Immunol. 2015;37:277–92.
 118. Stiemsma L, Reynolds L, Turvey S, Finlay B. The hygiene hypothesis: current perspectives and future therapies. 

ImmunoTargets Therapy. 2015;4:143–57.

7 Human Helminth Infections: A Primer



Part III
Nutrition Issues During Major 

Infections: Case Studies of Nutrition 
and Infectious Diseases



219© Springer Nature Switzerland AG 2021 
D. L. Humphries et al. (eds.), Nutrition and Infectious Diseases, Nutrition and Health, 
https://doi.org/10.1007/978-3-030-56913-6_8

Chapter 8
Nutrition and Diarrheal Disease and Enteric 
Pathogens

Fahad Javaid Siddiqui, Grace Belayneh, and Zulfiqar A. Bhutta

Abbreviations

AhR Aryl Hydrocarbon Receptor
APP Acute phase protein
C Complement
CD2 Cluster of Differentiation 2
CD69 Cluster of Differentiation 69
CRP C-reactive protein
DALY Disability Adjusted Life Year
DC Dendritic cell
DNA Deoxyribonucleic acid
EED Environment Enteric Dysfunction
EPEC Enteropathogenic Escherichia coli
ETEC Enterotoxigenic Escherichia coli
GALT Gut Associated Lymphoid Tissue
IFN-γ Interferon gamma
IgA Immunoglobulin A
IL Interleukin
ILC  Innate Lymphoid Cell
IMCI Integrated management of childhood illnesses
LPS Lipopolysaccharide
MAM Moderate acute malnutrition

F. J. Siddiqui 
SickKids Centre for Global Child Health, Toronto, ON, Canada 

Duke-NUS Medical School, Singapore, Singapore 

G. Belayneh 
Duke-NUS Medical School, Singapore, Singapore 

Z. A. Bhutta (*) 
Robert Harding Chair in Global Child Health & Policy, SickKids Centre for Global Child Health, The Hospital for 
Sick Children, Toronto, ON, Canada 

Departments of Paediatrics, Nutritional Sciences and Public Health, University of Toronto, Toronto, ON, Canada
e-mail: zulfiqar.bhutta@sickkids.ca

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-56913-6_8&domain=pdf
https://doi.org/10.1007/978-3-030-56913-6_8#DOI
mailto:zulfiqar.bhutta@sickkids.ca


220

MHC Major histocompatibility complex molecules
NK Natural Killer cell
NO Nitric oxide
PEM Protein-energy malnutrition
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 Introduction

 Definitions

Diarrhea is defined by the World Health Organization (WHO) as “the passage of three or more 
loose or liquid stools per day (or more frequent passage than is normal for the individual) [1]. It is 
one of the most common symptoms of gut infection, frequently caused by bacteria, viruses, and 
parasites (see Chaps. 4–7) [2–5]. Diarrhea is classified clinically into various types, which are not 
necessarily mutually exclusive: acute watery diarrhea which lasts several hours or days, and 
includes cholera; acute bloody diarrhea, also called dysentery; prolonged acute diarrhea which 
lasts for 7–13 days; and persistent diarrhea which lasts 14 days or longer. Enteric infections refer 
to a group of disorders that affect gut function but may or may not cause diarrhea [6]. The term 
“diarrheal diseases” is used for the collection of diseases that frequently result in diarrhea caused 
by infectious agents [7].

Key Points
• Malnutrition, as protein calorie and micronutrient deficiency, still remains a formidable chal-

lenge for public health experts.
• Malnutrition increases the exposure to diarrhea causing pathogens, adversely affects the 

components of gut barrier including the gut microbiome and gut mucosa.
• Malnutrition generally reduces the ability of the immune system to mount adequate responses 

against pathogens although some components of the immune system remain unaffected or 
are enhanced in response to infection.

• Disease progresses faster, leads to more severe symptoms, takes longer to resolve, and has 
worse outcomes in malnourished individuals.

• Antibiotics, though lifesaving, have detrimental effects on the gut microbiome, a key defense 
mechanism against gut pathogens.

• Infection by some pathogens (e.g., Entamoeba histolytica) becomes less likely in malnour-
ished individuals.

• More research will help identify newer intervention targets.
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 Epidemiology

Diarrhea ranked fifth among the most common causes of death in 2017 globally and is the third lead-
ing cause of death and disability in countries with a low social development index (SDI) [8]. Out of 
2.3 billion diarrheal episodes estimated for the year 2015 globally, 957 million occurred in children 
younger than 5 years (yrs) and caused nearly half a million deaths in this age group. Diarrhea also 
resulted in loss of over 71 million disability adjusted life years (DALYs), 63% of which were among 
children younger than 5 yrs. [9]. These children are more likely to develop malnutrition [10].

The burden of enteric infections estimated by the Global Burden of Disease project provides the 
following figures for 2017: globally there were over 6.3 billion diarrheal episodes resulting in 1.7 
million deaths; children younger than 5  yrs. experienced 1.1 billion episodes that resulted in 
589,000 deaths. Almost all of these deaths occurred in low- and low-middle and middle-SDI coun-
tries [11]. While there has been significant reduction in diarrhea mortality and morbidity in the last 
decade owing to various interventions, such mortality and morbidity are still a major public health 
problem [9].

 Etiology

Thirteen organisms have been identified as causing diarrheal episodes [11]. If all age groups are con-
sidered, rotavirus, Shigella and Salmonella spp. are the top three leading causes of death. However, 
the etiology of diarrheal disease is slightly different for children younger than 5 yrs., where rotavirus 
caused 29.3% of deaths, Cryptosporidium spp. caused 1.1% and Shigella spp. 5.5%. Table 8.1 pro-
vides a list of the microbial agents that are the most important contributors to enteric infection-related 
deaths [9, 11]. Use of advanced diagnostic techniques for identifying causes of diarrhea implicated six 
pathogens in 75% of the diarrhea burden in seven countries, including Shigella spp., rotavirus, adeno-
virus 40/41, enterotoxigenic Escherichia coli (ETEC), Cryptosporidium spp., and Campylobacter 
spp. [12].

 Risk Factors and Determinants of Diarrhea

During the first decade of the twenty-first century, large reductions in child mortality have been 
observed. Yet the burden of child mortality is still high, with diarrhea and pneumonia as the leading 
causes [13]. Reduction rates are slower than that required to meet the relevant Sustainable Development 
Goals (SDGs) [14, 15]. Increasing the reduction rates in order to achieve the SDGs requires a better 

Table 8.1 Commonly implicated microbial agents in enteric infections

Bacteria Viruses Protozoan Parasites

Campylobacter spp Adenoviruses Entamoeba histolytica

Vibrio cholerae Rotavirus Cryptosporidium

Enterotoxigenic Escherichia coli (ETEC) Norovirus Giardia

Enteropathogenic Escherichia coli (EPEC)
Shigella spp.
Salmonella spp.
Aeromonas spp.
Clostridium difficile
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understanding of the risk factors and determinants of the major killers of children under 5 yrs. The 
most common, but non-modifiable, factors are age and gender. Over 80% of the mortality associated 
with diarrhea in children under 5 yrs. occurs in children under 2 yrs. [13]. There is some evidence 
indicating a higher risk of diarrhea in boys compared to girls of the same age [13]. The pathogens 
involved in the diarrheal burden also differ with age [13].

Modifiable risk factors for both morbidity and mortality include absence of breastfeeding, being 
underweight, stunted, or wasted and being vitamin A deficient [13]. Intensity of exposure is also 
directly associated with outcomes [13]. A systematic review from India identified several other risk 
factors [16], including low socioeconomic status, low mother’s education, unsafe drinking water, and 
anemia. This combination of factors suggests sociodemographic improvements as an important ave-
nue for further reduction of morbidity and mortality due to diarrheal diseases.

 Ways in Which Malnutrition Contributes to Enteric Infection

The importance of malnutrition as an underlying cause of childhood deaths has been long established 
[17]. Undernutrition plays a significant role in enteric infections and diarrheal diseases through a 
variety of pathways, and the relationship is bidirectional. In order to appreciate the phenomenon, we 
have chosen to begin with malnutrition, then to explore the impact of nutritional status on diarrheal 
diseases and enteric infections, and finally to circle back to the impact of diarrheal diseases on nutri-
tional status.

While significant steps are being taken to address malnutrition globally, undernutrition still under-
lies 45% of childhood deaths, and 20 million babies are born underweight each year. Simultaneously, 
overweight and obesity among children are growing and have reached record high levels among 
adults [18]. This double burden of malnutrition can coexist in the same country, community, house-
hold, and even in the same person—all at the same time [18].

Undernutrition is particularly problematic for low- and middle-income countries where the socio-
economic environment restricts access to resources needed to meet basic nutritional requirements. In 
this context, malnourished mothers give birth to malnourished children with compromised immunity 
(see Chap. 3) [19] and diminished developmental potential, outcomes that have lifelong consequences 
for the child and intergenerational consequences for society.

The impact of socioeconomic context can be clearly seen in the disease burden disparities that 
exist and persist between countries. While noncommunicable diseases have become the leading 
cause of early death in the most socioeconomically developed countries, communicable diseases, 
like diarrheal diseases, remain the biggest problems where development indicators are lowest [20]. 
Notably, undernutrition is a primary underlying risk factor for deaths caused by communicable dis-
eases and also the most important risk factor for diarrheal disease-related mortality, accounting for 
nearly 3 in 4 deaths [20, 21]. Hidden hunger, referring to invisible micronutrient deficiencies (see 
Chap. 2) [22], also plays a role. Children with micronutrient deficiencies have increased rates and 
severity of diarrheal episodes, and studies investigating the effects of micronutrient supplementation 
(specifically, iron, zinc, and vitamin A) have consistently demonstrated significant benefits 
[23–27].

Malnutrition has wide-ranging deleterious impacts on the immune system (see Chap. 3) [19]. The 
complex mechanisms involved have yet to be fully elucidated although a few explanations have been 
put forth as no theory completely explains all immune system events observed during malnutrition. 
Following are the salient features of current explanations. Rytter et  al. can be referred for finer 
details [28].

Lack of energy and building blocks: Due to lack of energy and nutrients, immune system-related 
proteins cannot be produced leading to a subnormal immune response. However, this fails to explain 
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why all parameters of the immune system are not equally affected. Rather, some immune response 
pathways appear to become more pronounced in malnutrition.

Mixed hormonal profile: Changes in hormones that activate or suppress immune system compo-
nents lead to elevated positive acute phase proteins (APP) among malnourished children, signaling 
subclinical inflammation resulting in catabolism which exacerbates malnutrition. However, numbers 
of activated T cells and dendritic cells (DCs) do not correspond to the acute phase reaction, and their 
numbers remain either unaffected or lower than expected.

Tolerance: This mechanism hypothesizes that, to avoid an autoimmune reaction against self- 
antigens released due to ongoing catabolism, the body downregulates the immune response. A counter 
argument to this theory is that one would expect to see some breakthrough of autoimmune reactions 
among malnourished children. However, research to explore this has not yet been conducted.

Hormonal interplay: This mechanism suggests that thymus-stimulating hormones such as leptin, 
prolactin, and growth hormones are deficient with malnutrition, and thymus-suppressing hormones 
such as adrenaline and cortisol are high in malnourished children. This is consistent with other 
observed immune system events in malnourished children like elevated APP and depressed negative 
APP. However, why growth hormone is low when needed by the body needs is unexplained.

In this chapter, we will consider how undernutrition increases the risk of exposure and susceptibil-
ity to enteric infections, contributes to suboptimal immune responses, and can lead to more rapid 
disease progression, increased severity of disease, and slower or delayed responses to treatment, all of 
which result in the high morbidity and mortality associated with what remains a leading cause of 
death in children under 5 yrs. Figure 8.1 provides an overview of the complex relationship between 
malnutrition and diarrhea. The vicious cycle frequently begins with inadequate nutrition, either in 
utero or after birth, initiating a cascade of events all augmented by a worsening of malnutrition 
throughout the cycle. At other times, repeated infections push a well-nourished child into this cycle. 
In the following sections, we will describe mechanisms whereby malnutrition as a trigger.

 Increased Risk of Exposure

Malnutrition, once established, increases a child’s risk of exposure to enteric pathogens through sev-
eral potential mechanisms. Malnutrition-related hospitalizations for severe acute malnutrition increase 
a child’s exposure to hospital-acquired enteric infections [29, 30]. Another sequence of events that 
leads to increased risk of exposure starts with the difficulty of feeding malnourished children, as they 
are often irritable, anorexic, and intolerant of larger amounts of food. As a result, caregivers make 
more frequent feeding attempts, increasing the number of opportunities of exposure to pathogens if 
personal and environmental hygiene is sub-optimal—which is frequently the case. There are also 
significant challenges associated with food storage, as protecting food from microbes is a formidable 
task in resource-constrained environments. Access to clean water is yet another challenge that can 
lead to contamination of many of the foods recommended for malnourished children, whether cattle 
milk, homemade meals, or ready-to-use therapeutic foods (RUTF) [31]. The WHO identifies all the 
above as avoidable risks that can prevent microbial contamination of foods, especially during comple-
mentary feeding, and thus reduce a major cause of gastrointestinal illnesses in childhood [32].

Cultural beliefs and practices related to malnutrition have been reported to influence risk of expo-
sure as well. These reports are mostly anecdotal. However, one study from Talensi district in the 
Upper East Region of Ghana documented a traditional treatment of malnourishment using water in 
which avian feces had been soaked, a practice that can obviously increase risk of exposure to bird 
pathogens that also infect humans [33]. There are likely to be other common but undocumented 
beliefs and practices related to malnutrition in different communities which, when practiced, can put 
malnourished children at higher risk of exposure to enteric pathogens.
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On the other hand, there is evidence of an association between decreased risk of certain gut infec-
tions and malnutrition. This is particularly observed for rotavirus and Giardia [34, 35]. Although the 
mechanisms have not been fully elucidated, malnourished hosts may not be able to provide the energy 
and nutrients needed by pathogens (see Chap. 14) [36]. Similarly, iron deficiency affords protection 
against Entamoeba histolytica infection, as both adherence and cytotoxicity of this protozoan patho-
gen have been found to be lower in children with iron deficiency [37, 38]. No such effect was observed 
with other mineral deficiencies that were tested [38]. Further research is needed to learn the exact 
mechanisms.
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Fig. 8.1 The complex interconnections among factors that perpetuate the malnutrition-infection cycle. Enteric infec-
tions, especially in the first 2–3 years of life, with or without overt diarrhea, can predispose an individual to malnutrition 
and stunted growth through multiple mechanisms. Stunting by 2 years of age, in turn, is associated with impaired cogni-
tive development that extends into later childhood and even adulthood and adult productivity. In addition, malnourished 
children experience both greater frequency and duration of diarrheal illnesses, and, documented in animal models, 
heavier infections. The latter is documented with Cryptosporidium and with enteroaggregative Escherichia coli. Finally, 
enteric infections or stunting can predispose to obesity and its comorbidities of diabetes, hypertension, cardiovascular 
disease, metabolic syndrome, and burgeoning health-care expenditures, contributing to individual and societal poverty 
in vicious cycles. Reprinted from Guerrant et al. [162] with permission from Springer Nature
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 Reduced Immune Response Increases Susceptibility to Pathogens

Malnutrition adversely affects immune functioning, preventing the maintenance of core functions 
critical for survival. Reduced functionality has wide-ranging effects on both innate and adaptive 
immunity (see Chap. 3) [19]. Effects are particularly pronounced in the first 1000 days of life when 
development of the immune system is most sensitive to nutritional status [39]. If the immune system 
has been weakened by malnutrition either in utero or postnatally, susceptibility to infections can be 
increased through a number of pathways. These include weakening or alteration of the gastrointestinal 
mucosal barrier, defects in immune function in both the innate and humoral arms, impaired inflamma-
tory response, and changes in the microbiome. All are discussed in detail below. Figure 8.2 shows the 
interlinks between malnutrition, immune function, and susceptibility to infections [39].

Malnutrition (clinically defined in Box 1)

Malabsorption Stunting and wasting Poor cognition Metabolic syndrome*

Altered feeding
behavior

Altered body
composition

Dysregulated adipokine and
HPA signaling

Increased metabolic
demand

Insufficient regulation
of immune responses

Chronic inflammation and
immune activation

Immune dysfunction
(Summarized Box2)

Inadequate diet Parental malnutrition Modified
immunoepigenome•  Caloric restriction •  Reduced lymphid organ size and development (Box 3)

•  In utero exposure to infection and inflammation (metabolic cost)
•  Distinct epienetic marks on
   immune genes
•  Heritable changes

•  Acquisition of suboptimal microbiota (Box 4)
•  Poor mucosal of dietary ligands sensed by immune cells

•  Reduced passive protection by maternal immune factors
•  Absence of dietary ligands sensed by immune cells

•  Low birth weight
•  Dysregulation of tolerogenic infant immune envirment (Box 3)

•  Micronutrient or macromolecule
    deficiencies
•  Excess fat or sugar intake

•  Dietary transition

Suboptimal immune
priming and memory

Recurrent infections

Enteropathy
Altered

miceobiota
(Box 4)

Reduced
IGF-1

Fig. 8.2 Conceptual framework for immune dysfunction as a cause and consequence of malnutrition. Immune dysfunc-
tion can arise before birth via developmental pathways (purple), compounded by environmental and behavioral factors 
(yellow), particularly those experienced during early life. Immune dysfunction (blue) can contribute both directly and 
indirectly to a range of causal pathways (green) that lead to clinical malnutrition (red). HPA, hypothalamus–pituitary–
adrenal axis; IGF-1, insulin-like growth factor 1; *, refers to predisposition to metabolic syndrome in adulthood follow-
ing exposure to undernutrition in infancy. Reprinted from Bourke et al. [39]; Creative Commons CC-BY license
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 Alterations of the Gastrointestinal Mucosal Barrier

The gastrointestinal tract houses the largest mucosal surface in the human body. With a single epithe-
lial layer, the intestinal lining protects the interior of the body from the large and diverse population 
of bacteria that inhabit the gut [40, 41]. The same epithelial layer is also responsible for nutrient 
absorption and waste secretion, and, as such, a healthy gastrointestinal mucosal barrier is selectively 
permeable. Permeability is primarily mediated by tight junctions that seal the paracellular spaces and 
thus maintain the barrier’s integrity (see Chap. 6) [4, 40]. The epithelial layer is made up of a variety 
of cells. Goblet cells produce a mucus layer that covers the surface of the epithelium and functions to 
protect the epithelium from harmful substances and to bind and flush away pathogenic bacteria. Other 
epithelial cells secrete salts, hormones, cytokines, proteins, and antibodies to maintain a neutral pH at 
the epithelium despite acidic surroundings, regulate cell proliferation and differentiation, protect 
against toxins, bind bacteria, and repair lesions [42].

Structural changes to the mucosa of malnourished children include decreased height of villi 
and microvilli, lymphocytic infiltration, and increased vascularity [28]. The thinned mucus 
layer, sometimes referred to as a “tissue paper intestine,” increases opportunities for pathogens 
to adhere and invade epithelial cells. Animal models have shown that the intestinal barrier loses 
its functional robustness in malnutrition. In vitro research conducted in the early 1990s found 
that when incubated with Salmonella typhimurium epithelial cell destruction and lysis were 
markedly higher in malnourished mice, while cells from well-nourished mice remained unaf-
fected [43]. Another consequence of a thinned mucosa is decreased production of mucus, likely 
through interruption of cyclooxygenase 2 enzyme activity [44], which interrupts the barrier 
function of mucus in the intestine [45]. Detection of elevated titers of antibodies against bacte-
rial endotoxins in the stools of malnourished children as compared to their healthier counter-
parts indicates that malnourished children are either making more antibodies against bacterial 
endotoxins or have a greater burden of bacterial endotoxins than their well-nourished peers [46, 
47]. More recent studies confirm these findings as well. Mechanisms include protein energy 
malnutrition (PEM) that alters B-cell development in the bone marrow and increases the fre-
quency of IgA-secreting B cells, as well as IgA secretion by long-lived plasma cells in the small 
intestinal lamina propria [48].

Likewise, deficiencies in specific nutrients can also lead to alterations of the gastrointestinal 
mucosal barrier and thus affect a child’s susceptibility to enteric infection. For example, the epi-
thelial cells of the mucosal barrier are constantly being shed and replaced by new cells that prolif-
erate and differentiate from stem cells in the colonic crypts [49]. Vitamin A (via retinoic acid) is 
critical to the proper differentiation of these cells, and deficiency induces the loss of various cell 
types including mucus-producing goblet cells, which leads to a degradation of the mucus layer 
[50–52]. Vitamin A deficiency also leads to reductions in the population of innate lymphoid cells 
(ILC3s), which result in less production of interleukin (IL)17 and IL22 and, in turn, less antimi-
crobial functionality in the mucus layer [51]. Such impacts have been observed in children with 
high rates of subclinical vitamin A deficiency, where serum retinol concentrations were inversely 
correlated with intestinal permeability [53]. Zinc also promotes a healthy mucosal barrier, and 
its deficiency leads to defective Paneth cells, with less antimicrobial activity, as well as atrophy 
of villi and lymphoid tissues, thereby impairing the epithelial barrier’s ability to prevent invasion 
of pathogens [51, 54–57]. Deficiencies of particular amino acids also appear to play a role, as 
supplementation of L-arginine and alanyl-glutamine hass been shown to improve intestinal barrier 
function in an animal model and in infants [58, 59]. In contrast, iron supplementation is associated 
with increased permeability of the small intestine and increased susceptibility to diarrheal disease 
and enteric infection [25].
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 Environmental Enteric Dysfunction

Environmental enteric dysfunction (EED) is a subclinical chronic intestinal disorder that, once estab-
lished, erodes the mucosal barrier function that is important for immunity. It, however, has been 
demonstrated that dysbiosis of the normal microflora precedes the actual invasion of gut mucosa by 
microbes, leading to EED, which can in turn lead to subclinical harmful effects even without mani-
festing as diarrhea [60]. EED was first named as an entity in 2014 by Keusch and colleagues who cited 
functional deficits as prominent features of the condition [61]. While the definition of EED is still 
being crafted, the hallmark morphological features (villous flattening, crypt hyperplasia, local and 
systemic inflammatory biomarkers, lymphocytic infiltration of the lamina propria) all indicate patho-
physiological changes and morphological injury to the gut mucosa [62, 63]. Shortening of villi reduces 
the surface available for nutrient absorption, contributing to malnutrition. This has been supported by 
indirect evidence, where complementary feeding interventions were less effective in children with 
EED [47]. Such changes can also lead to malabsorption, further enhancing malnutrition [47]. 
Observational studies have found associations of stunting with EED, suggesting a potential role for 
EED in chronic malnutrition [64, 65]. Hypercellularity of the gut mucosa in EED is a sign of chronic 
inflammation of the intestines, and the chronic inflammation is associated with appetite suppression 
[66]. The role of appetite suppression leading to reduced food intake may be an important contributor 
to chronic malnutrition in children [67]. Hormonal disturbances leading to adverse inflammatory 
events have also been proposed as a mechanism of growth failure in EED, although evidence is lim-
ited [68].

As the gut is a potential site of entry for pathogens, it is critical to have a functioning intact barrier. 
Components of gut barrier functions are impaired in EED. With the thinned mucous layer, capacity 
for trapping and blocking invasion of harmful microbes is reduced. The presence of an increased 
number of inflammatory cells suggests the failure of the epithelial barrier to restrict luminal contents 
from crossing the epithelium and activating an inflammatory response. These effects have been shown 
to result in linear growth retardation [69]. Finally, sub-optimal response to oral polio and rotavirus 
vaccines has also been associated with EED [70–73].

 Defects in Immune Function

Malnutrition impacts both innate and adaptive immunity (see Chap. 3) [19]. Innate immunity is com-
prised of cell and complement complex-mediated immunity that is not specific to the pathogen. 
Leukocytes, T cells, and cytokines, together with the complement complex, are the main drivers of 
this arm of the immune system [74]. Adaptive immunity is largely based on T cells, B cells, plasma 
cells, and antibodies that are produced in response to a particular pathogenic agent and that create 
immunological memory with the thymus as the central coordinating organ [74]. As highlighted in 
Fig. 8.3, the responses of the gut epithelium to malnutrition alone and to specific deficiencies when 
combined with different pathogens can be quite distinctive. Other components play role in protecting 
the body from infections. Research to date has demonstrated that not all immune functions are 
adversely affected by malnutrition, although many important functions are [28]. Figure 8.4 summa-
rizes the evidence based on a systematic review of studies on children where the underlying cause of 
the immune response was not considered. The following details explain how components of immune 
system are affected by protein calorie or micronutrient deficiencies.

Compounds in saliva and acid production in the stomach are some of the innate mechanisms that 
protect the body from infection (see Chap. 3) [19]. In malnutrition, primarily due to lack of energy and 
protein, the quantity and quality of these secretions deteriorate, allowing increased invasion of enteric 
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microbes. Salivary IgA (SIgA) has been found to be reduced in severely malnourished children [75]. 
Other studies have identified lower gastric secretions in malnourished children with higher (less 
acidic) pH contributing to reduced protection against infections [76–79].

The total number of immune cells has generally been found to be higher in malnourished children, 
although some functions were adversely affected, including adherence and ingestion of foreign material 
[28]. More of the leukocytes show signs of damage to DNA [28]. Levels of APPs such as C-reactive 
protein (CRP) and haptoglobin were found to be higher in malnourished children with clinical infec-
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tions, and results were mixed in children without apparent infections. Proteins of the complement sys-
tem were largely found to be lower in malnourished children, particularly serum levels of complement 
(C)3. Insufficiency of C3, the central pillar of this system, significantly reduces microbicidal capacity of 
leukocytes, especially against gram-negative bacteria, early in the infection [61, 80]. The reduction in 
complement proteins has mainly been attributed to reduced production although increased utilization 
due to infections also plays a role [81, 82]. While malnutrition has been found to be associated with 
reduced production of interferon (IFN)γ, above average IFNγ production has been found to have protec-
tive effect against E. histolytica [83]. IL10 similarly has a protective effect against E. histolytica in mice, 
but malnourished mice had less IL10 and hence were more susceptible to this infection [84].

Thymus size was found to be reduced in even mild malnutrition and partially reversed after treat-
ment for malnutrition [28]. Extreme malnutrition may cause “nutritional thymectomy” as has been 
seen upon autopsy of malnourished children [85]. Other defects in adaptive immune function include 
reduced levels of soluble IgA in saliva and tears, elevated levels of soluble IgA in blood, largely no 
effect on IgG or IgM antibodies, reduced delayed-type hypersensitivity responses, fewer circulating 
B cells, a shift from T helper (Th)1-associated to Th2-associated cytokines, and lymphocyte hypore-
sponsiveness to phytohemagglutinin, with preserved lymphocyte and immunoglobulin levels in 
peripheral blood [28, 39]. In children with severe malnutrition, seroconversion rates have been found 
to be either reduced or delayed for typhoid and measles [86–94]. In children that achieved seroconver-
sion following vaccination, titers remained lower than normal among severely malnourished children 
[28, 86–91, 95–97]. While the evidence strongly suggests sub-optimal development of acquired 
immunity after vaccination, the results are not consistent as some studies have reported normal anti-
body titers among severely malnourished children (see Fig. 8.4) [28].

 Impaired Inflammatory Response

The inflammatory response is a reaction of the body that occurs when tissues are injured due to any 
harmful exposure. The response can lead to a number of signs or symptoms, including pain, localized 
warmth, redness, swelling, and loss of function-mediated through various cytokines including hista-
mine, bradykinin, and prostaglandins. The cytokines cause blood vessels to leak fluid into the tissues, 
and when this happens in the gut, it results in diarrhea.
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Evidence of impact of malnutrition on inflammatory response is inconsistent both across studies 
and across the components of cell-mediated immunity. A generalized dampening of the inflammatory 
response on a low protein diet has been demonstrated in rats [98]. In contrast, in malnourished pigs, 
local T lymphocyte expansion, enhanced intestinal major histocompatibility class (MHC) I and MHC 
II gene expression, and elevated tissue concentrations of prostaglandin E2 were observed after rotavi-
rus infection [99, 100].

As above, malnutrition related to specific nutrients can also influence susceptibility to enteric 
infection by impairment of the inflammatory response. In rats, zinc deficiency led to reduced capacity 
to quench free oxidative radicals which cause cell injury and also resulted in inadequate handling of 
nitric oxide which is a diarrhea-triggering messenger [101]. The ileum of such mice demonstrated 
reduced leukocyte infiltration indicating an impaired inflammatory response [102]. Although the 
mechanism is not fully understood, intestinal contents of zinc-deficient mice exposed to 
 enteroaggressive E.coli also had higher expression of E. coli virulence factors than was observed in 
control mice, indicating that zinc deficiency may increase disease severity [102]. In another animal 
study, mice deficient in vitamin D developed chronic low-grade intestinal inflammation and had a 
more severe inflammatory response when challenged with enteric pathogens, despite elevated levels 
of both pro- inflammatory and anti-inflammatory cytokines [103].

 Changes in the Microbiota

The gastrointestinal tract is home to a large and heterogeneous community of bacteria that protects the 
gut from colonization by pathogenic bacteria while simultaneously facilitating nutrient and drug 
metabolism, vitamin production, and development and maintenance of the mucosal barrier [39]. 
Acquired or adaptive immunity is permissive to nonpathogenic bacteria in the gut, allowing the cre-
ation and maintenance of a protective microbiome [74]. We are increasingly realizing that this micro-
biota is an important mediator of the relationship between nutrition and host.

The microbiota is highly dynamic in composition and sensitive to dietary changes due to its inti-
mate contact with ingested food and environmental contaminants that reach the intestinal lumen. The 
bacterial composition of a microbiota differs from person to person and even within the same person 
from day to day [49]. Studies in mice have shown that modifications in dietary protein, fat, polysac-
charide, and simple sugars alter the microbiota’s composition in a systematic fashion [39]. This sen-
sitivity allows for quick return to normal composition when diets return to normal. However, sustained 
consumption of a high-fat diet induces proliferation of gram-negative bacteria in the gut [104], and 
there appears to be a tipping point at which dysbiosis ensues [105]. This is especially problematic in 
neonatal and pediatric populations, as the microbiota and the immune system are most sensitive to 
diet during those periods [106]. Dysbiosis at this critical time can have lifelong, if not intergenera-
tional, consequences. Mouse models demonstrate that introduction of the dysbiotic microbiota from 
malnourished children into the gut of “germ-free” mice produced wide-ranging pathological changes 
[107]. In contrast, introduction of healthy microbiota helped in recovery from these effects in the mice 
previously inoculated with dysbiotic microbiota. Such studies demonstrate the critical nature and 
impact of a healthy microbiome on gut function [108].

Antimicrobial therapy, and even nonantibiotic drugs, can also produce detrimental effects on the 
microbiome, and yet the WHO recommends antibiotics for children with severe acute malnutrition 
[109–116]. It is known that antibiotics can disrupt the healthy microbiota while acting on harmful 
microbes [117]. Silverman and colleagues have reviewed the evidence and conclude that even short 
courses of antibiotics can disrupt the microbiota [118]. Though most microbial strains recover in a 
few weeks, depending upon the antibiotic administered, others may take up to 6 months, while still 
others may not recover at all. Age at the time of disruption also plays an important role, as antibiotic 
exposure among infants and young children results in a less diverse, less stable microbiome that 
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matures later and shows signs of greater antibiotic resistance [118]. Therefore, disrupting the remain-
ing healthy microbiota of malnourished children can be harmful. Figure 8.5 shows the impact of 
antibiotics on the microbiota. With the commencement of antibiotics at day 6, the different colonies 
were either eliminated or adversely affected, and, after antibiotics were stopped, some colonies regrew 
and readapted to the new environment while others did not [119]. Oral administration of an appropri-
ate mix of bacteria, that have a probiotic effect, can help repair the damage done and recovery from 
malnourishment [120, 121].

Some pathogens are significantly more prevalent among malnourished children because of the 
harmful changes in the microbiota due to malnutrition. When malnutrition reduces the number of 
commensal bacteria, the predominant residents of the gut, it allows for increased growth of patho-
genic microbes with increased epithelial adherence and mucosal uptake [122–124]. Compared to their 
healthy counterparts, malnourished children have microbiomes that are less mature and less diverse 
[39, 123, 125, 126].

While there are a variety of viruses, bacteria, and parasites associated with diarrheal diseases and 
enteric infections, globally, greater than 50% of all diarrheal deaths among children under 5 yrs. are 
attributable to rotavirus, calicivirus, enteropathogenic Escherichia coli (EPEC), and ETEC [125, 127, 
128]. The Global Enteric Multicenter Study (GEMS), a seven-country case-control study to identify 
the etiology and population-based burden of pediatric diarrheal disease in sub-Saharan Africa and 
south Asia, found that rotavirus, Cryptosporidium, and ETEC were the most common diarrheal patho-
gens [129]. Furthermore, a study in Bangladesh found that stool samples from children with malnutri-
tion included ETEC, Cryptosporidium sp., and E. histolytica more often than those from children 
without malnutrition [46]. The Malnutrition as an Enteric Disorder (MAL-ED) study, an eight- country 
birth cohort study investigating risk factors and interactions of enteric infections and malnutrition and 
the consequences for child health and development, reported that children with high enteropathogen 
exposure, mainly E.coli, and low energy and protein intake, were at higher risk of stunting [130, 131]. 
Disruption of the microbiota of these malnourished children may explain increased colonization and 
invasion of pathogenic bacteria, such as E. coli and pathogenic protozoan infections.

Deficiencies in specific nutrients can also cause harmful changes to the microbiome. Lv and col-
leagues [132] found that the gut microbiota differed significantly based on children’s vitamin A status. 
Children with normal vitamin A levels had greater community diversity than their vitamin A-deficient 
counterparts, and their key phylotypes were E. coli and Clostridium butyricum, while the microbiome 
of children with vitamin A deficiency was dominated by Enterococcus, a common opportunistic 
pathogen [132]. Vitamin A also reduces the number of butyrate-producing bacteria, which may be a 
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Fig. 8.5 Impact of a 4-day course of antibiotic (days 6–10) on the relative frequencies of eight of the most abundant 
bacteria genera (each represented by a different color) in a human gut microbiome. The five that are presumably more 
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and readapt to the new environment and are able to different but stable microbiota at around day 18. Reprinted from 
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contributing factor to increased growth of pathogenic strains as butyrate plays a role in suppressing 
growth of pathogenic strains [132]. Mouse models of protein, zinc, and dietary fiber deficiencies have 
all been shown to modulate the microbial community, with the latter leading to proliferation of mucus- 
degrading bacteria [133]. In contrast, both iron deficiency and iron supplementation appear to be 
associated with detrimental changes in the microbiome. Iron is an essential nutrient for both beneficial 
commensal bacteria and harmful enteropathogens. As a result, changes in the availability of iron can 
lead to significant shifts in the composition of the microbiome that can create favorable conditions for 
pathogenic strains [25]. This may explain why an iron fortification trial in Ghana resulted in increased 
hospitalizations and another in Pakistan resulted in an increase in diarrheal prevalence [134]. However, 
while studies in animal and in vitro models support this pathway, iron fortification has not consistently 
led to increased diarrheal disease or enteric infections across human trials [25, 134]. As such, it is 
possible that this pathway is only dominant where people live without improved water, sanitation, and 
hygiene and/or where gut microbiota already include opportunistic pathogens [25].

The microbiome also plays a significant role as an intermediary between host nutritional status and 
inflammatory response. For example, anaerobic fermentation of dietary fiber by commensal bacteria 
produces short-chain fatty acids such as butyrate and propionic acid, which, among other immunosup-
pressive functions, counter inflammation in the gut [133]. Moreover, catabolism of tryptophan, an 
essential amino acid, by commensal bacteria produces ligands that drive aryl hydrocarbon receptor 
activation, which also plays a role in protection against intestinal inflammation [135]. Diets deficient 
in these specific nutrients may result in impairment of the inflammatory response.

 Impact of Malnutrition on Disease Progression, Resolution, and Recovery

We know that enteric infections generally progress in four phases: incubation, prodromal, invasion, 
and convalescence. Malnourished mice, when exposed to mouse rotavirus, became infected with a 
lower minimal dose, had a shorter incubation period, reached fecal viral shedding earlier, and experi-
enced more severe disease [136]. Other studies also identified greater penetration of the virus into 
distant organs of malnourished mice [137]. In humans, no similar studies addressing intestinal infec-
tions have been found. However, length of hospital stay, measured as a proxy of disease severity, was 
longer in European children ages 1 month to 18 yrs. with moderate or severe malnutrition compared 
with well-nourished children [138]. These malnourished children were also more likely to experience 
diarrhea and vomiting when compared to their healthy counterparts [138]. Convalescence was also 
slower, and life-threatening events (LTEs) including deaths, severe pneumonia, severe diarrhea, were 
more frequent in Kenyan children with severe acute malnutrition (SAM) who were followed for 12 
mo for LTEs after being stabilized and discharged from hospitals. Those who did not respond well to 
the treatment had a higher risk of post-discharge life-threatening events when compared to those who 
responded well in terms of anthropometric measurements [139]. Figure  8.6 shows the impact of 
severe acute malnutrition (SAM) following treatment among Kenyan children hospitalized for SAM 
even after treatment for enteric infections. While the number of children with WHZ < -3 decreases at 
each time point, children who continue to have low WHZ have significantly shorter survival times 
without LTEs even 6–12 months after hospital discharge [139]. An in-patient rehabilitation study of 
Bolivian children with severe malnutrition found that anthropometric indicators recovered in 
4–5 weeks, although recovery from immune system damage took 8–9 weeks [140].

Deficiencies of particular nutrients can also contribute to intensified progression of diarrheal dis-
ease and delayed resolution and recovery. Studies in animals and humans have demonstrated that 
vitamin A deficiency is associated with decreased villous surface area and increased intestinal perme-
ability leading to more severe intestinal injury during enteric infections [141]. This may explain why 
Colombian children with vitamin A deficiencies had an increased risk of diarrhea with vomiting and 

F. J. Siddiqui et al.



233

why vitamin-A supplemented Ghanaian children had fewer clinic visits and hospital admissions for 
diarrhea even though the actual rate of diarrheal incidence had not decreased [23, 142, 143]. However, 
the role of vitamin A in disease progression and resolution appears to be pathogen specific. Long and 
colleagues found that vitamin A supplemented children had prolonged EPEC infections but faster 
resolution of infections by ETEC and G. lamblia, a difference that is likely mediated by whether the 
pathogen is cleared via pro- or non-inflammatory immune responses [144]. On the other hand, studies 
have consistently found that zinc supplementation slows disease progression and improves resolution 
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Fig. 8.6 Kaplan-Meier graphs of the impact of weight-for-height z score (WHZ) on probabilities of remaining free of 
life-threatening events (LTE) (death, severe pneumonia, and diarrhea) among 1778 HIV-uninfected Kenyan children 
ages 2–59 mos who were treated for severe acute malnutrition (SAM) at study entry. Figures show the risk of LTEs 
based on WHZ for 6 months following four different time points: study enrollment (0–180 days) (A), month 1 (30–
210 days) (B), month 3 (90–270 days) (C), and month 6 (180–360 days) (D). WHZ with 95%: <−3 (red); −2 to −3 
(blue), and ≥ −2 (green). Numbers at risk represent the number of children in the specified WHZ range at each of the 
indicated time points. Reprinted from Ngari et al. [139]; Creative Commons CC-BY License
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including reduced incidence, duration (by 12–24 hrs), fluid loss, and recurrence of diarrheal episodes, 
as well as reduced hospitalization and mortality rates associated with diarrheal disease by an esti-
mated 23% [52, 145–147].

 Malnutrition Increases Severity of Infection and Treatment Failure

Severity of infection or treatment failure can be assessed using a variety of indicators, including sever-
ity of symptoms and development of complications. The Integrated Management of Childhood Illness 
(IMCI) danger signs is one such indicator, and malnourished children exhibit IMCI danger signs more 
frequently than their healthy counterparts [35]. Penetration of gut microbes across the gut is another 
indicator, suggesting greater severity of infection or greater risk of treatment failure. Deeper penetra-
tion of infectious agents has long been reported in animal models of enteric infections. In the study of 
malnourished mice infected with murine rotavirus discussed previously, the malnourished mice also 
had a higher susceptibility to hepatitis caused by the rotavirus, more frequently reaching the liver than 
in the well-nourished mice [137]. Studies in a humanized pig model show that malnourished pigs with 
human microbiota experienced a more severe rotavirus infection when compared with the well- 
nourished pigs [148]. Similarly, detection of E. coli in blood is more likely in children with malnutri-
tion, suggesting deeper invasion of gut pathogens [149]. As far as development of complications is 
concerned, intestinal perforation and enteric septicemia with Salmonella, Shigella, and Staphylococcus 
aureus are seen more frequently in malnourished children [150, 151]. Kwashiorkor increased the risk 
of death in hospitalized Botswanan children, another indicator of greater severity of infection although 
treatment failure cannot be discounted [152].

 Cycling Back to Malnutrition

As mentioned earlier, the relationship between malnutrition and enteric infection is cyclical, where 
malnutrition and enteric infection create positive feedback loops within themselves. Malnutrition 
leads to morphological changes in the gastrointestinal tract, with increased permeability and reduced 
absorption capacity [50]. The resulting increased stool frequency increases opportunities to contami-
nate the environment and food which, in turn, increases risk of exposure to more enteric infection 
[153]. Malnutrition can drive increased exposure and susceptibility to and severity of infection, which 
in turn leads to higher risk of diarrheal disease and enteric infection, further perpetuating malnutrition 
[10]. Not only do these infections directly affect the integrity and absorptive capacity of the gastroin-
testinal barrier, but also diarrhea causes nutrients to transit through the gut more rapidly, reducing 
availability for absorption, thereby contributing to malabsorption [101].

Diarrheal disease pathogens cause malnutrition in different ways. Some, like Vibrio spp. or rotavi-
rus, predominantly cause malnutrition through a net loss of nutrients from the body. Others, such as 
E. histolytica and Giardia, also deprive the host of nutrients because of intestinal damage that impairs 
absorption [154–157]. Malnutrition is also a result of the increased nutrient need for immune response 
and tissue repair that can ultimately lead to a negative nitrogen balance [158].

Infrequent mild to moderate episodes of enteric infection, even in an undernourished child, do not 
have lasting impacts as long as there is enough time for catchup growth. In contrast, the moderate or 
severe malnutrition caused by repeated or prolonged episodes of diarrhea that are frequently caused 
by enteric infections has cumulative effects that are long-lasting even for a well-nourished child [10, 
159, 160]. Repeated infections are not an uncommon occurrence in lower resource settings, particu-

F. J. Siddiqui et al.



235

larly areas with limited access to safe water, sanitation, and hygiene facilities. Each infectious epi-
sode leads to a period of sub-optimal nutrition that can lead to a vicious cycle of malnutrition and 
infection [71].

The immune system, when triggered by enteric (and other) infections, consumes more energy and 
causes anorexia in ways that impact both cognition and body composition. Reduced supply and 
increased demand of energy contribute to inability to mount an adequate immune response against 
infections thereby perpetuating the cycle of malnutrition (see Fig. 8.3).

 Closing Thoughts

Although we have come a long way in deciphering the interactions between malnutrition and enteric 
infections, much remains to be learned. Advances in our understanding of the broader malnutrition- 
infection interaction will undoubtedly shed light on some of what happens in the gut but may be insuf-
ficient to fully explain interactions that are driven largely by the gut microbiota, by mucosal barrier 
function, and by adhesion and invasion of gut pathogens.

Given the complex network of both modifiable and non-modifiable factors that influence gut 
health, nutritional status, and exposure and response to diarrheal pathogens, it is not surprising that 
inconsistencies emerge among studies. The challenge is to recognize where specific interventions can 
reliably be expected to reduce malnutrition and diarrheal disease and to identify the contexts under 
which their use is recommended. As the malnutrition-diarrhea cycle occurs more frequently in limited 
resource settings where low-cost interventions are needed, identification of appropriate, and possibly 
novel, interventions requires a more nuanced understanding of the complex interactions between vari-
ous gut infections and malnutrition, so that interventions can be tailored to a given environment.

While at the individual level, malnutrition and diarrheal disease cause morbidity, mortality, and 
reduced productivity, at the large scale, they contribute to poverty and lack of equal access to oppor-
tunities resulting in friction between various sections of a society that can lead to political instability. 
In turn, political instability adversely affects nutrition. Thus malnutrition and diarrheal diseases cycle 
from the individual level to the local, regional, and national levels and then back to the individuals. 
Research on this topic is not merely an academic question but carries serious economic, political, and 
ethical implications [161]. Given the contribution of malnutrition and infection generally, and diar-
rheal disease more specifically, to the global burden of diseases, both research and interventions 
should be a global priority and funded commensurately.
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 Introduction

Nutritional compromise is one of the most frequent complications in both human immunodeficiency 
virus (HIV) and tuberculosis (TB) infections. This is especially true in resource-limited settings and 
particularly among individuals who have advanced, untreated HIV or TB disease. Individuals living 
with these infections may experience the full spectrum of nutritional complications, which promote 
comorbidities and increase mortality. The interaction of nutrition with these infections is bidirec-
tional, as individuals who are malnourished have an increased risk of infection and those infected with 
HIV or TB are likely to develop nutritional abnormalities [1–3]. Early in the HIV epidemic, nutri-
tional abnormalities ranged from micronutrient deficiencies to severe acute wasting, especially among 
those who developed the acquired immunodeficiency syndrome (AIDS). On the other hand, the advent 

Key Points
• HIV and TB infections increase the risk for nutritional compromise, and, in turn, poor nutri-

tional status may increase risk for infection and worsen health outcomes in individuals living 
with HIV and/or TB.

• People living with HIV and/or TB, particularly in resource-limited settings and those who 
are untreated, continue to be at increased risk for malnutrition and wasting and, subsequently, 
increased risk for disease progression and mortality.

• HIV-associated wasting may result from complications of HIV, opportunistic infections, or 
other comorbidities, particularly in conjunction with poor dietary intake. Similar complica-
tions are seen in TB infection.

• The advent of antiretroviral treatments has made HIV infection a manageable chronic condi-
tion; hence, the focus has largely shifted to the prevention and management of noncommu-
nicable diseases, many of which are closely related to nutritional status.

• Gastrointestinal conditions are frequent in people living with HIV, the most common being 
diarrhea, which contribute to nutritional compromise and wasting via poor dietary intake and 
malabsorption.

• One of the emergent complications in the era of antiretroviral therapy is the “lipodystrophy 
syndrome,” or fat redistribution, which results in the accumulation of visceral fat and/or 
losses in peripheral subcutaneous fat and is often accompanied by cardiometabolic 
abnormalities.

• Numerous factors contribute to obesity in people living with HIV, which may be protective 
in certain subgroups of the population, but is also associated with poor diet quality, micronu-
trient deficiencies, immunodeficiency, and increased risk for mortality.

• Drug use is disproportionately prevalent among people living with HIV and a leading factor 
in HIV transmissions, and is an important consideration for nutritional compromise as it may 
have direct and indirect effects on appetite, food intake, body composition, and nutrient 
absorption and utilization.

• Micronutrients play key roles in maintaining innate and acquired immunocompetence, and 
their deficiency is associated with immunodeficiency. While conflicting evidence exists, 
micronutrient supplementation may be important for those not receiving treatment, as well 
as an adjuvant treatment to support immunity.

• A comprehensive nutritional assessment consists of anthropometric measurements, bio-
chemical markers, measurement of dietary intake, and a clinical assessment of nutritional 
needs and factors that may affect intake. A review of protocols for adequate nutritional 
assessment is included.
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of antiretroviral therapy (ART) has changed HIV from a deadly infection to a chronic, manageable 
condition. ART is now available worldwide and, following worldwide trends, more and more people 
living with HIV (PLWH) on ART are now overweight or obese, with metabolic abnormalities or meta-
bolic syndrome. This chapter describes the full spectrum of nutritional compromise in individuals 
living with HIV, TB, or HIV/TB co-infection and explores the epidemiology, presentation, and etiol-
ogy of nutritional issues of both infections. The complex relationship between nutritional status and 
HIV infection, as discussed in this chapter, is visually represented in Fig. 9.1.

In many ways, nutritional compromise is similar in both infections, but there are major differences 
as well. Many health outcomes, particularly immunity, comorbidities, and response to therapy, are 
influenced by an individual’s nutritional status and vice versa. Weight loss and wasting may be a result 
of poor dietary intake, malabsorption, or increased metabolic demands, as well as the effects of HIV, 
TB, and other opportunistic infections. The infections, as well as some of the treatments, may induce 
gastrointestinal disorders (e.g., nausea, vomiting, and diarrhea), leading to inadequate intake and mal-
absorption of nutrients. These complications are more pronounced in resource-limited settings, where 
malnutrition was often endemic prior to the HIV epidemic. Over a quarter of the world’s population 
(≈2 billion people) experienced moderate to severe food insecurity in 2018, with nearly 11% (821.6 
million) estimated to be undernourished [4]. Undernutrition itself is a leading cause of immunodefi-
ciency globally [5–7]. Hence, nutritional interventions should be part of all national HIV/AIDS and 
TB control and treatment programs [8]. In 2018, there were an estimated 37.9 million people in the 
world living with HIV, two-thirds (67.5%) in sub-Saharan Africa [9], and the World Health 
Organization (WHO) estimated 1.7 million new HIV infections and 10 million new active TB cases, 
including ~900,000 who were co-infected with HIV and TB [9]. The co-occurrence of HIV and TB 
leads to especially severe malnutrition, typically resulting in worse outcomes than would be associ-
ated with HIV or TB alone. Malnutrition is associated with increased incidence and severity of HIV- 
related opportunistic infections, including TB, which in turn can precipitate loss of appetite, weight 
loss, and wasting [8]. Weight loss and low body weight increase the risk of mortality in individuals 
with HIV and/or TB, even after initiation of ART or antituberculosis therapy [10–13].

Since the advent of ART in 1996 and its global dissemination from 2004 to the present, PLWH who 
have access to care have achieved longer life spans, now approaching those of the general population 

Gastrointestinal dysfunction

Malabsorption
Swallowing difficulty

Decreased food intake
Fluid and nutrient losses

HIV
Increased inflammation

Increased oxidative stress
Immune suppression

Increased susceptibility to opportunistic
infections (e.g. tuberculosis)

Antiretroviral therapy (ART)

Lypodystrophy syndrome
Adverse effects (e.g. diarrhea)

Nutrient-drug interactions
Social factors

Food insecurity
Poor quality diets

Drug use
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Fig. 9.1 Relationships between HIV, nutrition, and associated factors. The bidirectional, interconnected relationships 
between nutritional status, HIV infections, HIV-related complications, and comorbidities
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[14–16]. Along with an aging population of PLWH, there has been a shift in healthcare priorities from 
AIDS-defining illnesses to noncommunicable diseases and conditions that are associated with HIV, 
such as cardiometabolic syndrome (e.g., cardiovascular disease and diabetes); respiratory, psycho-
logical [17–19], and neurologic conditions [20]; and non-AIDS-defining cancers [21], among others. 
Moreover, PLWH develop some age-related noncommunicable diseases earlier than the general popu-
lation [22]. As with HIV, TB mortality rates fell by 42% among HIV-negative people and by 68% 
among PLWH [23] between 2000 and 2018, and causes of death in this population are increasingly 
due to non-TB-related causes [24].

 Nutrition in HIV

The history of HIV can be separated into the pre-ART era and the post-ART era that followed the 
advent and widespread use of highly active ART in 1996. In the pre-ART era, HIV infection pro-
gressed to AIDS at a high rate, while post-ART, there has been an expanded landscape of health 
conditions among PLWH. If HIV is untreated, opportunistic infections and malignancies—similar to 
the pre-ART era—can manifest, while among PLWH who are virally suppressed, noncommunicable 
diseases can be accelerated by chronic immune activation. The nutritionally relevant conditions asso-
ciated with HIV infection have changed with ART use and longer survival of PLWH and now include 
not only wasting and GI disorders but also lipodystrophy and obesity.

 HIV-Associated Wasting

Wasting was among the most common complications of HIV/AIDS in the pre-ART era [25–27] and 
continues to affect untreated vulnerable populations [28–33]. Precise estimates of the prevalence of 
wasting in PLWH are lacking due to incongruent definitions in the literature. HIV-associated wasting, 
or “wasting syndrome,” was initially defined by the US Centers for Disease Control and Prevention 
(CDC) as involuntary weight loss of 10%, accompanied by diarrhea or fever that was not attributable 
to a condition other than HIV [34]. Using this definition, the CDC estimated that approximately 21% 
of persons who died with AIDS between 1992 and 1997 had co-occurring wasting [28]. Concerns 
about the limited scope of the definition led others to propose more comprehensive categorizations. 
Wanke et al. investigated the prevalence of wasting among PLWH in the Nutrition for Healthy Living 
cohort (n = 633) using the following criteria to define wasting: (1) unintentional loss of >10% body 
weight since baseline; (2) a body mass index of <20 kg/m2; or (3) unintentional loss of >5% body 
weight within 6 months that persisted for at least a year [35]. The investigators found that 33.6% of 
the participants met at least one criterion for wasting. More than 50% of this cohort were receiving 
ART, and weight loss was seen to occur irrespective of ART, in those treated successfully with ART, 
in those for whom ART failed, and in those who were ART-naïve [36].

Although weight loss is the simplest clinical marker of wasting, interpretation of unintended 
weight loss may be confounded by fluid losses from vomiting, diarrhea, rehydration, or metabolic 
abnormalities such as abnormal fat distribution [37, 38]. As such, others have proposed additional 
indicators of wasting, such as loss of body cell mass as measured by bioelectrical impedance analysis 
[39], which is depleted in PLWH disproportionately to weight loss [26, 40]. These confounders and 
the findings by Wanke et al. suggest that it is likely that HIV-associated wasting in the pre-ART era 
was underdiagnosed and underestimated [35].

Wasting itself is an AIDS-defining condition [41], and weight loss often precedes other AIDS- 
defining illnesses [42]. Indeed, weight loss in PLWH predicts clinical progression to AIDS and mor-
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tality, both on and off of ART (though AIDS and mortality frequency drop considerably with ART) 
[11, 42–44]. The etiology of HIV-associated wasting is multifactorial but is likely due to complica-
tions of HIV, opportunistic infections, or other comorbidities, particularly in conjunction with poor 
dietary intake [36, 45, 46]. The strongest predictor of weight loss in HIV-associated wasting is reduced 
caloric intake [47, 48], which is exacerbated by an 8–12% increase in resting energy expenditure 
(REE) in PLWH without immunosuppression and 9–34% in PLWH with AIDS as compared to healthy 
controls [49–52]. These complications are particularly relevant in those with lower CD4+ cell counts 
reflective of more progressed HIV disease [53, 54]. Furthermore, acute wasting is associated with 
opportunistic infections, whereas gastrointestinal complications and malabsorption typically result in 
chronic wasting [55].

While many use the terms interchangeably, a distinction exists between wasting related to dietary 
insufficiency and “cachexia” which is a systemic syndrome characterized by hypermetabolism, hyper-
inflammation, and increased protein catabolism [56, 57]. The pathology of cachexia involves a hyper-
active acute-phase response that is mediated by pro-inflammatory cytokines such as tumor necrosis 
factor (TNF)-α and interleukin (IL)-6, which play pivotal roles in wasting [58]. In one study of PLWH 
of whom 63% had AIDS and 43% were on highly active antiretroviral therapy (HAART), TNF-α and 
IL-1β from peripheral blood mononuclear cells (PBMCs) were more significant predictors of increased 
REE and loss of lean body mass than inadequate dietary intake [59]. Other studies have found that 
IL-1β, IL-6, and TNF-α levels from PBMCs, but not plasma, were able to differentiate between HIV- 
infected participants with wasting and those without [60]. In any case, HIV-associated wasting and 
cachexia result in depletion of lean body mass and fat mass, with the depletion in lean tissue being 
more pronounced than that of fat mass [61]. Moreover, the depletion of lean body mass is concen-
trated in the metabolically active cells of muscle and visceral organs [62]. Critical points in depletion 
of body cell mass (54% of normal) and weight loss (66% of ideal body weight) have been associated 
with death among individuals with AIDS independently of the underlying cause(s) of wasting [63].

 Gastrointestinal Disorders and HIV Enteropathy

Gastrointestinal (GI) conditions have long been observed in patients with HIV [25, 64, 65] and may 
affect any part of the GI tract [54]. PLWH may present with one or more GI symptoms such as diar-
rhea, nausea and vomiting, dysphagia, odynophagia, abdominal pains and discomforts, GI bleeding, 
jaundice, and hepatomegaly [66–68]. Diarrhea is the most common GI complication in HIV infection 
[69], which was particularly prevalent among individuals with AIDS in the pre-ART era [70, 71], and 
contributed to a high burden of diarrheal diseases in resource-limited countries [72]. With the wide-
spread use of ART, the landscape of diarrheal etiology in PLWH has changed from infectious to non- 
infectious causes [73, 74]. GI-related adverse events, particularly diarrhea, are an important 
consideration in ART, but a review of clinical trials has shown that GI events were not often attributed 
to ART [75]. A meta-analysis of 38 HIV clinical trials conducted from 2008 to 2016, covering 21,066 
individuals receiving ART, has shown that the incidence of diarrhea (approximately 18%) did not 
significantly decline during the study period, even among those who were virally suppressed, although 
it was significantly lower among ART-experienced than ART-naïve individuals (13.7% vs. 19.7%, 
respectively; p < 0.001) [76]. In contrast, others have reported that the probability of adverse events 
after ART initiation, most commonly GI symptoms, increased over time and was associated with 
aging, disease progression, female gender, and male-male sex [77]. GI complications also negatively 
impact quality of life and reduce adherence to ART [78–81].

Malabsorption and diarrhea prior to ART were often related to opportunistic infections of the small 
intestine [70, 82, 83]. Nonetheless, structural and functional changes in the GI tract were observed 
even in the absence of opportunistic infections. The morphological changes observed included villus 
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atrophy, crypt hyperplasia, and epithelial hypoproliferation in the small intestine and colon [25, 64, 
84, 85], along with depletion of CD4+ lymphocytes within the lamina propria [86, 87]. These GI 
alterations are more pronounced when an opportunistic infection is involved [88]. The pathology of 
“HIV enteropathy” involves direct and indirect effects of HIV and includes increased GI inflamma-
tion, increased intestinal permeability, diarrhea, and malabsorption [89, 90]. The GI tract is a primary 
target for HIV infection and a major site of HIV replication, which results in massive depletion of the 
mucosal immune system [91, 92], where most of the body’s T-cells reside [89, 93]. Moreover, studies 
have shown incomplete reconstitution of mucosal immunity despite viral suppression secondary to 
ART [94–96].

GI complications contribute to nutritional compromise and wasting in PLWH [55, 97–100] whether 
they are directly related to HIV or not [54]. Nutritional intake may be affected by oropharyngeal and 
esophageal disorders, which result in swallowing difficulties [101]. Adding to poor intake, malabsorp-
tion of carbohydrates and fats, usually related to diarrhea, is a common complication in PLWH and 
not always associated with enteric pathogens [84, 97, 99, 102–108]. Fat malabsorption may lead to 
significant caloric deficits due to the energy density of fats (9 kcal/g) and contribute to nutrient defi-
ciencies due to impaired absorption of fat-soluble vitamins, which further compromise immunity 
[109] and may persist even among those receiving HAART [110]. Low serum carotene levels, a 
marker of fat malabsorption, have been reported in 30–70% of PLWH [111]. Malabsorption in PLWH 
has also been associated with low levels of vitamin B12 and zinc [107, 112–114], hypoalbuminemia 
[115], and anemia from iron, folate, or vitamin B12 malabsorption [116]. Interestingly, one study 
found that malabsorption was associated with weight loss in PLWH, but it was also associated with 
decreased REE, suggesting a compensatory metabolic response to caloric deficit [117].

 Lipodystrophy Syndrome

With the development and widespread use of HAART, PLWH have experienced improved health 
outcomes and decreased prevalence of wasting. Yet even with adequate treatment, PLWH may experi-
ence metabolic alterations and nutritional abnormalities. ART itself may lead to nutritional complica-
tions via metabolic changes, alterations in body composition, and the impact of ART on food intake. 
One of the emergent complications in the post-ART era is the “lipodystrophy syndrome,” or fat redis-
tribution [118]. The syndrome encompasses lipohypertrophy, lipoatrophy, or a combination of the two 
[119]. Lipohypertrophy is the accumulation of visceral fat in the abdomen, dorsocervical area (“buf-
falo hump”), or breasts in both men and women. Lipoatrophy is the loss of subcutaneous fat in the 
peripheral areas, particularly the face and limbs. Lipodystrophy has been associated mainly with 
therapy using protease inhibitors (PIs) and nucleoside reverse-transcriptase inhibitors (NRTIs) [120, 
121]. Lipoatrophy has been particularly related to certain NRTIs and older combinations no longer in 
use (e.g., indinavir, nelfinavir, and saquinavir/ritonavir) [122–124] that were more commonly associ-
ated with mitochondrial toxicity than are more modern drugs (e.g., emtricitabine, lamivudine, tenofo-
vir, and dolutegravir) [125]. Additionally, HIV may play a role in lipodystrophy by promoting 
localized adipose tissue inflammation and functional dysregulation [126–128]. Indeed, lipodystrophy 
has also been observed in PLWH naïve to ART, although much less often than in treated individuals 
[129, 130]. Kotler et al. have proposed that HIV viral load and hypercortisolemia may have a greater 
impact on body composition than ART itself [131].

Lipodystrophy is often accompanied by metabolic abnormalities such as hyperlipidemia, hyper-
cholesterolemia, hyperinsulinemia, glucose intolerance, and insulin resistance [132–137]. As a result, 
lipodystrophy contributes to the development of noncommunicable diseases in PLWH, particularly 
cardiovascular disease and diabetes mellitus, as well as increasing the risk for all-cause mortality 
[138]. That said, the relationship between lipodystrophy and metabolic comorbidities may be depen-
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dent on the particular manifestations of lipodystrophy in an individual. Hadigan et  al. found that 
PLWH with lipodystrophy had a significantly greater 10-year risk for coronary heart disease than 
HIV-uninfected controls, yet this risk was less pronounced when participants were matched by waist- 
to- hip ratio [139]. Notably, the study found that the risk for coronary heart disease was greater among 
PLWH with lipoatrophy than those with lipohypertrophy or with both lipoatrophy and 
lipohypertrophy.

 HIV, ART, and Obesity

In the post-ART era, overweight and obesity are growing concerns for PLWH, with increasing preva-
lence even in resource-limited countries [140–149]. Some individuals were overweight or obese 
before they contracted HIV [141, 149], secondary to the pandemic of global obesity [150]. Interestingly, 
a higher BMI, reflective of greater fat stores, may be protective for vulnerable groups among PLWH. A 
higher BMI and fat mass have been associated with slower HIV disease progression in untreated and 
drug-using PLWH [151–153]. A BMI of 27 kg/m2 or higher was also protective against mortality 
[152]. Others have found longitudinal improvements in markers of HIV disease progression and 
immunity with increased BMI [154–157]. That said, BMI likely underestimates obesity in PLWH 
[158] as it may fail to recognize excess adiposity in those with low muscle mass [159]. Additionally, 
even among those with normal BMI (18.5–24.9 kg/m2) or higher, lipodystrophy results in PLWH hav-
ing a greater amount of visceral adiposity in relation to BMI than HIV-uninfected persons [160, 161]. 
Nonetheless, much of what we know about obesity in the context of HIV is based on the standard 
criterion for obesity of BMI ≥ 30 kg/m2.

The etiology of obesity is complex and multifaceted [162], and PLWH share many behavioral, 
socioeconomic, and biological risk factors for obesity with the general population. Nutritional factors 
that are associated with overweight/obesity among PLWH include food insecurity [163, 164] and poor 
diet quality [165–167]. In PLWH receiving ART, higher rates of overweight and/or obesity were asso-
ciated with alcohol consumption, non-smoker, or past smoker status, as well as being seronegative for 
hepatitis C virus (HCV) or cleared HCV status [168]. Women living with HIV are at higher risk for 
weight gain and obesity than men living with HIV. It is unclear why the risk for obesity in women 
living with HIV is greater than for women in the general population, while the reverse is true for men 
[170]. Furthermore, lower CD4+ cell counts and higher HIV viral loads prior to ART have a greater 
effect on BMI for women than men [169]. Additionally, nutritional status and the state of HIV disease 
at the time that ART is initiated could play a role in the development of obesity. In a study of Nigerians 
living with HIV, the development of obesity was associated with a BMI below 20 kg/m2 and a CD4 
count below 350 cells/μL at the time of ART initiation [145]. Similar findings were reported in a study 
of Brazilians living with HIV, where obesity was more likely to develop in those who, at the time of 
ART initiation, had lower baseline CD4 cell counts and/or higher baseline HIV viral loads [171]. In 
contrast to the Nigerian study, the study in Brazil found obesity to be associated with a higher BMI at 
the time of ART initiation. Nevertheless, it appears that weight gain is accelerated among those with 
more advanced HIV disease at the time they initiate treatment; this is considered a “return to health” 
phenomenon like that seen in malnourished patients [172, 173]. Furthermore, specific ART regimens 
may also contribute to weight gain, predominantly as fat, with the greatest effect seen with integrase 
strand transfer inhibitors (INSTIs; e.g., raltegravir and dolutegravir) [174]. Although obesity has been 
shown to affect the pharmacokinetics of some classes of ART drugs, there is no evidence of an effect 
of obesity on virologic response [175].

Obesity has numerous health implications for PLWH. While obesity is often thought of as a con-
sequence of overnutrition, the poor diet that often accompanies the excess in energy intake also con-
tributes to micronutrient deficiencies among many obese individuals [176–178]. Micronutrient 
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deficiencies and the inflammatory features of obesity can potentiate immunodeficiency in PLWH 
[179, 180]. Obesity may be a significant cause of immunodeficiency worldwide, contributing to the 
global burden of infectious diseases and to worse clinical outcomes in infected patients [181–183]. 
Adipose tissue is also a significant reservoir for latent HIV infection and presents a major barrier for 
cure efforts [184]. HIV targets CD4+ T-cells and macrophages in the stromal vascular fraction of 
adipose tissue, making adipose tissue a viral reservoir and a potent source of persistent inflammation 
in PLWH, irrespective of obesity [126]. Indeed, both HIV infection and obesity result in persistent 
inflammation; thus, obesity can exacerbate the inflammatory response already present in PLWH. 
Additionally, obesity contributes to non-AIDS-related mortality among PLWH due to its role in the 
development of noncommunicable diseases such as cardiovascular disease, diabetes mellitus, non- 
AIDS cancers, and liver disease [185], now leading causes of death among PLWH who can access 
ART [186–188].

 Substance Use and Abuse Among PLWH

An additional factor that may lead to nutritional compromise in PLWH is the use and abuse of drugs 
and alcohol. Drug use, predominantly but not exclusively injection drug use (IDU), contributes to 
HIV transmission worldwide due to its association with unsafe practices such as sharing needles, 
bartering sex for drugs, unprotected sex [189–195], and sexualized drug use (“chemsex”) [196, 197]. 
Substance abuse is also a pervasive barrier for care among PLWH, affecting their engagement and 
retention in care, as well as their adherence and response to ART [198]. Additionally, Baum et al. 
have reported significant effects of alcohol and cocaine abuse on HIV disease progression, suggest-
ing direct effects on immune function in addition to their contribution to poor adherence to ART 
[199, 200]. Of particular concern are those who inject drugs, who are up to 22 times more likely to 
become infected with HIV than the general population [9] and are at increased risk of TB infection, 
irrespective of their HIV status [201]. In 2018, IDU accounted for an estimated 12% of new HIV 
infections globally, including 41% in Eastern Europe and Central Asia, 37% in the Middle East and 
North Africa, and 13% in Asia and the Pacific [202]. In the United States, IDU contributed to 17% 
of male and 21% of female HIV infections between 2012 and 2016 [203]. Additionally, people who 
inject drugs have the highest risk for HCV infection, with a 67% global prevalence [204]. As of 
2016, there were an estimated 10.6 million injection drug users worldwide [205]. Of these, 11.8% 
are living with HIV and 5.5 million with HCV, and 1 million are co-infected with HIV and HCV 
[205]. Other studies have reported higher estimates of 15.6 million injection drug users worldwide, 
17.8% of these living with HIV and 52.3% exposed to HCV [206]. Most notably, the incidence rate 
of HIV among injection drug users is on the rise. Furthermore, TB is a leading cause of mortality 
among PLWH who inject drugs, and people who use non-injection drugs have also been found to 
have increased rates of TB [207].

 Nutritional Status and Substance Use

The impact of drug use on nutritional status is complex and reflects lifestyle, behavioral and socioeco-
nomic factors, as well as the impact of drugs on the brain and body. The nutritional concerns of sub-
stance abuse include those caused by the effects of drugs on appetite and food-related behaviors–usually 
leading to poor food intake–and by physiological alterations on digestion, absorption, metabolism, 
and nutrient utilization. Additionally, eating disorders such as anorexia nervosa and bulimia nervosa 
are known to co-exist with substance abuse disorders [208, 209]. Not surprisingly, poor eating habits 
[210–213], nutrient deficiencies [214–217], and wasting [31, 218, 219, 220] have been reported in 
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drug users. Excessive alcohol consumption, for example, can lead to nutritional deficiencies and mal-
nutrition, as the poor diet that often accompanies alcohol addiction results in a displacement of essen-
tial nutrients from the diet [221]. Indeed, alcohol abuse is one of the major causes of nutritional 
deficiencies and malnutrition in high-resource countries [222]; it accounts for 95% of thiamin defi-
ciencies in developed countries [223], and deficiencies in vitamin B6, folic acid, and vitamin C are 
also common [224, 225]. These deficiencies may also be difficult to correct given metabolic perturba-
tions and alcoholism recidivism rates in the population suffering micronutrient deficiencies. In detoxi-
fication unit patients, 73% of whom suffered from alcohol dependence, 50% of patients had an iron 
or vitamin deficiency, despite multivitamin and thiamin supplementation on admission [226]. Data are 
lacking with respect to many drugs of abuse [227], but lower serum concentrations of vitamins A, B12, 
C, and E and minerals zinc and selenium have been found in drug users compared to non-user controls 
[214, 228].

In addition to direct effects on appetite and food intake, drug use is also associated with socioeco-
nomic factors including food insecurity, poverty, and lack of access to treatment [213, 229, 230, 234, 
235] particularly prevalent among persons who inject drugs [231]. Food insecurity is associated with 
poor nutritional status even after accounting for the effect of poverty [232]. The heightened risk for 
food insecurity among drug users may be due in part to competing priorities of acquiring drugs to feed 
a drug addiction versus acquiring food for sustenance [233].

Although for many the picture of the emaciated drug user persists, the association between sub-
stance use and BMI is complicated, and studies have shown inconsistent results [236, 237]. This is 
partly due to the mechanism of action of the different substances of abuse, their effects on food- 
related behaviors [238], and metabolic changes that disrupt energy balance [239]. Drug users tend to 
have lower body weights than their non-drug-using counterparts [240], and a lower BMI is typically 
found among injection drug users [241] and/or cigarette smokers [242]. Cocaine use has been associ-
ated with lower body weight and body fat than among non-users [243, 244]. IDU in particular is 
associated with lower body fat percentage compared to non-users, after adjusting for BMI and waist 
circumference [245]. Heavy drinkers, on the other hand, tend to have a higher BMI due to the energy 
content of alcohol [246], although a low BMI may be found among the heaviest drinkers [221]. As 
seen with food insecurity in Western countries, a high BMI in drug users may also be a result of poor 
diet quality.

Additionally, a growing body of evidence suggests that substance abuse may predispose individu-
als for weight gain after cessation of use [236]. Weight gain typically occurs during drug recovery 
programs, increasing the risk for chronic comorbidities [247]. While weight gain might be desirable 
among malnourished drug users, unhealthy weight gain has also been reported [212, 248, 249]. The 
reason for this weight gain is multifactorial. Malnutrition and weight loss during substance abuse can 
make an individual susceptible to weight gain, but also eating may become an alternative addictive 
behavior [250, 251].

Irrespective of weight, substance use may lead to metabolic perturbations and micronutrient defi-
ciencies that may further impair nutrient absorption and utilization [252]. In addition to poor dietary 
intake, alcohol use may lead to malnutrition through the damage it causes to digestion, absorption, 
metabolism, and nutrient utilization [253]. Alcohol and barbiturates deplete vitamin A levels by 
enhancing the activity of liver enzymes responsible for alcohol breakdown [254]. Alcohol also alters 
nutrient metabolism by decreasing the secretion of pancreatic enzymes and inhibits nutrient absorp-
tion by damaging the lining of digestive organs, impairing nutrient transport into blood [252]. Thiamin 
deficiency, a hallmark of alcoholism, impairs metabolism of carbohydrates [223]. Folate deficiency, 
also a consequence of excessive alcohol, alters the cell lining of the small intestine, impairing absorp-
tion of water, glucose, sodium, and folate itself, among others [252]. Chronic heavy drinking leads to 
alcoholic liver disease, which can result in impaired synthesis of vital proteins such as albumin and 
clotting factors that are produced in the liver [253, 254]. Substance abuse can also contribute to the 
development or worsening of cardiometabolic diseases [255–259].
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 Nutritional Status and Substance Use Among PLWH

Both nutritional disorders and more advanced HIV disease [31, 199, 200, 220] have been reported in 
drug users. Lower serum concentrations of several vitamins and minerals that are associated with HIV 
disease progression and mortality [228] have been found in drug users compared to non-user controls 
[214]. To more fully understand the impact of nutritional deficiencies and drug abuse on HIV disease 
progression and comorbidities, more research among drug and alcohol users is needed that overcomes 
barriers inherent in this hard-to-reach population. Active drug users often fail to adhere to nutritional 
and pharmaceutical interventions. Polysubstance use is common and adds difficulty when attempting 
to assess the effects of specific drugs.

The risk for food insecurity of PLWH who also use drugs may depend on the drug(s) of choice. 
Among PLWH, the use of opioids was associated with a greater risk for food insecurity compared to 
those who used marijuana or cocaine alone, and polysubstance use more than tripled the risk for food 
insecurity compared to non-use of illicit drugs [234]. Importantly, food insecurity may be particularly 
detrimental to drug users living with HIV, as it may lead to poorer adherence to treatment than seen 
with either drug use or food insecurity alone [235]. In PLWH, drug injection may further exacerbate 
malabsorption and increase resting energy expenditure [255]. Among PLWH, the use of cocaine/crack 
was associated with a lower BMI, while those who used marijuana tended to have central obesity 
[244]. Indeed, a high prevalence of wasting among PLWH (17.6%) was associated with heavy alcohol 
consumption and use of cocaine/crack, despite most of them taking ART [31]. Among drug users liv-
ing with HIV, users of cocaine/crack were less likely to be on ART, and high viral loads were associ-
ated with the metabolic syndrome [244]. Nutritional deficiencies related to drug use may contribute 
to immunodeficiency, disease progression [228], and the development of comorbidities that could 
further compromise nutritional status.

 HIV and Micronutrients

As of 2018, of all people living with HIV worldwide, 67% were accessing treatment and 58% were 
virally suppressed [202]. These statistics represent impressive strides in the fight against new HIV 
infections worldwide; however, those who do not have access or are not engaged in treatment despite 
having access to ART continue to have HIV viral load, experience HIV disease progression, and may 
continue to transmit HIV. Micronutrient deficiencies were identified in PLWH early in the epidemic 
and were shown to be associated with higher risk of progression of HIV disease and increased mortal-
ity [217, 260–263]. Infections, no matter how mild, depressed nutritional status, and, in turn, nutri-
tional deficiencies impair resistance to infection [264]. This synergy between nutritional and immune 
deficits is evident in all stages, during latency, the progression of HIV disease, and in advanced dis-
ease [217, 228, 260–271]. The evidence shows that nutritional therapy is important for PLWH who 
are not on ART, as well as an adjunct therapy to ART in order to support both the acquired and the 
innate host defenses [264].

As reviewed above, weight loss and wasting, also common in untreated HIV disease, increase the 
risk of HIV disease progression and independently predict HIV-related morbidity and mortality [42, 
63, 272, 273]. The pathogenesis of wasting in PLWH is related to a combination of weight loss and 
deficiencies of several micronutrients due to reduced food intake, nutrient malabsorption, and 
increased rate of metabolism in untreated individuals [46, 274]. Micronutrient deficiencies were 
described in untreated HIV, including low plasma levels of vitamin B12, selenium, zinc, vitamin B6, 
other B vitamins, and fat-soluble vitamins A and D [228, 275, 276]. Studies in Africa noted frequent 
vitamin A deficiency associated with increased mortality and higher risk of mother-to-child HIV 
transmission [277] and more rapid HIV progression in adults [278]. Deficiency of selenium occurred 
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in adults and children with HIV infection and was significantly associated with an increased relative 
risk of HIV-related mortality in cohorts of men who have/had sex with men, substance users, and 
children [263, 279]. Elevated oxidative stress levels were found by several studies and were related to 
T-cell exhaustion and impairment of immune response in controlling viral replication [280]. 
Antioxidant deficiency augments oxidative stress and can contribute to HIV disease progression due 
to the role of inflammatory mechanisms in HIV replication [281]. Thus, further research on reducing 
chronic oxidative stress is needed since suppressing such stress may restore antioxidant levels and 
reestablish the Th1/Th2 balance [282]. Overly low serum concentrations of these micronutrients were 
associated with low CD4+ cell counts, faster HIV disease progression, and higher HIV-related mortal-
ity [263, 267, 276, 279, 283–289].

The introduction of HAART in 1996 suppressed HIV viral load and improved immunological 
function; however, many patients continued to lose weight and some even continued to suffer from 
wasting [11, 35, 290]. Nonetheless, the great majority of the patients in the combination ART era have 
experienced reduced morbidity and, in high-income countries, have life spans that are close to that of 
the general population [14–16]. However, considering the crucial role that micronutrients play in 
maintaining functional immunity, research regarding their role and the effects of supplementation on 
HIV disease progression became a priority, particularly in Africa [291]. Micronutrient deficiencies 
have persisted even after the initiation of ART and HIV viral load suppression, although some obser-
vational studies showed improvement in the plasma levels of some micronutrients [292].

Early in the HIV epidemic, Baum et al. evaluated the relationship between plasma levels of micro-
nutrients and CD4+ cell counts, alone and in combination with a marker of inflammation, beta 
2-microglobulin, in 108 men who had sex with men (MSM) and were living with HIV over an 
18-month period [286]. Multiple micronutrient deficiencies were detected, specifically in zinc, sele-
nium, and vitamins A, E, B2, B6, and B12 in relatively asymptomatic PLWH with adequate diets. 
Development of deficiency of vitamins A and B12 was associated with a significant decline in CD4 cell 
count, while normalization of vitamin A, vitamin B12, and zinc was associated with significantly 
higher CD4 cell counts. Low vitamin B12 status at baseline significantly predicted accelerated HIV 
disease progression as determined by CD4 cell count, suggesting that micronutrient normalization 
may increase symptom-free survival. Moreover, selenium deficiency in this cohort was associated 
with a survival time of 31.4 months, compared with 57.4 months for those who were not selenium 
deficient [228].

Baum reports on longitudinal studies in two other cohorts of people living with HIV, illicit drug 
users and children, in addition to the MSM mentioned previously, and observed similar micronutrient 
deficiencies in all three cohorts [228]. Multiple micronutrient deficiencies were noted in 41% of the 
drug users, including vitamins A, C, and E and zinc as the most predominant deficiencies due to poor 
dietary intake and potential drug-nutrient interactions. In this cohort, deficiencies of vitamins A and 
B12, zinc, and selenium were significantly associated with increased mortality. An almost threefold 
increase in relative risk of mortality was demonstrated with low plasma zinc levels. Low plasma levels 
of vitamin A were also associated with a threefold increase in relative risk of mortality consistent with 
reports by Semba et al. [293]. Low plasma vitamin B12 levels were also associated with accelerated 
HIV disease progression and an increased risk of mortality [228], findings also reported earlier by 
Tang et al. [267]. The micronutrient deficiency associated with the highest risk for mortality, however, 
was selenium. While only 7% of the cohort of drug users demonstrated overly low levels of plasma 
selenium, selenium deficiency was associated with almost a 20-fold increase in relative risk of mortal-
ity [263]. When all of the micronutrient deficiencies in this cohort were considered, only selenium 
was an independent predictor of survival [228]. This finding was confirmed by other investigators 
following other cohorts of PLWH [269, 279].

Campa et al. followed a small cohort of 24 perinatally HIV-infected children for 5 years prior to 
the era of ART provision; over the course of the study, 12 of the children died of HIV-related causes 
[279]. Assessment of micronutrient status identified selenium deficiency as an independent cause of 
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faster HIV disease progression and mortality. Thus, multiple micronutrient deficiencies were noted in 
observational studies with several cohorts of PLWH and were associated with HIV disease progres-
sion and mortality. These compelling studies were followed by multiple micronutrient intervention 
trials, mostly conducted prior to widespread ART, though some trials included PLWH on effective 
ART regimens.

 Micronutrient Intervention Trials Among PLWH

Micronutrient supplementation studies using randomized controlled trials (RCTs) in PLWH have 
shown mixed results. Some of the RCTs that enrolled populations with low prevalence of micronutri-
ent deficiencies had insufficient periods of supplementation to demonstrate effects, did not assess 
baseline micronutrient status, and/or did not adjust for markers of inflammation. Moreover, widely 
variable doses of micronutrients were supplemented in different RCTs. Several RCTs supplemented 
various combinations of micronutrients including vitamins A, D, E, C, B1, B2, niacin, B6, B12, K, 
folate, and β-carotene and trace elements including zinc, selenium, magnesium, iron, iodine, copper, 
manganese, chromium, cobalt, and molybdenum.

In contrast, some RCTs supplemented only one or two micronutrients. Moreover, the clinical trials 
have been conducted in a variety of different settings and continents, with variable nutritional status 
among the study participants at the beginning of the trial. The primary outcomes of all the clinical 
trials were HIV disease progression, morbidity, and/or mortality.

 Trials Comparing a Single Micronutrient Versus Placebo

Vitamin A Several studies investigated the effect of vitamin A supplementation among ART-naïve 
PLWH. Humphrey et al. supplemented 40 women living with HIV with a single oral dose of 9900 μmol 
(300,000 IU) vitamin A, and follow-up was conducted for 8 weeks [294]. The participants in the trial 
did not have vitamin A deficiency, and the supplemented dose did not produce signs of toxicity. There 
were no effects on any lymphocyte subset or activation markers, nor on HIV viral load at any time 
during follow-up. Similar results were obtained by Semba et  al. supplementing 60  mg of retinol 
(equivalent to 200,000 IU of vitamin A) in a randomized, double-blinded, placebo-controlled clinical 
trial with ART-naïve injection drug users living with HIV who were followed for 2 and 4 weeks after 
treatment (n = 120, 60 per arm) [295]. None of the participants had vitamin A deficiency, and no sig-
nificant effects of the high dose of vitamin A were noted on CD4+ cell count or on HIV viral load. A 
study in Kenya by Baeten et  al. assessed the effect of daily oral supplementation with 10,000  IU 
vitamin A in the form of retinyl palmitate for 6 weeks on vaginal HIV shedding of women living with 
HIV. The majority of the participants were vitamin A deficient [296]. No effect of the vitamin A 
supplementation was found on the prevalence of HIV-1 DNA vaginal shedding or the quantity of 
HIV-1 RNA in vaginal secretions or on HIV viral load and CD4/CD8 cell counts compared to pla-
cebo. Whether this is due to a lack of efficacy or due to the short duration of the supplementation is 
not known.

Vitamin D To test a hypothesis that optimal vitamin D status may be associated with more effective 
immune responses [297], Mehta et al. determined vitamin D levels in a cohort of 677 patients with 
TB, 51% of whom were co-infected with HIV [298]. All patients were starting anti-TB treatment and 
were enrolled into a multivitamin supplementation trial without vitamin D. Vitamin D insufficiency 
was associated with 66% higher risk of TB relapse, but no association with HIV disease progression 
was noted. An RCT trial was conducted with 52 PLWH aged 8–26 years who had low serum levels of 
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vitamin D [299]. Participants were supplemented with 100,000 IU active vitamin D compared to pla-
cebo every 3 months for 12 months. Vitamin D supplementation had no effect on CD4+ cell count, but 
was associated with an altered CD4+ T-cell phenotype (decreased Th17:Treg ratio) at 3  months. 
Another RCT of vitamin D and calcium supplementation was conducted for 48 weeks by Overton 
et al. during the initiation of ART in PLWH [300]. While vitamin D plus calcium supplementation 
mitigated the loss of bone mineral density and increased markers of bone turnover, there were no dif-
ferences in inflammatory or immune biomarkers between the supplementation and the placebo groups. 
Similar findings were noted by Bang et al. in their RCT [301, 302].

Zinc Deficiency Zinc deficiency is highly prevalent in PLWH, particularly among illicit substance 
users, and is an independent predictor of a threefold increase in HIV-related mortality [216]. Baum 
et al. conducted an RCT of zinc supplementation at nutritional levels (12 mg of elemental zinc/day for 
women and 15 mg of elemental zinc/day for men) for 18 months with 231 PLWH who used illicit 
drugs and had low plasma zinc levels (<0.75 mg/L) [303]. The primary endpoint was immunological 
failure defined as CD4+ cell count <200 cells/μL monitored every 6 months. Zinc supplementation 
reduced the likelihood of immunological failure by a factor of four compared to placebo, without 
affecting HIV viral load control, and reduced the rate of diarrhea by more than half, but no significant 
differences in mortality between the two groups were noted. The results of this trial support the use of 
zinc supplementation as an adjunct therapy with ART in PLWH who are zinc deficient. In a small 
study of 31 PLWH in Bangkok, Thailand, Asdamongkol et  al. randomized zinc supplementation 
(15 mg chelated Zn/day) to 5 of 12 participants with low plasma zinc levels (<75 μg/dL) and 8 of 19 
who had adequate levels of plasma zinc [304]. In the group with low plasma zinc levels, median zinc 
levels rose 29 μg/dL in the supplemented persons compared to 4.5 μg/dL in the placebo recipients. 
CD4+ cells rose significantly with zinc supplementation in patients with low plasma zinc levels and 
did not change in supplemented patients with adequate plasma zinc at baseline. In a similar Peruvian 
study by Cárcamo et al., however, higher doses of zinc (50–100 mg) for 14 days were not effective in 
reducing the prevalence of diarrhea when given to ART-naïve study participants with persistent diar-
rhea [305], possibly due to the short duration of the supplementation. In addition, high doses of zinc 
for 4 weeks did not improve immune response to TB in PLWH who were on ART and were not zinc 
deficient in Singapore [306].

Selenium Three randomized clinical trials were conducted with selenium supplementation of 200 μg 
oral dose per day with a duration of 9–24 months, to both ART-naïve and ART-experienced partici-
pants [307]. Baum et al. used a factorial RCT design for 24 months among 878 ART-naïve participants 
in Botswana with CD4 counts >350 cells/μL to assess daily (1) multivitamins (thiamin, riboflavin, 
niacin, folic acid, vitamins B6, B12, C, and E), (2) selenium, (3) multivitamins with selenium, or (4) 
placebo [307]. The combined supplement of multivitamins plus selenium had a significantly lower 
risk vs. placebo of reaching a CD4 count of ≤250 cells/μL (adjusted hazard ratio = 0.46; 95% CI, 
0.25–0.85), with the multivitamins without selenium and the selenium-alone groups having less 
impressive results. The four study groups did not differ in viral loads or their incidence of HIV-related 
and health-related events. Burbano et al. reported the impact of selenium (200 μg/day) supplementa-
tion on hospitalizations in 186 PLWH, some of whom were ART-naïve while others were receiving 
ART in Miami, Florida [308]. A significantly lower risk of CD4 cell decline and a lower rate of hos-
pitalizations were noted in the selenium supplemented group compared to the placebo group, although 
the participants on ART had a lower rate of hospitalizations. Hurwitz et al. supplemented with 200 μg/
day high selenium yeast in an RCT of 450 PLWH for 9 months in Miami, FL [309]. Increased plasma 
selenium levels predicted decreased HIV viral load, which predicted increased CD4+ cell count. Non- 
responding selenium-treated subjects who had less serum selenium change displayed poor selenium 
treatment adherence and had elevated HIV viral load and lower CD4+ cell count. In contrast, selenium- 
treated subjects whose serum selenium increased had excellent selenium treatment adherence, no 
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change in HIV viral load, and an increased CD4 count. However, if selenium adherence was associ-
ated with ART adherence, conclusions about selenium benefits may be confounded.

Vitamin E In a small RCT of 29 PLWH with a CD4 count <500 cells/μL, vitamin E or placebo was 
given for 6 months while initiating ART. Vitamin E supplementation did not affect the indices of HIV 
infection, though increased lymphocyte viability was reported with vitamin E supplementation [310]. 
Another study by Allard et al. in Canada assessed the effect of daily antioxidant vitamin supplementa-
tion with 800  IU DL-alpha-tocopherol acetate (synthetic vitamin E) and 1000  mg vitamin C, or 
matched placebo for 3 months on HIV viral load and lipid peroxidation, a measure of oxidative stress, 
in 49 PLWH [311]. The supplementation with the antioxidant vitamins reduced oxidative stress and 
produced a nonsignificant trend toward a reduced HIV viral load. These small studies were underpow-
ered and do not provide definitive conclusions in the nutrition and HIV/TB field.

 Supplementation with Multiple Micronutrients

RCTs have compared a daily multiple micronutrient supplementation to placebo for widely divergent 
periods ranging from 2 weeks to 2 years. Most participants in these trials were ART-naïve PLWH, and 
in three of the trials, all participants were on treatment for active pulmonary TB. The Botswana Baum 
et  al. RCT was discussed earlier with the selenium review with 878 PLWH [307]. The combined 
supplement of multivitamins plus selenium (200 μg/day) proved to be a promising intervention in 
these ART-naïve participants with higher CD4 counts.

In Zambia, Kelly et al. compared oral vitamins A and E, selenium, and zinc vs. albendazole plus 
placebo in 106 PLWH for 2  weeks [312]. The RCT was based on epidemiological evidence that 
micronutrient deficiencies were predictive of early death in ART-naïve PLWH and that albendazole 
reduced diarrhea in PLWH [313]. The 2-week supplementation of micronutrients showed no effect on 
diarrheal duration or mortality. Short-term oral supplementation was not effective in reducing morbid-
ity or mortality. Kelly et al. then conducted an RCT with 500 PLWH in Zambia who were selected in 
a cluster-randomized (by household) manner [314]. The participants were supplemented with a daily 
tablet containing 15 micronutrients (at levels just above the recommended nutrient intakes in the 
United Kingdom) or placebo, and the study followed participants for up to 3.3 years. While the sup-
plementation did not affect the incidence of diarrhea, severe episodes of diarrhea and mortality were 
significantly reduced with the supplementation.

McClelland et  al. supplemented with multivitamins and selenium compared to placebo in 400 
women living with HIV for 6 weeks in a clinical trial in Kenya to reduce cervical and vaginal HIV 
shedding from infected cells [315]. Unexpectedly, the odds of detecting HIV RNA in vaginal secre-
tions actually increased among women who received micronutrients, particularly those women who 
had normal baseline selenium levels. There was also a significant increase in CD4 and CD8 counts, 
while the HIV viral load was unchanged. The authors concluded that while there was some personal 
benefit to PLWH from a relatively short period of 6-week micronutrient supplementation, PLWH 
might have potentially greater infectivity. Jiamton et al. supplemented 481 PLWH who were ART- 
naïve with multiple micronutrients for 48 weeks in Thailand [316]. The supplement contained vita-
mins A, D3, E, K, C, B1, B2, B6, and B12, β-carotene, folic acid, pantothenic acid, iron, magnesium, 
manganese, zinc, iodine, copper, selenium, chromium, and cysteine above the recommended daily 
allowances (RDA). Unlike most other trials, supplementation significantly increased survival with no 
change in CD4 count or HIV viral load. In a trial from China, the immune status of 102 PLWH was 
improved with multiple micronutrient supplementation close to the daily recommended intake (DRI) 
for 6 months [317].

Daily supplementation of vitamins A, C, and E to 30 PLWH compared to placebo for 6 months 
increased plasma levels of the supplemented vitamins, prevented oxidative modification of DNA in 
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the lymphocytes, and increased CD4 counts, although the increase in CD4 counts was not significant 
[318]. Kaiser et  al. conducted an RCT of comprehensive vitamin, mineral (in amounts above the 
RDA), and antioxidant (N-acetylcysteine, acetyl-L-carnitine, lipoic acid) supplementation to 40 
PLWH on stable ART for 12 weeks; the supplementation significantly increased CD4 count without 
affecting fasting levels of glucose, insulin levels, lipids, venous lactate, serum creatinine, alanine 
aminotransferase, total bilirubin, or alkaline phosphatase [319]. In contrast, an RCT by Isanaka et al. 
was conducted among 3418 PLWH in Tanzania receiving high-dose compared to standard-dose mul-
tivitamin supplementation for 24 months beginning at the time of ART initiation and did not affect 
HIV disease progression or mortality. However, the high-dose multivitamins reduced the risk of neu-
ropathy, potentially due to the high levels of vitamin E [320]. All RCT participants in Isanaka et al. 
received micronutrient supplementation, in contrast to other studies where the demonstrated benefits 
of micronutrient supplementation were evident compared to a placebo. It is possible that the Isanaka 
et al. study suggests a potential dosing threshold (i.e., a standard dose) with long-term use (24 months 
in this study) beyond which there is no further benefit. One summary hypothesis is that PLWH who 
are not on ART may require micronutrient intakes that are above the RDA to slow progression of HIV 
disease whereas micronutrient supplementation in PLWH on ART should not be supplemented with 
micronutrients above the RDA. Long-term micronutrient supplementation to PLWH on effective ART 
in the levels of one RDA thus appears to be beneficial.

 Nutrition in Tuberculosis

 Epidemiology of Tuberculosis

Mycobacterium tuberculosis is the leading cause of death from an infectious disease worldwide, and 
the tenth leading cause of death, overall; the largest burden is in Africa and Asia with 83% of all cases 
[23]. Tuberculosis is transmitted when an infected person spreads the bacteria by coughing, sneezing, 
or talking, and the bacterium is inhaled by another individual. Cellular immune response is mounted 
within 2–6 weeks by CD4+ T-lymphocytes; however, in 70–90% of the cases, the individuals fight off 
the M. tuberculosis bacteria and do not become infected [321]. In approximately 30% of the cases, the 
M. tuberculosis infection is contained, but the immune response is not able to “sterilize” the bacteria. 
This person becomes “latently” infected, and in this state the infection is asymptomatic and non- 
transmissible [322].

Approximately 80% of all HIV/TB co-infections have occurred in Africa, which has been experi-
encing the worst TB epidemic since the introduction of antibiotics. This crisis has been driven by the 
high prevalence of HIV and compounded by malnutrition, weak healthcare systems, drug-resistant 
strains of M. tuberculosis, and occupational, housing, and medical care facility conditions that 
 facilitate transmission [323]. TB is the most common infectious comorbidity in PLWH, and 30–40% 
of PLWH die from tuberculosis [324]. HIV co-infection with TB greatly increases morbidity and 
mortality mainly because TB is often undiagnosed and consequently untreated or treated too late. A 
2019 WHO report estimates that 10.0 million people were infected with TB in 2018 globally, along 
with 1.2 million TB deaths among HIV-negative people and 251,000 among PLWH [23]. Most of 
these individuals died due to lack of diagnosis of either HIV or TB, or delay in providing treatment. 
Moreover, immunodeficiency caused by HIV increases the risk for reactivation of latent TB infection, 
as well as facilitating acquisition of new TB infection [325]. Treatment of HIV/TB co-infection is 
complicated by drug toxicities and drug-drug interactions between ART and antituberculosis therapy. 
ART is associated with significantly reduced rates of TB [326], confirmed by RCTs [327, 328]. Thus, 
early diagnosis and treatment are essential for co-infected persons, and prevention of TB is a vital 
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priority for HIV mono-infected persons [329, 330]. Unfortunately, sensitive diagnostic tests like 
Xpert MTB/RIF and Xpert MTB/RIF Ultra (Cepheid, Sunnyvale, CA, USA), loop-mediated isother-
mal amplification, and lateral flow lipoarabinomannan are not available in many African or Asian 
settings such that undiagnosed persons infected with TB remain infectious to others [331]. After TB 
diagnosis, only 70% of African patients are successfully treated, giving rise to relapse and emergence 
of drug resistance [323].

 Tuberculosis and Malnutrition

The relationship between TB and malnutrition is complex, with TB causing malnutrition and malnu-
trition contributing to the development of TB. While most of the individuals who are positive for TB 
have latent infections, progression to active TB can occur if the immune response weakens, and mal-
nutrition is an important contributor to a weakened immune response.

 Malnutrition as a Consequence of Tuberculosis

Infection with M. tuberculosis can lead to wasting. In patients with active TB, REE increases while 
energy intake declines as a result of anorexia, eventually leading to wasting [332] and premature mor-
tality [12]. A body composition study using dual-energy X-ray absorptiometry (DXA) in wasted 
patients with TB revealed depletion of both lean and fat tissues in equal proportions. However, lean 
tissue was more depleted in the limbs, while fat tissue depletion was greater in the trunk, and HIV 
co-infection did not alter the effects of TB on body composition [333]. In an Indonesian study, 66% 
of patients with TB were underweight with body mass index (BMI) <18.5 kg/m2 [334]. Similar results 
were reported from a study in rural Malawi with 57% of 1,161 newly diagnosed TB patients being 
underweight and accompanied by a twofold increased risk of premature death [12]. A study from the 
United Kingdom also reported significantly lower BMI, muscle mass, and subcutaneous fat stores 
among patients who had active TB compared to those who were not infected [335]. A clinical trial 
providing nutritional supplementation for 6  weeks to wasted patients with newly diagnosed TB 
showed improved lean body mass and better physical function compared to patients in the control 
group who received standard nutritional counseling. During subsequent follow-up, patients who were 
supplemented maintained higher body weight, but the weight increase was due to greater gains in fat 
mass than lean body mass [336]. Nutritional supplementation may also shorten the convalescent 
period and improve the survival of patients infected with TB [337]. When active TB is treated with 
medications, nutritional status improves, most likely due to better appetite and reduced energy and 
nutrient requirements [338].

 Active Tuberculosis as a Consequence of Malnutrition

Epidemiological studies point to malnutrition as one of the chief factors contributing to an increased 
risk of primary and latent infection progressing to active TB disease [339] and to nutrient and energy 
deficiency exacerbating the pathogenesis of TB [340]. Yet there is surprisingly little rigorously con-
trolled evidence, especially in humans, for these conclusions.

Most of the epidemiological evidence comes from observational studies in regions ravaged by war, 
famine, or natural disasters [341]. A study of TB among British and Russian prisoners of war (POW) 
during the Second World War showed that 1.2% of the British POW suffered from TB compared to 
15–19% of the Russian POW. Both groups of the POW shared the same overcrowding and working 

M. K. Baum et al.



259

conditions, except the British POW uniquely received 30 gm protein within a 1000 kcal/day in Red 
Cross food supplements [342]. Another example came from the First World War, when Denmark, 
while remaining neutral, exported the majority of its meat, fish, poultry, and dairy products to the war-
ring countries. The exports created severe shortages of food in Denmark and simultaneously the rates 
of TB sharply increased. Once Germany blockaded Denmark and did not allow the exports, the rates 
of malnutrition and TB sharply decreased while the incidence of TB in the warring countries contin-
ued to climb [343]. A study conducted in a naval training school in Norway noted a high prevalence 
of TB among recruits in the early twentieth century. The recruits lived in crowded, inadequate housing 
with poor hygiene. However, when the training school improved the hygiene and the housing, the 
rates of TB did not change. Once the diet was fortified with margarine, cod liver oil, whole wheat 
bread, fresh fruits and vegetables, and milk, the rates of TB fell sharply [344]. Thus, these natural his-
tory and quasi-experimental observations support the theory that malnutrition is associated with 
increased incidence and severity of TB [345].

The first National Health and Nutrition Examination Survey (NHANES 1 of the US Centers for 
Disease Control and Prevention) Epidemiological Follow-up Study showed a six- to tenfold increase 
in relative risk for TB among the lowest decile of the representative sample of the US population, who 
suffered from undernutrition [346]. This finding was consistent with results from an earlier cohort 
study of 1100 men, TB-free at baseline, which examined the relationship between micronutrient defi-
ciency and the incidence of TB. Despite similar risk of exposure to TB, the 16 men who developed 
active TB during follow-up had significantly lower plasma levels of vitamins A and C than those who 
remained free of TB [347]. Lower risk of TB was also found among 26,975 healthy smokers followed 
for a mean of 6.7 years in Finland, who consumed vitamin C-rich foods and vegetables [348]. Similar 
findings were shown in a study conducted in New York City in 1941 when 194 families with similar 
income, housing, crowding, and food habits were randomized into a vitamin/mineral supplement 
group and a control group and followed for 5 years. Intent-to-treat analyses showed that the partici-
pants in the supplementation group had 2.8 times lower risk of TB than the control group [349]. 
Greatly increased risk for TB was seen for men whose weight was <85% of ideal weight compared to 
those who had normal weight [350], and in a clinical setting, intestinal or gastric bypass surgery for 
morbid obesity resulted in rapid postoperative weight loss which may have contributed to several 
patients contracting TB [351].

It is likely that the increased risk of TB in malnourished individuals comes from the impact of 
nutrient deficiency on cell-mediated immunity, the principal host defense against TB [345]. Protein- 
energy malnutrition in particular decreases cell-mediated immunity while increasing susceptibility to 
infections [352–355]. Experimental studies with animals have shown that protein undernutrition 
impairs host defense against M. tuberculosis and that the risk can be rapidly reversed with nutritional 
supplementation [356]. Protein-deficient animals have, for example, defects in T-cell trafficking and 
diminished production of protective cytokines even when infection dose and route are altered [357–
359]. In humans, severe protein-energy malnutrition results in atrophy of the thymus and peripheral 
lymphoid organs, thereby reducing T-cell number and CD4/CD8 ratio and increasing the number of 
immature T-cells in the peripheral blood [360], as well as the level of circulating pro-inflammatory 
cytokines [361], all of which increase the possibility that TB will progress.

As summarized by Cegielski and McMurray in 2004 [345], distinguishing whether malnutrition is 
a cause or consequence of TB is very challenging. Most of the evidence linking nutritional deficien-
cies with TB is in the area of latent infection progressing to active TB disease, since it is difficult to 
determine whether malnutrition precedes TB infection or whether TB leads to malnutrition. Hence, it 
is not clear whether there is a direct relationship between undernutrition and the risk of initial TB 
infection. Also, it is unclear whether and how much the risk of TB increases with specific types of 
malnutrition. It is difficult to extrapolate results from experimental models of TB, due to differences 
in the nature of disease induced and the immune responses among species and due to route and dose 
of administration in animals compared with humans.
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The majority of epidemiological studies investigating the impacts of nutritional status on TB are 
observational and cross-sectional, with numerous methodological weaknesses that preclude confirm-
ing causality, especially as they do not take into consideration potential confounding factors such as 
overcrowding, psychological stress, collapse of health programs, and trauma [362–364]. Nevertheless, 
the findings to date suggest that, with TB, multiple simultaneous nutritional deficiencies are encoun-
tered more frequently than specific nutritional deficits [362–364].

 Micronutrients and Tuberculosis

Micronutrient deficiency is one of the most frequent causes of immunodeficiency. Vitamins A, C, E, 
and B6, folic acid, zinc, copper, selenium, and iron have been found to be significantly lower in 
patients with active TB [337]. These micronutrients play key roles in maintaining innate and acquired 
immunocompetence, and their deficiency is associated with immunodeficiency [337]. Karyadi et al. 
showed that the concentrations of plasma levels of retinol and zinc as well as hemoglobin were lower 
in patients with active pulmonary TB compared with healthy controls [365]. This observational study 
was followed up with an RCT supplementing zinc and vitamin A for TB patients who were receiving 
anti tuberculosis medication, compared to a combination of the medication and a placebo, by the same 
investigators. They noted an improved effect of tuberculosis medication with micronutrient supple-
mentation after 2 months of treatment and earlier sputum conversion compared with the groups that 
received medication with a placebo [334]. However, a confirmatory clinical trial supplementing vita-
min A and zinc to malnourished TB patients 8 years later in a larger study did not show benefit of 
either single nutrient or combined supplementation of zinc and vitamin A with medications. The dis-
parity in the results may have been due to the patients in the second clinical trial being more severely 
malnourished than those in the previous supplementation study [366]. Larger studies that supplement 
protein, other macronutrients, and micronutrients to severely malnourished TB patients are needed to 
address this question definitively.

While TB is known to contribute to nutritional deficiencies, which in turn may depress immune 
function and delay recovery, several Cochrane systematic reviews have concluded that currently there 
is insufficient evidence to show the benefit of any nutritional supplements for people being treated for 
active TB [367–369]. However, a number of subsequent studies have shown the efficacy of supple-
mentation with micronutrients including vitamin D and combinations of vitamins and minerals in 
reducing TB-related mortality and decreased incidence of new TB infections [297, 298, 370].

Vitamin D Vitamin D deficiency may increase susceptibility and severity of TB since vitamin D is 
necessary for macrophage activation, which is essential for maintaining TB infection in latency [371, 
372]. Observational studies noted a high prevalence of vitamin D deficiency in patients with active TB 
due to low dietary intake and lack of exposure to sunshine in the winter months [373]. An in vitro 
study indicated that addition of 1,25-dihydroxyvitamin D3 inhibited multiplication of virulent tubercle 
bacilli in cultured human macrophages [374, 375]. Indeed, Martineau et al. showed that a single dose 
of vitamin D enhanced immunity to M. tuberculosis in patients with active TB [370], and Mehta et al. 
demonstrated that adequate vitamin D status was associated with a lower risk of relapse and with 
improved BMI in patients infected with TB whether they were co-infected with HIV or not [298]. 
Moreover, in a prospective cohort of 6751 HIV-negative household contacts of TB patients in Peru, 
Aibana et al. showed that vitamin D status is predictive of TB disease risk in a dose-dependent manner 
[376]. The population with the highest risk of TB was PLWH with severe vitamin D deficiency, sug-
gesting a potential role for vitamin D supplementation.
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Multiple Micronutrients Other micronutrients were found to be lower in patients with pulmonary 
tuberculosis, including the antioxidant vitamins C, E, and B6 and minerals zinc, copper, and selenium, 
and were previously reviewed [337]. These micronutrients play key roles in immunocompetence; 
Kawai et al. showed that micronutrient supplementation in TB patients during the initiation of TB 
treatment resulted in higher proliferative responses to concanavalin A compared to the placebo group 
in Tanzania [377]. An RCT of micronutrient supplementation with zinc and multivitamins (vitamins 
A, C, E, and B complex) in Tanzania did not have an effect on culture conversion, which is the sur-
rogate marker of the efficacy of anti-TB therapy. However, multivitamin supplementation increased 
weight gain in the patients with TB independently of culture conversion and significantly decreased 
mortality in HIV-/TB-co-infected patients [378, 379]. The same investigators conducted a double- 
blind placebo-controlled clinical trial supplementing the same combination of multivitamins, and 
instead of zinc, they provided selenium in Tanzania among 471 HIV-infected and 416 HIV-uninfected 
adults with pulmonary TB during initiation of therapy. The supplementation decreased the risk of TB 
recurrence by 45% in all patients and by 63% in those co-infected with HIV/TB. There was no effect 
on mortality in the overall sample; however, the HIV-negative patients had a 64% reduction in deaths, 
although this effect was not statistically significant with the number of deaths in the subcohort. The 
supplementation increased CD3+ and CD4+ cell counts and decreased the incidence of extrapulmo-
nary and genital ulcers in the HIV-uninfected group. In addition, supplementation with the micronu-
trients reduced the incidence of peripheral neuropathy by 57% in both HIV-infected and HIV-uninfected 
patients [380]. Baum et al. conducted a placebo-controlled randomized clinical trial supplementing 
multivitamins and selenium to 878 HIV-infected adults in Botswana with CD4 cell count >350 cells/
μL and BMI >18.5 who did not receive ART [307]. Supplementation with selenium, alone and with 
multivitamins, significantly decreased the incidence of TB infections in the participants who were 
ART-naïve. The investigators recommended providing this supplementation to patients who are 
infected with HIV prior to antiretroviral treatment, particularly in areas where TB and malnutrition 
are endemic [381].

The improvement of TB infection, however, depends primarily on anti-TB therapy to correct the 
inflammatory process before any effect of micronutrient supplementation can be noted [382]. 
Micronutrient supplementation reduces rates of TB recurrence by improving the immune response 
when added as adjuvant multidrug therapy [334] and appears to improve the efficacy of anti-TB medi-
cations [380]. Protein, energy, and micronutrient supplementation increases body weight, total lean 
body mass, physical function, and clinical improvement and shortens the convalescent period to allow 
earlier return to productive work [383]. More research is needed to determine the optimal doses of 
micronutrients provided in conjunction with multidrug therapy and their effectiveness.

 Nutrition Assessment in HIV and TB

In order to characterize nutritional status in the context of PLWH and/or TB infection and to identify 
nutritional issues of importance that require targeted intervention, a careful and comprehensive nutri-
tional assessment should be performed as detailed below. No one single measure can fully describe 
the nutritional status of an individual. If a complete assessment is not performed, significant errors in 
classification may result, which could lead to the development of inappropriate or flawed interven-
tions that could waste or misdirect resources.

A comprehensive nutritional assessment consists of anthropometric measurements, biochemical 
markers (i.e., plasma or serum levels of protein, micronutrients, and metabolic parameters), measure-
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ment of dietary intake, and a clinical assessment of nutritional needs and factors that may affect intake 
[384, 385, 386]. A number of HIV-specific screening tools have been developed and evaluated for use 
by healthcare providers [387]. That said, medical nutrition therapy for HIV requires specialized 
knowledge, and, whenever possible, nutritional assessments should be performed by a registered 
dietitian with experience on HIV nutrition [387–389]. The following sections provide a brief over-
view of nutritional assessments as they pertain to HIV, most of which are equally relevant to TB.

 Anthropometric Measurements

Standardized anthropometric measures are inexpensive, noninvasive methods used to monitor nutri-
tional status,  including characterizing body fat deposition and screening for nutritional risks. 
Techniques and protocols for anthropometric measurements can be obtained from the CDC [390]. 
These measurements are mainly height, weight, body circumferences (waist, hip, and limbs), and 
skinfold thickness [391]. Weight history, percentage of usual weight, and weight change over time are 
important when assessing nutritional status [384]. The most common measure used to characterize 
nutrition status is the calculation of body mass index (BMI) from an individual’s height and weight, 
expressed as kg/m2. Calculation of BMI is preferable to a simple measure of weight as it adjusts for 
height. BMI is a useful assessment tool that can provide valuable data in individuals from both the 
resource-sufficient and the resource-limited settings, allowing for comparison with population stan-
dards by classifying underweight (<18.5 kg/m2), normal weight (18.5–24.9 kg/m2), overweight (25–
29.9 kg/m2), and obesity (≥30 kg/m2). However, it should be noted that it is possible for people with 
a “normal” or high BMI to have nutrient deficiencies, which contribute to poor health outcomes.

In situations where determination of BMI is not feasible, measuring mid-upper arm circumference 
(MUAC) can be substituted to estimate body composition. MUAC is also useful in young children 
who cannot stand for height measurements with a stadiometer and in pregnant women for whom 
weight measures may not accurately reflect nutritional status. However, MUAC must be performed in 
a consistent, standardized fashion so that the results can be interpreted. Measures of waist and hip 
circumferences, waist-to-hip ratio, and MUAC might also be obtained to permit documentation of 
longitudinal changes and to determine body fat accumulation and lipodystrophy. A simple waist cir-
cumference (WC) measurement is an excellent companion to BMI, as waist circumference over 40 
inches (102 cm) in men or 35 inches (88 cm) in women is indicative of abdominal obesity and can be 
predictive of cardiometabolic comorbidities [393].

Skinfold measures can be used to estimate percent body fat and compare to standardized values. 
Despite being relatively simple, skinfold measures require well-trained personnel to be performed 
reliably and are dependent on interpretative equations.

If available, a bioelectrical impedance analysis (BIA) machine can estimate total body water, from 
which body cell mass, fat-free mass, and fat mass can be calculated. The BIA is safe, noninvasive, 
easy, and quick to use. However, it does not measure body tissues directly; estimates are based on 
assumed relationships between the intracellular and extracellular water compartments [394]. It can, 
therefore, be affected by dehydration, and it cannot identify the regional distribution of lean and fat 
tissues.

 Anthropometric Measurements in PLWH/TB

Weight history is particularly important in PLWH as weight loss is a key diagnostic criterion of HIV- 
associated wasting, which in turn is an AIDS-defining illness [392]. BMI might be unreliable in 
PLWH with lipodystrophies since it may obscure low muscle mass and underestimate visceral 
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adiposity [159]. Early in the HIV epidemic, Kotler et al. showed that measuring body weight alone in 
PLWH does not detect losses in body cell mass (a marker of lean body mass) that progress to more 
severe disease and death [63].

Waist circumference cutoffs have not yet been validated in PLWH [121]. A study by Dimala et al. 
showed significant direct correlations between WC and BMI as continuous variables, but there was no 
agreement between the standard waist circumference cutoffs and a BMI ≥30 kg/m2 on identifying 
cardiometabolic risk in PLWH [395]. These findings illustrate the importance of using more than one 
assessment tool.

Sex-specific models using anthropometric measurements have been suggested for the prediction of 
lipodystrophy in PLWH [396]. The accuracy of BIA estimates of body cell mass, fat-free mass, and 
fat mass is dependent on selection of adequate predictive equations, such as those suggested by Kotler 
et al. for use in PLWH [397]. Other methods for assessing body composition among PLWH/TB such 
as dual-energy X-ray absorptiometry (DXA), computed tomography (CT), or magnetic resonance 
elastography (MRE) are more precise but might be better suited to research settings since they are 
cost- and resource-intensive.

 Biochemical Assessments

Laboratory measurements can be useful in assessing general nutritional status and specific nutrient 
deficiencies and identifying or monitoring metabolic comorbidities. Serum albumin and prealbumin 
(transthyretin) are widely used to assess nutritional status in the clinical setting; with a half-life of 
approximately 20 days, low albumin values can be the result of protein-energy malnutrition, while the 
2- to 3-day half-life of prealbumin is reflective of acute changes in nutritional status. However, both 
albumin and prealbumin are negative acute-phase reactants; thus, they may reflect an inflammatory 
response rather than nutritional compromise specifically [389, 398, 399]. In a systematic review and 
meta-analysis of 63 studies, serum albumin and prealbumin failed to identify protein-energy malnutri-
tion in otherwise healthy individuals with acute or chronic starvation, except at the most extremes of 
cases [400]. Nonetheless, since there is no laboratory test that is sensitive and specific to protein- 
energy malnutrition, albumin and transthyretin may help identify individuals at severe risk of malnu-
trition [401].

Plasma levels of micronutrients should be assessed as they may be correctable with treatment. 
Deficiencies in vitamins A, E, and D, as well as iron, zinc, and selenium, are priorities for testing, and 
additional micronutrients should be tested as indicated by medical symptoms, such as vitamin B12 in 
peripheral neuropathy. In patients with fat malabsorption, an evaluation of fat-soluble vitamin defi-
ciencies should include prothrombin time (a marker of vitamin K status) and serum concentrations of 
25-hydroxyvitamin D, alpha-tocopherol (vitamin E), and β-carotene (vitamin A) [393].

 Biochemical Assessment in PLWH/TB

A biochemical assessment of nutritional status in PLWH should include a complete blood count with 
differential, fasting lipid profile, fasting blood glucose, liver and renal panels, and serum testosterone 
[394]. Albumin has been shown to be a good predictor of HIV disease progression [406, 407] and 
non-AIDS-related events [408]. Given the metabolic abnormalities that may result from HIV infec-
tion and/or ART [118, 134], both fasting lipid profile and fasting glucose should be monitored in all 
PLWH.

Measurement of micronutrient status is an important element of nutritional assessment in 
PLWH/TB. Particular micronutrients to prioritize include vitamins A and B12, selenium, and zinc, as 
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deficiencies of these have been associated with HIV disease progression [216, 217, 263, 267]. 
Deficiencies in vitamins A, E, and D, as well as iron, zinc, and selenium, are also common among 
individuals infected with TB [366, 402–405], and measurement of these micronutrients should be 
prioritized among TB patients.

 Clinical Assessment

Clinical assessment of nutritional status includes a medical history and physical examination for signs 
and symptoms of nutritional deficiency. The medical history identifies opportunistic infections and 
comorbid conditions such as diarrhea, malabsorption, coronary heart disease, diabetes mellitus, and 
renal and liver diseases. In addition, assessment of social status, including financial resources and 
access to medical care, and psychological status is important in evaluating nutritional risk [384]. A 
thorough physical examination, in addition to anthropometric measurements, can provide valuable 
information about an individual’s nutritional risks that might be missed with dietary or laboratory 
methods and that may reveal signs of other diseases [388, 411]. Most notably, anthropometric mea-
surements in combination with a physical examination can be used to evaluate past nutritional history 
without relying on self-report [412]. Protein-energy malnutrition, a sign of wasting, might be identi-
fied with loss of subcutaneous fat and temporal wasting, loss of buccal fat pads, and prominence of 
ribs, iliac crests, and other bones [393]. Other signs of protein deficiency include ascites, edema, hair 
loss, and desquamative skin rash. A joint statement by the Academy of Nutrition and Dietetics and the 
American Society for Parenteral and Enteral Nutrition provides detailed recommendations for stan-
dardized assessment of adult [413] and pediatric [414] malnutrition. Gerrior et al. also reviewed the 
signature physical signs and symptoms of micronutrient deficiencies [393].

 Clinical Assessment with PLWH/TB

Evaluating usual dietary intake and ART or anti-TB treatment regimens is essential in preventing 
adverse events from drug-drug and food-drug interactions, which may lead to undesirable side effects 
that affect tolerability and adherence to treatment and can influence drug concentrations in blood 
[387, 409]. Several gastrointestinal symptoms and disorders may be present as a result of HIV enter-
opathy, opportunistic infections, comorbidities, or side effects from ART.  These complications 
increase the risk for malnutrition by their impact on dietary intake, malabsorption, and nutrient utili-
zation. A host of factors may affect dietary intake in PLWH, including gastrointestinal symptoms 
(e.g., anorexia, nausea, vomiting, diarrhea), oral or dental diseases, and psychosocial (e.g., depres-
sion, substance abuse) and socioeconomic factors (e.g., food insecurity, poverty). Food safety prac-
tices are particularly relevant in immunocompromised groups and should be evaluated, as food- and 
water-borne illnesses can result in gastrointestinal disorders and chronic diseases, increasing the risk 
for malnutrition and death [410].

 Food-/Nutrition-Related History

Assessment of typical dietary intake is used to evaluate the adequacy of energy, macronutrient, and 
micronutrient intake. These tools are mainly 24-hour food recalls, food frequency questionnaires 
(FFQs), and dietary records. One of the most popular tools is the 24-hour food recall, where a trained 
interviewer asks the patient/participant to recount all food and beverage consumed in the prior 24 hours, 
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thereby obtaining qualitative and quantitative data on foods and nutrients [412]. The use of visual aids 
is recommended to improve the accuracy of portion sizes. The advantages of the 24-hour food recall 
include the following: it is a low burden to respondents, it can be used in individuals with poor literacy, 
it can be performed either in-person or over the telephone, and since the patients/participants report 
what they are actually eating, it is possible to obtain preparation methods, ingredients, brand names of 
products, and culturally relevant nuances [416–418]. On the other hand, the 24-hour food recall is sus-
ceptible to intra- and inter-individual variability [418], requires well-trained interviewers and nutri-
tional analysis software, is time- and resource-intensive [415], and is greatly affected if the past 
24 hours do not reflect usual dietary patterns. In order to improve the accuracy of the 24-hour food 
recalls, standardized, multiple-pass methods such as the one developed by the US Department of 
Agriculture (USDA) [419] can aid in the recall of foods consumed and additional details [420]. The 
accuracy of this tool for estimating usual dietary intake can also be improved with multiple noncon-
secutive 24-hour food recalls, including a weekend day, which can then be averaged.

FFQs can be used to obtain qualitative and semiquantitative information about typical food con-
sumption patterns by assessing the consumption of food groups over a certain timeframe [412]. These 
tend to be well-suited for large epidemiological studies because they are simple, inexpensive, and less 
time-intensive than other tools and can be tailored for specific research questions and populations 
[417, 421]. Drawbacks include the lack of quantitative data regarding specific foods and beverages, 
the need for comprehensive food lists that are suited to the population (e.g., cultural foods and dishes) 
and research objectives, and the possibility that particular nutritive ingredients or condiments may be 
missed [415, 416].

Weighed food records are the most precise method to assess dietary intake; all foods and beverages 
consumed over a certain time period are weighed and listed in detail, in a similar fashion to 24-hour 
food recalls [412]. This method has a high respondent burden and requires that they are highly moti-
vated and literate. A similar but less burdensome tool is the dietary record, or food diary (usually a 
3-day record with one weekend day), which consists of detailed record-keeping of foods and bever-
ages consumed, where portion sizes are estimated rather than weighed [412, 421]. These, too, have a 
high burden to respondents and are subject to incorrect portion sizes and incorrect conversions 
between volumes and weights and greatly depend on the commitment and literacy of respondents 
[412, 415]. On the other hand, they may be more precise than dietary recalls as they are not reliant on 
long-term memory.

 Dietary Assessment Among PLWH/TB

Fielden et al. reviewed a range of tools that can be utilized to assess dietary sufficiency and diversity in 
PLWH, at both the individual and household levels, each with their unique advantages and disadvan-
tages [415]. Generally speaking, the energy and protein requirements for PLWH are as follows: 
30–35 kcal/kg and 1.1–1.5 g/kg for asymptomatic PLWH, 35–40 kcal/kg and 1.5–2.0 g/kg for symptom-
atic PLWH, and 40–50 kcal/kg and 2.0–2.5 g/kg for PLWH who have AIDS (CD4+ cell count <200/μL), 
respectively [386]. The WHO recommends similar requirements for people living with TB [3].

 Conclusions

The epidemics of HIV and TB pose complex nutritional issues. Effective medical treatment is avail-
able for HIV to make it a long-term manageable condition, and TB is curable. Hence, nutritional 
issues related to HIV have broadened to include obesity, cardiovascular disease, and diabetes mellitus 
in persons with chronic HIV who are living longer with ART. While treatment of HIV and TB requires 
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drug therapy, there is ample evidence to suggest that nutrition therapy may be of benefit in improving 
outcomes for both diseases. There are difficulties in some resource-limited settings in providing ade-
quate nutrition, and challenges for the healthcare provider who wants to deliver nutrition as a part of 
evidence-based comprehensive care for their HIV- or TB-infected patients. In addition to medical 
treatment, nutrition remains a critical factor in the progression of HIV and TB and in the optimization 
of care.

The lack of good and useful data that can be used to develop appropriate interventions in HIV and/
or TB stems in large part from the lack of awareness from medical providers and policymakers of the 
importance of nutrition in the optimization of care for these patients. There are too few studies with 
appropriate study design, rigorously defined endpoints, sample sizes, and study durations to draw 
definitive conclusions. Endpoints and interventions vary widely and may not be defined in the same 
way in different studies. A greater awareness of the importance of nutritional assessment and the need 
to develop targeted interventions would be of benefit for vulnerable populations throughout the world. 
We posit that attention to nutritional status could permit incremental improvement in overall health of 
PLWH and/or TB, particularly in resource-limited settings.
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 Introduction

Arboviruses are infections caused by viruses that are transmitted by arthropods such as mosquitoes 
and ticks [1]. Of the >500 known arboviruses, only a few from 4 main families (Flaviviridae, 
Togaviridae, Bunyaviridae, and Reoviridae) cause disease in humans. They include dengue virus 
(DENV), yellow fever virus (YFV), Zika virus (ZIKV), West Nile virus, Japanese encephalitis virus, 
St. Louis encephalitis virus, and Powassan virus from the Flaviviridae family; chikungunya virus 
(CHIKV), Mayaro virus, Sindbis virus, and Venezuelan, Eastern, and Western equine encephalitis 
viruses from the Togaviridae family; Rift Valley fever virus, Crimean-Congo hemorrhagic fever virus, 
California encephalitis virus, Jamestown Canyon virus, and La Crosse virus from the Bunyaviridae 
family; and Colorado tick fever virus from the Reoviridae family. Most arboviruses are zoonotic 
pathogens with a nonhuman vertebrate as the primary host that may eventually cross into humans and 
cause disease. DENV infection, the most common arbovirus worldwide, is an important exception in 
that humans are the primary host. The arboviral transmission cycle generally consists of the vector’s 
ingestion of blood from an infected host, viral replication within the arthropod’s tissue – typically in 
the salivary glands – during a stage known as the extrinsic incubation period, and viral transmission 
to a new host when insects take a blood meal. Infected hosts may develop an acute clinical illness with 
a range of symptoms including febrile syndrome, hemorrhagic fever, encephalitis, and polyarthralgia. 
Some of the viruses may also cause long-term disease and disability.

 A Framework for the Study of Nutrition and Arboviral Infections

The study of the interactions between factors related to the nutritional status of humans and arboviral 
infections can be framed in different stages relative to vector, virus, and host characteristics. Some of 
these stages, which are not mutually exclusive, involve:

Key Points
• Available evidence on the relations between nutritional factors and arboviral infections 

focuses on the role of the host’s nutritional status on the risk of progression to severe forms 
of dengue disease, the most common mosquito-borne viral infection worldwide.

• Observational studies suggest that pediatric obesity may be related to adverse dengue disease 
outcomes.

• Investigators have reported inverse relations between severity of dengue disease and nutrient 
status biomarkers, including fatty acids, amino acids, vitamin D, and some minerals, but it is 
unclear whether these relations represent an effect of the nutritional status on the outcome of 
infection or an effect of the infection on the biomarkers.

• Small randomized trials of vitamin E and zinc supplements to patients with dengue fever 
have shown protective effects against intermediate outcomes leading to severe disease.

• Dengue and chikungunya infections appear to alter nutrient metabolism acutely. This may be 
a consequence of the inflammatory response to infection or increased nutrient 
requirements.

• Obesity during pregnancy has been related to increased seropositivity to chikungunya, but 
the role of nutrition on clinical outcomes is unknown.

• Studying the interactions between nutrition and arboviral infections is an open area with 
promising public health and clinical applications.

Eduardo Villamor and Luis A. Villar



285

 1. Effects of food production, transportation, commercialization, and storage systems on:
• The vector’s breeding environment, reproductive success, infectiousness, and geographic 

distribution.
• The host’s exposure to infected vectors.

It is plausible that habitat changes related to cultivation create new vector breeding grounds, pro-
mote vector reproduction [2], and increase vector-host contacts.

 2. Effects of arboviral infections on the nutritional and metabolic status of the host. Infections may 
alter host nutritional status either acutely or chronically through inflammation-related changes in 
feeding behavior (e.g., anorexia) and metabolic rate, increased energy and essential nutrients 
requirements, increased oxidative stress, and dehydration.

 3. Effects of the host’s nutritional status on:
• Exposure to bites. Mosquitoes rely on olfaction to locate feeding sources, and host factors 

affecting the secretion of skin compounds related to odor, such as CO2, have been linked to the 
likelihood of being bitten. The host’s body size and alcohol intake are dietary factors that have 
been associated with the attractiveness of hosts to mosquito bites [3–5].

• Infectiousness of a bite. Immunological and mechanical factors could in theory limit or amplify 
infectiousness at the site of a bite. For example, it is conceivable that adipokines produced in 
subcutaneous fat might modulate a local reaction to the vector’s saliva or that subcutaneous fat 
tissue could affect the distribution of blood capillaries in the dermis from which a mosquito 
would feed. These possibilities are largely theoretical at present.

• Immune and inflammatory responses and viral replication after an infective bite. Not all mos-
quito bites result in detectable infection. Malnutrition could modulate immune and inflamma-
tory responses and thus alter the course of a viral infection from agent replication to the severity 
and outcome of the clinical presentation.

• Development of clinical symptoms of infection. In the case of dengue, only a fraction of infec-
tions becomes symptomatic. It is plausible that the host’s nutritional status influences whether 
or not an infection will produce symptoms.

• Risk of progression to severe forms of disease. Most research to date has focused on this area, 
and the evidence is reviewed in this chapter.

• Virulence and transmissibility of the virus. The nutritional environment of the host might induce 
genotypic changes in the virus that change its virulence and potentially its transmissibility. For 
example, selenium and possibly vitamin E deficiencies in a host increase the virulence of cox-
sackievirus [6] and may induce more severe clinical forms of the disease caused by infection.

• Vector reproductive fitness and competence, or ability to become infected and transmit the 
virus. The nutritional substrate of female mosquitoes relies heavily on blood meals from a host, 
through which they acquire sugar for glycogen synthesis and fat which is essential for egg 
development. One might posit that the nutritional quality of the host’s blood might affect the 
vector’s fitness with respect to adaptive traits that are strongly driven by nutrient intake, such as 
reproduction and host-seeking behavior.

Response to vaccines. Host nutritional status may interact with the response to vaccination. For 
example, vitamin A supplementation enhances some of the immunogenic responses to the yellow 
fever vaccine [7]. As new anti-DENV vaccines are developed, the potential of host nutritional status 
to modulate vaccine response deserves the attention of researchers. Not all aspects within this frame-
work have been thoroughly studied in the context of arboviral infections, as most research has focused 
on the effects of the nutritional status on clinical presentation and the acute effects of infection on the 
host’s metabolism and nutrient status. This evidence is reviewed here for dengue, the most public 
health-relevant arboviral infection, focusing on the epidemiologic and clinical approaches. We also 
briefly reference the limited evidence available on other arboviruses.
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 Nutrition and Dengue

 Epidemiology, Pathophysiology, and Clinical Aspects

Dengue is the most widely distributed mosquito-borne viral infection, producing an estimated 400 
million infections in over 100 countries annually (Fig. 10.1) [1]. Approximately a quarter of these 
infections are symptomatic; half a million result in cases of severe disease, and as many as 20,000 are 
fatal. The dengue virus is a Flavivirus in the Flaviviridae family and consists of a single strand of 
enveloped RNA. There are four antigenically different DENV serotypes that cause disease (DENV1, 
DENV2, DENV3, and DENV4), and all are transmitted from human to human by species of Aedes 
mosquitoes. Aedes aegypti is the most efficient vector; the female mosquito bites an infected host dur-
ing the day and may infect another person immediately or after an incubation period of 8–10 days. 
After inoculation, the virus reaches lymph nodes and disseminates to the reticuloendothelial system 
from which it enters the blood, replicating primarily in mononuclear cells.

The first time a person is infected by any of the four DENV serotypes (primary infection), there is 
a humoral (antibody) response to that serotype that results in long-lasting immunity to the homolo-
gous serotype causing the infection and also generates short-term (2–12 months) cross-reactive het-
erotypic immunity to all serotypes. A cellular immune response involving activation of T cells with 
high cytotoxic potential ensues and is fundamental in controlling the infection. When there is a sub-
sequent infection (“secondary”) with a dengue serotype different from the first, pre-existing antibod-
ies with cross-reactivity from the primary infection may be insufficient to neutralize replication of the 
secondary viral infection, resulting in increased cellular uptake through “antibody-dependent enhance-
ment” [8]. The cellular immune response is skewed toward the previous serotype infection rather than 
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Fig. 10.1 Global dengue fever occurrence [89]. The global distribution of dengue fever corresponds well with the 
global dengue risk. The distribution of dengue fever extends to the temperate part of the world, with some European 
countries reporting its occurrence. It is emphasized that displaying occurrences at the country level overstates the dis-
tribution of the virus, especially in China, Argentina, and Chile. (Reprinted from Leta et al. [89], with permission from 
Elsevier)
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the current one and may lead to severe forms of the disease with plasma leakage and tissue damage 
through unrestrained inflammation.

From a clinical standpoint, dengue can manifest with a wide range of signs and symptoms, from a 
self-limited febrile illness through a potentially fatal syndrome of hemorrhaging and shock. The clini-
cal evolution is usually divided into three phases: febrile, critical, and recovery. The febrile phase 
starts after an incubation period of 5–8 days from an infective bite and is characterized by sudden 
onset of high fever with severe headache and general malaise symptoms. Several other symptoms may 
occur, including exanthem, anorexia, and mild hemorrhagic signs. The critical phase begins at defer-
vescence, around day 5. While most patients proceed to recovery, in as many as 5% of cases the dis-
ease may progress to a severe form characterized by increased vascular permeability and plasma 
leakage into the extravascular space. Signs and symptoms involve a low (narrow) pulse pressure, 
thrombocytopenia, hemoconcentration, and shock if plasma volume falls below a critical level. After 
24–48 hours, patients enter the recovery phase during which extravascular fluid begins to be resorbed. 
A few factors, other than secondary infection, are known to increase the risk of severe dengue, 
although nutritional characteristics may play a role. Identifying these factors is especially important 
because there is no known prophylaxis to effectively prevent disease progression.

 Relations Between Nutritional Status and the Outcome of Dengue Infection

Energy Balance The balance between energy intake and expenditure governs body size and compo-
sition, which can be assessed through anthropometry (height, weight, arm circumference, and skin-
fold thickness) and quantification of the relative sizes of metabolic tissue compartments, such as fat 
and lean body mass. Most studies on the role of energy balance on risk and outcomes of dengue infec-
tion have compared anthropometric indicators between patients admitted to hospital with severe den-
gue and uninfected persons, and a majority have been conducted among children. Based on 
observations in dengue endemic regions, experts once thought that protein-energy undernutrition 
might protect against severe disease through dampening immune and inflammatory responses [9]. 
Evidence from some pediatric cross-sectional and case-control studies supported this view. For exam-
ple, underweight (low weight-for-age) and stunted (low height-for-age) children from Vietnam [10] 
and Thailand [11] were less likely to have severe disease than their better-nourished counterparts, and 
anthropometric indices of overweight and obesity were positively related to disease severity in chil-
dren from Thailand [9, 12] and Indonesia [13]. However, findings from other studies contradict the 
hypothesis, as underweight was positively associated with severe disease in a large case-control inves-
tigation of Thai children [14] and unrelated in other studies from India [15], El Salvador [16], 
Indonesia [17], Thailand [18], Cuba [19], or Sri Lanka [20]. In addition, while overweight was unre-
lated to disease severity in various settings [14, 16, 18], a meta-analysis of 15 pediatric studies sug-
gested that obesity was associated with a 38% increased risk of severe dengue [21].

Studies in adults are limited by the fact that the seroprevalence of infection in this age group that 
approaches 100% in endemic regions. Among Indian pregnant women with a history of dengue, those 
with overweight had a higher risk of preterm delivery than participants without overweight [22]. In 
Malaysian patients >12 years of age who were hospitalized for dengue, obesity was associated with a 
more severe clinical course and longer hospital stay [23].

Macronutrients The role of energy intake from protein, carbohydrates, fat, or alcohol on dengue- 
related outcomes has not been well investigated. Most studies have focused on the relations between 
macronutrient biomarkers and severity of dengue infection using metabolomic techniques. Available 
evidence prior to 2018 has been previously reviewed [24].
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Fatty Acids (FA) FA, the basic constituents of dietary fat, are essential to many pathophysiological 
pathways leading to severe forms of DENV infection. FA influence the organization of cell mem-
branes and the composition of lipid rafts through their incorporation as phospholipids and sphingolip-
ids [25]. Lipid raft microdomains play an essential role in DENV protein synthesis and replication 
[26]. In addition, some n-3 polyunsaturated fatty acids (PUFA), including eicosapentaenoic acid 
(EPA, 20:5n-3) and docosahexaenoic acid (DHA, 22:6n-3), could reduce expression of pro- 
inflammatory cytokines through different mechanisms including downregulated gene expression in 
mononuclear cells, decreased synthesis of pro-inflammatory eicosanoids derived from n-6 PUFA, 
reduced chemotaxis and lymphocyte proliferation, enhanced apoptosis of Th-1 cells, and decreased 
endothelial activation and dysfunction [27]. Some n-6 PUFA, including arachidonic acid (AA, 20:4n- 
6), are considered pro-inflammatory, while others such as dihomo-γ-linolenic acid (DGLA, 20:3n-6) 
exhibit anti-inflammatory properties [28]. Some cross-sectional investigations indicate that FA con-
centrations differ during the acute stages of dengue infection [29, 30], but it is not possible to conclude 
from them whether FA status prior to the infection had an effect on the outcome since the acute 
inflammatory process accompanying dengue infection could affect nutrient biomarkers. In two pro-
spective studies of patients diagnosed with dengue fever (DF), higher serum DHA at around the onset 
of fever predicted an increased risk of progression to severe dengue [31, 32]. This finding was unex-
pected because DHA contributes to the resolution of inflammation through different pathways [27] 
and effective resolution of inflammation should be related to less risk of disease progression. The 
association may not have a causal interpretation if a strong inflammatory response at the time of infec-
tion, which independently predicts increased risk of progression, elicits an increase in serum DHA. In 
one of these studies [31], DGLA and pentadecanoic acid, a saturated FA that reflects dairy intake, 
were related to a decreased risk of progression to severe dengue among Colombian children and 
adults. DGLA is a long-chain n-6 PUFA synthesized endogenously from linoleic acid through desatu-
ration and elongation. Even though DGLA can be desaturated into arachidonic acid, a pro- inflammatory 
FA, it is generally considered anti-inflammatory because it can be converted to prostaglandin E1, a 
suppressor of chronic inflammation [28]. An increase in DGLA relative to AA could acutely attenuate 
the synthesis of pro-inflammatory eicosanoids derived from AA, including 4-series leukotrienes, 
2-series prostaglandins, and platelet-activating factor, which may be involved in the pathophysiology 
of severe dengue [32]. In addition, DGLA may exhibit virucidal activity against encapsulated viruses 
[33, 34]. A potential effect of pentadecanoic acid might be related to its role in regulating gut micro-
biota signaling through intestinal bacterial synthesis of propionic acid.

Amino Acids Serotonin, a product of tryptophan metabolism, was lower in patients with DF com-
pared with uninfected controls and even lower in patients with dengue hemorrhagic fever (DHF), a 
severe form of the disease, in a metabolomics study of Singaporean adults [35]. These results are 
valuable as they may highlight the effects of infection on amino acid metabolism; however, they are 
unlikely to reflect the role of protein on the response against dengue. Low serum proline at the onset 
of fever predicted a lower risk of progression to severe dengue in Nicaraguan children [32]. Similarly, 
glutamine concentrations were inversely related to dengue severity in Brazilian patients [36], suggest-
ing that it may be an essential amino acid for viral replication. Finally, serum phenylalanine concen-
trations were higher in DHF patients compared with those of DF participants in the Singapore study 
[37], which could be due to decreased conversion into tyrosine due to oxidative stress induced by the 
infection.

Micronutrients Vitamins and minerals play key roles in regulatory and signaling aspects of immunity 
(see Chap. 3) [38], and their effects on risk and clinical outcome of several non-arboviral infections have 
been documented in randomized trials [39–43], as described in other chapters of this volume (see Chaps. 
8, 9, 10, 11, and 12) [44–46]. In the case of dengue, studies conducted to date have been primarily obser-
vational; the evidence published up to 2016 has been reviewed elsewhere [47, 48].
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Vitamin D Vitamin D has the potential to modulate immunological events that are involved in the 
pathophysiology of severe dengue [49], including the downregulation of pro-inflammatory Th1 activ-
ity [50]. Vitamin D supplementation has been beneficial in the treatment of infections by hepatitis C 
virus, an RNA virus that shares some characteristics with dengue virus (DENV) [51]. Epidemiological 
evidence on the role of vitamin D on progression to severe dengue is scant. In a small cross-sectional 
study among Indian patients with secondary infections, circulating total 25-hydroxy vitamin D 
[25(OH)D] was higher in 38 patients with DHF than in 45 controls with DF only [52]; nevertheless, 
the difference was not statistically significant. It is not possible to discern from cross-sectional studies 
whether the nutrient influences disease severity or vice versa. In a prospective study of Colombians 
diagnosed with DF and followed during the acute episode, serum total 25(OH)D and vitamin D bind-
ing protein (DBP) concentrations at the onset of fever were compared between 110 cases who pro-
gressed to DHF/dengue shock syndrome (DSS) and 235 DF controls who did not progress. There was 
a strong positive, dose-dependent relation between vitamin D and the risk of progression; vitamin 
D-deficient patients were 87% less likely to progress to severe dengue compared with those who had 
adequate 25(OH)D concentrations at baseline [53]. DBP was nonsignificantly lower in cases com-
pared with controls. These findings were contrary to the notion that vitamin D deficiency could worsen 
dengue-related outcomes, and potential explanatory mechanisms remain speculative. Vitamin D has 
been related to a decreased anti-inflammatory IL-10 response to viral toll-like receptor-3 stimulation 
[54]. In addition, some [55] – albeit not all [56] – studies of intracellular infections have suggested 
that vitamin D may increase dendritic cell expression of CD209, a dengue virus receptor. This could, 
in theory, enhance cellular susceptibility to infection, viral replication, and inflammation. A different 
mechanistic path could involve the expression of the vitamin D receptor (VDR) in immune cells. 
Some studies have found associations between VDR genetic polymorphisms and risk of progression 
to severe dengue [52, 57, 58], but whether VDR expression differs between progressors and non- 
progressors has not been investigated. Of note, serum vitamin D concentrations tend to be lower in 
patients with dengue than in uninfected persons [52, 53] which raises the possibility that the infection 
elicits an acute increase in circulating vitamin D as part of the body’s defense response. In a study of 
Nicaraguans with DHF/DSS, concentrations of 1,25(OH)D, the active form of the vitamin, were 
lower compared with those of persons with DF only [32]. An anecdotal report of five cases with DF 
suggested that the administration of vitamin D and calcium during the acute episode shortened the 
duration of disease [59]; thus, the potential therapeutic value of enhancing vitamin D bioavailability 
during acute dengue infection requires careful consideration in future investigations.

Vitamin A Vitamin A may enhance or dampen antibody production against selected antigens and 
may influence T-cell lymphopoiesis and lymphocyte differentiation [40]. Vitamin A modulates the 
balance between T helper (Th)1 and Th2 responses and plays a key role in mucosal immunity. Periodic 
vitamin A supplementation to preschool children [40] decreases morbidity from measles, severe diar-
rhea, human immune deficiency virus, and possibly malaria and helminthiases [60]. Data on the 
vitamin’s potential effect in the context of arboviral infections are scant. In an observational study of 
Guatemalan adults, 9 DF patients had significantly lower serum retinol concentrations during the 
acute phase of the disease than did 12 healthy controls [61]. Retinol levels approached those of con-
trols a week after discharge. These results suggest that clinical dengue infection alters circulating 
vitamin A levels; notwithstanding, the possible effect of vitamin A on dengue-related outcomes has 
not been studied.

Vitamin E Vitamin E is a powerful antioxidant with significant effects on different aspects of immu-
nity [62]. In a randomized controlled trial in India, daily administration of 400 mg vitamin E to 33 
patients with DF resulted in higher platelet counts during the febrile and critical phases compared to 
standard treatment without vitamin E among other 33 DF patients [63]. The effect might be attributed 
to the antioxidant properties of vitamin E.
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Zinc Zinc modulates the activity of many immune cells [64], and zinc supplementation to children 
has positive effects on selected infection outcomes [65]. In a cross-sectional study of 60 Indonesian 
children <14 years of age, serum zinc concentration was inversely related to the severity of dengue 
disease; it was substantially lower in children with DSS than in those with DHF or DF [66]. However, 
in another study of 45 children from Indonesia, serum zinc was not associated with the severity of 
DHF [67]. In a small cross-sectional study of Thai children, zinc deficiency according to serum con-
centrations was not significantly related to the duration of hospital stay or duration of fever [68]; 
nevertheless, in a randomized trial of 50 Thai children admitted to hospital with DF, DHF, or DSS, 
oral administration of 45 mg elemental zinc for 5 days or until defervescence shortened hospital stay 
compared to placebo [69]; there was also a nonstatistically significant effect on shorter fever duration. 
No other outcomes were reported.

Other Minerals In a study of 96 children and adults from India, serum copper concentrations were 
inversely related to dengue severity at the time of hospital admission but did not differ significantly 
from those of patients with other febrile illnesses [70]. By the time of defervescence, copper concen-
trations were significantly higher in dengue patients compared with those with other febrile illnesses. 
The copper increase paralleled a rise in ceruloplasmin, the copper transport protein [71]. In the same 
study, serum ferritin concentrations, an iron status indicator, were higher in the most severe dengue 
group compared with other dengue patients, they increased between hospital admission and deferves-
cence, and they were predictive of severity [71]. Among 177 Thai children, serum ferritin was also 
positively related to dengue severity [72]. It is not possible to interpret that ferritin contributed to 
disease severity as it is an acute- phase reactant that increases during acute inflammation, regardless of 
iron status. Results from animal studies have suggested a potential role for chromium on progression 
to severe dengue [73, 74], but no data in humans are available.

 Nutrition and Other Arboviral Infections

 Chikungunya

Chikungunya (CHIKV) is an alphavirus in the Togaviridae family [1]. From its identification in East 
Africa in the 1950s, it has spread worldwide and has caused significant outbreaks in Asia and the 
Americas. CHIKV is transmitted by the same Aedes vectors as DENV; thus, both infections overlap 
geographically. Although CHIKV infections may be asymptomatic, the virus may cause an acute 
febrile illness after an incubation period of 3–12 days, typically accompanied by incapacitating poly-
arthralgia in peripheral small joints which can persist for months or years. Arthralgias are likely 
immune-mediated, caused by increased production of pro-inflammatory cytokines. Rarely, CHIKV 
disease may progress into a hemorrhagic syndrome, especially in children, or to encephalitis. In utero 
mother-to-child transmission has been reported, and it may be a cause of neonatal death [75].

Evidence of interactions between nutritional factors and CHIKV infection is limited. In cross- 
sectional analyses of a CHIKV outbreak among pregnant women in Madagascar [76], body weight 
>70 kg was associated with a >9 higher odds of seropositivity. Similarly, among pregnant women 
from Reunion Island, overweight (BMI ≥ 25 kg/m2) was related to a 76% higher odds of seropositiv-
ity, compared with BMI <25 kg/m2. In a population representative survey of Reunion Island, obesity 
(BMI ≥30 kg/m2) was associated with a 29% higher adjusted prevalence of seropositivity to CHIKV 
compared with BMI <25 kg/m2 [77]. However, BMI was not related to lingering chikungunya rheu-
matism [78]. CHIKV infection may also alter host metabolism. A metabolomics investigation sug-
gested that CHIKV infection may alter amino acid and carbohydrate metabolism, as well as the 
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tricarboxylic acid cycle [79] that aerobic organisms use to release stored energy through oxidation of 
acetyl-CoA derived from macronutrients. No study to date has addressed the potential role of micro-
nutrients on CHIKV-related outcomes.

 Zika

Zika virus (ZIKV) is a flavivirus from the Flaviviridae family that was first discovered in the early 
1950s. ZIKV remained contained in Southeast Asia until an epidemic broke out in Micronesia in 
2007; it then expanded rapidly through the Americas. The virus is transmitted primarily by Aedes vec-
tors, but sexual and mother-to-child transmission can also occur [80–82]. ZIKV infection is typically 
asymptomatic or involves a mild febrile illness with rash. However, in some rare instances, it can 
result in Guillain-Barré syndrome or cause severe malformations, particularly microcephalia, when 
the infection occurs during pregnancy.

No studies relating nutritional factors with ZIKV infection-related outcomes in humans have been 
published to date. In vitro studies suggest that compounds found in foods might interact with this and 
other arboviruses. For example, polyphenols like epigallocatechin gallate (abundantly found in tea) 
and delphinidin (present in grapes and some berries) inhibit ZIKV entry into host cells in  vitro 
(Fig. 10.2) [83–86].

Also, curcumin, a compound found in turmeric, has the potential to inhibit cellular infection by 
ZIKV [87]. The effect of other nutritional factors on risk and outcome of ZIKV infection remains to 
be elucidated. Of special interest is whether nutrients involved in one-carbon metabolism (e.g., folic 
acid, vitamin B12) could modulate the risk of neural tube defects associated with intrauterine ZIKV 
infection.

 Conclusions

Most available evidence on the interactions between nutritional factors and risk and outcome of arbo-
viral infections has focused on dengue, the most significant human mosquito-borne viral infection 
worldwide. Evidence from anthropometric studies of a potential protective effect of protein-energy 
malnutrition against severe dengue in children is inconsistent. Pediatric obesity might be related to 
increased risk of adverse dengue-related outcomes, but most available evidence is from cross- sectional 
studies without proper adjustment for confounding, and the biological plausibility of a potential effect 
is unclear. Data on the role of micronutrients also consists predominantly of cross-sectional studies 
comparing biomarker concentrations between groups of people with dengue infection of varying clin-
ical severity. Because both exposure (e.g., nutrient biomarkers) and outcome (severity of dengue dis-
ease) are assessed at the same time, it is impossible to disentangle the temporal sequence of events 
leading to one another. Rather than representing an effect of nutrient status or stores on the risk of 
severe dengue, these studies most likely reflect the effect of an acute infection on nutrient biomarkers. 
This is confirmed in a few studies that assessed the change in biomarker concentrations throughout the 
acute episode and post-convalescence. Investigations using measures of nutritional status that are 
stable over the long-term and which are unlikely to be affected by the infection are urgently needed to 
identify nutrients that might be tested as potential therapeutic targets to prevent progression or treat 
severe disease. Results from two small randomized trials involving nutrients as therapeutic agents 
during the acute dengue episode [63, 69] offer hope of the potential of nutraceutical interventions in 
the context of arboviral infections.
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Fig. 10.2 P. mauritianum extract inhibits the production of ZIKV ssRNA. ZIKV-MR766 particles were incubated with 
the P. mauritianum extract for 1 hour at 37 °C [86]. The EGCG treatment (100 μM) was used as a positive control. Vero 
cells were left uninfected or were infected at an MOI of 1 for 24 hours. (a) Cells were processed for FISH using a probe 
specific for viral RNA (red) and then stained with NucBlue to visualize the nuclei (blue). Cell membranes were stained 
with AF488-conjugated wheat germ agglutinin. Images are representative of three independent experiments. Scale bars 
are 20 μm. (b) Quantification of ZIKV ssRNA spots counted per field (fields contained on average 300 cells) from the 
experiments represented in the images. Data are means ± SD of three independent experiments. Statistical analyses 
were performed using a one-way ANOVA and Dunnett’s test for multiple comparisons (**** p < 0.0001). (Reprinted 
from: Clain et al. [86] (Open Access))
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Estimating the effect of nutritional factors on the risk of infection, symptomatic or asymptomatic, 
would require establishing long-term population-based cohorts of uninfected persons with repeated 
assessments of both the nutritional status and the incidence of new infections. Alternatively, incorpo-
rating nutrition measures in ongoing studies of infection dynamics or vaccine efficacy could facilitate 
the study of nutrition and arboviral infection in a cost-effective manner. Some nutrients could be 
analyzed in secondary studies of biomarkers in stored biological specimens. Vaccine efficacy trials 
would offer a unique opportunity to identify vaccine-nutrient interactions, since nutrients could poten-
tiate or interfere with the effect of vaccines [88]. These studies may not be feasible among adults from 
endemic areas, because most would have a history of infection at the time of recruitment into a cohort.

Metabolomic studies of the effect of acute infections on macro- and micronutrient metabolism may 
offer valuable information on pathways or nutrients whose demands are increased by the infection, 
and which may constitute therapeutic targets.
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 An Introduction to Malaria and Nutrition

Malaria, a febrile illness caused by species of the Plasmodium protozoan parasite, is one of the most 
important human infectious diseases in history, with a global distribution in 87 countries and 219 mil-
lion cases and 435,000 deaths in 2017 (see Chap. 6) [1, 2]. Sub-Saharan Africa has the heaviest dis-
ease burden, with over 90% of malarial cases and deaths concentrated in that region. P. falciparum, 
the species that generally causes the most severe symptoms, is concentrated in sub-Saharan Africa and 
Oceania, and P. vivax is mostly found in the Americas, and India, with a minor distribution in Africa 
[3]. Other Plasmodium species include P. ovale, P. malariae, and P. knowlesi; these are less common 
than P. vivax and P. falciparum, and infection with these species manifests with less severe symptoms. 
While P. falciparum and P. vivax represent the majority of the global malaria burden, for the purposes 
of this chapter, we will focus largely on P. falciparum. The burden of malaria is difficult to accurately 
quantify due to a multitude of factors: endemic areas are also co-endemic with other pathogens that 
cause nonspecific febrile illnesses, symptoms vary from mild fever to fatal cerebral illness and death, 
and asymptomatic cases may go undetected as sensitive and specific point-of-care diagnostic tests are 
often not readily available in low-resource settings. Nevertheless, the field of malaria research has 
moved away from clinical symptom-based diagnosis and microscopy to more specific detection meth-
ods, such as rapid molecular diagnostic tests. Identifying asymptomatic carriers remains a challenge, 
as they are less likely to present themselves for diagnosis or treatment.

The disease burden of malaria in endemic regions is determined by a mix of extrinsic and intrin-
sic factors associated with humans, mosquitoes, and the parasite. Of the intrinsic factors, human 
health and nutritional status, mosquito species, and mosquito behavior (preference for human feed-
ing) are important factors. Of the extrinsic factors, climate and ecology, availability of health 
resources, prevention and control methods, and political readiness to tackle the disease are the most 
important [4].

Key Points
• Malaria and malnutrition both display clinically nonspecific symptoms, which make diagno-

sis and surveillance efforts difficult, especially in low-resource settings.
• The interactions between malaria and malnutrition are complex, and the clinical manifesta-

tion may differ based on the species of Plasmodium, the type of host malnutrition (micronu-
trient deficiency, protein-energy malnutrition, iron deficiency), as well as geo-social 
factors.

• The critical factors to consider when delineating potential pathways between nutritional sta-
tus and for malaria include definitions of nutritional status, whether hosts are deficient in 
macro- and/or micronutrients, variability in study designs, and implications of covariates.

• Poor host nutritional status may increase susceptibility to malaria infection, although the 
implications on severity of pathogenesis and pathology remain unclear when each individual 
type of nutritional status is considered.

• Public health interventions to combat malnutrition in areas endemic to malaria should con-
sider the possible positive and negative impacts on vulnerable populations from potential 
malaria infections.

• Standardized metrics and biomarkers common for both malaria and malnutrition are required 
for effective surveillance of malaria and malnutrition.

• There are many opportunities for public health interventions when approaching these topics 
holistically, and thus, it is important to consider the possible interactions between the two 
conditions.
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Humans become infected when infected female Anopheles mosquitoes transmit sporozoites 
through their salivary glands when they bite. The parasite’s life cycle, described in Chap. 6, is com-
plex and varies slightly by Plasmodium species [2]. All species undergo an exoerythrocytic liver stage 
in the human host, in which asexual replication takes place for 1–2 weeks, resulting in the production 
of merozoites. For P. vivax and P. ovale, a subset of sporozoites go through a hypnozoite stage in the 
liver, remaining dormant for weeks to years after the initial infection. This “latent” stage is associated 
with the long dormancy and relapse seen in people infected with P. vivax or P. ovale.

Merozoites are released from liver cells into the bloodstream, where they invade erythrocytes, 
undergo another round of asexual replication, and form intracellular schizonts. During this blood 
stage, infected erythrocytes burst, allowing neighboring uninfected erythrocytes to be infected by the 
newly released merozoites. This is the point where clinical symptoms manifest. The exception is P. 
knowlesi, which can cause high parasitemia and severe symptoms in some cases [5, 6].

Plasmodium spp. also display distinct preferences for erythrocytes of different ages [7]. As the 
erythrocyte ages, it loses surface area and volume, the cluster of differentiation molecule CD71 (clus-
ter of differentiation 71, transferrin receptor) and sialic acid levels decrease, and there is an increase 
of phosphatidylserine (PS) on the cell surface and an emergence of senescent cell antigen, derived 
from the oxidation of Band3 [8–10]. These mechanisms make older cells more susceptible to splenic 
clearance, leading to lower parasitemia. In addition to structural changes, differences in expression 
levels of certain blood groups have also been described in younger compared to older erythrocytes. 
Complement receptor (CR)1 [11, 12], decay-accelerating factor (DAF) [13], and the Duffy antigen/
chemokine receptor (DARC) [14] have been shown to be expressed more highly on the immature 
erythrocytes (reticulocytes) than on normocytes. It is thought that such differences in receptor levels 
might influence the erythrocyte age preference demonstrated by Plasmodium species. Of the primate 
malarias, Plasmodium knowlesi (also recognized as the fifth human malaria species) can invade nor-
mocytes [15] as can P. cynomolgi; however, like P. falciparum, P. cynomolgi preferentially infects 
reticulocytes. Of the human malarias, while P. vivax [16] and P. ovale are restricted to reticulocytes, 
P. falciparum invades erythrocytes of all ages while exhibiting a preference for reticulocytes [17]. P. 
malariae exhibits a preference for aged erythrocytes [18]. This species-specific preference for par-
ticular stages of the erythrocyte is a mechanism that can regulate the parasite growth and population 
levels within the host, and can contribute to their relative pathogenicity. Whether deficiencies of nutri-
ents that interfere with erythropoiesis, such as iron, folate, and vitamin B12 [19], alter susceptibility to 
specific species of Plasmodium is not known, but it has been reported that iron supplementation can 
increase reticulocyte numbers [20] (potentially promoting infection and Plasmodium replication).

Among the physiological changes induced by blood stage infection, the production of new eryth-
rocytes in the bone marrow (erythropoiesis) is rendered ineffective. The reduced levels of circulating 
RBCs, which contribute to the pathology of malarial anemia, are secondary to the parasite’s manipu-
lation of host physiology. The observed the suppression of erythropoiesis is thought to be from an 
imbalance of cytokines secondary to the immune response, rather than from the suppression of the 
erythropoietic hormone erythropoietin [21, 22]. It may also result from the iron deficiency caused by 
malaria. Studies have been inconclusive in determining the protective or detrimental roles of pro- 
inflammatory T helper (Th)1 or Th2 cytokines [23, 24]. Generally, Th1 (type 1) cytokines are impor-
tant in controlling early-stage infections to reduce parasitemia, while Th2 (type 2)  cytokines aid in 
the production of antibodies for long-term protection (see Chap. 3). The role of pro-inflammatory 
cytokines in cases of severe disease, such as in cerebral malaria and severe malarial anemia, are less 
well understood.

Within the erythrocyte, a subset of asexual merozoites will develop into the sexual stages of the 
parasite—the male and female gametocytes. P. falciparum gametocytes have been shown to sequester 
and accumulate at the extravascular space of the bone marrow and in erythroid precursor cells [25]. 
Here parasites can avoid phagocytosis from circulating immune cells and utilize alternative adhesion 
mechanisms to remain in this niche, effectively halting the hematopoiesis process. While immature 
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gametocytes sequester in the bone marrow, mature stage V gametocytes circulate in the peripheral 
blood waiting to be taken up when a female Anopheles mosquito takes a blood meal. This is the only 
stage of the life cycle that is infectious to the mosquito and thus can transmit infection from an 
infected human host.

All Plasmodium species are transmitted by the mosquitoes of the Anopheles genus, which has a 
worldwide distribution. Over 700 species in the genus have been identified, among which around 70 
are potential vectors of the Plasmodium species that can be transmitted to humans [26]. Anopheles 
mosquitoes display species-specific habits and habitats, which can affect the time of day when they 
bite and their host feeding preferences. Breeding sites can include freshwater and saltwater marshes, 
rice fields, the outskirts of ponds and drainage pits, and urban sites. Further, some species are anthro-
pophilic, preferentially feeding on humans, while others preferentially bite other mammal or non- 
mammal hosts, with humans being coincidental targets. Among the mosquitoes that readily transmit 
parasites to humans, A. gambiense and A. funestus in Africa [27], A. stephensi in Asia [28], and A. 
darlingi, and A. albitarsis in the Americas [29] are among the most important vectors. Malarial trans-
mission occurs seasonally, with concentrated transmission during rainy seasons in tropical regions. 
Transmission rates depend on the frequency of interactions between the mosquito and the susceptible 
human host; these depend on the life expectancy of the mosquito, the number of mosquitoes, the 
number of times a mosquito bites per day, and the frequency with which a bite results in an infection 
(Macdonald-Ross Malaria Model) [30, 31].

Once the Plasmodium sexual stage gametocyte is ingested by the mosquito vector, its sexual repro-
duction cycle commences, with haploid gametocytes maturing inside the gut of the mosquito and 
generating a diploid zygote, the ookinete [32]. If the parasite can overcome the mosquito’s immune 
system and host defense mechanisms, including physical chitin barriers, antimicrobial peptides, and 
digestive enzymes, the ookinete can develop and rupture to release sporozoites, which migrate to the 
mosquito salivary glands, ready to be released upon biting a potential host.

In order for Plasmodium to survive and be transmitted to another host, it has to overcome the 
unique defenses of both the mosquito vector and the human host. Interestingly, the nutritional status 
of not only the host, but the mosquito vector, can have an effect on mosquito physiology and parasite 
infection, affecting transmission dynamics. When considering the nutritional fitness of the mosquito, 
body size and macronutrient content, including proteins, lipids, and glycogen levels, are measured. 
Studies have shown that mosquito nutritional status can modulate both mosquito survival and 
Plasmodium infection rate: nutritionally compromised female A. gambiae mosquitoes die earlier and 
sustain lower levels of Plasmodium parasites compared to well-fed females [33], which would reduce 
risk of a second blood meal transmitting the infection to another human host. Nutritional states can 
further modulate mosquito avoidance behaviors to insecticides such as dichloro-diphenyl- 
trichloroethane (DDT), deltamethrin, and lambdacyhalothrin [34], indicating the potential impact of 
mosquito fitness on the effectiveness of chemical-based insect vector control.

 Critical Factors to Consider in Outlining Pathways Between Nutritional 
Status and Malaria

The interactions between the Plasmodium parasite and the human host or mosquito vector are com-
plex, and the influence of nutritional status is not always a clear unidirectional association (Fig. 11.1). 
This chapter will seek to define, describe, and illustrate the nutritional frameworks that influence 
malaria disease. There are some key factors to consider when evaluating the literature and delineating 
these frameworks, as defined in Box 11.1.
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Fig. 11.1 Nutritional frameworks in malaria. Figure outlines frameworks discussed in depth throughout this chapter 
involving the impact of nutrition on the interactions between Plasmodium parasite-human host-Anopheles vector. Solid 
arrows indicate positive relationships, dotted lines indicate relationships that are less clear or for which more data is 
needed, and inhibitory or negative relationships are indicated with a barred line. Cyclic arrows indicate feedback loops. 
Relationships boxed in yellow boxes represent the three major chapter subheadings: Malaria Susceptibility, Malaria 
Severity, and Malaria Spread

Box 11.1 Considerations in Outlining Pathways by Which Nutritional Status Affects 
Malaria
 1. Definitions of nutritional status—malnutrition versus protein-energy malnutrition (PEM) 

versus micronutrient deficiency
 2. Measurements—subjective clinical measurements, anthropometric indicators, and reference 

standards, biologic measurements, and kinetics (single or multiple time points for 
sampling)

 3. Study design—cross-sectional, longitudinal, hospital-based, community-based, randomized 
control, in vivo versus in vitro, and others

 4. Covariates—for example, nutritional status as a marker of socioeconomic status
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The first to consider are the nuances in definitions in nutritional status and their relation to malaria 
infection. As Chaps. 2 and 3 outline [35, 36], several overlapping macro- and micronutrient profiles 
can affect the immune system and the host response to infections. When discussing nutritional defi-
ciencies, malnutrition can be expressed in various forms, namely, obesity from excessive dietary 
intake, protein-energy malnutrition (PEM) due to a lack of dietary protein and/or energy, and micro-
nutrient deficiencies due to a lack of essential vitamins and minerals required for proper physiological 
functioning and development. Each nutritional profile may interact differently with malaria infection. 
The different malnutrition profiles also affect population groups differently, depending on age, genetic 
predispositions, and other sociocultural factors associated with dietary intake.

The issue of definitions is further compounded as measurements and benchmarks for these nutri-
tional profiles differ between studies, with subjective clinical measurements and varying anthropo-
metric indicators used to define clinical outcomes. As there are no universal or standardized metrics 
to define malnutrition, it can be difficult to make definite conclusions based on single studies or to 
directly compare results among studies. Thus, depending on the rigor of methodology and the clarity 
with which the definitions of both the variables and the outcomes are described, studies can often 
yield confusing or contradictory results.

Differences in clinical outcomes can also depend on the study design. Cross-sectional studies 
observe populations at a single point in time, whereas cohort studies and longitudinal approaches fol-
low populations over time to examine biological effects of interventions or conditions prior to and 
after the exposure of interest. Such cohort studies allow for kinetic measurements, to determine 
whether variables and influencing factors are increasing or decreasing with time and exposure. Such 
studies provide valuable information to clarify cause and effect and dose/response relationships. 
Whether studies are hospital-based or community-based can also impact associations as the severity 
of the disease of interest can vary dramatically in these contexts. The selection of a control population 
in a hospital versus a community study is also another critical study design element.

The identification and inclusion of specific covariates can dramatically influence the study’s results. 
The setting of the study and the geopolitical and social factors, such as political stability, climate, and 
sociodemographic status, can influence study outcomes. Nutritional status can often be a proxy for 
higher socioeconomic status, and if these relationships are not identified and controlled for, studies 
might be capturing the impact of a correlated variable on the outcomes of interest [37–39]. Furthermore, 
as described below in section “Adding Hookworm to the Mix”, the consideration of other infections 
that co-occur with malaria and that cause (or respond to) anemia is critically important in interpreting 
epidemiological results.

Currently, while many biomarkers and indicators are used to assess the burden of malaria in a 
region, there is ongoing debate as to what is the best indicator or measurement of malaria to assess the 
impact of large-scale interventions on malaria incidence and prevalence. As transmission intensity 
declines, traditional parasitological measurements of malaria burden may be increasingly difficult to 
quantify [40]. Recently groups have applied spatiotemporal modeling with increasing resolution of 
point estimates to measure malaria burden [41–43], using geo-referenced data on the clinical inci-
dence, antimalarial drug treatment coverage, case fatality rate, and population distribution by age to 
model not only disease burden estimates but also the uncertainty in these estimates [41, 44]. Such 
analyses have contributed to improvements in surveillance methods in certain countries of the world 
[45]. A quantitative review of malaria reduction trials in sub-Saharan Africa has shown that in areas 
of medium-to-high malaria transmission, insecticide-treated bed nets and chemical prophylaxis have 
been effective in reducing anemia [46]. As the wide implementation of malaria-targeted interventions 
may reduce the burden of anemia in the same region, modeling the prevalence of both diseases in 
dually endemic regions may be an effective method to capture the burden of disease in areas of the 
world where robust surveillance methods are lacking, and to provide valuable knowledge on the inter-
acting effects of malaria on anemia (and vice versa).

H. H. Kim et al.
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 Susceptibility: Ways in Which Diet and Nutrition Influence Infection

In the human host, it is difficult to tease apart the impact of nutrition on malaria infection (susceptibil-
ity) independently from the impact of nutrition on pathogenesis (severity), as the clinical symptoms 
of malaria occur after the parasite leaves the liver and enters the blood stage of the infection. Studies 
with rodent malaria species in mice or rats have been able to specifically identify factors that influence 
the process of becoming infected, and longitudinal studies in humans have also elucidated these inter-
actions. This section will focus on the impact of nutritional status on the first stage of malaria suscep-
tibility, the attractivity of uninfected individuals to infected female Anopheles mosquitoes.

Mosquito biting rate is a significant factor in vectorial capacity—a measurement of vector trans-
mission efficiency. The mathematical models by Ross and Macdonald were landmark discoveries in 
the history of malaria mathematical modeling [30, 31] and provided a quantitative framework to 
evaluate transmission as well as derive strategies and quantitatively evaluate success of vector control 
measures. The Ross-Macdonald theory of vector control is influenced by the concepts of the basic 
reproduction ratio (R0) and vectorial capacity, both of which vary spatially and temporally and are 
influenced by adult mosquito abundance, longevity, biting rates, human blood-feeding behavior, and 
the parasite’s extrinsic incubation period in the mosquito, that is, the time it takes for the parasite to 
become infectious [47].

Increased host-seeking behavior of Plasmodium-infected mosquitoes at the transmissible stage of 
infection (sporozoites compared to oocysts) has been observed [48]. Conversely, uninfected mosqui-
toes show increased attraction to the infected human hosts in both controlled laboratory settings [49, 
50] and in the field [51–54]. The increased attraction of infected mosquitoes to the human hosts and of 
uninfected mosquitoes to the infected hosts is likely evolutionary mechanisms exploited by the 
Plasmodium parasite to promote its survival and transmission to both the human host and the mosquito 
vector. If infection status alone can alter attraction behavior of mosquitoes through volatile substances 
emitted by the human host, can nutritional status also influence attractivity (see Chap. 1) [55]?

Mosquitoes require and use olfaction to find sources of food. Compounds secreted by humans such 
as lactic acid and CO2 are released in the skin, sweat, and breath and all serve as mosquito attractants 
[56]. Nutritional states and dietary components may act to either increase mosquito attractivity or 
deter biting. Pregnant women have been found to be more attractive to mosquitoes [57] as have indi-
viduals performing high-intensity exercise and obese or overweight individuals, possibly due to 
increased CO2 production and emission [56]. It has been proposed that potassium-rich and salty foods 
that increase lactic acid production could also increase attractiveness. While many hypotheses have 
been proposed, clear scientific evidence is lacking that directly links human diet with altered suscep-
tibility to malaria through differences in attraction or repulsion of mosquitoes.

 Severity: The Role of Nutritional Status in Pathogenesis of Malaria Disease

Malaria pathogenesis is determined by a complex set of factors including the parasite, host, geo-
graphic, and social factors. Some of the parasite factors include antimalarial drug resistance, merozo-
ite invasion efficiency, multiplication potential, cytoadherence, rosetting, antigenic polymorphism, 
and antigenic variation. Host factors influencing pathogenesis include immunity, genetic susceptibil-
ity, presence of other infections, age, and pregnancy status. Additionally, there are geographic and 
social factors that influence malaria outcomes such as access to health care, climate (which influences 
transmission potential and intensity), political stability, and other cultural and economic factors. In 
this section, we explore how the nutritional status of the host may influence pathogenesis by impact-
ing the parasite, host, and vector determinants of disease severity.
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 Malaria Metabolism

When discussing topics in malaria, scientists often study the host and the parasite’s biological factors 
that can contribute to the risk of infection. Meanwhile, the parasite inherently relies on host factors for 
its growth and survival. Examining the metabolites produced throughout the life cycle of the parasite 
and the effect on the host’s own metabolism can provide insight on downstream effects of infection.

In order to survive in the erythrocytic stage, the parasite requires nutrients from the human host, 
which it achieves through protease-mediated digestion of the hemoglobin within the erythrocyte. This 
metabolism provides critical amino acids for protein synthesis by the parasite. Over the course of the 
48-hour erythrocytic life cycle, up to 70% of host hemoglobin in infected erythrocytes is digested by 
the parasite, reducing host capacity for oxygen transportation in the blood [58]. The parasite also 
relies on the host for nucleotides (purines) for DNA replication, as genomic studies have revealed that 
protozoan parasites like Plasmodium do not have any genes coding for de novo synthesis of purine 
nucleotides [59]. It is unable to synthesize purine rings de novo and relies on purine salvage pathways 
for survival. On the other hand, it cannot incorporate exogenous pyrimidines into nucleic acids and 
relies entirely on de novo synthesis [60].

Throughout the asexual life cycle of the parasite within the host, infected erythrocytes are lost to 
hemolysis during the blood stage, and neighboring uninfected cells can lose function due to damage 
and deformation. Erythrocyte clearance when malaria parasites are present is linked to many other 
parasite-induced physiological changes, such as oxidative damage, reduction in erythropoiesis, and 
bone marrow function. The loss in number and function of erythrocytes can lead to anemia, a common 
feature of infection. The severity and specific manifestations of anemia may differ depending on the 
species of Plasmodium.

A recent study used metabolomics and proteomics methodology to determine metabolic networks 
and examine systems-level changes in metabolic flux when human RBCs were infected with different 
strains of P. falciparum [61]. Describing the metabolic activity of both the host and parasite at a 
systems- level can reveal important information on host-parasite interaction, as it can show both the 
overall change in metabolic profile upon infection and changes in individual metabolites. The authors 
determined that in the presence of infected RBCs, uninfected RBCs’ hemoglobin displayed a reduced 
potential to release oxygen and a decrease in the rate of glycolysis upon parasite-induced oxidative 
stress. Further, they recognized quantitative differences in flux of metabolic products depending on 
the Plasmodium strain. In future studies, it would be interesting to see differences in host-parasite 
interaction and respective metabolism depending on the nutritional profile of the host.

 Complex Relationships Between Nutrition and Malaria Morbidity 
and Mortality

Early literature prior to 1950 indicated that malnutrition resulted in greater susceptibility to malaria 
[62, 63]. While anecdotal evidence existed to the contrary, the methodology employed was less than 
quantitative and made drawing scientific conclusions challenging. In the early 1950s, improvements 
in quantitative epidemiological studies supported the alternative hypothesis that malnutrition was 
protective for malaria [64–69]. However, the relationship between malaria and nutritional status is 
now understood to be much more complex. When careful attention is given to definitions of malnutri-
tion as well as clinical diagnosis and study design, the scales have shifted again to malnutrition being 
a risk factor for increased malaria morbidity and mortality.
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 Relationship Between Malaria and Anemia

The discussion that follows will try to put into context these recent findings with special attention to 
defining the precise contribution of anemia and iron deficiency to malaria infection, pathology, and 
clinical outcome. We will discuss both the effects of malaria on anemia and vice versa, as each condi-
tion can synergize with the other to exacerbate symptoms.

 General Anemia

Anemia is defined as hemoglobin below the age, ethnicity, and sex-specific reference values and often 
occurs when the number of erythrocytes is insufficient or when their function is compromised. Anemia 
is associated with increased morbidity and mortality in itself, as well as an interaction with other dis-
eases. For many years, the criteria for clinical diagnosis of anemia were based on a WHO report 
published in 1968 [70], <11  g/dL for children aged 6  months to 6  years, <12  g/dL for children 
6–14 years old, <13 g/dL for adult males, <12 g/dL for nonpregnant females, and <11 g/dL for preg-
nant females. Additionally, the severity of anemia is characterized by the relative level of hemoglobin 
within these age groups. For example, the most commonly used definitions are as follows: mild ane-
mia ≤11 g/dL, moderate anemia 7–10 g/dL, and severe anemia ≤7 g/dL [71]. However; in studies of 
malaria and anemia, the ranges are slightly different [72]. Meanwhile, newer studies are challenging 
the cut-offs for clinical anemia, stating that these values differ widely based on various host factors 
including host genetics, ethnicity, and nutritional profile, among others [73]. This may be a contribut-
ing factor that explains why different research groups employ different cut-off values for clinical 
anemia in large-scale field studies, thus making it difficult to make direct comparisons in anemia 
outcomes between study sites. It has been argued that large-scale epidemiological studies are neces-
sary to more accurately capture the burden on health and refine the clinical definition of anemia [74].

Causes of anemia are multifactorial, with the combinatory effects of host genes, micronutrient defi-
ciencies, reproductive history for women, and other infections that cause blood loss or destruction of 
erythrocytes, such as hookworms (see below section “Adding Hookworm to the Mix”) [75]. Most cases 
of anemia worldwide are understood to be categorized into iron deficiency anemia (IDA) and anemia 
of chronic disease (or chronic inflammation) [76]. An overview of risk factors for anemia is outlined in 
Chap. 2 [35]. While some types of anemia are congenital and not preventable, some types can arise 
with deficiencies in various cofactors and micronutrients due to inadequate nutritional status, such as 
iron, vitamin B12 or folate [77], or from specific physiological states like pregnancy, as iron absorption 
decreases slightly during the first trimester and increases during the second and third trimesters [78]. 
Furthermore, because Plasmodium ruptures erythrocytes, it is also a major cause of anemia.

In the context of malaria, the precise role of iron has been debated, as varying levels of iron may 
protect or exacerbate infection, complicating malaria prevention and intervention methods aiming to 
supply iron supplementation. These topics will be covered later in sections “Contribution of Anemia 
to Malaria Severity”; “The Iron-Infection Axis, Hepcidin, and Iron Deficiency Anemia”; and 
“Combating Anemia with Iron Supplementation: A Double-Edged Sword?”.

 Anemia and Malaria

Importantly, severe anemia is an important public health problem for areas endemic to P. falciparum, 
as the morbidity and severity of malaria can exacerbate anemia due to other causes, posing especially 
acute risk to children and pregnant women [79]. In areas of low malaria endemicity, children <5 years 

11 Nutritional Frameworks in Malaria



306

old have been shown to be more likely to become anemic than older children [80]. In contrast, in areas 
with high malaria transmission, all populations, both young and old, tend to have reduced hemoglobin 
levels. It is thus important to consider the dual role of anemia in malaria infections, as it can be both 
a contributing factor to the degree of infection susceptibility and severity (both as a risk factor and 
being associated with protection), and the outcome of infection. It is difficult to identify a single cause 
of malarial anemia, as its cause seems to be multifactorial.

In severe malarial cases, overlapping syndromes of cerebral malaria, metabolic acidosis, and severe 
anemia are responsible for the clinical severity of disease [81]. Among African children, severe ane-
mia is associated with 53% of malaria-attributable mortality [82]. Malarial anemia stems from eryth-
rocyte lysis and phagocytosis, sequestration of parasitized RBCs, and an inflammatory process 
whereby the modulation of iron and hemoglobin levels during the asexual reproductive stages of the 
Plasmodium parasite reduces erythrocyte levels through bone marrow suppression and reduced iron 
absorption.

Infection from any of the five human Plasmodium species can lead to anemia. Recently, there has 
been renewed appreciation that among Plasmodium species, severe anemia is not a hallmark of P. 
falciparum malaria alone [83]. There has been increasing evidence that P. vivax infection can lead to 
severe manifestations of disease [84, 85]. P. vivax malaria has a wider geographic distribution than P. 
falciparum, and although P. vivax infection has the reputation for being more benign, largely due to 
lower parasitemia associated with restriction of infection to reticulocytes and a lack of cytoadherence, 
there is still a risk of severe chronic illness, including anemia. Recent studies have elucidated cases of 
severe anemia associated with vivax malaria as a major cause of morbidity in infancy [86].

Intriguingly, many epidemiological studies have found an association between iron deficiency ane-
mia and protection from malaria caused by P. falciparum in pregnant women [87–89] and children 
[90–92], which may seem counterintuitive. The mechanisms behind this association are related to 
erythropoiesis to replace the iron-deficient erythrocytes with iron-replete reticulocytes and erythro-
cytes, which are more susceptible to Plasmodium infection due to parasite invasion potential and 
reticulocyte preference [20].

 Contribution of Anemia to Malaria Severity

Several meta-analyses and systematic reviews have attempted to clarify the complex relationship 
between malaria and anemia, but a clear answer has been difficult to identify due to the nonspecific 
and overlapping symptoms, differences in study design and methodology, and confounding factors 
that contribute to malaria such as coinfections and micronutrient deficiencies [93] (see Box 11.1). 
Meanwhile, the pathogenic mechanisms of P. falciparum can compound the effects of anemia. The 
destruction of erythrocytes, the sequestration of erythrocytes at the spleen, and dysfunction of eryth-
ropoiesis all lead to the loss of function of erythrocytes.

 The Iron-Infection Axis, Hepcidin, and Iron Deficiency Anemia

Iron is a critical nutrient for nearly all living organisms and impacts biological processes such as oxy-
gen transport, cellular respiration, and DNA replication (see Chap. 2) [35]. Iron has a very specific 
role in host-pathogen interactions with bacteria, viruses, and parasites, and it is a critical nutrient for 
both the human host and the Plasmodium parasite alike. Iron deficiency can be subdivided into three 
distinct categories: (1) iron deficiency without anemia, (2) iron deficiency with mild anemia, and (3) 
iron deficiency with severe anemia [20]. Iron deficiency is slow to develop and is often not diagnosed 
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until it is associated with anemia [94]. The WHO estimates that 50% of pregnant women and 40% of 
young children in low- and middle-income countries are iron deficient [74]. Iron deficiency in preg-
nancy can cause severe adverse outcomes for both the mother and the child, and iron deficiency in 
children can result in impaired growth, cognition, brain development, and immune function (see 
Chap. 2) [35, 95, 96].

Iron is unique in that it is the only micronutrient that has its own regulatory hormone—hepcidin—
which can respond and be regulated by both nutrient status and infection status [97]. Hepcidin is a 
regulatory peptide hormone produced by hepatocytes, the hepcidin antimicrobial peptide (HAMP) 
gene for which is upregulated in the face of high iron stores, inflammation, or elevated erythropoiesis. 
The body largely regulates iron stores and circulation through intestinal iron absorption and heme 
recycling from senescent erythrocytes which are ingested by macrophages. To simplify a complex 
mechanism, hepcidin production results in the degradation of ferroportin molecules, the only known 
iron exporter, thus reducing iron absorption through ferroportin on the basolateral surface of duodenal 
enterocyte, increasing macrophage storage of iron, and reducing iron in circulation. This process also 
affects overall erythropoiesis, causing anemia and microcytosis given the body’s iron-restricted state 
[98]. While iron is an essential nutrient, it can lead to increased oxidative damage and be a growth 
factor for pathogens if unbound or in excess. Thus, it is evident that biological mechanisms have 
evolved for careful iron regulation, with hepcidin being a central player [99, 100].

The dynamic between malaria and anemia is complicated and bidirectionally influenced, with 
hepcidin playing a key role. In explaining the interactions, the extremes on the spectrum of malaria 
and anemia are more conceptually straightforward. Severe malaria, defined by the WHO as malaria 
with one or more of a series of clinical or laboratory features [101], can easily lead to significant ane-
mia through direct interactions including RBC loss (hemolysis and phagocytosis of infected RBCs), 
dysfunction (sequestration of infected erythrocytes and altered integrity of nearby uninfected RBCs), 
and bone marrow infiltration, as discussed above. By the same token, severe anemia, often accompa-
nied by severe malnutrition, compromises the host immune system and thus increases susceptibility 
to infection. On a more nuanced level, malaria can also indirectly lead to iron deficiency anemia by 
impairing or reducing erythropoiesis, even on the level of uncomplicated or asymptomatic infection. 
This is speculated to be partially linked to malaria infection increasing hepcidin levels and thus in turn 
reducing iron absorption and altering host iron stores, as well as increasing cytokines such as TNF-α 
which can also inhibit iron absorption [102–106]. Conversely, mild-moderate anemia itself has been 
shown to be protective against malaria in both observational epidemiological studies in pregnant 
women and children [107] and in ex vivo experiments using RBCs from individuals with IDA where 
microcytic iron-deficient RBCs are shown to be refractory to parasite invasion and growth [20]. 
Additionally, iron is also known to be a growth factor for Plasmodium, as iron chelators have been 
shown to be cytotoxic to the parasite in in vitro and in vivo experiments, though the precise pathways 
through which Plasmodium acquires and utilizes host iron are unknown [107]. Furthermore, elevated 
hepcidin has been suggested to impair the initial liver stage of malaria infection in mice, with the 
intriguing hypothesis that acute malaria infection causes inflammation and hepcidin elevation, thus 
redistributing iron stores away from hepatocytes and reducing parasite superinfection with other 
malaria strains [108].

In short, the relationship between malaria, hepcidin, iron, and anemia is complex, with our knowl-
edge still unfolding. Conducting and interpreting population-based studies has not been straightfor-
ward, as outlined above. In areas of high malaria transmission, it can be difficult in cross-sectional 
studies to delineate cause and effect and protection and risk, among people with anemia, nutritional 
deficiencies, and malaria infection, especially considering that distinguishing iron deficiency anemia 
from anemia of chronic inflammation (disease) is difficult in areas with high levels of infection and 
inflammation [105]. Prospective aspects of trials are often confounded by the need to of course pro-
vide subjects’ extensive antimalarial prevention and treatment resources. Additional confounding fac-
tors complicating study interpretation include variable malarial prevalence, seasonality and immunity 
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across regions, and hemoglobinopathies, to name a few. The balance between iron regulatory mecha-
nisms that restrict pathogen access and maintaining availability of iron for the host has often been 
framed as an evolutionary arms race between the host and pathogen [109]. Certainly, malaria has 
already solidified its influential role on human genetics with numerous protective erythrocytic muta-
tions appreciated [110], and the scientific literature on this topic continues to evolve.

Recent publications have commented on additional human genetic mutations involving ferropor-
tin. Ferroportin has also been shown to be prevalent in RBC membranes. An initial study speculated 
that a prevalent ferroportin mutation in sub-Saharan Africa (Q248H), which is relatively resistant to 
hepcidin-mediated degradation, may have been conserved to protect against malaria [111]. This was 
based on findings using small human cohort studies looking at differences between carriers and WT 
individuals in terms of infection rates, parasite density, and disease severity. The authors also observed 
lower hemoglobin levels among these carriers. In addition, they found ferroportin knockout mice 
infected with murine Plasmodium strains demonstrated increased parasitemia and reduced survival 
time. Focusing on RBC physiology, they hypothesized that the degradation- resistant ferroportin muta-
tion Q248H allowed for increased iron transport out of RBCs, reducing iron availability to parasites 
and also protecting RBCs from iron-mediated oxidative stress and hemolysis [111]. However, a fol-
low-up publication using large human cohorts did not corroborate such results, finding instead that the 
degradation-resistant Q248H ferroportin was mildly protective against anemia but not malaria risk 
[112]. Interestingly in this follow-up study, parasite growth was also not shown to differ in ex vivo 
malaria culture in RBCs from wild-type and carrier individuals with the Q248H mutation [112]. 
These authors suggested the same ferroportin mutation instead allowed for increased intestinal iron 
absorption and thus overall increased body iron stores, in addition to reduced Fe-mediated hemolysis 
[112]. These findings demonstrate the complex, multi-organ influence of hepcidin within the human 
body, and highlight areas of new exploration in relation to malaria.

 Combating Anemia with Iron Supplementation: A Double-Edged Sword?

Treatment for both falciparum and non-falciparum malaria includes blood transfusions, antimalarial 
drug treatment, and in some cases, iron supplementation. While there is the danger that iron supple-
ments may promote pathogen survival and proliferation, metadata have shown that iron supplementa-
tion to treat the anemia may aid in hemoglobin recovery during malaria infections as long as regular 
malaria prevention and treatment services are also provided [113]. The two subpopulations particu-
larly at risk of malaria and with high rates of anemia requiring iron supplementation are children and 
pregnant women. This is due to their higher physiological requirements, including an increasing need 
for specific nutrients and vitamins. Iron supplementation in children and in pregnancy is a commonly 
employed nutritional intervention. However, in the case of iron supplementation, there may be unin-
tended consequences with respect to Plasmodium invasion and replication (Fig. 11.2). Iron supple-
mentation has been shown to increase susceptibility to P. falciparum infection [66, 68, 114, 115].

Supplementation of children with iron in malaria-endemic areas has been investigated in multiple 
clinical studies, which results have been reviewed in three meta-analyses [62, 116, 117]. Two large 
iron supplementation trials in children have also been conducted, in which the relationship between 
host iron status and malaria infection has been explored: one in Zanzibar in a region with intense 
malaria transmission [118], and one in Nepal in a region with no malaria transmission [119]. Smaller 
clinical studies have also been conducted [20]. Despite differences in study design and specific out-
come measures, the overarching consensus is that iron deficiency is protective for malaria, and iron 
supplementation increases malaria risk in the absence of access to adequate health care and malaria 
management [107, 120–122]. In regions endemic to both malaria and iron deficiency malnutrition, 
future interventions should consider potential additive effects of treatment on either illness.
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Iron supplementation in pregnancy is also controversial in malaria-endemic regions. The current 
WHO guidelines recommend 30–60 mg of iron and 0.4 mg folic acid supplemented daily throughout 
pregnancy to reduce the risk of low birth weight (LBW), preterm birth, maternal iron deficiency, and 
maternal anemia, and simultaneously recommend intermittent preventative treatment for malaria in 
areas endemic for malaria [123, 124]. Women of all gravidas are at an increased risk for P. falciparum 
malaria; however, primigravida women are at the highest risk. Some of the reasons behind this 
increased risk include (1) pregnant women are more attractive to mosquitoes [57]; (2) the higher rates 
of erythropoiesis and reticulocyte production during pregnancy provide reticulocytes for invasion by 
P. falciparum [107, 125]; and (3) sequestration of var2CSA expressing parasitized cells in the pla-
centa [126] protects the parasite from immune-mediated mechanisms of clearance [127]. Observational 
studies have indicated that iron deficiency is protective for placental malaria in countries with high 
malaria transmission [87, 88]. In support of these studies, an observational cohort study conducted in 
the Gambia measured P. falciparum invasion and growth in  vitro in erythrocytes from pregnant 
women during their second and third trimesters. Full hematology panels were performed at time 
points before and after iron supplementation. The results demonstrated that, similar to the finding in 
nonpregnant individuals, parasite growth rates and the population of CD71-positive reticulocytes 
increased with iron supplementation [127]. The caveat to this study was that there was no control 
cohort of pregnant women not on iron supplementation to specifically address the impact of iron 
supplementation versus the impact of pregnancy alone. However, in support of these findings, a simi-
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Fig. 11.2 Model of kinetics of differential susceptibility to malaria with iron supplementation. (Figure adapted from 
[20]). Kinetics of erythropoiesis and malaria risk with iron supplementation at baseline (0 weeks), 6 weeks, 12 weeks, 
16 weeks. At baseline, high levels of iron-deficient erythrocytes are present, which also provides a protective effect for 
malaria. Iron supplementation results in reticulocytosis and production of iron-replete erythrocytes at 6  weeks. By 
12 weeks, most iron-deficient erythrocytes have been cleared, and reticulocyte levels are high—resulting in increased 
malaria risk. By 16 weeks, iron status has been corrected, and the erythrocyte population has been restored to normal, 
and as such, malaria risk returns to the individual’s standard level
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lar study conducted in children revealed similar associations between iron supplementation and 
increased parasite growth [128], underscoring WHO’s recommendation for both iron supplementation 
and antimalarials during pregnancy in malaria-endemic countries. Understanding the mechanisms 
underlying the association between iron deficiency and protection from malaria is critical and essen-
tial to inform policy guidelines for iron supplementation strategies to combat iron deficiency in 
malaria-endemic countries, with a special emphasis on children and pregnant women. As others have 
speculated, combatting malaria and other infectious diseases may actually have the biggest impact on 
widespread iron deficiency anemia rather than nutritional supplementation itself when infectious and 
inflammatory states continue to prevent iron absorption, as introduced above in the context of hepci-
din regulation [102, 103, 105, 129, 130]

 Impact of Nutritional Status on Immune Responses to Malaria

Both nutritional status [131] and the gut microbiome [132] in African children may have immunomodu-
latory effects on human host immunity to malaria, especially in the liver which is the site of sporozoite 
initiation of infection and additionally drains portal blood [133]. Chronic malnutrition and micronutrient 
deficiencies (such as zinc, magnesium, iron, selenium, and vitamin A) can result in immune dysfunction 
of both the innate and adaptive arms of the immune system, by impairing thymic activity, cytokine 
responses, T cell responses, macrophage activation, and antibody responses (see Chap. 3) [36, 131, 134, 
135]. Such immune dysfunction can also result in increased risk of infection. Zinc deficiency, for exam-
ple, affects many aspects of immune function, and immune dysregulation can be largely reversed with 
zinc supplementation; however, certain immune functions are more zinc dependent than others, meaning 
that, depending on the dominant immune mechanism of killing, supplementation may have a stronger 
protective effect for some pathogens than others (see Chap. 2) [35, 136].

Conflicting data currently exist from studies of the relationship between nutritional status as mea-
sured by anthropometry (height-for-age Z (HAZ) scores, weight-for-age Z scores and weight-for- 
height/length Z scores) and immunity in children with malaria. In a cross-sectional study from young 
children in Senegal, it was observed that immunoglobulin G (IgG) levels were lower in stunted chil-
dren (HAZ<−2.0) than controls, irrespective of differences in parasite density [137]). This finding is 
in contrast to an earlier study in older children in Papua New Guinea in which increased cytokine 
production was observed in response to antimalarial antigens in stunted and wasted children, and a 
decrease in antibody response was observed in wasted children [138]. The micronutrient zinc is 
required for immune function [136], specifically lymphocyte functions implicated in resistance to 
malaria such as IgG production, interferon-gamma production, TNF-α production, and microbicidal 
macrophage activity [136, 139]. Zinc supplementation was found to be protective against malaria 
morbidity in some studies [88, 140, 141], including in a placebo-controlled trial [142], but not in oth-
ers [143, 144]. The role of other micronutrients in the protection against malaria has also been inves-
tigated, such as vitamin C [145], vitamin A [146], and vitamin D [147]. Further studies evaluating the 
impact of malnutrition on the development of immune responses to malaria are clearly needed to 
design adequate and appropriate treatment responses that will not exacerbate either condition.

 Adding Hookworm to the Mix

It is important to consider the interaction with hookworms when discussing topics of malaria and 
malnutrition, as hookworm is also a cause of anemia due to the destruction of the intestinal mucosa 
and blood loss that ensues [143]. Further, there is often a geographical overlap of malaria, hookworm, 
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and malnutrition, especially in Africa [148]. Children, newborn infants, and pregnant women are 
impacted more severely by coinfection with malaria and hookworm [149], even though hookworm 
intensity is typically higher in older children and adults. Data on the direction and magnitude of the 
effects of coinfection are lacking, and even more so when host nutritional status is also considered. 
Infections with helminths, such as hookworms, and malaria both modulate the host immune response 
but often in different directions, although the direction and magnitude of the pathophysiology of coin-
fections remain unclear (see Chap. 14) [150, 151]. Hookworms, through their complex and long life 
cycle, modulate host immune responses to escape host defense mechanisms by establishing an anti-
inflammatory Th2 and regulatory immune environment [152] that promotes their long-term establish-
ment in the intestine. This anti-inflammatory Th2 response can compromise the pro-inflammatory 
Th1 immune responses needed to fight malaria infection [153]. The balance of pro- and anti-inflam-
matory immune modulation is delicate, and subtle shifts can tip the scales in favor of one pathogen or 
the other. Shifts in nutritional and/or coinfection statuses may change the efficacy or nature of host 
immune responses to combat the pathogens. The mechanisms of this regulation are not yet well 
understood and will likely be influenced by the timing and nature of each infection, which was estab-
lished first, and for how long. Some hypotheses have explored how regulatory T cells can inhibit the 
pro-inflammatory Th1 cell activity in malaria [154] or how higher nitric oxide concentrations in hel-
minth-infected malaria patients may reduce sequestration of infected erythrocytes [155]. Additionally, 
the Th2-skewed hookworm response may render the Th1 response required for Plasmodium control 
and elimination ineffective, by producing non-cytophilic antibodies [156]. Regardless, there are many 
plausible contradicting hypotheses, and results vary depending on the setting, the timing of coinfec-
tion, and the specific immune profile of the host.

Meta-analyses have demonstrated a complex malaria-helminth coinfection relationship with vari-
able outcomes on anemia. Pregnant women infected with hookworm had a higher risk of malaria 
infection compared to those uninfected, and the risk of anemia in malaria-helminth coinfection was 
increased compared to the association between anemia and malaria infection alone or the association 
between anemia and hookworm infection alone [157]. In some study sites, no association in clinical 
outcomes between malaria and hookworms was seen [158]. To further complicate these associations, 
often hookworm infections occur in the context of other helminth coinfections. These polyparasite 
infections can either exacerbate the clinical pathology or progression of malaria infections or be pro-
tective against further clinical harm [159]. Other environmental or social factors, as well as host 
immunity and nutritional status, may play a role in this complex relationship (see Chap. 14) [151].

 Drug-Nutrient Interactions in Malaria

 Impact of Preventative Antimalarials on Nutrition

In addition to drugs that treat Plasmodium infections, several drugs are used prophylactically. The 
current WHO guidelines for either seasonal malaria chemoprevention (SMC) in children or intermit-
tent preventative treatment for malaria in pregnancy (IPTp) rely on sulfadoxine-pyrimethamine-based 
(SP) chemoprevention. In the case of SMC, in many countries, amodiaquine has also been included. 
However, for pregnant women, SP alone remains the safest and standard regimen of choice [160, 
161]. Unfortunately, while safe and effective at preventing malaria in pregnancy, the drugs which 
inhibit folate synthesis in the parasite also inhibit folate synthesis and absorption in the human (see 
Chap. 13) [162]. Folate is a critical nutrient during pregnancy that decreases the chances of neural 
tube defects in the developing fetus [163]. However, as with the conundrum of iron supplementation 
in pregnancy, folate supplementation together with antifolate drugs may decrease the efficacy of the 
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IPTp and increase the risk of malaria in pregnancy. In humans, there does not seem to be a protective 
effect of folate deficiency, as seen with iron deficiency, since individuals with megaloblastic anemia 
(folate deficiency anemia) had greater Plasmodium infection rates [164] and pregnant women with 
high folate diets had low infection rates [165]. In a study of folate supplementation in children in the 
Gambia, there was no associated risk of malaria [166], similar to the results in pregnant women, even 
when reticulocyte numbers increased [167], again in striking contrast to what has been observed with 
iron supplementation [20, 127].

While folic acid is not biologically active, it is converted into dihydrofolate and then tetrahydrofo-
late (THF) by the dihydrofolate reductase (DHFR) enzyme. While mammalian cells do not synthesize 
folate de novo, relying instead on scavenging folate from dietary intake, the malaria parasite can both 
salvage from the host and synthesize it de novo. The inhibition of de novo synthesis alone is enough 
to kill the malaria parasite—this is the mode of action of SP. In vitro, it has been shown that supple-
menting with exogenous folic acid or folinic acid and THF decreases the activity of antifolate drugs 
against the parasite. Likewise, lower folate availability results in greater susceptibility of the parasite 
to antifolate drugs both in vitro and in vivo [168–176]. Clearly, folate derivative compound concentra-
tion plays a role in the activity of antifolate drugs [168]. In a meta-analysis of many in vivo studies, 
higher concentrations of folic acid impacted SP efficacy; however, at the WHO-recommended doses 
of 0.4 mg/day of folic acid supplementation in pregnancy, there is no evidence of a decrease in SP 
efficacy [177].

Taken together, as with iron, it is important to consider the complex interactions between host 
nutrition and nutritional supplementation, parasite metabolism, and chemoprophylactic treatment in 
such a way that the balance favors the health of the mother and child. Current WHO-recommended 
folic acid supplementation should not interfere with the activity of SP for IPTp during pregnancy, but 
this area should be carefully monitored. As discussed throughout the chapter, there is a multiplicity of 
host biological and nutritional factors that tie into the risk for infection. Understanding the population 
profile and implementing multifaceted approaches that synergize (rather than antagonize each other) 
are important considerations to building an effective and safe malaria prevention program for all.

 Impact of Nutritional Status on Efficacy on Antimalarial Treatment

A second active area of research is the impact of nutritional status on first-line antimalarial efficacy, 
currently with artemisinin-based combination therapies (ACT). There are few studies examining the 
clinical efficacy of artemisinin combination therapies—the current first-line treatment for malaria—in 
malnourished children (see Chap. 13) [162, 178–180]; as in general, vulnerable populations such as 
very young children and malnourished individuals are excluded from studies of antimalarial drug 
efficacy [181]. In a longitudinal study including over 2000 malaria episodes in a high-transmission 
setting, the authors found that both artemether lumefantrine and dihydroartemisinin piperaquine were 
efficacious antimalarial regimens for the treatment of P. falciparum malaria in children under 3 years 
of age, regardless of nutritional status [179]. Yet, in response to the paucity of studies examining the 
impact of malnutrition on ACT efficacy, the Worldwide Antimalarial Resistance Network has assem-
bled a study group, the ACT Malaria and Malnutrition Study Group, to specifically address this ques-
tion. As part of baseline data collection, the group has published a systematic literature review on the 
interactions between malaria and malnutrition. One of the existing knowledge gaps is in the lack of 
understanding of the pharmacodynamics and pharmacokinetics of ACTs in malnourished children 
[182]. The objectives of the study group are (1) to measure global malnutrition using anthropometric 
indicators (weight-for-age (WAZ), height-for-age (HAZ), and weight-for-height (WHZ)) and assess 
the impact on ACT efficacy for the treatment of uncomplicated malaria in children under 5 years of 
age, (2) to measure the impact of malnutrition on early parasitological response (first 3 days post ACT 

H. H. Kim et al.



313

treatment), and (3) to measure the impact of malnutrition on late parasitological response post ACT 
treatment. The results from this study group are highly anticipated and will provide much needed data 
to answer a key knowledge gap (Box 11.2) in the interaction between nutrition and malaria severity.

 Spread: The Role of Human and Mosquito Nutritional Status on Malaria 
Transmission

For the Plasmodium parasite to be transmitted, an ongoing infection within an infected human host 
must receive a cue to produce the sexual and transmissible form of the parasite — the gametocyte. In 
general, sexual conversion or gametocytogenesis is a strategy employed by the parasites in response 
to adverse conditions in the human host that allows them to be transmitted to another host before the 
infection is cleared or the host dies [183, 184]. This is referred to as a “terminal investment” [185]. 
There are many proposed triggers for gametocytogenesis including high parasitemia [186, 187], treat-
ment with antimalarial drugs that are not gametocytocidal [184, 188], low hematocrit [189, 190], 
lysophosphatidylcholine depletion [191, 192], and increased reticulocytosis [193, 194], to name a few 
of many [195]. An increase in sexual commitment makes intuitive sense when parasites encounter 
drugs; however, the situation is less straightforward in the case of reticulocyte production which can 
be beneficial to asexual parasites, thus a less obvious stress factor [185]. As discussed previously in 
the section outlining the relationship between malaria, anemia, and erythropoiesis, it is difficult to 
determine the temporal causality of how malaria parasites either take advantage of enhanced reticulo-
cyte production to promote asexual parasitemia and gametocyte conversion or induce increased 
reticulocytosis.

While we have considered the nutritional status of the human host in relation to malaria, that of the 
parasitic vector may also influence transmission of parasites. Many studies have already demonstrated 

Box 11.2 Key Knowledge Gaps to Address in Understanding the Interactions Between 
Nutrition and Malaria
 1. Standardizing definitions of malnutrition and establishing standardized metrics and bio-

markers common for both malaria and malnutrition are required for effective surveillance.
 2. Identifying the nutritional drivers of malaria susceptibility at the level of initial mosquito 

infection.
 3. Identifying the aspects of mosquito nutritional status that contribute to enhanced malaria 

transmission.
 4. Determining the precise interactions between host iron status, iron deficiency anemia, eryth-

ropoiesis, and malaria risk (susceptibility and severity).
 5. Determining whether iron deficiency and iron supplementation affect P. falciparum micro-

vascular adhesion or host endothelial cell activation.
 6. Determining the effect of nutritional deficiency and supplementation on P. falciparum game-

tocytogenesis and malaria transmission (spread).
 7. Determining the impact of malnutrition on antimalarial efficacy of ACTs, both early and late 

parasitological failure.
 8. Determining the impact of nutritional status on anti-Plasmodium immunity.
 9. Determining the impact of coinfections with malaria and other pathogens (helminths, 

viruses, bacteria) especially where both organisms modulate nutritional, immunological, and 
inflammatory responses with potential exacerbation of malaria severity.
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that the environment where larval mosquito development occurs affects adult traits such as size, biting 
behavior, and vector competency [196]. Food deprivation at larval stages can influence not only the 
speed of maturation and development of the mosquito [197] but also the development of the parasite 
within the mosquito resulting from resource deprivation. Studies are inconclusive about the direction-
ality between nutritional stress and the mosquito’s ability to acquire, maintain, and transmit patho-
gens. Some in  vitro studies observed that parasite survival in the mosquito can be influenced by 
nutritional and environmental stress during mosquitoes’ larval stages. Deprivation of food and 
resources, as well as increased temperature, decreases the activity of the mosquito’s innate immune 
response [198], by reducing the mosquito’s capability of melanizing (phagocytosis-like mechanism to 
sequester parasites) parasites [199], thus promoting parasite survival in infected mosquitoes.

The recent interest in the role of the gut microbiota in the ability of insect vectors to carry and 
transmit parasites has highlighted the potential to develop innovative vector control strategies by alter-
ing the vector’s gut microbiota to decrease transmission potential [200]. Insects, similar to humans, 
carry a diverse microbial flora that plays a physiological role in the mosquito’s diet and development 
and can also interact with the microbial pathogens they carry [201]. Microbes in the midgut play an 
important role in modulating vector physiology and immunology in relation to mosquito pathogens 
[202]. For example, higher loads of bacteria in the Anopheles mosquito digestive tract are associated 
with lower infection rates with Plasmodium [203]. Although the specific mechanisms of parasite- 
microbiota interactions are yet to be understood, it is suggested that there is a bacteria-mediated anti- 
parasitic effect of the mosquito’s innate immune response [204, 205]. Some Enterobacter bacteria 
isolated from the guts of wild mosquito populations in Zambia were found to render the mosquito 
99% resistant to P. falciparum infection [206]. In the laboratory, both larval diet and the microbiota of 
the adult mosquitoes have been shown to influence permissiveness of adult mosquitoes to Plasmodium 
[207]. It might be important to consider how these interactions play out in natural populations, as the 
nutritional status of the mosquito may prove to be important to the transmission of malaria. 
Interventions that modulate the diet and resulting microbiota of the mosquito may be an innovative 
way to disrupt the malaria life cycle. Also, if climate change alters mosquito diets, this may have 
impacts on transmission in the future (see Chap. 15) [208].

 Challenges and Opportunities for Integrated Public Health Interventions

 Challenges

While the goal of this chapter was to explore interactions between nutritional status and malaria sus-
ceptibility, severity, and transmission, it is clear that the interactions are far from clearly defined and 
certainly not unidirectional. Establishing the direction of associations and influence is challenging, 
and often it is difficult to assign cause or effect (or both). A systems biology approach that considers 
all the components in the whole biological system is needed. This approach includes considering the 
human host the malaria parasite, the mosquito vector, and the external environment to explore how 
nutritional status influences malaria risk (Fig. 11.1). Further, the magnitude of these interactions may 
differ between different geographical sites and populations based on their specific genetic profile, 
coexisting infections, and sociocultural factors, and there may be hidden combinatorial effects not yet 
explored. The complex heterogeneous human life cycle makes it difficult to approach this problem 
from a single angle, as vulnerable populations including pregnant women, children, and aging adults 
all present different risk factors that interact differently with malaria infection and/or malnutrition. 
Heterogeneous and non-standardized biomarkers are being used in research studies involving both 
malaria and malnutrition, and thus, a more careful definition of appropriate and measurable 
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biomarkers would be required. As there are a multitude of variables to consider, efforts should be 
made to identify and understand the interaction among these factors. The Biomarkers Reflecting 
Inflammation and Nutritional Determinants of Anemia is seeking to identify the best biomarkers of 
nutritional status in the context of inflammation and infection, as one approach to address this ques-
tion [209, 210]. As a large portion of malaria infections and nutrient deficiencies are asymptomatic, 
there are obvious limitations in understanding potentially important interactions in asymptomatic 
individuals. Active and regular surveillance may be required to capture the bulk of those affected by 
both conditions. Envisioning comprehensive, multifaceted interventions is difficult, but opportunities 
remain to integrate both surveillance and interventions for malaria and malnutrition.

 Opportunities

Because of the clear interactions between malnutrition and malaria, from a public health standpoint, 
it would be ideal to identify and address them together. One opportunity for synergy is in surveillance. 
As children and women of childbearing age are at the highest risk for both nutritional deficiencies and 
malaria, simultaneous surveillance would provide public health practitioners with the information 
needed to make decisions regarding the appropriate interventions. Current serological tests for malaria 
biomarkers such as P. falciparum histidine-rich protein 2 (PfHRP2) may be inadequate to detect low- 
intensity infections or infections harboring PfHRP2 deletions that would not be identified by the 
serologic PfHRP2 test [211–213]. Recently, tools have been developed to allow for simultaneous and 
multiplexed serological surveillance of biomarkers for iron deficiency, iodine deficiency, vitamin A 
deficiency, as well as markers of systemic inflammation (which can confuse and confound micronutri-
ent biomarker results), and malaria infection (current or recent) [214]. While there are limitations to 
this multiplex system, most notably the reliance on PfRHRP2 as the sole marker of P. falciparum 
malaria, it represents an improved approach to simultaneous measurement of biomarkers for each 
disease state. Further, it offers a platform which could be modified and improved to address other 
malaria species and other genetic targets. Such a field-deployable, multiplex approach presents the 
opportunity for integrated surveillance of micronutrient levels, inflammation, and malaria infection in 
both cross-sectional and longitudinal studies of target populations in endemic countries. Not only 
would this provide early warning signs of either micronutrient deficiencies or asymptomatic malaria 
infection, but also it would provide data sets of extreme value for improving our understanding of 
interactions between malaria and malnutrition.

Next is the opportunity to design interventions that address malnutrition and malaria concurrently. 
As discussed previously, supplementation of iron or folate may have unintended consequences of 
increasing malaria risk in Plasmodium-endemic areas. The current WHO guidelines emphasize that 
iron supplementation should be given to pregnant women in these malaria-endemic areas together 
with malaria prevention and treatment services. Supplementations of other micronutrients, while not 
discussed in this chapter, have shown mixed results depending on the study site and population, and 
their safety and usefulness are still being discussed. With appropriate surveillance methods and regu-
lar monitoring of at-risk populations, appropriate preventative measures can be designed, and 
 treatments can be delivered. For children, school or community health center-based interventions 
aimed at reducing malnutrition or malaria could be effectively targeted together, and health workers 
trained to educate and intervene for one condition could use the opportunity to target both. Such an 
approach would require coordination between existing governmental and nongovernmental programs 
to deliver information, nutritional supplements, medications, and prevention tools synergistically. 
Pregnancy represents another opportunity for addressing both optimal maternal nutrition and malaria 
prevention. Prenatal care and visits could and should be used as opportunities to monitor and inter-
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vene in the overall health of the pregnant mother, including nutritional status and malaria 
prevention.

 The Way Forward: Addressing Key Knowledge Gaps and Integrating 
Interventions

To truly make headway in understanding the impact of nutritional status on malaria susceptibility, 
severity, and spread, a number of key knowledge gaps must be systematically addressed (Box 11.2). 
Consideration of these gaps provides an opportunity to unravel, in a systematic manner, the complex 
interactions between nutritional status and malaria susceptibility, severity, and spread.

The WHO recently published a compendium that updated and catalogued its policy recommenda-
tions regarding the prevention, diagnosis, treatment, surveillance, and elimination of malaria [215], 
with a summarized toolkit aimed to guide its global partners. Within a broader context of the Global 
Technical Strategy for Malaria 2016–2030 [216], the WHO calls for malaria surveillance as a core 
intervention to eliminate malaria. While these guidelines generally focus on the issue of malaria only, 
it might be effective for future policies to consider the broader framework of malaria and nutrition 
when designing interventions or surveillance strategies, as many areas of the world are endemic to 
both. A more integrative and holistic approach, using collaborative approaches with experts from vari-
ous fields, will be necessary to realize the goals of eliminating malaria. From a nutritional point of 
view, scientific organizations such as BRINDA (Biomarkers Reflecting Inflammation and Nutritional 
Determinants of Anemia) aim to examine relationships between inflammation and nutrition biomark-
ers and identify key factors associated with anemia [217].

In light of the Sustainable Development Goals set by the United Nations in 2015, the world aims 
to achieve specific benchmarks by the year 2030, among which are elimination of hunger and poverty 
and promotion of good health and well-being, under the umbrella of global, multilateral partnership 
[218]. Much evidence points to the fact that there is significant overlap between malaria and nutrition, 
and there are potential avenues of reducing the burden of both conditions through research, surveil-
lance, diagnosis, and treatment. The UN acknowledges that a more integrative and holistic approach 
is necessary to successfully make the sustainable development goals a reality. In this way, perhaps 
more success will be seen if we work with a holistic framework that encompasses facets of both 
malaria and malnutrition, with collaborative approaches that can address multitudes of issues 
simultaneously.
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 Introduction

The interactions between soil-transmitted helminths (STHs) and nutrition have been described as a 
negative spiral whereby infection may contribute to malnutrition but malnutrition may increase infec-
tion [1, 2]. Despite the likely bidirectional nature of this relationship, the common perception is that 
STH infections are a cause of malnutrition. Less appreciated is the likelihood that STH infections may 
be affected by host nutritional status. This chapter explores evidence that diet and nutritional status 
influence STH infections using the conceptual framework provided in Chap. 1 [3] as a guide. An 
overview of evidence for the inverse that STH infection leads to malnutrition is also included.

The basic biology of those STH infections considered in this chapter has been reviewed in Chap. 7 
[4] (Table 12.1). All are directly transmitted nematodes that infect a single host. Eggs released in the 
feces develop into infective stages (embryonated eggs or third-stage larvae) that either are ingested or 
penetrate the host skin. Within the host, some nematodes live exclusively in the intestinal lumen, some 
have direct physical contact with the gut epithelium, and some have an extensive extraintestinal tissue 
migration phase through the lungs. Strongyloides is unique in that it has an autoinfection cycle. For 

Key Points
• Food- and agriculture-related risks for exposure to soil-transmitted helminth (STH) infec-

tions can be minimized by agricultural interventions and health education, but increasing 
water scarcity may increase use of wastewater for irrigation and the risk of STH exposure.

• Nutritional status may alter chemical cues that STH larvae use to locate a host and to cross 
tissue barriers en route to their preferred site in the gastrointestinal tract. Release of a host 
protein that blocks worm feeding is lowered by high-protein and high-carbohydrate diets. 
Several deficiencies benefit STH development, survival, and egg production, whereas energy 
restriction and vitamin D deficiency may reduce STH egg production.

• The Th2 response needed for expulsion of STH infections is impaired by protein, energy, 
zinc, and selenium deficiencies, and energy and zinc deficiencies also blunt the pro-inflam-
matory Th1 response. However, protein deficiency increases pro- inflammatory responses in 
STH-infected rodents.

• STH infections alter host nutritional status by modulating molecular signaling of appetite 
and taste receptors and by reducing absorption of macronutrients, β-carotene, and iron, with 
consequences for growth.

• Low host iron increases pathology associated with hookworm infection, but evidence of 
other impacts of malnutrition on STH-induced disease severity is limited. On the other hand, 
STH infections may have beneficial effects. They reduce pathology associated with chronic 
nutritional diseases including obesity, diabetes, and inflammatory bowel diseases. Also, pos-
itive intergenerational benefits include altered pup stomach microbiome with upregulated 
nutrient biosynthesis pathways, and upregulated expression of pathways needed for synapto-
genesis, cognition, and memory in the pup brain.

• There is limited evidence that deworming improves nutritional status, that supplementation 
reduces STH infection, or that combined interventions are more effective. Benefits are more 
likely to be detectable if standardized metrics are recorded; if study designs incorporate criti-
cal aspects of the STH biology; if a broader set of variables that captures the complex inter-
actions among co-existing infections, co-existing nutrient deficiencies, and the host 
microbiome is incorporated in epidemiological studies; and if evidence from observational 
studies and lab experiments is considered.
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conciseness, each nematode will be referred to by genus only, unless clarification of the species is 
necessary. Hookworm genera will be mentioned only if identified in the study.

STHs are distinct in several important ways from viral, bacterial, and protozoan pathogens. First, 
the number of individual worms cannot increase within the host in the absence of ongoing transmis-
sion, as each adult worm results from a single transmission event. Therefore exposure and transmis-
sion are ongoing processes leading to an accumulation of worms in the host. This generates an 
aggregated distribution within the host population where a small proportion of hosts have a dispropor-
tionately high number of worms and most hosts are lightly infected. Second, the severity of disease is 
normally a function of the number of worms in a host which in turn is a function of the rate of trans-
mission. Third, the T helper (Th) 2 response against STHs induces partial immunity of relatively short 

Table 12.1 Comparison of key life cycle features of soil-transmitted helminths of humans, livestock, dogs, and rodents 
referred to in this chapter

Parasite
Normal 
host

Infective 
stagea

Mode of 
transmission

Extraintestinal 
tissue migration Intestinal niche

Ascaris lumbricoides Humans Egg with 
L2

Ingestion Via lungs Small intestine, lumen

Trichuris trichiura Humans Egg Ingestion None Large intestine, embedded 
in epithelium

Necator americanus Humans L3 Skin penetration Via lungs Small intestine, lumen
Ancylostoma duodenale Humans L3 Skin 

penetration; 
ingestion

Via lungs Small intestine, lumen

Strongyloides 
stercoralis

Humans, 
rats

L3 Skin 
penetration; also 
autoinfection

Via lungs Small intestine, submucosa; 
females reproduce 
parthenogenetically

Enterobius vermicularis 
(pinworms)

Humans Egg Ingestion None Small and large intestine; 
females attach to mucosa

Ascaris suum Pigs Egg with 
L2

Ingestion Via lungs Small intestine, lumen

Trichuris suis Pigs Egg Ingestion None Large intestine, embedded 
in epithelium

Haemonchus contortus Sheep and 
goats

L3 Ingestion None Abomasum submucosa 
and then lumen

Teladorsagia 
circumcincta 
(=Ostertagia 
circumcincta)

Sheep, 
goats

L3 Ingestion None Gastric glands, then 
abomasum

Oesophagostomum 
bifurcum

Goats, 
pigs

L3 Ingestion None Small or large intestine, 
submucosa and then large 
intestine, lumen

Cooperia oncophora Cattle L3 Ingestion None Small intestine
Toxocara canis Dogs Egg with 

L2

Ingestion Via lungs Small intestine

Ascaridia galli Chickens Egg Ingestion None Small intestine submucosa 
and then lumen

Nippostrongylus 
brasiliensis

Rats and 
mice

L3 Skin penetration Via lungs Small intestine, lumen

Heligmosomoides 
bakeri (=H. polygyrus)

Mice L3 Ingestion None Small intestine, sub- 
mucosa and then lumen

Trichuris muris Mice Egg Ingestion None Cecum and large intestine, 
epithelium

aL2, second stage larva within egg; L3, infective third-stage larva
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duration. Fourth, following drug treatment, re-infection occurs rapidly in areas where infection is 
endemic. These distinctive features underlie many of the relationships between nutrition and STH 
infection and also account for the experimental approaches used to explore nutrition-infection interac-
tions in livestock and rodent models (Table 12.2).

 Agriculture, Diet, and Nutrient Deficiencies Influence Exposure to STH 
Eggs and Larvae

Without exposure, STH transmission to the host cannot occur. This section considers how diet and 
nutritional status may alter the exposure of hosts to STH eggs and larvae.

 Crop Production and Livestock Practices That Increase Risk of Transmission

Irrigation Among agricultural practices, irrigation is increasingly needed, especially because of the 
increased frequency and severity of droughts (see Chap. 15, [5]). Well-irrigated soils promote survival 
of hookworm larvae, and irrigation with wastewater is likely to distribute STH eggs and larvae onto 
agricultural fields. In Ghana, exposure to irrigation water increased the odds of Ascaris and hook-
worm infection by threefold, but only during the wet season [6]. This seasonal response makes sense 
as free-living hookworm larvae are susceptible to dessication, whereas Ascaris eggs accumulate over 
time in irrigated soils. In contrast, a cross-sectional survey of Vietnamese farmers working in rice 
paddies revealed a lower prevalence of Ascaris and Trichuris if wastewater rather than river water was 
used for irrigation, even though wastewater had a higher concentration of eggs [7]. The authors attrib-
uted the unexpected lower prevalence of STHs to better overall wellbeing (child weight-for-age and 
household socioeconomic status) that compensated for increased exposure to STH eggs in rice pad-
dies irrigated with wastewater.

Fertilizers Farmers who use human feces as a fertilizer benefit from improved soil nutrients and crop 
production and from reduced cost. However, a meta-analysis revealed a 24% increased risk of becom-
ing infected with STHs in those who applied fresh human feces to their rice paddies [8]. In rural 
Panama, the risk of infection among preschool children with Ascaris and hookworm was higher in 
children who accompanied their caregivers to distant agricultural plots, presumably because open 
defecation at the plots increased risk of exposure to STH eggs and larvae where children played [9]. 
Yet caregivers may not be aware of this risk.

Table 12.2 Commonly used experimental infection protocols

Protocol Description Benefit

Primary 
infection

First exposure of previously uninfected host (naïve host) 
to a single dose of infective eggs or larvae

Parasite establishment, growth, and 
development are synchronous; useful for 
relating immune response to specific time 
points during a first infection

Trickle 
infection

Controlled exposure of initially uninfected host to 
repeated doses of infective eggs or larvae

Simulates the normal, ongoing exposure to 
infective stages in the environment in a 
controlled manner

Challenge 
infection

Second exposure of host that has already received a 
primary infection to infective eggs or larvae. For 
Heligmosomoides, this is usually done after drug 
treatment to terminate the primary infection

Beneficial for distinguishing components 
of the adaptive immune response
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Livestock Raising livestock can put farming communities at risk of STH infection. For example, in 
Maine, USA, pig farmers were infected with the pig ascarid, Ascaris suum [10], and molecular epide-
miological studies have demonstrated occasional human infection with A. suum in developing coun-
tries where infections in pigs are common [11]. Another pig parasite, Trichuris suis, is also able to 
establish patent infections in humans. Evidence of genetic mixing of human and pig Trichuris was 
found in Ecuador [12], and in Uganda it was suggested that cross transmission between pigs and 
humans occurs [13]. Pigs may also serve as a transport host for hookworms as some hookworm eggs 
are able to survive passage through the pig gut [14]. In Ghana, hookworm prevalence (predominantly 
Necator) was higher in households that owned a pig [15]. If pigs defecate hookworm eggs after they 
have eaten human feces, eggs may be more widely dispersed in the environment leading to increased 
exposure of children to infective hookworm larvae. Therefore, the risk of human infection associated 
with raising pigs should not be ignored.

 Fruit and Vegetables as a Source of STH Infection

Many surveys report that unwashed fruits and vegetables are contaminated with STH eggs and larvae 
and that washing reduces the likelihood of infection [16]. In southern Thailand, 35% of vegetable 
samples were contaminated, most commonly with infective nematode larvae [17]. In Ethiopia, Ascaris 
eggs were the most common pathogen on the 54% of produce from local markets that was contami-
nated [18], and pregnant women were at higher risk of STH infection (predominately hookworm and 
Ascaris) if they regularly consumed raw or unwashed fruit and vegetables [19]. In Thailand, celery 
was the most frequently contaminated, perhaps because the structure of celery stalks makes them dif-
ficult to clean [17]. An Iranian study showed that leafy vegetables were more likely to be contami-
nated than root vegetables and that the odds of finding STHs on unwashed vegetables were higher 
compared with washed vegetables [20]. The importance of leafy greens as a source of STH infection 
is consistent with leafy greens being a priority concern for microbial safety [21].

Many nutrition interventions in impoverished settings encourage diets that incorporate homegrown 
or wild fruits and vegetables such as dark green leafy vegetables that are rich in micronutrients includ-
ing vitamin A and iron. For example, after finding that female Tanzanian small-scale farmers who 
consumed more dark green leafy vegetables had higher serum retinol and total body iron stores, a 
diversified agriculture intervention was established that promoted nutrient-sensitive production, 
growth of dark leafy greens in pocket gardens, and nutritional education [22]. However, achieving 
nutritional benefits from fruits and vegetables while ensuring that they are not a source of STH trans-
mission requires integrated approaches [16].

Improved water sources are beneficial in reducing transmission of Ascaris and Trichuris, and 
improved sanitation reduces transmission of hookworm and Strongyloides [23], but training in 
appropriate methods for washing fruit and vegetables is also needed. This is especially important 
for Ascaris because the eggs are very sticky and resistant to chemicals; soaking vegetables in vin-
egar for 30 minutes was insufficient to kill Ascaris eggs [24]. Use of preventative measures by those 
who package, transport, store, and sell fresh produce [17] helps to reduce contamination during 
handling. Interventions also need to consider local perceptions. For example, pregnant women in an 
urban setting in Ethiopia believe that eating dark green leafy vegetables is a potential source of 
infection for both the fetus and the mother, and therefore they avoid this food during pregnancy 
[25], a decision that may reduce risk of STH infection but also may contribute to anemia. If trained 
to wash produce properly, these women might be convinced to consume these nutrient-rich vegeta-
bles. Thus, efforts to reduce open defecation and use of contaminated water for irrigation, and to 
provide potable water, need to be combined with training in procedures for handling and washing 
fruits and vegetables [16].
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 Geophagia Increases Risk of STH Transmission

Direct ingestion of soil is a potential risk factor for transmission of Ascaris and Trichuris eggs, as both 
infections occur when eggs are ingested. Evidence of an association is quite strong for Ascaris but less 
so for Trichuris. Ascaris infection was associated with geophagia in HIV-infected pregnant women in 
Tanzania [26]. Ascaris was also more common in pregnant and lactating women in western Kenya 
[27] and school children from KwaZulu-Natal in South Africa [28] if they ingested termite mound 
soil, but not other forms of soil. Geophagia was also associated with Ascaris but not Trichuris re- 
infection in Kenyan school children where the relative risk of Ascaris re-infection was higher for 
children who ingested soil compared to those who did not [29]. A more recent study identified geoph-
agy as a risk behavior directly associated with Ascaris, hookworm, Trichuris, and to a lesser extent 
Strongyloides infection in pregnant women [30].

Yet not all studies have found a relationship between geophagia and STH transmission [31], and 
the direction of a causal relationship is not clear [32]. This may be because most studies consider pica 
(ingestion of unusual items such as chalk, ice or ashes as well as soil) rather than geophagia specifi-
cally. Also the stigma associated with geophagia may impede collection of accurate information.

Although the underlying causes of geophagia have yet to be established, micronutrient deficiencies 
have been suggested as one factor contributing to this craving for soil [33]. Among Hispanic women 
in the United States, the likelihood of geophagia was inversely related to hemoglobin concentration 
[34], and geophagia increased the risk of anemia in a longitudinal study in Tanzania [26]. Further 
information is needed on the risks of geophagia, not only from exposure to STHs but also from expo-
sure to heavy metals and to chelating agents that may interfere with micronutrient absorption [26, 32].

 Low Dietary Intake and Poor Appetite Reduce Risk of STH Infection

Two recent studies have shown that STH prevalence is higher in children whose dietary intakes are 
below recommendation, likely indicating that lower dietary intake reduces nutritional status and hence 
increases the likelihood of infection. Above-average intake of animal source foods reduced the odds 
of Necator infection in Ghanaian school children [15]. In school-age children from the Philippines, 
Trichuris prevalence was higher when estimated intakes of energy, iron, thiamine, and riboflavin were 
below recommendation, and hookworm prevalence was higher in those who did not meet the recom-
mended caloric intake [35].

Many nutritional deficiencies are associated with reduced appetite, and there is clear evidence that 
improved nutritional status increases appetite. Chao and colleagues [36] demonstrated that zinc sup-
plementation (10 mg/day for 12–24 weeks) improved appetite, especially in children with the lowest 
serum zinc concentrations at the beginning of the study. Similarly, iron-deficient children responded 
to iron supplementation with increased concentrations of ghrelin and lower leptin, both of which 
indicate improved appetite [37].

Children with a poor appetite may have a reduced likelihood of ingesting eggs of STHs on fruit and 
vegetables, and when the reduced appetite also reduces outdoor activity, exposure to STH larvae may 
be further reduced. Heitman and colleagues [38] explored the impact of dietary energy restriction on 
natural transmission of the mouse nematode, Heligmosomoides, in small cages where infective larvae 
were dispersed over the damp peat bedding. Energy restriction reduced grooming and the frequency 
with which mice dug in the peat, thus reducing contact with infective larvae and subsequent transmis-
sion. On the other hand, sheep normally avoid feeding near feces, and this evolved behavior reduces 
the risk of fecal-oral transmission. However, this advantageous behavior was lost when sheep were 
nutritionally deprived, as hungry “nutritionally motivated” sheep were more likely to feed near feces 
than “well-nourished” sheep [39], with potential implications for increased transmission of STHs.
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 Take-Home Messages (Box 12.1)

 Nutritional Status Alters STH Establishment and Passage Across Host 
Tissue Barriers

STHs, depending on the species, must pass one or more barriers in order to establish an infection (see 
Chap. 7 [4]). Following ingestion of eggs, Ascaris larvae cross the intestinal epithelium to begin their 
tissue migration to the lungs before returning as adult worms to the intestine. Trichuris eggs hatch in 
the lumen of the colon, and adults burrow into the intestinal mucosa. Haemonchus and Heligmosomoides 
larvae are ingested but have an obligate development phase in the gastrointestinal mucosa. In contrast, 
larvae of human hookworms, Strongyloides, and Nippostrongylus penetrate the skin barrier and then 
move through the vascular system to the lower respiratory tract where they cross into the alveolar 
spaces. Although the skin, lung, and gastrointestinal mucosal membranes are known as important bar-
riers to microbial invasions [40, 41], their role as barriers to STH infections is less appreciated, and 
the impact of nutritional deficiencies on this barrier function has not been widely explored.

 The Skin Barrier

Infective STH larvae that penetrate skin use a variety of sensory signals to find their host includ-
ing chemicals, odors, and temperature (see review [42]). In vitro assays have shown that the 
percentage of hookworm larvae displaying penetration activity was higher when the larvae were 
exposed to saturated carbon (C)12-C16 fatty acids (lauric, myristic, and palmitic acids) from skin 
extracts [43] and both hookworms and Strongyloides respond to serum components including 
sodium chloride [42].

Strongyloides infective larvae are attracted to urocanic acid [44]. Following enzymatic conversion 
of histamine in metabolically inactive skin cells, urocanic acid accumulates in the epidermis until it is 
released in sweat or with skin cells that are sloughed off over the period of a month [45]. Protein- 
deficient mice were found to have elevated levels of urocanic acid in their skin [46], raising the 
intriguing possibility that Strongyloides larvae may be more attracted to individuals that are protein 
deficient. Furthermore, as urocanic acid has also been shown to reduce immediate-type hypersensitiv-
ity [47], its higher concentration in skin of protein-deficient individuals may minimize the host 
response to the penetrating larvae.

Box 12.1 Exposure: Take-Home Messages
• Eating unwashed fruits and vegetables increases the risk of exposure particularly to Ascaris 

eggs and especially in regions where wastewater is used for irrigation or human feces is used 
for fertilizer.

• Although pigs are an important source of animal protein, they are also a source of zoonotic 
infection with STHs. Deworming especially of free-range pigs can reduce the risk to farmers 
and their families.

• Ingestion of soil and playing in agricultural areas where open defecation occurs increases 
risk of Ascaris transmission.

• Agricultural interventions and health education can effectively address these risks, although 
the increasing water scarcity associated with global climate change may lead farmers to 
increase their use of wastewater for irrigation, increasing the risk of STH infection.
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Vitamins and minerals also affect skin health and function [48, 49] (see also Chap. 3 [50]. Vitamin 
A carotenoids have a role as antioxidants, whereas retinoids inhibit matrix-degrading enzymes in epi-
dermal keratinocytes and dermal fibroblasts [48, 49]. Vitamin A deficiency is associated with delayed 
wound healing [51]. Adequate intakes of vitamin C have been associated with collagen formation, 
increased skin moisture content, and epidermal hydration status, all that are important for skin barrier 
function [49], and Vitamin C deficiency decreases mature collagen formation [52] and increases focal 
skin bleeding [53]. Vitamin D is synthesized in skin epithelial cells and is associated with stimulation 
of antimicrobial host defense pathways and wound healing [54–56]. Vitamin E downregulates oxida-
tive damage induced by ultraviolet A irradiation of keratinocytes [57]. Zinc, copper, and selenium also 
help in protecting the skin from oxidative damage [49]. Thus, given the importance of vitamins and 
minerals for skin integrity and moisture, wound healing, repair of antioxidant damage, and antimicro-
bial defense, it is possible that micronutrient deficiencies may play an unrecognized role in altering 
penetration of the skin by STH larvae, but we were unable to find any studies that explored this.

 The Lung

The lung architecture provides an important barrier to potentially invasive pathogens [58]. Passage 
through the lung is an important part of life cycle for Ascaris, hookworms, and Strongyloides [59], as 
well as Nippostrongylus. Following a primary infection of mice with Nippostrongylus, resistin-like 
protein (RELM)α was evident in interstitial macrophages but not alveolar macrophages. The down-
regulation of pro-inflammatory processes linked to RELMα-reduced lung damage [60] was consistent 
with the finding that RELMα exerts beneficial effects both on Nippostrongylus by minimizing immune 
attack of larvae as they move through the lungs and on the host because of less lung pathology [61]. 
Deficiencies of several nutrients including n-3 long-chain polyunsaturated fatty acid, vitamins A, D, 
and E and their metabolites, and selenium and zinc impair lung maturation, maintenance of the pul-
monary epithelial lining, and normal lung physiology (see reviews [62, 63]). However, the impact of 
nutrient deficiencies on movement of nematode larvae into the alveolar spaces has not been explored.

 The Stomach

STH eggs and larvae must successfully resist digestion by salivary amylase, pepsin, and hydrochloric 
acid during the interval between being swallowed and reaching the small intestine. If host nutritional 
status alters the concentrations of gastric acid or digestive enzymes, survival of infective eggs or 
migrating larvae might be reduced. Although there are occasional reports of Strongyloides causing 
gastric lesions in immunocompromised hosts [64], and impaired gastric acidity and acid-inhibiting 
treatments may increase pathology associated with Strongyloides in patients [65, 66], there is no epi-
demiological evidence that presence of stomach ulcers is associated with higher prevalence of any of 
the STH infections.

 The Intestinal Mucosa

Recent reviews have explored the relationship of intestinal barrier function with STH infections [67] 
and with intestinal immunity (Chap. 3 [50, 68]). To cross the mucosa, nematode larvae must overcome 
host mucus production, ion secretion that promotes water efflux and peristalsis, the physical barrier 
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associated with tight junctions and paracellular and transcellular pathways, as well as the multifaceted 
mucosal immune system that includes immunoglobulin (Ig)A, antimicrobial peptides, and cytokines 
[67]. Specialized chemosensory epithelial cells detect the invading parasites and release cytokine 
signals that are transmitted to cells of the innate immune system in the lamina propria that elicit a 
predominantly Th2 acquired immune response characterized by eosinophils, mast cells, and alterna-
tively activated M2 macrophages. This generalized Th2 response is responsible for several biological 
processes that disrupt the parasite niche by strengthening the physical barrier of the intestine and 
promoting tissue repair [68].

Most of our understanding of the impact of specific nutrients on the intestinal barrier function has 
come from studies done in the absence of STH infections or during intestinal inflammation. From this 
research, roles for vitamin A [69, 70], vitamin D [71–74], zinc [75], and selenium [76] have been 
reported. Evidence is emerging that supplementation with specific amino acids, short-chain fatty 
acids produced by microbiota from undigested polysaccharides, and possibly vitamins A, D3, and C 
as well as zinc may promote mucosal healing, restoration of tissue structure, and epithelial barrier 
function following inflammation [77]. Given the importance of the goblet cells in producing mucus, 
it is of note that protein deficiency did not alter the number of goblet cells either in the proximal or 
distal duodenum during a challenge infection of mice with Heligmosomoides [78].

RELMs contribute to the intestinal barrier function and play an important role in STH infections 
through regulation of intestinal glucose metabolism and mucus production [68, 79]. Initially identi-
fied as a protein secreted by adipocytes that inhibits insulin action and adipose cell differentiation, 
three homologous RELMs have been identified (RELMα, RELMβ, and RELMγ), and the latter two 
are secreted mainly by the gut. In uninfected mice, colonic expression of RELMβ mRNA was mark-
edly reduced by high-protein and high-carbohydrate diets [80]. Furthermore, in vitro exposure to a 
saturated fatty acid (stearic acid), insulin, and TNFα, but not polyunsaturated fatty acids (linoleic acid 
and oleic acid), increased RELMβ expression in colonic cancer cells, but exposure to glucose down-
regulated RELMβ expression [80], demonstrating that RELMβ expression was directly influenced by 
nutrients and hormones [80]. Whether this component of the intestinal barrier plays a role in move-
ment of larvae across the mucosa is not known, although RELMβ is necessary for expulsion of adult 
Heligmosomoides from mice [81].

More recently, researchers have proposed that intestinal eosinophilia itself may be a prehepatic 
barrier that interferes with movement of STH larvae from the gut lumen to the liver [82, 83]. 
Eosinophils are involved in several protective responses in the intestine including (1) smooth muscle 
contraction and increased intestinal motility, (2) stimulation of mucins and immunoglobulin (Ig)
A-driven retention of mucus, (3) provision of pro-resolution lipid mediators which inhibit granulocyte 
infiltration and enhance antigen clearance and prevent bacterial translocation, (4) intestinal uptake 
and glucose metabolism, (5) differentiation of regulatory T cells (Tregs) and inhibition of Th17 induc-
tion which limits intestinal mucosal inflammation, and (6) production of lipid mediators that reduce 
intestinal pathology and prevent neutrophil infiltration [83]. Lab studies have shown that the eosino-
phil response associated with intestinal barrier function is more sensitive to protein deficiency during 
adaptive immunity. Mucosal eosinophilia was reduced by protein deficiency in mice challenged with 
Heligmosomoides but not during a primary infection [84, 85], and high-protein diets increased muco-
sal eosinophilia in lactating rats that had received a challenge infection with Nippostrongylus [86].

 The Intestinal Microbiome

The complexity of STH-microbiome interactions is beginning to be explored. Successful estab-
lishment of Trichuris in the large intestine of mice was shown to be dependent on microflora as 
egg hatching required attachment of bacteria including Salmonella typhimurium, Escherichia coli, 
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Pseudomonas aeruginosa, and Staphylococcus aureus to the egg operculum [87]. In contrast, 
in vitro hatching of Trichuris suis from pigs was not affected by presence of E. coli or several other 
bacteria [88]. Interestingly, there is evidence that STHs have their own microbiome, as 
Heligmosomoides infective larvae were shown to bring an entirely distinctive microbiome to the 
mouse host, but by the time they had developed into adults, their microbiome paralleled that of 
their host [89].

STH infection can alter the gut microbiome (see review [90]) often distal to the location of 
the worms and perhaps as a function of the immunomodulatory effect of STHs. Chronic infec-
tion of mice with Trichuris increased the relative abundance of Lactobacillus [91], and the 
reduced diversity and abundance of Prevotella and Parabacteroides (phylum Bacteroidetes) was 
no longer evident 50 days after mebendazole treatment [92]. Heligmosomoides infection of 
mice increased the relative abundance of Lactobacillaceae in the ileum [89] and of Gammapro
teobacteria/Enterobacteriaceae in the colon [93]. Heligmosomoides infection of lactating mice 
also led to dysbiosis of the stomach microbiome of the neonates on days 2 and 7 [94]. 
Furthermore, as explored in more detail in section “STHs Alter Gut Microbiome with 
Implications for Nutritional Status,” STH-induced dysbiosis has been shown to alter microbial 
metabolic pathways [94–96].

When these recent findings are superimposed on the growing understanding of the complex diet- 
microbiome- nutrient interactions (see review [97]), the impact of STH-microbiome-nutrient interac-
tions on gut barrier function is unlikely to be fully understood for some time.

 Site Selection in the Intestine

A final step in the migration of STHs through the body is their establishment in a preferred site in the 
gastrointestinal tract [98]. In Heligmosomoides infections, bile acids aid establishment of infective 
larvae, whereas gastric juices are used as a signal for intestinal site selection of adult worms. When 
entry of bile into the mouse intestine was surgically reduced, larval establishment was lower [99], and 
the distribution of adult worms along the intestine shifted in parallel with surgical changes in location 
of the entry of stomach contents into the intestine [100]. These findings are consistent with the normal 
location of adults in the upper duodenum but larval penetration more distally.

 Other Barriers

Interestingly, there is evidence in endemic areas of northern India and in some parts of China that 
vertical transmission of Ancylostoma larvae to infants may occur through lactogenic transmission 
during breastfeeding [101], but in utero exposure has not been reported. As antibodies can cross the 
placenta, the observation that young children of mothers infected with Ascaris and Trichuris were at 
increased risk of postnatal infection with these nematodes raises the possibility that maternal transfer 
of antiparasite antibodies may induce tolerance not protection [102]. Chronic inflammation of the 
placenta is accompanied by eosinophilia [103] which is intriguing, given that Heligmosomoides infec-
tion in pregnant mice increased placental mass [104]. STH infections may contribute to eosinophilia 
and chronic inflammation of this important barrier.
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 Take-Home Messages (Box 12.2)

 Host Nutrition Affects STH Feeding and Reproduction

Adult STHs live in the gastrointestinal tract where they acquire the nutrients needed to survive and 
reproduce. However, if nutrients are unavailable or uptake is prevented, this will have a negative 
impact on their ability to survive and reproduce.

 Nutrient Absorption and Feeding

Nematodes acquire nutrients by ingestion or by transport across their cuticle. Using Heligmosomoides, 
it was shown that the RELMβ secreted from intestinal goblet cells interfered with worm feeding, 
contributing to reduced egg production and a shorter life span in the mouse host [81]. Furthermore, 
RELMβ was shown to bind to chemosensory organs on Trichuris muris and Strongyloides and inhibit 
chemotaxis [105] indicating that goblet cell secretion interferes with the ability of the nematode to 
find, attach to, and feed on gut epithelial cells. As noted earlier, diets high in protein or fat reduce 
RELMβ expression [80].

Most research on nutrient uptake was conducted in the 1970s and 1980s using Ascaris suum from 
pigs. The requirement for exogenous pyruvate, amino acids, and vitamins was demonstrated by 
improved in vitro growth, development, and survival when these elements were included in culture 
media [106]. Furthermore, it was demonstrated that vitamin B12 was absorbed across the worm intes-
tine and that maximal absorption occurred at pH 6.4 [107], a pH similar to the proximal small intes-
tine [108] where adult Ascaris live. In contrast to vitamin B12, cholesterol is absorbed across the 
cuticle [109]. Cholesterol is the major sterol in Ascaris and other nematodes, and in vitro survival of 
larval Ascaris suum was markedly enhanced by inclusion of cholesterol in culture media [106] since 
de novo synthesis of cholesterol by nematodes is not possible [106, 110].

In addition to cholesterol, parasitic nematodes, including hookworms, are unable to synthesize 
long-chain fatty acids and retinol de novo and therefore have evolved means to acquire these nutrients 
from the host [110, 111]. At least two distinct families of fatty acid-binding proteins have been identi-
fied in the parasitic stage of nematodes [112]: the Ascaris protein ABA-1, and the fatty acid- and 

Box 12.2 Barriers: Take-Home Messages
• STHs rely on chemical cues to find the skin and select preferred sites in the intestine. They 

also cross skin, lung, and intestinal barriers to complete their life cycle. Yet remarkably few 
studies have considered the impact of host nutrition on the ability of STH larvae to cross 
these barriers.

• STHs are attracted to fatty acids and urocanic acid in the skin, and urocanic acid concentra-
tions are increased by protein deficiency.

• The microbiome is critical to STHs. Egg hatching is induced by attachment of microbes to 
the egg operculum. Worms have their own microbiome that is distinct on arrival in the host 
and gradually shifts to parallel the host microbiome. Furthermore, STH infections induce 
dysbiosis of the gut microbiome, and this alters microbial metabolic pathways. How these 
host-microbiome interactions are influenced by nutrient deficiencies is unexplored.
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 retinol- binding (FAR) proteins that have been found in Teladorsagia in sheep, the dog hookworm, as 
well as the human hookworm Ancylostoma ceylanicum. Using a hamster model, the Ancylostoma 
FAR, AceFAR-1, was shown to bind to individual fatty acids in the C12–C22 chain length range 
including oleic, arachidonic, and eicosapentaenoic acid and was localized in several organs of the 
adult worms, including the hypodermis that lies just under the cuticle [113]. When hamsters were 
immunized using recombinant AceFAR-1 together with adjuvant, both worm survival and egg pro-
duction were reduced, highlighting the importance of this protein to the nematodes. The authors 
speculated that, by interfering with absorption of essential fatty acids, critical functions such as syn-
thesis and maintenance of the cuticle may have been disrupted [113].

 Macronutrients Alter Egg Reproduction

Energy and fatty acids are critical to nematode egg development. Oocytes in the female uterus of 
Ascaris suum absorb glucose that is converted first to glycogen and then, after fertilization, to chitin 
in the eggshell [114]. Developing Heligmosomoides oocytes accumulate lipoproteins presumably as 
an energy reserve, given the small amounts of glycogen in mature oocytes [115]. Energy restriction 
led to lower per capita egg production 3 weeks after a primary Heligmosomoides infection [116].

The impact of protein deficiency on Haemonchus egg production was explored in pregnant goats 
given a trickle infection early in pregnancy and fed low- or high-protein diets throughout pregnancy 
until 6 weeks after delivery. In goats fed high-protein diets, initiation of egg production and net egg 
production over the course of infection was reduced [117]. In mice, protein deficiency increased per 
worm egg production following a challenge infection with Heligmosomoides [118].

The nature and concentration of dietary fiber included in the formulation of diets affected repro-
duction of Heligmosomoides. In vitro egg production was higher in mice fed pectin (a soluble fiber) 
than those fed cellulose (an insoluble fiber) [119]. In vivo egg output increased with pectin concentra-
tion up to 10% but was very low at 20%, and pectin concentration was positively correlated with villus 
length, villus/crypt ratio, and mucosal thickness [119].

 Micronutrients Alter Egg Production

Zinc, Selenium, and Boron In the Heligmosomoides-mouse model, zinc and selenium deficiencies 
are favorable for the parasite, whereas boron deficiency is detrimental. During a primary infection 
(controlling for reduced energy intake), zinc deficiency accelerated worm maturation and increased 
survival but did not alter zinc concentrations in the worms [116]. During a challenge infection, both 
zinc deficiency [116] and selenium deficiency [120] prolonged worm survival and increased egg pro-
duction per worm. In contrast, dietary boron restriction lowered the number of larvae 6 days after a 
primary infection and enhanced worm expulsion during a challenge infection [121].

Vitamins A, E, and B12 Vitamin A deficiency lowered fecal egg production in Trichuris-infected pigs 
at 11 and 12 weeks after infection [122], whereas in vivo egg production was higher following chal-
lenge infection with Heligmosomoides in mice fed diets restricted in vitamin E [120, 123]. Vitamin 
B12 may be necessary for production of gametes as vitamin B12 was found in the reproductive tract of 
Ascaris suum [107, 124].
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 Host Hormones Influence STH Development and Reproduction

Several hormones or hormone precursors have been shown to affect nematode reproduction. In vitro 
exposure to estradiol, testosterone, and cortisone lowered Heligmosomoides egg output [125]. Also, 
two ecdysteroid hormones, best known as molting hormones of insects, were found free within tissues 
of larvae and young adult Haemonchus from sheep [126]. Ecdysteroids were also found within the 
reproductive tract of adult female Ascaris suum and were synthesized within eggs that had been iso-
lated from the uterine tissues, indicating a regulatory role in embryogenesis, cuticular deposition, and 
gonadogenesis [126].

Finally, prostanoids, derivatives of essential fatty acids including arachidonic and linoleic acid, 
have been implicated as hormone-like growth regulators [127]. In vitro inhibition of prostanoid syn-
thesis not only inhibited development of Oesophagostomum from pigs to the L4 stage but also inhib-
ited larval production and excretion of prostanoid-like compounds during the early phases of 
development [127]. Given the ability of STHs to respond to host hormonal cues, any nutrient defi-
ciency that interferes with hormonal regulation could impact on STH development and reproduction, 
but this has been largely unexplored.

 Take-Home Messages (Box 12.3)

 Host Nutrition Influences Immunity Against STHs

The impact of deficiencies on host immunity has been reviewed for zinc [128–130], selenium [131], 
vitamin A [132], vitamin B [133], vitamin C [134], and vitamin D [135]. Several reviews have been 
published on the Th2 response induced by STH infections (see Chap. 3 [50] and [68, 79, 136] (see 
Box 12.4). Evidence that host malnutrition directly influences immune responses to STH infections 
has also been reviewed [1, 137–142].

Box 12.3 STH Feeding and Reproduction: Take-Home Messages
• STHs are dependent on the host for a variety of nutrients (pyruvate, amino acids, vitamins, 

long-chain fatty acids). These nutrients are absorbed across the worm gut (e.g., vitamin B12)  
or transported across the cuticle (e.g., cholesterol), and specialized fatty acid-binding pro-
teins promote uptake of nutrients from the host.

• STH feeding is blocked when RELMβ, secreted by goblet cells, binds to STH chemosensory 
organs, and expression of RELMβ is downregulated by high-protein and high-carbohydrate 
diets. STH infections also respond to host hormones, but studies have not considered an 
impact of nutritional deficiencies.

• Deficiencies of protein, zinc, selenium, and vitamin E increase STH egg production, whereas 
deficiencies of energy and vitamin D decrease egg production. Soluble fiber also increases 
egg production compared with insoluble fiber.

• Development and survival of STHs is promoted by zinc and selenium deficiencies.
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 Nutritional Deficiencies Alter the Th2 Response

Protein and Energy In the Heligmosomoides-mouse model, both protein deficiency [84, 85] and 
energy restriction [143] prolonged worm survival and reduced the Th2 response to challenge infec-
tion, but there were notable differences in the relative timing of immune responses (Table  12.3). 
Energy restriction led to an earlier, but transient, lowering of serum Th2 biomarkers [143], whereas 
protein deficiency led to sustained reduction of serum and intestinal Th2 responses (reduced eosino-
philia, mucosal mast cells, and mucosal mast cell protease (MMCP)-1) [85]. Protein deficiency also 
delayed expression of markers of T and B cell proliferation in Nippostrongylus-infected rats [144]. 
However, protein deficiency increased expression of a wide range of pro-inflammatory cytokines and 
chemokines including interferon (IFN)γ [78], whereas energy restriction lowered IFNγ [143].

Vitamins There is compelling evidence that vitamin A deficiency triggers expansion of the innate 
lymphoid cells that produce IL13, increasing the immune response against Trichuris and reducing 
worm numbers in mice [145].

In mouse and livestock studies, vitamin D has been shown to regulate Th2 responses. The vitamin 
D receptor (VDR) is expressed by all cells of the immune system including T cells and B cells where 
it participates in the control of IgE class-switching and may be involved in control of IgG1 and IgA 
classes. Heligmosomoides-infected mice that were unable to synthesize the active form of vitamin D 
(calcitriol) had higher concentrations of total and specific IgE compared with wild-type mice, and the 
authors concluded that endogenous calcitriol from T cells acts on the VDR in B cells to regulate IgE 
in vivo and alter migration of specific immune cells [146]. In cattle, the VDR was also involved in the 
adaptive immune response to Cooperia oncophora infection, as gene expression studies of intestinal 
tissue revealed that VDR activation occurred only during re-infection indicating its importance in 
immune regulation and the maintenance of mucosal integrity [147]. Together, these results suggest 
that vitamin D deficiency limits the beneficial effects of endogenous calcitriol regulation of IgE.

The impact of dietary vitamin E was explored by comparing the minimal recommended level with 
that considered optimal for immune responsiveness in lambs infected with Haemonchus 5 weeks after 
the diet treatments began [148]. There were fewer worms in lambs fed the optimal vitamin E diet, and 
the number of worms was negatively correlated with eosinophils in the abomasal mucosa, but only in 
the lambs fed the optimal vitamin E diet [148]. Neither serum IgG nor expression of IL4 or interferon 
(INF)γ in serum was affected by diet [148].

Box 12.4 STHs Induce a Distinct Immune Response
• STH infections induce a Th2 immune response characterized by eosinophilia, mastocytosis, 

elevated antibody titers (IgG1, IgE), and production of Th2 (interleukin (IL)4, IL5, IL13) 
and T regulatory (IL10, IL17) cytokines. They also stimulate alternatively activated M2 mac-
rophages and downregulate classical inflammation markers including pro-inflammatory Th1 
cytokines.

• Some STHs release immunosuppressive molecules that blunt the effectiveness of immune 
expulsion. For example, the immunosuppressive molecules released by adult Heligmosomoides 
in mice are sufficiently potent that adults survive in mice for several months following a 
primary infection. However, during a challenge infection, the adaptive immune response 
delays larval development and effectively expels worms from the gut lumen. In contrast, 
Trichuris and Nippostrongylus are effectively expelled from their rodent host within 2 weeks 
of a primary infection.
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Zinc and Energy Zinc deficiency impaired both intestinal and systemic responses to Heligmosomoides 
and worm expulsion (see review [138]). Of particular note, Shi and colleagues [149] were able to 
distinguish consequences of zinc deficiency from the coincident energy restriction on antigen- 
presenting cell (APC) and T cell function. Based on in vitro assays that combined APCs and T cells 
from zinc-deficient, pair-fed, or control mice, zinc deficiency impaired T cell function leading to 

Table 12.3 Detailed comparison of impact of dietary protein restriction (3% vs 24%) and energy restriction (75% of 
control) on worm expulsion and immunological indicators at various times during in a primary (p) or challenge (c) 
infection of mice with Heligmosomoides [84, 85, 143]

Tissue and outcome 
variable

Protein restricted
Compared to control

Energy restricted
Compared to control [143]

Primary infection Challenge infection Primary infection
Challenge 
infection

Worm expulsion Delayed [84, 85] Delayed [84, 85] Delayed Delayed
Serum

  IgE Early elevated (p7) 
[84]
Late lowering (p28) 
[85]

Unaffected [84]
Lower (c3–c28) [85]

Mid-lowering (p18) Early lowering 
(c6)

  Total IgG1 Lower [84, 85] Lower [84] Late lowering (p28) Early lowering 
(c6)

  Parasite-specific 
IgG1

Unaffected [84] Unaffected [84]

  Eosinophilia Unaffected [84] Lower [84] Mid-lowering (p12 
& p18)

Early lowering 
(c6)

Splenic T cells

  Stimulation index Lower (p7 & p18) Early lowering 
(c7)

  In vitro IL4 Early lowering (p6) 
[85]

Unaffected [85] Lower (p7 & p18) Unaffected

  In vitro IL5 Unaffected Early lowering 
(c7)

  In vitro IFNγ Unaffected (p6) 
[85]

Mid--elevation (c14) 
[85]

Unaffected Late lowering 
(c28)

  IL4 m-RNA Mid-lowering (c14) [85]
  IL10 m-RNA Mid-lowering (c14) [85]
Mesenteric lymph node T cells

  Stimulation index Lower (p7 and p18) Unaffected
  In vitro IL4 Unaffected (p6) 

[85]
Early lowering (c3 and 
c6) [85]

Early lowering (p7) Unaffected

  In vitro IL5 Late lowering 
(p 28)

Unaffected

  In vitro IFNγ Unaffected (p6) 
[85]

Mid-elevation (c14) [85] Unaffected Lower (c18 and 
c28)

  IL4 mRNA Mid-lowering (c14) [85]
  IL10 mRNA Mid-lowering (c14) [85]
Intestine

  Eosinophilia Unaffected [85] Lower (c6–c28) [85]
  MMC/vcu Unaffected [85] Lower (c9–c28) [85]
  MMCP-1 Unaffected [85] Mid-lower (c6, c14) 

[85]
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lower T cell proliferation and IL4 production in response to parasite antigen. On the other hand, 
energy restriction impaired APC function leading to reduced T cell proliferation and lowered produc-
tion of both Th2 (IL4 and IL5) and Th1 (IFNγ) cytokines [149]. This finding draws attention to the 
differential impact of zinc and energy on specific cell populations.

Selenium Selenium deficiency reduced the Th2 response during Heligmosomoides challenge infec-
tion. Selenium-deficient mice had lower expression of Th2-associated genes, fewer alternatively acti-
vated M2 macrophages in cyst tissue surrounding the L4 worms, and reduced production of RELMβ 
[150]. As a consequence, both worm numbers and egg production per worm were higher in the 
selenium- deficient mice [120]. Worms from selenium-deficient mice also had higher ATP concentra-
tions indicating higher metabolic activity [150], perhaps because RELMβ has a negative impact on 
worm ATP production [150].

 Supplementation and Refeeding Restore Components of the Th2 Response

In addition to experimental studies using deficient diets, evidence on the impact of nutrients on STH 
immunity has been obtained during nutrient intervention studies in humans and in animal refeeding 
studies where diets are restored to adequate levels.

Macronutrients The impact of protein and energy refeeding on immune response to Nippostrongylus 
was studied in pregnant rats and their pups [86]. Rats infected 14 days prior to pregnancy were fed a 
diet low in crude protein during the second half of gestation and then fed experimental diets with vari-
ous concentrations of crude protein and metabolizable energy beginning at parturition. Higher crude 
protein, but not higher energy, increased worm expulsion following a postpartum challenge, and this 
coincided with more mucosal mast cells and eosinophils [86]. The combination of high protein and 
high energy increased total serum IgG, but IL4 and IL13 gene expression in mesenteric lymph nodes 
was not affected by diet. Of note, the benefit of increased dietary protein was evident within 18 days 
of refeeding, indicating a relatively rapid response. Similar results have been reported in sheep where 
supplemental protein counters the periparturient immunosuppression [151], presumably because of 
the higher protein requirements during periods of reproduction.

Protein refeeding also improved expulsion in the Heligmosomoides model. Mice fed a low protein 
diet beginning 1 week before infection were refed a protein-sufficient diet beginning at various times 
during a primary and challenge infection, and worm expulsion was compared with mice that remained 
on either a protein-sufficient or protein-deficient diet. Successful worm expulsion occurred in all refeed-
ing groups, even those that were refed 1 week after the challenge infection. Thus protein deficiency did 
not interfere with priming of the immune response that occurs during a primary infection [118].

Micronutrients Refeeding with a selenium-sufficient diet during a challenge Heligmosomoides 
infection also had a rapid impact [150]. Egg production increased within 2 days, coincident with res-
toration of Th2-dependent gene expression in the small intestine. After 4 days of refeeding, parasite- 
specific IgG1 had returned to normal. After 6 days of refeeding, worm ATP concentrations and worm 
numbers had declined to control levels [150].

In Mexican infants infected with Ascaris, Vitamin A supplementation increased the odds of a Th2 
response (fecal IL4) but not a Th1 response (fecal IFNγ) or an inflammatory response (fecal monocyte 
chemoattractant protein-1) [152, 153]. Though based on a limited set of immunological parameters, 
this study indicated that improved vitamin A status promoted a Th2 response in a population where 
37% of infants had low serum retinol (10–20 μg/dL retinol). Consistent with this, Ascaris-infected 
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pigs that received three oral doses (100 μg/kg body weight) of all-trans retinoic acid had a heightened 
pulmonary Th2 response including higher IL4 and IL13 and more alveolar eosinophils [154].

 Take-Home Messages (Box 12.5)

 Host Nutrition Associated with STH-Induced Pathology

Compared with other infectious diseases, severe disease and mortality are less commonly associated 
with STH infections, perhaps because both the intensity and the presence of infection determine dis-
ease severity and because only a small proportion of the population is heavily infected. Nevertheless, 
the ability of the host to tolerate STHs is at least in part determined by nutritional status [140]. The 
majority of studies indicate that nutrient deficiencies exacerbate infection-induced pathologies 
although there are examples where deficiencies reduce pathology.

 Malnutrition, Immunosuppression, and Strongyloides

Strongyloides infection is more likely to develop into an autoinfection cycle (see Box 12.6) and 
become pathogenic in immunosuppressed individuals [155]. A retrospective study of 27 Taiwanese 
individuals with disseminated infection found that 74% had low serum albumin [156]. Given the 
range of nutrient deficiencies that impair protective responses to STH infections (see section 
“Supplementation and Refeeding Restore Components of the Th2 Response”), it is likely that immu-
nosuppression resulting from malnutrition may increase the risk of disseminated strongyloidiasis.

Box 12.6 Autoinfection Cycle of Strongyloides
• Strongyloides eggs often hatch in the intestine, and the larvae can be prematurely infective 

leading to autoinfection. This possibility is unique among STH infections and is epidemio-
logically and clinically relevant.

• The autoinfection cycle allows continuing exposure to larvae without contact with infective 
stages in the environment.

• If the autoinfection cycle is not properly regulated by host immunity, it can result in a hyper-
infection syndrome and disseminated infection to a variety of organs [155].

Box 12.5 STH Immunity: Take-Home Messages
• The Th2 response to STH infections is impaired by protein, energy, zinc, and selenium defi-

ciencies, resulting in improved worm survival and reproduction.
• The Th1 response is blunted by energy restriction and zinc deficiency, but protein deficiency 

increases pro-inflammatory responses.
• Priming of the adaptive immune response is not impaired by protein deficiency. Hence adap-

tive immunity develops rapidly following protein refeeding or supplementation.
• Improvement in dietary intake of protein, selenium, and vitamin A status, but not energy, 

improves Th2 responses and expulsion of STH infections.
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 Iron and Zinc Deficiencies Increase STH-Induced Pathology

Perhaps the best evidence of an impact of malnutrition on disease progression comes from hook-
worm infections where preexisting anemia or iron deficiency exacerbate the hookworm-induced 
pathology (see review [157] and Box 12.7). Moderate or severe hookworm infections that cause 
blood loss may also cause iron deficiency anemia when superimposed on low dietary iron intake, 
blood loss (e.g., during menstruation), or increased nutritional demands such as during pregnancy 
[157]. It is important to note that extreme iron restriction can impair hookworm development, 
resulting in lower worm burdens and less hookworm-induced pathology, as shown in hamsters 
experimentally infected with A. ceylanicum [158]. However, when hamsters were fed a moderately 
iron-restricted diet that did not impair hookworm development, the combination of iron restriction 
and hookworm lowered hemoglobin and serum iron, relative to uninfected hamsters, and increased 
mortality.

In contrast, there is limited direct evidence that the severity of Ascaris or Trichuris infection is 
influenced by host micronutrient status. Daily zinc supplementation (with or without vitamin A every 
2 months) over a period of a year reduced the frequency of diarrhea reported within 7 days of Ascaris- 
positive stool samples from Mexican children (6–15 months at enrolment) [159] (see also section 
“Improving Nutritional Status as a Means of Reducing STH Infection”).

 Protein Deficiency May Increase or Reduce STH-Induced Pathology

In livestock, a high-protein diet has been shown to reduce STH-associated pathology and improve 
reproductive outcomes. In comparison with Haemonchus-infected goats that were fed a low-protein 
diet during pregnancy and for 6 weeks following parturition, those fed a high-protein diet were able 
to sustain serum albumin and globulin levels despite protein loss due to infection [160] and had better 
maternal and neonatal outcomes (doe weight, birth weight) [117]. A high-protein diet also dampened 
the periparturient rise in Teladorsagia egg counts that accompanies sheep immunosuppression at the 
time of delivery and paralleled a reduction in mucosal damage as evidenced by lower pepsinogen 
[161]. Interestingly, these benefits were observed in a strain of sheep considered susceptible to STH 
infection, but not in a resistant strain, raising the possibility that the response to supplementation is 
influenced by nutrition-genetic interactions [161]. A possible role of host genetics was also reported 
for mice infected with Heligmosomoides. Protein deficiency increased the intestinal damage as mea-
sured by permeability to macromolecules in response to infection in a resistant strain of mouse but not 
in a susceptible strain [162].

In contrast to the previous examples where protein deficiency exacerbated infection-induced 
pathology, protein deficiency reduced villus atrophy and fluid leakage into the intestinal lumen 
despite higher numbers of Heligmosomoides 14 days after challenge infection [79], likely because 
protein deficiency lowered the Th2 response that is responsible for fluid leakage [163]. Protein 

Box 12.7 Hookworms Cause Hemorrhaging
• Adult hookworms feed on blood which they acquire through the physical damage to the gut 

mucosa by their cutting plates (Necator) or teeth (Ancylostoma).
• In addition to blood ingested by hookworms, hookworms release anticoagulants that prevent 

clotting and allow leakage of blood around the site of attachment.
• It is estimated that >1 ml of blood can be lost per day during heavy Necator infections [157].
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deficiency also reduced liver pathology induced by trickle Heligmosomoides infection in lactating 
mice, as less infection- induced lobular inflammation was observed in response to co-existing 
infection and protein deficiency [164]. In the kidney, both infection and protein deficiency inde-
pendently increased creatinine concentrations, whereas they had antagonistic effects on the per-
centage of abnormal glomeruli, with infection lowering the pathology induced by protein 
deficiency [164].

 Vitamin A and E Deficiencies Protect Against STH-Induced Pathology in Mice

During Heligmosomoides challenge infection, vitamin E deficiency reversed the infection-induced 
impairment in glucose absorption, reducing fluid accumulation in the intestine and hypercontractil-
ity of intestinal smooth muscles [123]. As noted above (section “Nutritional Deficiencies Alter the 
Th2 Response” - Vitamins), vitamin A deficiency reduced Trichuris intensity in mice [145], a find-
ing that would also be expected to reduce STH-induced pathology. However, as retinoic acid con-
trols the balance of innate lymphoid cell populations in the gut, pathology due to acute bacterial 
infections was increased [145].

 Lung Pathology Is Increased by Vitamin A Deficiency

All human STHs except Trichuris and pinworms have an obligate migration across the epithelium 
of the lower respiratory tract into the alveolar spaces (see review [59]). As a result of the range of 
antimicrobial defenses in the upper respiratory tract, the lower respiratory tract is putatively 
microbe-free and designed to maximize gas exchange by maintaining homeostasis and limiting 
inflammation. Hence, despite local tissue damage, the pathology associated with movement of 
coevolved human STH larvae into the alveolar spaces in well-nourished hosts is generally limited 
to a transient eosinophilic inflammation [59]. The only direct evidence that nutrient deficiencies 
increase lung pathology due to STH infections comes from zoonotic infections. A history of expo-
sure to zoonotic ascarid infection (Toxocara) was shown to reduce forced expiratory volume dur-
ing analysis of data from the US NHANES III study [165]. Vitamin A deficiency was shown to 
increase severity of lung inflammation in lactating mice infected with the dog ascarid, Toxocara 
canis [166].

 Take-Home Messages (Box 12.8)

Box 12.8 STH-Induced Pathology: Take-Home Messages
• Remarkably few studies explicitly examine the impact of malnutrition on STH pathology.
• Iron deficiency, low iron intake, and blood loss exacerbate hookworm-induced pathology; 

protein malnutrition may be associated with disseminated Strongyloides infection.
• Vitamin A and E deficiencies have been shown to reduce intestinal pathology, but vitamin A 

deficiency may increase lung inflammation.
• Protein deficiency may exacerbate or reduce infection-induced pathology.
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 STHs Cause Host Malnutrition

The premise that STH infections contribute to host malnutrition is not new [167], and two reviews 
have documented underlying mechanisms [1, 168]. More recently, the role of maternal infection on 
perinatal growth and development and impacts of STH infections on the host microbiome have been 
identified as new pathways by which STH infection may lead to host malnutrition.

 STH Infections Reduce Appetite

Appetite is reduced not only by nutritional deficiencies (see section “Low Dietary Intake and Poor 
Appetite Reduce Risk of STH Infection”) but also by several STHs that alter mediators of appetite 
including serum leptin, an appetite suppressant, and neuropeptide Y that is linked to food intake. 
Strongyloides-infected children in Egypt had higher concentrations of leptin [169]. Using the mouse- 
Nippostrongylus model, the reduced food intake that occurred immediately after infection [170] was 
consistent with a transient increase in serum leptin [171] and dose-dependent expression of neuropep-
tide Y [172]. Furthermore, the anorexia induced by Nippostrongylus in rats and Trichuris in mice has 
been associated with altered expression of taste receptors and/or satiety hormones (see review [173]).

 STH Infections Reduce Nutrient Absorption

Despite the perception that STH infections interfere with nutrient absorption, definitive evidence is 
surprisingly limited (see reviews [139, 174, 175]).

Macronutrients Absorption of nitrogen and fat and retention of nitrogen improved following 
deworming of school-age boys and the effects were more evident in those who had higher numbers of 
Ascaris prior to treatment [176]. Similarly, carbohydrate absorption was better in Burmese preschool 
children who had been dewormed every 3 months over 2 years compared with those dewormed only 
6 weeks before testing [177]. However, the increase in plasma albumin after deworming of 2–9-year- 
old Bangladeshi children was not due to improved absorption as intestinal permeability (lactulose/
mannitol ratio following a standardized sweet flavored drink) was unaffected [178].

Both Heligmosomoides challenge infection and Nippostrongylus primary infection are associ-
ated with reduced sodium-linked glucose absorption by enterocytes resulting in increased fluid 
movement into the intestinal lumen and increased mucosal permeability that would facilitate 
uptake of parasite antigen into circulation and movement of host protective molecules into the 
intestinal lumen [173, 179]. An earlier study reported that Heligmosomoides infection lowered 
carrier-mediated uptake of labeled glucose (mmol/day/g wet weight) in the small intestine pf lac-
tating mice but that total glucose uptake capacity was unaffected given the infection-induced 
increase in mucosal mass [180].

Vitamins Deworming of Ascaris-infected Bangladeshi preschool children resulted in an increase in 
serum β-carotene 6 months later indicating that Ascaris impaired absorption of β-carotene, but 
deworming did not improve retinol absorption unless deworming was followed by daily dietary 
β-carotene supplements [181]. However, plasma retinol concentration was negatively associated with 
Ascaris intensity in Vietnamese school children [182] raising the possibility that Ascaris impaired 
retinol absorption.
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There is no evidence that Ascaris infection is associated with vitamin B12 concentration either in 
Panamanian preschool children [183] or Guatemalan lactating women [184]. However, despite ade-
quacy of serum B12 in Spanish school children (all >200  ng/mL B12), serum B12 concentrations 
increased following treatment for pinworms [185]. Pinworms are a common, but understudied, STH 
in children of developed countries. This raises the possibility that pinworms may impair vitamin B12 
absorption.

Minerals and Trace Elements A Nigerian study compared Ascaris-infected children and pregnant 
women with age-matched uninfected individuals. Ascaris-infected pregnant women had lower serum 
iron, zinc, and selenium; Ascaris-infected preschool children had lower iron, zinc, and vitamin A but 
higher selenium; and Ascaris-infected school-age children had lower zinc and vitamin A but higher 
selenium [186]. Also, Nigerian school-age children with STH infections had lower zinc and vitamin 
A but higher transferrin and selenium [187]. Whether infection reduced micronutrient absorption or 
metabolism is unclear, and it is also possible that micronutrient status altered immunocompetence 
with consequences for infection.

The presence of Trichuris in 3–7-year-old children from urban slums in Bangladesh was 
negatively associated with serum zinc concentration in a multiple regression model that also 
included a negative association with C-reactive protein (CRP) and a positive association with 
maternal education [188]. Furthermore, regression analysis using Trichuris egg counts (eggs per 
gram feces, epg) instead of presence of infection revealed 0.12 μmol/L less serum zinc for each 
unit increase in log10(epg + 1), and these findings remained significant when controlling for an 
acute phase response and stunting. Given that Trichuris might have led to lower serum zinc or 
that low zinc might have been beneficial for Trichuris, the authors acknowledged that the direc-
tion of causality was unclear, especially as deworming had occurred 3–5 weeks before serum 
samples were collected [188].

Animal studies have shown that STH infections alter host mineral concentrations (see review 
[139]) but, as with the human studies, it is not clear if this was due to altered absorption or metabo-
lism. Relative to a primary infection, mice with a challenge Heligmosomoides infection had lower 
concentrations of liver boron, iron, and zinc concentrations but higher liver concentrations of chro-
mium, molybdenum, potassium, sodium, and sulfur [121]. Heligmosomoides also reduced spleen 
calcium, iron, and calcium/zinc ratio as well as serum iron [189].

 Loss of Iron and Protein due to Intestinal Tissue Damage

Among the STH infections, direct damage is most commonly associated with hookworms that directly 
feed on blood (see Box 12.7) and Trichuris adults that insert their anterior end directly into the mucosa 
(see Chap. 7 [4]). Systematic reviews provide an overview of the evidence that hookworm affects 
hemoglobin [190–192]. Both light and more severe hookworm infections have been associated with 
lower hemoglobin in pregnant women [189, 190] and nonpregnant adults [192], but in school-age chil-
dren, only moderate or heavy infections were associated with lower hemoglobin [192]. Deworming 
improved various health indicators of women and their children [190, 191]. Deworming with albenda-
zole increased hemoglobin concentrations in nonpregnant populations [192], but there was insufficient 
evidence to conclude that deworming of pregnant women or children under 5 improved hemoglobin 
concentrations [190, 191]. However, deworming reduced the prevalence of very low birthweight babies 
in Peru [193]. During severe hookworm infections, intestinal damage also leads to hypoalbuminemia 
and hypoproteinemia, which can present as a condition similar to kwashiorkor [157].

Trichuris-infected children had lower hemoglobin concentrations and higher odds of anemia [182], 
and fecal occult blood was found in Thai school children whose Trichuris epg was greater than 500, 
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but not in those with lower epgs [194]. Furthermore, during Trichuris dysentery syndrome, overt 
bleeding leads to iron deficiency [195]. Strongyloides may also contribute to anemia, given that the 
odds of anemia were higher in those with Strongyloides even when controlling for hookworm in com-
munities in Argentina [196].

 Increased Nutrient Demand

Immunological and inflammatory responses to STH as well as tissue repair are energetically demand-
ing and increase nutritional requirements of the host [197]. In livestock, it is well understood that 
allocation of nutritional resources to immunity is reduced during periods of rapid host growth or 
reproduction. As a consequence, dietary interventions are routinely used to minimize the impacts of 
STH infections on reproductive outcomes in livestock [139, 198, 199]. Nutrient interventions are 
often used during the perinatal period in human populations where STH infections are endemic [200].

 Consequences of STH Infections on Child Growth and Perinatal Growth 
and Development

Stunting, normally considered to reflect chronic malnutrition, is now known to have a much wider 
range of causes including STH infection [201–203]. A meta-analysis of the impact of sanitation inter-
ventions concluded that the benefit of reduced STH infections was associated with a marginal reduc-
tion in stunting despite the low quality of studies [204]. Also, a 1-year randomized control trial of zinc 
and/or vitamin A supplementation to infants aged 6–12 months revealed that Ascaris infection 
impaired linear growth benefits of zinc supplementation [205] indicating an impact of STH infection 
on linear growth. Moderate and heavy intensity of combined Trichuris and Ascaris infections increased 
the odds of stunting in Peruvian children in grade 5 [206] and also in preschool children [207]. In 
general, there is less evidence that STH infections are associated with underweight, although 
moderate- heavy infection with Trichuris increased the odds of underweight in preschool children 
from Peru [208] and albendazole treatment of Indonesian children reduced the proportion of under-
weight and severely underweight children [209].

There is some evidence that deworming of hookworm-infected women during pregnancy increases 
birthweight (see review [210]). Linear growth of infants during the first 6 months was also improved 
if STH-infected Peruvian mothers were dewormed postpartum [211]. More direct evidence that 
maternal STH infection affects fetal and neonatal growth and development has been obtained using 
pregnant and lactating mice that received an ongoing trickle infection with Heligmosomoides, with or 
without concurrent protein deficiency. Of particular relevance here was the impact of maternal infec-
tion on the uninfected fetus and neonate. Maternal infection reduced fetal linear growth [104, 212], 
postpartum length and mass [180, 213], and maternal and fetal serum concentrations of prolactin 
[104]. Furthermore, maternal infection increased placental mass [104] and altered placental expres-
sion of several genes associated with fetal growth, including genes associated with the insulin-like 
growth factor (IGF)-1 axis [214]. Expression of IGF-1 receptor (Igf1r) and prolactin (Prl) was 
increased by maternal infection, but only in protein-deficient dams, whereas expression of a transcrip-
tion factor that positively regulates osteoblast differentiation was reduced, but only in protein- 
sufficient dams [214]. Also, the T/B cell ratio of pup spleen cells was lowered by maternal 
Heligmosomoides infection but only if dams were also protein deficient [215].
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Remarkably, maternal Heligmosomoides infection also altered both fetal [216] and pup [217] brain 
gene expressions. In the 7-day-old pup brain, pyrimidine and purine metabolic pathways were down-
regulated, but pathways associated with synaptogenesis, cognition, and memory were upregulated 
[217]. The possibility that maternal STH infection may influence maturation of other key neonatal 
organs warrants further study especially considering that an impact of maternal infection on liver and 
stomach mass of uninfected pups was still evident 2 months after birth [218].

 STHs Alter Gut Microbiome with Implications for Nutritional Status

Evidence that STH infections alter the gut microbial community is emerging (see review [90] and sec-
tion “The Intestinal Microbiome”) with implications for microbial metabolic pathways. The altered 
composition of the microbiome in the proximal colon of Trichuris-infected pigs was linked to a dramatic 
change in metabolic pathways, including downregulation of 14 protein and carbohydrate metabolism 
pathways, and the absence of specific metabolites of carbohydrate, lysine, and tryptophan metabolism in 
the lumen of the colon [95]. In addition, there was evidence that pathways involved in metabolism of 
vitamins and cofactors were higher in infected pigs [96]. In lactating mice, maternal Heligmosomoides 
infection downregulated carbohydrate, amino acid, and vitamin biosynthesis pathways of the cecal 
microbial community of the dam. Of particular note, however, was the finding that this maternal infec-
tion upregulated microbial pathways in the pup stomach, including those involved with amino acid 
biosynthesis, energy metabolism and fermentation, short-chain fatty acid synthesis, and vitamin-B bio-
synthesis [94]. The implications of these metabolic changes have not yet been explored.

 Take-Home Messages (Box 12.9)

 Evidence That STHs Are Protective Against Nutrition-Related Chronic 
Conditions

One of the fascinating emerging areas of study is the potential therapeutic value of STH infections 
against a variety of chronic nutrition-related diseases, a finding of particular importance given the ris-
ing rates of obesity, diabetes, and inflammatory bowel diseases.

Box 12.9 STHs Cause Malnutrition: Take-Home Messages
• STH infections alter molecular signals of appetite, leading to reduced food intake.
• Treatment of Ascaris improves nitrogen, carbohydrate, and β-carotene absorption and 

increases plasma albumin concentrations.
• Hookworm, as well as Trichuris and Strongyloides, are associated with low hemoglobin and 

iron deficiency. Hookworm also causes loss of protein.
• The resulting lower food intake and nutrient absorption, together with nutrient loss, increase 

dietary requirements especially during periods of reproduction and rapid growth.
• Evidence that STH infections impair growth is stronger for stunting than for underweight. 

Moreover, maternal STH infection in mice impairs fetal and neonatal growth, alters neonatal 
brain gene expression, and alters microbial metabolic pathways with potential implications 
for the host.
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 Why STH Infections May Be Relevant

There is growing evidence that the Th2/Treg response to STH infections may prevent or diminish 
the symptoms of obesity, diabetes, and inflammatory bowel disease. Obesity and diabetes share a 
common metabolic profile characterized by insulin resistance and subacute chronic inflammation 
[219, 220]. Furthermore, adipose tissue is now considered to be an active metabolic tissue with 
immune properties. In general, adipose tissue from lean individuals is known to secrete anti- 
inflammatory adipokines and cytokines and has alternatively activated M2 macrophages typical of 
STH infections, whereas adipose tissue from obese individuals secretes pro-inflammatory cyto-
kines and leptin and classically activated M1 macrophages [221]. Within this context, the ability of 
low- intensity STH infections to promote Th2 driven responses is relevant (see review [173]).

 Obesity

STHs have been shown to attenuate obesity in mouse models. Nippostrongylus infection both pre-
vented and treated obesity and associated metabolic dysfunction [170]. This was, at least in part, 
attributed to reduced intestinal glucose uptake, to weight loss over and above that expected due to 
infection-induced reduction in food intake, and to reduced inflammation and fewer M1 macrophages 
that are often associated with obesity [170], consistent with downregulation of pro-inflammatory 
responses. Furthermore, infection led to an accumulation of eosinophils associated with IL4 release 
and stimulation of M2 macrophages expected with an upregulation of Th2/Treg responses [222]. 
Nippostrongylus also altered expression of genes involved in regulation of energy and lipid metabo-
lism, leading to decreased lipogenesis [170]. Similarly, in the Heligmosomoides model, it was dem-
onstrated that infection significantly reduced development of obesity in mice fed a high-fat diet, and 
this was associated with reduced glucose uptake, altered lipid metabolism in adipose tissue, upregula-
tion of a Th2/Treg response, and increased numbers of alternatively activated M2 macrophages in 
adipose tissue [223].

 Insulin Sensitivity and Diabetes

Several animal studies have shown inhibition of diabetes mellitus due to the ability of STH infec-
tions to induce IL10, M2 macrophages, and the Th2-driven IL4/STAT 6 immune axis [224]. 
Furthermore, IL4 administration alone improved insulin action, lowered insulin, total cholesterol, 
and triglycerides, and protected against diet-induced obesity in uninfected mice [225]. However, 
evidence to date in humans is weaker. Wiria and colleagues [226] surveyed Indonesian adults and 
reported a negative association of STH infection with body mass index (BMI), waist-hip ratio, 
serum cholesterol, and triglycerides but not with carotid intima thickness, CRP, tumor necrosis 
factor (TNF), or IL10. A subsequent study found that STH infection modestly improved insulin 
sensitivity in diabetes mellitus Type 2 subjects when controlling for BMI [227]. Moreover, insulin 
sensitivity increased with each additional concurrent STH in a study where Necator was most the 
prevalent STH [227].
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 Inflammatory Bowel Disease

Evidence that STH infections reduce inflammation associated with inflammatory bowel diseases has 
been accumulating from human volunteers and small-scale trials and from experimental animal models 
(see reviews [157, 228, 229]). Following the experimental infection of celiac patients with a low dose 
of Necator, patients were able to tolerate gluten and had less mucosal damage [230]. Infection also 
increased the regulatory responses that dampen inflammation following a gluten challenge, as shown 
by lower numbers of IFNγ-producing intraepithelial lymphocytes and more CD4+ Foxp3+ T cells 
within the epithelium [230]. Experimental infection with both Trichuris trichiura and T. suis has had 
protective effects in small trials against ulcerative colitis and Crohn’s disease [229]. In rodent studies, 
extracellular vesicles secreted by Nippostrongylus were protective against chemical-induced colitis in 
mice and were associated with lowered Th1 cytokines and an increase in the anti- inflammatory cyto-
kine, IL10 [231]. This raises the possibility that STH products could be used as a therapy instead of live 
worm infections. Also, microbial production of short-chain fatty acids with an anti- inflammatory effect 
was increased in a small sample of hookworm-infected celiac patients [232], leading to the suggestion 
that STH-induced anti-inflammatory response may explain the increased bacterial species richness and 
shift toward a normal gut microbiome concurrent with reduced inflammatory bowel diseases [233].

 Take-Home Messages (Box 12.10)

 Nutrition, Drug Efficacy, and Medicinal Plants

Another potential association between nutrition and STH infection is through dietary components that 
modulate drug efficacy (see Chap. 13 [234]), or that are toxic to nematodes.

 Diet and Nutritional Status and Efficacy of Commercially Available 
Anthelmintic Drugs

There is limited information on the impact of diet or nutritional status on efficacy of anthelmintic 
drugs (Chap. 13 [234]). Efficacy against hookworm infection, measured by reduction in fecal egg 
counts following treatment, was higher in school-age Ghanaian children who had fasted for 6 
hours prior to treatment, and, furthermore, the cure rate was higher in children with higher hemo-
globin [235].

Box 12.10 STHs and Chronic Diseases: Take-Home Messages
• By upregulating Th2/Treg responses, STHs reduce several nutrition-related chronic 

conditions.
• STH infection has been shown to prevent and treat obesity in mice through altered lipid 

metabolism and increased Th2/Treg responses in adipose tissue.
• Mouse studies and, to some extent, human studies demonstrate that STH infection improves 

insulin action and sensitivity, indicating potential benefits in diabetes mellitus.
• STH infections reduce intestinal inflammation associated with inflammatory bowel diseases 

resulting, for example, in improved tolerance to gluten in celiac patients.
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 Medicinal Plants

In many cultures, medicinal plants are believed to have anthelmintic properties, and several plants 
from Africa and the Caribbean have been demonstrated to have in vitro effects on Ascaris suum [236]. 
Traditional healers in Kenya use the roots of Clausena anisata, a shrub or small tree with edible fruit, 
as an anthelmintic, and its ethanolic extracts were shown to inhibit in vitro migration of Ascaris suum 
larvae [236]. Recent reports include a study in Africa where papaya seeds were added to maize flour- 
based porridge and those children who consumed the snack daily for 2 months had a 63% reduction 
in Ascaris egg counts at the end of the 2 months [237]. Both in vitro and in vivo efficacy of ethanolic 
extracts from pumpkin seeds were comparable to the commercial anthelmintic, fenbendazole, when 
used to treat the chicken ascarid, Ascaridia galli [238], a finding of considerable interest to 
producers.

In livestock, hydrolyzed yeast reduced Haemonchus fecal egg counts in sheep [239], and protein 
supplements provided to lambs throughout lactation reduced Haemonchus fecal egg counts [240]. 
Goats of the Mamber breed have been shown to self-medicate by preferentially browsing on shrubs 
with high-tannin content [241], and sheep have a dietary preference for foods containing tannins 
and saponins that provide nutritional benefits and also have anthelmintic properties against 
Haemonchus [242]. A high-tannin cultivar of birdsfoot trefoil forage had both preventative and 
therapeutic effects against Haemonchus in free-grazing lambs [243]. The anthelmintic properties of 
polyphenols, particularly condensed and hydrolyzed tannins, have been extensively investigated 
(see review [244]), and their mode of action may be associated with binding to proline-rich proteins 
on the nematode cuticle and the buccal capsule that leads to the intestine. Although efficacy of tan-
nins is less than that of commercially available anthelmintics, they may provide supplementary 
benefits in worm control [244].

 Toxic Effects of Copper and Boron

Toxicity to STH infections has been documented for copper and boron. The anthelmintic properties 
of multiple small doses of copper oxide wire particles against STHs in lambs were equivalent to the 
anthelmintic, levamisole [245], raising the possibility that copper could provide an alternative control 
strategy in settings of multidrug resistance, especially against Haemonchus [246]. Repeated copper 
oxide administration over 3 months did not result in liver toxicity in treated animals, although the 
possibility of toxicity needs to be monitored [245]. Furthermore, one study has reported an inverse 
relationship between boron concentration and in vitro Heligmosomoides egg production, indicating 
possible toxicity of boron to this nematode [247].

 Take-Home Messages (Box 12.11)

Box 12.11 Anthelmintic Agents: Take-Home Messages
• There is no direct evidence that the efficacy of albendazole, the most widely used anthelmin-

tic for STH infections, is affected by nutrient deficiencies, although it may be improved if 
taken on any empty stomach.

• Medicinal plants have anthelmintic properties against STH infections and also provide nutri-
tional benefits. These may provide supplementary benefits to commercially available 
medications.
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 Interventions to Address STH Infections and Malnutrition

Evidence of the effectiveness of deworming STH-infected individuals and of micronutrient supplementa-
tion of deficient individuals is well established. Whether deworming also improves nutritional status or 
supplements reduce STH infection, and whether the combination of deworming and supplements exert 
synergistic benefits, is less clear, especially at the population level where interventions are typically applied.

 Reducing STH Infection as a Means of Improving Nutritional Status

Hall and colleagues [248] in a review of the impact of STHs on nutrition concluded that deworming 
alone is unlikely to treat nutritional problems that may have been exacerbated by infection and recom-
mended parallel provision of protein, energy, and/or micronutrients. This conclusion has been reiter-
ated by two recent systematic reviews [249, 250] that have identified little or no benefit of mass 
deworming on child weight and no benefit on height. However, in a global empirical analysis of mass 
deworming programs (population-based treatment without confirmation that individuals are infected 
or that treatment clears infection), the odds of stunting were reduced in preschool children whose 
caregiver recalled that their child had been dewormed within the previous 6 months [251]. This study 
also showed that deworming reduced anemia within sub-Saharan Africa where hookworm is a very 
common infection [251]. A distinct feature of this analysis was confirmation (albeit by recall) of indi-
vidual deworming rather than an assumption that mass deworming reached all children.

 Improving Nutritional Status as a Means of Reducing STH Infection

Interventions that improve diet, provide agricultural and nutritional education, and provide supplements 
with single or multiple nutrients might be expected to reduce STH infection, and this logic has guided 
some national recommendations. For example, a recent study in Ecuador concluded that nutritional sup-
plementation programs should be prioritized in order to reduce the burden of STH within the Amazon 
region [252]. In Mexico, when bimonthly vitamin A supplementation and a daily zinc supplement were 
provided for a year to infants (6–15 months), the duration of Ascaris infection (measured as number of 
months between a positive and a negative stool sample) was reduced, indicating that the immune response 
to Ascaris may have been enhanced by the combination of vitamin A and zinc supplements, but not by 
vitamin A or zinc alone [159]. Of note, however, is the emerging evidence from Trichuris-infected mice 
that the major metabolite of vitamin A (retinoic acid) induced a pro-inflammatory response [253], raising 
a caution that vitamin A supplementation may exacerbate acute bacterial infections [145].

Other nutrition interventions, such as shifts in food production, food access, food choices, or improved 
food security, are likely to have longer-term and more sustainable benefits than nutritional supplements 
and may also reduce STH transmission. However, the benefits of these interventions are less likely to be 
detected quickly, and the long-term research needed to detect benefits has not been done.

 Combined Nutrition and Infection Interventions

The most common combination interventions that directly target both STH infection and malnutrition 
are deworming together with either multi-micronutrient or vitamin A supplements. Re-infection rates 
with Trichuris and Ascaris were lower in Vietnamese school children who received a multi- 
micronutrient supplement 5 days/week for 12 weeks following albendazole treatment [254].
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Several studies have explored the impact of combined vitamin A and deworming on STH re- 
infection rates. When deworming occurred prior to a 200,000 IU (60 mg) vitamin A supplement, no 
impact was seen on Ascaris, Trichuris, or hookworm re-infection at 3 or 6 months after deworming in 
a randomized double-blind placebo controlled trial in Malaysian school children [255]. Similarly, 
when a single, 60 mg dose of vitamin A was administered together with albendazole to Chinese pre-
school children, re-infection rates were unaffected compared with deworming alone, although the 
combination of albendazole and vitamin A was more effective in reducing anemia and improving 
hemoglobin [256]. However, when a 60 mg vitamin A supplement preceded deworming by no more 
than 3 months, supplementation reduced Ascaris re-infection epg 3 months after deworming of 
Panamanian preschool children of normal stature but not stunted preschool children [257]. Although 
the different results among these studies may be due to the relative timing of supplementation and 
deworming, it is important to note that serum retinol concentrations were lower in the Panamanian 
preschool children than in the Chinese preschool children and the Malaysian school children. Both 
age and preexisting degree of deficiency may modify the potential benefit of the supplement on STH 
re-infection. Also, if retinol is depleted more rapidly in stunted children [258], the benefit of supple-
mentation on re-infection may be brief.

 Co-existing Infections and Co-existing Nutrient Deficiencies

The challenge of identifying the most appropriate intervention(s) is compounded by co-existing infec-
tions not only in the gut but also in other organs and tissues, together with co-existing multiple nutri-
ent deficiencies. A recent multidimensional survey of impoverished indigenous pregnant women in 
Panama highlights the challenge [259–261]. STH infections were common (hookworm in 57%, 
Ascaris in 32%, Trichuris in 12%) and two intestinal protozoa, Giardia (11%) and Entamoeba coli 
(2%), were also detected. In addition, clinically determined oral, skin infections and laboratory-diag-
nosed vaginal and urinary infections were recorded. The number of other infections was staggering. 
At least one vaginal pathogen was found in 97% of women: bacterial vaginosis was diagnosed in 61% 
of women, trichomoniasis in 75%, diplococcal infection in 20%, and vaginal yeast in 25%. Also, 
asymptomatic urinary tract infections were detected in 56% of women, 20% had dental caries, and 
17% had scabies [259]. Malaria and HIV were not present in the population, and other blood-borne 
and viral infections were not measured. Furthermore, serum analysis of vitamins and haemaglobin 
revealed a high prevalence of deficiencies: vitamin B12 (86%), vitamin D (68%), vitamin A (39%), and 
folic acid (31%) [260] together with anemia (38%) a [261].

Each of these infections and deficiencies may influence others. For example, among the infections, 
vaginal diplococcal infection was positively associated with Ascaris but negatively associated with 
hookworm, and vaginal Lactobacillus increased Ascaris epg [259]. Serum C-reactive protein (CRP) 
concentration was higher in women with hookworm infection and caries but lower in women with 
Ascaris and vaginal bacteria [260]. Also, a complex network of associations emerged between infec-
tions and deficiencies with regard to blood pressure indicators [261]. These findings raise concerns 
that interventions targeted against a specific infection may have unexpected consequences and that 
clinically relevant biomarkers may be misinterpreted without a more holistic knowledge of co- existing 
infections and nutrient deficiencies.

This setting in rural Panama is likely unique only in that comparable sets of data have not been 
collected elsewhere. This arises because of the specialized nature of the research and the limited inter-
action between nutritionists and infectious disease experts when designing screening and intervention 
studies. A more detailed consideration of the challenge of co-existing infections and deficiencies is 
explored in Chap. 14 [262]).
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 Take-Home Messages (Box 12.12)

 Challenges for Future Research and Conclusions

The large number of reported associations between malnutrition and STH infection in human popula-
tions would indicate that underlying mechanistic explanations exist. Many such mechanisms have 
been demonstrated in livestock [141] and in laboratory models especially when animal age parallels 
developmental periods of greatest concern for human health, when multiple infections or deficiencies 
are combined, and when natural routes of infection are used [142]. Yet these findings do not provide 
public health answers to the challenges of malnutrition and STH infection in resource-poor settings. 
How can we ensure that epidemiological studies are as informative as possible? As summarized 
below, the answer lies in considering data from observational and experimental studies along with 
randomized controlled trials (RCTs), in adjusting the design of epidemiological studies to account for 
unique aspects of STH epidemiology, and in measuring a wider set of variables to account for the 
complex interactions among co-existing infections and nutrient deficiencies.

First, several recent meta-analyses and systematic reviews of nutrition-STH interactions and inter-
ventions have questioned whether sole reliance on RCTs as a means of demonstrating causal relation-
ships is appropriate [174, 191, 251]. Clearly the strength of evidence would be improved if more 
RCTs were conducted, if all RCTs provided the metrics needed for meta-analyses [203], and if new 
analytical tools such as agent-based models [203], k-nearest neighbor analysis, k-means analysis, and 
finite mixture models [263] were used. However, observational studies also advance understanding 
when associations consistent with causal relationships obtained from experimental studies are repeat-
edly observed [174, 251].

Second, distinctive aspects of STH infections are often ignored in both RCTs and observational 
studies, reducing the likelihood of detecting relationships that do exist. (1) Studies need to be con-
ducted in populations where both malnutrition and STH infection are prevalent [191, 248]. Hall and 
colleagues [248] recommended that >20% should be underweight and >40% should be anemic in 
order to detect an impact of deworming on these nutritional status indicators and that >70% of a popu-
lation should be infected with STHs. The recommended prevalence of STHs may seem excessive, but 
it is important to remember that most infected individuals have only a few worms and that detectable 
morbidity more often occurs in the few individuals with high numbers of worms. (2) Intensity of STH 
infection (usually measured through epg), not just presence or absence, needs to be recorded for each 
participant. Without data on STH intensity, it is impossible to reliably detect associations or to know 
whether an intervention benefitted those individuals with a moderate- or high-intensity infection, as 
results from the large proportion of lightly infected individuals would dilute the benefit accrued in 
more heavily infected individuals [248, 263]. Data on epg would also allow investigators to clarify 

Box 12.12 Interventions: Take-Home Messages
• Despite the logical conclusion that improving nutritional status would reduce STH infection, 

and that reducing STH infections would improve nutritional status, definitive evidence is 
limited.

• A few examples demonstrate that deworming combined with nutrient supplementation is 
more beneficial in reducing STH infections than deworming alone, and the benefit may be 
improved if supplementation precedes deworming.

• Further studies are needed, especially ones that consider co-existing pathogens and nutrient 
deficiencies and consider the possibility that interventions may exacerbate disease due either 
to STH infection or to malnutrition.
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whether low-intensity STH infections minimize the pro-inflammatory response. (3) The most com-
monly used anthelmintic to treat STHs (albendazole) has lower efficacy against hookworm and 
Trichuris than against Ascaris. Thus, a comparison of fecal epg prior to, and 3 weeks after, deworming 
is important to confirm that treated individuals are no longer infected [248]. (4) Mass deworming 
programs provide treatment without prior confirmation that individuals are infected or confirmation 
that treatment has cleared the infection [251], making it difficult to detect benefits of mass deworming 
on nutritional status. (5) STH re-infection occurs rapidly following infection, often within 6 months 
[248], and thus repeated deworming is needed to detect improvements in growth that may not be evi-
dent for 1 or 2 years [248].

Third, an expanded range of variables should be measured, given the variety of ways in which host 
nutritional status and STH infections interact [141]. Child height and weight and maternal BMI are 
commonly measured, but few studies have considered head circumference. Co-existing nutrient defi-
ciencies and co-existing viral, bacterial, protozoan, helminth, fungal, and ectoparasitic infections may 
modify relationships, but are rarely recorded. Overwhelming evidence highlights that the microbiome 
interacts with infections, immunity, inflammation, and nutrition [41], but the composition, structure, 
and metabolic profile of host microbiomes have been largely ignored. Fortunately, new bioinformatics 
tools allow researchers to explore vast amounts of data in an unbiased way [142]. Finally, the complex 
social, economic, and political environment also influences both risk of malnutrition and risk of STH 
infection and certainly affects the success of interventions programs [203, 250]. Multidisciplinary 
research teams are most likely to incorporate a broader set of indicators of nutrition, infection, immu-
nology inflammation, and the microbiome, as well as social variables in their study design and to 
interrogate the results in a broader, and more meaningful, way.

The paradigm that all infections are “bad” needs to be reconsidered. Evolution may have favored a 
balanced set of low-grade infections and low-grade nutritional deficiencies for optimal health. 
Evidence now shows that STH infections reduce symptoms of a variety of nutrition-related chronic 
diseases [173], and STH infections may reduce the risk of other infections [259] and lower concentra-
tions of clinically relevant biomarkers [260, 261]. Hence, attention to the possibility that STH inter-
ventions may inadvertently exacerbate disease is needed. This may be of special relevance in remote, 
impoverished settings and marginalized populations where interactions among the many co-existing 
mild infections and mild nutrient deficiencies may have coevolved to minimize host disease.

From a public health perspective, a multipronged approach that extends beyond deworming and 
supplements will be needed to achieve sustainable improvements [142, 201, 264]. Such an approach 
could include education programs that promote healthy diets, improved sanitation and hygiene, food 
safety, improved food security, shifts in dietary recommendations to account for energetic costs of 
infection and immunity, and use of probiotics that together could interrupt the STH life cycle and 
promote beneficial immune and inflammatory responses. New nutraceuticals and medicinal foods 
with specific bioactive components that modify the intraluminal environment and enhance skin and 
intestinal barrier functions may also be helpful.

In conclusion, conceptual frameworks such as those developed in Chap. 1 [3] and by Welch and 
colleagues [250] expand the list of possible mechanisms by which nutritional status interacts with 
STH infection beyond the two most obvious (impaired immunity in malnourished hosts increases 
STH infection, and STHs reduce nutrient absorption). Many of these potential mechanisms have been 
explored and confirmed in rodent models and livestock. Yet demonstration of causality in epidemio-
logical studies remains elusive, perhaps because each causal interaction is in turn influenced by co- 
existing infections and nutrient deficiencies and probably by the host microbiome. Through more 
intentional multidisciplinarity in design of epidemiological studies and intentional integration of 
experimental findings in interpreting results, evidence that nutritional status influences STH infec-
tions is likely to increase, allowing development of more holistic and sustainable public health 
interventions.
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Key Points
• Interactions between antimicrobial agents (antibacterial, antiviral, antifungal, antiparasitic) 

and nutrition (i.e., drug-nutrition interaction) occur and are superimposed on the already 
complex relationship between pathogen and host.

• A meal, specific food, food component (including a nutrient), or nutritional status may influ-
ence the physiologic disposition of an antimicrobial agent.

• If a drug-nutrition interaction is not recognized and addressed, an altered drug concentration 
may adversely influence clinical progress and outcome including the risk for drug resistance.

• An antimicrobial regimen may influence whole body nutritional status, metabolic status, or the 
concentration of individual nutrients requiring close monitoring and management as needed.
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 Introduction

There are numerous relationships between nutrition and infectious diseases, well described in the many 
valuable chapters in this volume. Added into that complex mix are the potential interactions between 
nutrition and antimicrobial agents (Fig. 13.1). These agents include those used to manage bacterial, viral, 
fungal, and parasitic infections, whether systemic or isolated to the gastrointestinal tract. The valuable 
therapeutic interactions between these medications and infecting organisms in support of the host’s 
inflammatory response to the infection as coordinated by the immune system are well documented [1]. 
By targeting the pathogen, antimicrobials may be seen as tipping the balance in favor of the host.

 Nutrition and Infection

Interactions between host and pathogen necessarily involve nutrition through both specific nutrients and 
broader nutritional status. For example, one area of “metabolic cross talk” between host and pathogen 
may occur with amino acids, as the host and pathogen compete for proteins in general, and specific amino 
acids [2]. The effects of such competitions likely influence the outcome of an infection. The interacting 
influence of poor diet and infection on growth and development at various life stages (e.g., infancy, child-
hood, pregnancy) is well-described [3]. The synergistic effects between nutrition and the inflammatory 
response are particularly important in the face of malnutrition and infection when biomarker assessments 
become challenging [4]. Malnutrition is also a significant predictor of healthcare-associated infections in 
hospitalized patients [5]. Hence, interactions between antimicrobials and nutrition have the potential to be 
favorable or unfavorable to the host, sometimes depending upon the specific microbes.

 Nutrition and the Microbiota

With respect to the gut microbiota, the influence of nutrition (diet) is known to be critical [6–8]. 
Malnutrition also impacts the abundance and diversity of the gut microbiota, increasing the risk for 
gut pathogens to access both local and systemic tissues [9]. Although interactions involving this 
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Nutrition – amino acids/protein, carbohydrate, fatty acids/lipid, food, micronutrients, nutrition status

Inflammatory response
Via cells, genes, mediators and receptors Antimicrobials

Fig. 13.1 Interaction of antimicrobials superimposed on the interactions between nutrition, inflammatory response, 
and infectious disease domains in a patient (host)
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domain are beyond the scope of this chapter, the influence of antimicrobials on the microbiota has also 
been well described in recent years to include roles in resistance patterns as well as altering functional 
gene diversity [10]. Regimens as short as 7 days may have lasting impacts on reduced microbial diver-
sity and gene functionality [11]. The effects will vary by drug. For example, anthelminthic regimens 
may alter (e.g., ivermectin) or have no influence (e.g., albendazole)  on the gut microbiota in the days 
following therapy [12].

 Antimicrobials and Nutrition

Tipping the balance in favor of the host does not mean that antimicrobials are without an adverse 
effect on the host. The oral bioavailability and the clinical effect of these valuable drugs are influenced 
by a variety of factors including interactions. Although drug-drug interactions are commonly recog-
nized by clinicians, drug-nutrition interactions are less familiar but are no less important. This chapter 
will define drug-nutrition interactions and then describe the various types of drug-nutrition interac-
tions using a variety of antimicrobials as examples. Table 13.1 provides a list, by class, of select 
antimicrobials mentioned in the chapter. Additional information on these drugs (Tables 13.2, 13.3, 
13.4, and 13.5) provides further clinical context.

Functionally, antimicrobials can be classified into one of three groups by the method that best 
describes how drug exposure leads to killing activity. They may be described as (1) time-dependent 
killing (serum drug concentrations remain above the minimum inhibitory concentration [MIC] of the 
pathogen for a minimum period of time [e.g., penicillins, cephalosporins]); (2) concentration- 
dependent killing (maximum serum drug concentrations [i.e., “peak”] well above the MIC [e.g., ami-

Table 13.1 Selected antimicrobials used for infectious diseases

Target 
organisms Drug class Examples

Antibacterials Aminoglycosides Gentamicin
Antituberculars Ethambutol, isoniazid, pyrazinamide, rifampin
Beta-lactams Meropenem, cefdinir, penicillins
Ketolides or macrolides Azithromycin, clarithromycin
Lipopeptides or glycopeptides Daptomycin, vancomycin
Quinolones Ciprofloxacin
Tetracyclines Doxycycline
Others Chloramphenicol, clindamycin, cotrimoxazole, 

linezolid
Antifungals Azoles Fluconazole, itraconazole, posaconazole, voriconazole

Classic Amphotericin, flucytosine, griseofulvin
Echinocandins Caspofungin, micafungin

Antivirals Antiretroviral reverse transcriptase 
inhibitors

Abacavir, efavirenz, lamivudine, nevirapine, tenofovir

Antiretroviral protease inhibitors Atazanavir, darunavir, saquinavir
Antiretroviral integrase inhibitors Dolutegravir, elvitegravir
Others Acyclovir, adefovir, entecavir, oseltamivir, ribavirin, 

sofosbuvir
Antiparasitics Anthelmintics Albendazole, ivermectin, praziquantel

Antimalarials Artesunate, chloroquine, lumefantrine, mefloquine, 
sulfadiazine

Antiprotozoals Metronidazole, pyrimethamine
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Table 13.2 Antibacterial agents

Antimicrobial 
common name

Antimicrobial 
trade name 
(USA)

Therapeutic 
action or class

Routinely susceptible 
organismsa

Predominant clinical 
infection

Taken 
with 
food?b

Amoxicillin Amoxil, 
others

Cell wall 
synthesis 
inhibitor

Streptococcus spp., 
Enterococcus spp.

Otitis media, 
sinusitis, 
pharyngitis, 
endocarditis, 
respiratory tract, 
urinary tract 
infection

Y

Ampicillin Various Cell wall 
synthesis 
inhibitor

Streptococcus spp., 
Enterococcus spp.

Otitis media, 
sinusitis, 
pharyngitis, 
endocarditis, 
respiratory tract, 
urinary tract 
infection

N

Azithromycin Zithromax, 
others

Protein 
synthesis 
inhibitor

Streptococcus spp., 
Staphylococcus spp., 
Neisseria spp., 
Haemophilus influenzae, 
Moraxella catarrhalis, 
Escherichia coli, Shigella 
spp.,
Salmonella spp., 
Chlamydia spp., 
Legionella spp., 
Toxoplasma gondii

Upper respiratory 
tract, lower 
respiratory tract, 
pertussis, skin and 
skin structure, 
gastrointestinal 
infections

Y (tablet)
N 
(capsule)

Cefdinir Various Cell wall 
synthesis 
inhibitor

Staphylococcus spp., 
Streptococcus spp., 
Neisseria spp., 
Haemophilus influenzae, 
Moraxella catarrhalis, 
Escherichia coli, 
Klebsiella spp., 
Salmonella spp., Shigella 
spp., Proteus spp.

Respiratory tract 
infection, tonsillitis, 
skin infection

N

Cefoxitin Mefoxin, 
others

Cell wall 
synthesis 
inhibitor

Staphylococcus spp., 
Streptococcus spp., 
Escherichia coli, 
Klebsiella spp., Proteus 
mirabilis, Bacteroides 
fragilis

Intra-abdominal 
infection

IV

Cefpodoxime Various Cell wall 
synthesis 
inhibitor

Staphylococcus spp., 
Streptococcus spp., 
Neisseria spp., 
Haemophilus influenzae, 
Moraxella catarrhalis, 
Escherichia coli, 
Klebsiella spp., 
Salmonella spp., Shigella 
spp., Proteus spp.

Respiratory tract 
infection, tonsillitis, 
skin infection

Y
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Table 13.2 (continued)

Antimicrobial 
common name

Antimicrobial 
trade name 
(USA)

Therapeutic 
action or class

Routinely susceptible 
organismsa

Predominant clinical 
infection

Taken 
with 
food?b

Chloramphenicol Various Protein 
synthesis 
inhibitor

Staphylococcus spp., 
Streptococcus spp., 
Enterococcus spp., 
Neisseria spp., 
Clostridium spp., 
Bacteroides spp.

(An alternative 
agent)

Y/N

Ciprofloxacin Cipro, others DNA synthesis 
inhibitor

Escherichia coli, 
Klebsiella spp., 
Enterobacter spp., 
Proteus spp., Morganella 
spp., Citrobacter spp., 
Serratia spp., Legionella 
spp., Haemophilus 
influenzae, Vibrio spp., 
Salmonella spp., Shigella 
spp.

Urinary tract 
infection, prostatitis, 
gastroenteritis, 
intra-abdominal, 
peritonitis, 
osteomyelitis, skin 
and soft tissue 
infections

Y (if no 
dairy or 
calcium- 
fortified 
food)

Clarithromycin Biaxin, others Protein 
synthesis 
inhibitor

Streptococcus spp., 
Staphylococcus spp., 
Neisseria spp., 
Haemophilus influenzae, 
Moraxella catarrhalis, 
Escherichia coli, Shigella 
spp., Salmonella spp., 
Helicobacter pylori, 
Mycobacterium avium 
complex, Chlamydia spp., 
Legionella spp.

Upper respiratory 
tract, lower 
respiratory tract, 
pertussis, pulmonary 
and disseminated 
Mycobacterium 
avium complex, skin 
and skin structure, 
gastrointestinal 
infections including 
H. pylori-associated 
gastritis

Y/N

Clindamycin Cleocin, 
others

Protein 
synthesis 
inhibitor

Staphylococcus aureus, 
coagulase-negative 
Staphylococcus spp., 
Streptococcus spp., 
Corynebacterium 
diphtheria, Bacteroides 
fragilis, Clostridium 
tetani, Clostridium 
perfringens

Skin and connective 
tissue infection, 
necrotizing fasciitis, 
bite wound, 
respiratory tract, 
diphtheria, 
endocarditis, 
osteomyelitis

Y/N

Cotrimoxazolec Bactrim, 
Septra, others

Folic acid 
antagonist

Staphylococcus spp., 
Streptococcus spp., 
Corynebacterium spp., 
Enterobacteriaceae, 
Pneumocystis jirovecii

Urinary tract 
infection, bacterial 
pneumonia, others

Y/N

Daptomycin Cubicin, 
others

Cell 
membrane 
depolarization

Staphylococcus spp., 
Streptococcus spp., 
Enterococcus spp.

Skin and skin 
structure infection, 
Staph bacteremia 
and endocarditis, 
osteomyelitis

IV

(continued)
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Table 13.2 (continued)

Antimicrobial 
common name

Antimicrobial 
trade name 
(USA)

Therapeutic 
action or class

Routinely susceptible 
organismsa

Predominant clinical 
infection

Taken 
with 
food?b

Doxycycline Vibramycin, 
others

Protein 
synthesis 
inhibitor

Streptococcus pneumonia, 
Bacillus anthracis, 
Enterobacteriaceae, 
Listeria monocytogenes, 
Chlamydia spp., Yersinia 
pestis

Respiratory tract 
infection, 
gastrointestinal 
infection, sexually 
transmitted 
infection, others

N

Ethambutol Myambutol, 
others

Arabinosyl 
transferase 
inhibitor

Mycobacterium spp. Tuberculosis, 
Mycobacterium 
avium complex

Y/N

Gentamicin Various Protein 
synthesis 
inhibitor

Enterobacteriaceae Bacteremia, urinary 
tract infection

IV

Isoniazid Various Mycolic acid 
synthesis 
inhibitor

Mycobacterium 
tuberculosis

Pulmonary and 
extrapulmonary 
tuberculosis

N

Linezolid Zyvox, others Protein 
synthesis 
inhibitor

Staphylococcus spp., 
Enterococcus spp., 
Streptococcus spp.

Bacteremia, 
respiratory tract 
infection, 
endocarditis, skin/
structure infection

Y/N

Meropenem Merrem, 
others

Cell wall 
synthesis 
inhibitor

Staphylococcus spp., 
Streptococcus spp., 
Enterococcus spp., 
Enterobacteriaceae, 
Haemophilus influenzae, 
Neisseria meningitides

Skin/structure 
infection, intra- 
abdominal infection, 
bacterial meningitis

IV

Norfloxacin Various DNA synthesis 
inhibitor

Staphylococcus spp., 
Enterobacteriaceae

Urinary tract 
infection, prostatitis, 
bacterial diarrhea

N

Omadacycline Nuzyra Protein 
synthesis 
inhibitor

Staphylococcus spp., 
Enterococcus faecalis, 
Streptococcus spp., 
Haemophilus spp., 
Klebsiella pneumonia, 
Legionella pneumonia, 
Mycoplasma pneumonia

Community- 
acquired pneumonia, 
skin and skin 
structure infection

N

Penicillin Various Cell wall 
synthesis 
inhibitor

Staphylococcus spp., 
Streptococcus spp., 
Neisseria spp.

Strep throat, 
cellulitis, otitis, 
sinusitis

N

Pyrazinamide Various Antitubercular Mycobacterium 
tuberculosis

Tuberculosis N

Rifampin Various RNA 
polymerase 
inhibitor

Mycobacterium spp., 
Staphylococcus spp., 
Legionella pneumonia, 
Neisseria meningitides, 
Listeria monocytogenes

Tuberculosis, 
Mycobacterium 
avium complex, 
staph bacteremia

Y/N
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Table 13.2 (continued)

Antimicrobial 
common name

Antimicrobial 
trade name 
(USA)

Therapeutic 
action or class

Routinely susceptible 
organismsa

Predominant clinical 
infection

Taken 
with 
food?b

Tigecycline Tygacil, 
others

Protein 
synthesis 
inhibitor

Staphylococcus spp., 
Streptococcus spp., 
Enterococcus faecalis, 
Bacteroides spp., 
Enterobacter cloacae, 
Escherichia coli, 
Haemophilus influenzae, 
Klebsiella pneumonia, 
Legionella pneumonia

Intra-abdominal 
infection, skin and 
skin structure 
infection, 
community-acquired 
infection

IV

Vancomycin Various Cell wall 
synthesis 
inhibitor

Staphylococcus spp., 
Streptococcus spp., 
Enterococcus faecalis

Bacteremia, 
endocarditis, 
peritonitis, 
Clostridium 
difficile-associated 
colitis

IV

aLocal susceptibility patterns vary by organism (genus and species)
bY = yes; N = No; Y/N = either; IV = only available intravenously
cCotrimoxazole = sulfamethoxazole + trimethoprim

Table 13.3 Antifungal agents

Antimicrobial 
common name

Antimicrobial 
trade name 
(USA)

Therapeutic 
action or class

Routinely susceptible 
organismsa

Predominant clinical 
infection

Taken 
with 
food?b

Amphotericin Various Cell membrane 
disruptor

Cryptococcus 
neoformans, Candida 
spp.

Cryptococcosis, 
candidemia, candidiasis

IV

Caspofungin Cancidas, 
others

β-glucan 
synthesis 
inhibitor

Candida spp., 
Aspergillus spp.

Candidiasis, 
aspergillosis

IV

Fluconazole Diflucan, 
others

Fungal 
cytochrome 
P450 inhibitor

Candida spp., 
Cryptococcus 
neoformans

Candidemia, 
candidiasis, 
cryptococcosis

Y/N

Flucytosine Ancobon, 
others

Protein synthesis 
inhibitor

Candida spp., 
Cryptococcus neoformans

Candidemia, candidiasis, 
cryptococcosis

Y/N

Griseofulvin Various Microtubule 
disruptor

Trichophyton spp., 
Epidermophyton spp., 
Microsporum spp.

Dermatophyte 
infections

Y

Itraconazole Sporanox, 
others

Fungal 
cytochrome 
P450 inhibitor

Candida spp., 
Cryptococcus 
neoformans, Blastomyces 
spp., Histoplasma spp., 
Aspergillus spp.

Candidemia, candidiasis, 
cryptococcosis, 
blastomycosis, 
histoplasmosis, 
aspergillosis, others

Y

Micafungin Mycamine, 
others 

β-glucan 
synthesis 
inhibitor

Candida spp. Candidemia, candidiasis IV

Posaconazole Noxafil, 
others

Fungal 
cytochrome 
P450 inhibitor

Aspergillus spp., 
Candida spp.

Aspergillosis, mucosal 
candidiasis

Y

Voriconazole Vfend, others Fungal 
cytochrome 
P450 inhibitor

Aspergillus spp., 
Candida spp., Fusarium 
spp.

Aspergillosis, 
candidemia, invasive 
candidiasis

N

aLocal susceptibility patterns vary by organism (genus and species)
bY = yes; N = No; Y/N = either; IV = only available intravenously
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Table 13.4 Antiviral agents

Antimicrobial 
common name

Antimicrobial 
trade name 
(USA)

Therapeutic action 
or class

Routinely susceptible 
organismsa

Predominant clinical 
infection

Taken 
with 
food?b

Abacavir Ziagen, others Nucleoside reverse 
transcriptase 
inhibitor

Human 
immunodeficiency 
virus-1, Human 
immunodeficiency 
virus-2

HIV infection N

Acyclovir Zovirax, others DNA polymerase 
inhibitor

Herpes simplex virus-1, 
Herpes simplex virus-2, 
Varicella-zoster virus

Genital herpes, 
herpes labialis, HSV 
encephalitis, 
disseminated herpes, 
varicella, zoster

Y/N

Adefovir Hepsera, others Nucleotide reverse 
transcriptase 
inhibitor

Hepatitis B virus, 
Varicella-zoster virus, 
Cytomegalovirus

Chronic hepatitis B 
infection

Y/N

Atazanavir Reyataz, others Protease inhibitor Human 
immunodeficiency 
virus-1

HIV infection Y

Cobicistat Tybostc CYP3A inhibitor (to increase 
antiretroviral 
availability)

HIV infection Y/N

Daclatasvir Daklinza NS5A inhibitor Hepatitis C virus Hepatitis C infection N
Darunavir Prezista, others Protease inhibitor Human 

immunodeficiency 
virus-1

HIV infection Y

Dolutegravir Tivicay, others Integrase inhibitor Human 
immunodeficiency 
virus-1

HIV infection Y

Doravirine Pifeltro Non-nucleoside 
reverse 
transcriptase 
inhibitor

Human 
immunodeficiency 
virus-1

HIV infection Y/N

Efavirenz Sustiva, others Non-nucleoside 
reverse 
transcriptase 
inhibitor

Human 
immunodeficiency 
virus-1

HIV infection Y

Elvitegravir Vitekta Integrase inhibitor Human 
immunodeficiency 
virus-1

HIV infection Y

Emtricitabine Emtriva, others Nucleoside reverse 
transcriptase 
inhibitor

Human 
immunodeficiency 
virus-1

HIV infection Y/N

Entecavir Baraclude, 
others

Nucleoside reverse 
transcriptase 
inhibitor

Hepatitis B virus Chronic hepatitis B 
infection

N

Faldaprevir [BI-201335] Protease inhibitor Hepatitis C virus Hepatitis C infection Y/N
Lamivudine Epivir, others Nucleoside reverse 

transcriptase 
inhibitor

Human 
immunodeficiency 
virus-1

HIV infection Y/N

Lopinavir Kaletrad, 
othersd

Protease inhibitor Human 
immunodeficiency 
virus-1

HIV infection Y
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Table 13.4 (continued)

Antimicrobial 
common name

Antimicrobial 
trade name 
(USA)

Therapeutic action 
or class

Routinely susceptible 
organismsa

Predominant clinical 
infection

Taken 
with 
food?b

Nevirapine Viramune, 
others

Non-nucleoside 
reverse 
transcriptase 
inhibitor

Human 
immunodeficiency 
virus-1

HIV infection Y/N

Oseltamivir Tamiflu, others Neuroaminidase 
inhibitor

Influenza A virus, 
Influenza B virus

Influenza A and B 
infections, avian 
H5N1 infection

Y/N

Ribavirin Rebetol, others Nucleoside RNA 
polymerase 
inhibitor

Hepatitis C virus, 
respiratory syncytial 
virus

Chronic hepatitis C 
infection

Y

Saquinavir Invirase Protease inhibitor Human 
immunodeficiency 
virus-1

HIV infection Y

Sofosbuvir Sovaldi Nucleotide 
polymerase 
inhibitor

Hepatitis C virus Chronic hepatitis C 
infection

Y > N

Tenofovir Viread, others Nucleotide reverse 
transcriptase 
inhibitor

Human 
immunodeficiency 
virus-1, Hepatitis B 
virus

HIV infection, 
chronic hepatitis B 
infection

Y > N

aLocal susceptibility patterns vary by virus
bY = yes; N = No; Y/N = either; Y > N = either but food preferred, IV = only available intravenously
cCobicistat most commonly used in combination with products with other retroviral agents
dLopinavir only available in combination products with ritonavir

Table 13.5 Antiparasitic agents

Antimicrobial 
common name

Antimicrobial 
trade name 
(USA)

Therapeutic action or 
class

Routinely susceptible 
organismsa

Predominant clinical 
infection

Taken 
with 
food?b

Albendazole Albenza, 
others

Tubulin 
polymerization 
inhibitor

Ancylostoma spp., 
Necator spp., Soil-
transmitted 
helminths:Necator., 
Enterobius spp., 
Trichuris spp., Ascaris 
spp., Strongyloides spp., 
Giardia duodenalis

Hookworm, 
whipworm, 
pinworm, ascariasis, 
strongyloidiasis, 
giardiasis, 
microsporidiosis

Y/N

Artemisinin 
(Quinhaosu)

n/a Reactive metabolite 
damage to organelles 
and/or interference 
with calcium 
homeostasis

Plasmodium falciparum, 
Plasmodium vivax, 
Schistosoma spp., 
Leishmania spp.

Malaria Y > N

Artesunate n/a Reactive metabolite 
damage to organelles 
and/or interference 
with calcium 
homeostasis

Plasmodium falciparum, 
Plasmodium vivax, 
Schistosoma spp., 
Leishmania spp.

Schistosomiasis, 
leishmaniasis, 
malaria

Y > N

(continued)
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noglycosides, lipopeptides]); or (3) concentration-dependent killing with time dependency (area 
under the drug concentration-time curve [AUC] above the MIC or above an AUC:MIC cut-off value 
for the organism [e.g., macrolides, fluoroquinolones, glycopeptides, azole antifungals]). The clinical 
effect of drug-nutrition interactions may have the potential to alter this pharmacologic activity.

 Definitions and Clinical Relevance

In a distinctly broad definition, the term drug-nutrition interaction reflects a physical, chemical, physi-
ological, or pathophysiological relationship between a medication and one or more nutrients, food in 
general, specific foods or food components, nutritional status, or metabolic status [13–15]. One part 

Table 13.5 (continued)

Antimicrobial 
common name

Antimicrobial 
trade name 
(USA)

Therapeutic action or 
class

Routinely susceptible 
organismsa

Predominant clinical 
infection

Taken 
with 
food?b

Chloroquine Aralen, others Increases 
ferrprotoporphyrin 
IX (heme) induced 
cell lysis

Plasmodium vivax, 
Plasmodium ovale, 
Entamoeba histolytica, 
Giardia duodenalis

Schistosomiasis, 
leishmaniasis, 
malaria 
(erythrocytic stages)

N

Ivermectin Stromectol, 
others

Selective muscle 
paralysis

Ascaris lumbricoides, 
Enterobius vermicularis, 
Strongyloides 
stercoralis, Onchocerca 
volvulus

Ascariasis, 
pinworm, 
strongyloidiasis, 
onchocerciasis

Y

Lumefantrine Coartemc Increases 
ferrprotoporphyrin 
IX (heme) induced 
cell lysis

Plasmodium falciparum, 
Plasmodium vivax

Malaria 
(erythrocytic stages)

Y

Mefloquine Various Efflux pump 
inhibitor

Plasmodium falciparum, 
Plasmodium vivax

Malaria Y > N

Metronidazole Flagyl, others DNA synthesis 
inhibitor

Bacteroides fragilis, 
Clostridium spp., 
Peptostreptococcus spp., 
Trichomonas vaginalis, 
Giardia duodenalis, 
Entamoeba histolytica

Intra-abdominal 
infection, genital 
infection, bacterial 
vaginosis, 
osteomyelitis, 
trichomoniasis, 
giardiasis, amebiasis

N

Praziquantel Biltricide, 
others

Calcium-channel 
binding associated 
tetany

Schistosoma spp., 
Opistorchis viverrini, 
Clonorchis sinensis

Schistosomiasis, 
opisthorchiasis, 
clonorchiasis

Y

Pyrimethamine Daraprim Folic acid antagonist Plasmodium falciparum, 
Toxoplasma gondii, 
Pneumocystis jirovecii, 
Cystoisospora belli

Malaria, 
toxoplasmosis, 
pneumocystis 
pneumonia, 
cystoisosporiasis

Y/N

Sulfadiazine Various Folic acid antagonist Staphylococcus spp., 
Streptococcus spp., 
Enterobacteriaceae, 
Toxoplasma gondii, 
Plasmodium falciparum

Urinary tract 
infection, 
respiratory tract 
infection, 
toxoplasmosis, 
malaria

Y/N

n/a not available
aLocal susceptibility patterns vary by organism (genus and species)
bY = yes; N = No; Y/N = either; Y > N = either but food preferred, IV = only available intravenously
cLumefantrine only available in combination products with artemether
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of the relationship is considered the precipitating factor, while the other component is the object of 
the interaction (Table 13.6). The precipitating element may be any one of the listed components (i.e., 
drug, nutrient, food, or nutritional status), with any other component serving as the object of the inter-
action. As a result, several subtypes of drug-nutrition interaction exist which can be described by their 
precipitating factor and object as “food-drug” interactions or “drug-nutrient” interactions, among 
others. The systematic approach to identifying, recognizing, and understanding the many interactions, 
when classified into subtypes, is more inclusive and allows evolving interactions to be classified as 
new data become available [14, 15].

For a drug-nutrition interaction to be considered clinically significant, there is an expectation that 
nutritional status is compromised and/or therapeutic drug response is modified. The alteration may be 
represented by a 20% or greater change in biomarkers, physiologic indicators, or kinetic parameters 
from a baseline value or an anticipated effect. The time frame over which the change occurs will vary 
with the precipitating factor and object. The severity of consequences may vary, with some individuals 
at higher risk based on their age, genetic variants, organ function, or disease state. As a result, the clinical 
significance or severity of a drug-nutrition interaction may be difficult to predict. The management of an 
interaction may only require close clinical monitoring in some instances but may require significant 
changes in eating patterns or pharmacotherapeutic regimens in others. For clinicians to recognize or 
predict drug-nutrition interactions, assess their clinical relevance, and manage them requires keen aware-
ness, a basic understanding of pharmacology, and an appreciation for the mechanisms of interactions.

Although electronic medical record systems often have basic built-in alerts to help prescribers and 
pharmacists identify drug-nutrition interactions in healthcare settings, the content and capability 
remain quite limited and do not address much of what is described in this chapter. As of mid-2019, 
there are no stand-alone software tools that address drug-nutrition interactions. Clinicians continue to 
rely on summaries of the primary literature in review articles and reference texts.

 Mechanisms of Interaction

 General

Generally, drug-nutrition interactions occur because of two fundamental reasons: (1) the inherent physico-
chemical properties of drugs, nutrients, and the food matrix and (2) similarities in their physiologic disposi-
tion (i.e., absorption, distribution, metabolism, excretion) and effect. The physical chemistry that is 
operational for each substance governs their interactions when combined. Physiologically, absorption, dis-
tribution, and excretion require transporters; metabolism requires one or more enzyme systems; and thera-
peutic effect requires molecular targets. These transporters, enzymes, and targets are proteins coded for by 
genes. The expression of the genes themselves comes under the influence of compounds – be they nutrients 
or drugs. Additionally, the proteins nearly always require micronutrients for optimal function. Although 
reference here is to medication, the obvious parallels with the disposition of nutrients are unmistakable.

Table 13.6 Classes of drug-nutrition interactions

Precipitating factor
(The perpetrator)

Object
(The victim)

Food Drug
Specific food component / Nutrient Drug
Nutritional status Drug
Drug Nutritional status
Drug Metabolic status
Drug Nutrient
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 Pharmaceutical

The current model of drug-nutrition interactions links an interaction with its physiologic effect and 
clinical outcome, through differentiating mechanisms [14]. Some interactions are based on physico-
chemical reactions that take place in the lumen of the gastrointestinal tract or ex vivo in a nutrition 
support delivery device. These interactions, referred to as pharmaceutical interactions, have the distinct 
potential to alter the bioavailability of one or more substances (nutrient or drug). For example, alben-
dazole must be taken with food in order to create adequate dissolution to support drug absorption and 
achieve therapeutic blood concentrations [16]. However, if the intent of therapy is for local gut action 
on helminths, then administration on an empty stomach may enhance that local effectiveness [17].

 Pharmacokinetic

Other associations exist beyond the physical and chemical interactions. These are the result of actions 
at the level of cell membrane transporters or metabolizing enzymes, referred to as pharmacokinetic 
interactions. The potential consequences of these interactions are altered bioavailability, distribution, 
and clearance (through metabolism and/or excretion). These may occur by competition for the same 
cellular target or indirectly by the influence of nutritional status on kinetic parameters. For example, 
dietary exposure to compounds in grapefruit inhibits a critical metabolizing enzyme within entero-
cytes, leading to reduced clearance of enzyme-susceptible drugs at the intestinal barrier, thereby 
increasing systemic bioavailability of the drug (e.g., saquinavir, an antiretroviral) [18]. In the case of 
nutritional status, drug exposure and toxicity may be increased in protein-energy malnutrition (PEM) 
as the result of altered drug distribution or clearance (e.g., clarithromycin, an antibiotic) [19].

 Pharmacodynamic

Still other interactions may take place at target receptors that influence cell signaling, referred to as 
pharmacodynamic interactions, which yield an effect on physiologic function. Because most antimi-
crobials target the pathogen primarily, it is the off-target effects of the drug on the host that are evalu-
ated. The potential consequences are altered cellular response(s) that may translate to a biomarker 
change, or clinical effect of the drug or nutrient, or a change in physiologic function that affects food 
intake or disposition. For example, azole antifungal agents may be associated with fatigue, arthralgia, 
myalgia, tremor, and gastrointestinal complaints (e.g., dry mouth, anorexia, nausea, vomiting, diar-
rhea, abdominal pain), with potential to decrease food intake and body weight when present together 
in an individual. Whenever an interaction is sufficient to alter food intake, drug or nutrient disposition, 
or their clinical effects, it can be clinically significant. The remainder of the chapter will provide a 
closer look at each type of interaction as listed in Table 13.6.

 Limitations

It should be noted that mechanisms are difficult to tease out in some instances when discussing infec-
tious diseases. For example, chronic exposure to poor sanitation and hygiene can result in an environ-
mentally induced enteric dysfunction (even in the absence of diarrhea) with potential malabsorption, 
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among other consequences [20]. The degree to which this will influence the bioavailability of sys-
temic antimicrobials is not well described, but the expected pro-inflammatory profile has the poten-
tial, through gene expression, to alter drug transporter and enzyme function. Additionally, consider 
the difficulty in interpreting the strong association between dietary intake of ω-3 fatty acids and cho-
lesterol and the poor success rate of the antimicrobial regimen that otherwise results in successful 
eradication rate of Helicobacter pylori [21]. It is unclear whether this is related to altered drug dispo-
sition (i.e., a “nutrient-drug” interaction) or to increased virulence, accelerated antibiotic resistance, 
immune modulation, or merely an interesting association without currently ascertainable cause and 
effect.

 Food-Antimicrobial Interactions

 Mechanism

Food is well established for influencing oral drug absorption and bioavailability [22, 23]. The impact 
of food on the absorption of a medication is a potential interaction that all new drug applications to 
the US Food and Drug Administration (FDA) are required to describe. This type of interaction can 
occur for a variety of physicochemical and physiologic reasons. The latter include alterations to gas-
tric emptying rate, proximal intestinal pH, bile flow, splanchnic blood flow, and enterocyte permeabil-
ity, transport, and metabolism. The so-called meal effect occurs because the presence of a meal 
changes the conditions within the gut lumen into which a drug is administered. Depending on the 
drug, altered conditions in the gut may influence the rate of drug absorption or the extent of drug 
absorption (i.e., bioavailability). Bioavailability is more clinically relevant than absorption rate and is 
evaluated by examining the area under the serum drug AUC in the fed state compared to the fasted 
state.

 Meal Conditions

Well-designed food-effect studies are useful in recognizing food-drug interactions and designing 
management strategies. Although not always used in trials, the FDA recommends a “test meal” of 
~800–1000 kcal containing ~50% of energy from fat. Clinical significance is noted if the AUCfed-
to- AUCfasted ratio is <0.8 or >1.25. Generally, drugs with low solubility but high 
permeability/metabolism, which account for a good proportion of oral medications, are expected to 
have an increased bioavailability in the presence of food [24]. Although the bioavailability of a 
specific drug may be increased (positive effect) or decreased (negative effect) in the presence of 
food, some drugs exhibit no significant meal effect and can therefore be administered without 
regard to a meal. To make an informed practice recommendation, it is important to note what test 
meal conditions have been used in a study.

A meal may increase (e.g., cefpodoxime) or decrease (e.g., ampicillin, penicillin, norfloxacin) the 
extent of drug absorption [25–28]. For the latter agents, administering the antimicrobial at least 1 hour 
before or 2 hours after food is recommended to improve bioavailability. In other cases, oral bioavail-
ability may be significantly reduced by a concurrent meal or when administered 2 hours following a 
meal (e.g., omadacycline), compared with the fasting state [29]. Of note, not taking into account the 
reduced drug bioavailability with a meal may lead to subtherapeutic drug concentrations, risking 
therapeutic failure and drug resistance.
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The meal effect may have different outcomes even on agents within the same drug class. For 
example, the antifungal posaconazole should be administered with food, while voriconazole needs to 
be administered on an empty stomach to optimize oral bioavailability [30, 31]. The bioavailability of 
posaconazole increases about threefold with a meal, regardless of caloric density, compared with 
administration in the fasted state [32]. Mixed findings are also reported for agents to treat tuberculosis 
where food may reduce the oral bioavailability of isoniazid and pyrazinamide, but not likely of 
rifampin [33]. Hence, administration of antituberculosis medicines in the fasted state is suggested.

Antiviral agents also differ in their need to be administered with food (e.g., atazanavir, darunavir, 
dolutegravir, elvitegravir, sofosbuvir, tenofovir) to support absorption or on an empty stomach (e.g., 
daclatasvir, entecavir) because of a negative meal effect [34–37]. In other cases, the meal effect may 
be positive (e.g., faldaprevir) but without clinical relevance [38]. For still others there is no clinical 
effect at all (e.g., doravirine), and such drugs can therefore be administered without regard to food 
[39]. The administration of a four-component (elvitegravir, cobicistat, emtricitabine, tenofovir) fixed- 
dose antiviral tablet to healthy subjects in crossover studies under both fed and fasted states revealed 
drug-specific effects [40, 41]. Although bioavailability of cobicistat, emtricitabine, and tenofovir from 
this product were similar in the fasted, standard breakfast fed and enteral nutrition formula fed states, 
the bioavailability of elvitegravir was significantly greater in the fed state regardless of nutrient con-
tent. Consequently, this combination antiviral product is best administered with a meal. One can 
appreciate the complexities in clinical care management for clinicians, patients, and caretakers.

Ready-to-use therapeutic foods (RUTFs) as public health interventions in communities with mal-
nutrition have not been specifically studied with respect to a meal effect. Lipid-based nutrition supple-
ments used to support patients in HIV programs may reduce systemic exposure to nevirapine but not 
to efavirenz compared to those not receiving the supplements [42].

Sometimes the formulation of a drug may make a difference. For example, azithromycin capsules 
and tablets are considered bioequivalent in the fasted state; however, there is a significant meal effect 
seen only with the capsules resulting in decreased bioavailability compared with the tablets [43]. A 
further point to consider is that a drug may be administered with a meal not only to improve bioavail-
ability but also to minimize adverse gastrointestinal effects (e.g., mefloquine) [44]. In some cases, the 
type of meal (i.e., macronutrient content) makes a difference on the food effect.

 Fat Content

The fat component (percent energy) of a meal may have significant influence on oral bioavailability 
of a drug. For the classic example of the antifungal drug griseofulvin, the oral bioavailability increases 
between 35% and 120% with a meal depending specifically on fat content, compared to its adminis-
tration in the fasted state [45]. Bioavailability of the anthelminthic ivermectin increased ~2.5-fold 
when administered with a meal, especially with a high-fat meal [46, 47]. Based on an animal study, 
this may be related to altered post-absorptive distribution as well as improved gut dissolution/absorption 
following a high-fat meal [48]. However, administration of ivermectin with a grain-based meal did not 
alter bioavailability from that in the fasted state [49].

 Other Meal Components

Other meal components may influence bioavailability. Dietary garlic intake at up to 15 cloves per 
week may reduce protease inhibitor (e.g., darunavir) concentrations enough that HIV plasma viral 
load increases [50]. This is most likely associated with the garlic-induced increase in expression of the 
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P-glycoprotein efflux transporter in enterocytes, thereby significantly reducing drug bioavailability. A 
high purine-containing (>190 mg) meal competes with a dose of ribavirin for the absorption trans-
porter (CNT2) in the gut, reducing drug bioavailability compared to a low-purine (<10 mg) meal [51]. 
Administration of oseltamivir, the influenza treatment, with milk reduces initial drug bioavailability 
by 35% compared to administration with water, possibly the result of competition at the PEPT1 trans-
porter for absorption [52]. The influence of dairy products in reducing the bioavailability of some 
fluoroquinolones (e.g., ciprofloxacin) by at least 30% is the result of chelation with calcium in the 
intestinal lumen [53]. While there is occasionally an interest in mixing powdered medication directly 
in with food to facilitate administration in patients unable to swallow intact pills, this too needs to be 
considered. For example, when ciprofloxacin is crushed and mixed in water, it is much more chemi-
cally stable compared with mixing it with any of several common foods and beverages or with enteral 
nutrition formula [54, 55].

 Enteral Feeding

For hospitalized patients requiring enteral nutrition through a feeding tube, the administration of 
medication is not a simple matter and may be confounded by altered bioavailability, among other 
complications [56]. For example, the administration of an appropriately weight-based fixed-dose 
four-drug antitubercular product (rifampin, isoniazid, pyrazinamide, ethambutol) by crushing and 
suspending in water before administration through a feeding tube resulted in subtherapeutic responses 
for rifampin in six of ten patients and for isoniazid in two of the ten patients [57].

Despite available data on optimal administration with respect to meals, many patients do not adhere 
to directions resulting in subtherapeutic drug concentrations as was recently described in a cohort of 
adults receiving antiretroviral therapy [58]. The risk for the emergence of drug-resistant pathogens 
co-exists with the diminished clinical efficacy.

 Specific Food Component or Nutrient-Antimicrobial Interactions

Individual components of a meal or food (i.e., nutrients or other bioactive substances) or those specific 
ingredients consumed independently as dietary supplement products may influence drug disposition 
and clinical effect. For example, a number of beverages, containing a wide variety of polyphenols, are 
known to influence drug bioavailability. Grapefruit juice is a commonly recognized example that with 
typical use can influence a number of drug-metabolizing enzymes and drug transporters to increase 
bioavailability of some drugs and reduce the bioavailability of others [59]. An individual’s susceptibil-
ity will in part depend on the transporter and enzyme genotype.

 Grapefruit

Grapefruit contains furanocoumarins which are metabolized by CYP3A4  in gut enterocytes. The 
metabolites then bind to and irreversibly inactivate the enzyme making it unavailable to metabolize 
medication. This has an effect of increasing bioavailability and serum concentrations for HIV drugs 
such as saquinavir and efavirenz, but has no influence on abacavir because the latter drug is not a 
substrate for CYP3A4 [18]. The clinical risk for subsequent adverse effects due to the greater bio-
availability varies with the patient. Grapefruit juice contents (furanocoumarins, flavanones, 
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polymethoxyflavones) can also inhibit transporter function – more so with uptake (e.g., OATP) than 
efflux transporters – at the intestinal mucosa [60]. For example, sulfasalazine is susceptible to grape-
fruit juice as a substrate for OATP2B1 resulting in reduced drug absorption [61]. Similar interactions 
also occur with other fruit juices to varying degrees depending on bioactive contents by altering the 
bioavailability of vulnerable drugs [62]. For example, clementine and mandarin juices inhibit trans-
porters (i.e., BCRP, OATP) to a similar extent as grapefruit juice, but grapefruit is more potent an 
inhibitor of CYP3A4 and CYP1A2 than are the other two citrus juices [63].

 Nutrition Supplements

In a group of adults co-infected with HIV and receiving intensive phase treatment for tuberculosis, 
supplementation of a high-energy micronutrient-enriched biscuit slightly improved rifampin bioavail-
ability from a multi-component product [64]. Adding multi-micronutrient supplementation (as a forti-
fied biscuit) to an anthelmintic regimen (albendazole) resulted in a lower parasite load at 4 months 
compared with drug alone in high-risk children [65].

 Dietary Supplements

The widespread use of dietary supplement (also known as “natural health”) products has been associ-
ated with adverse effects including drug interactions [66]. A classic interaction with garlic supple-
ments resulted in significant reduction (~50%) of saquinavir bioavailability in healthy volunteers [67]. 
Other isolated bioactive food substances found in dietary supplements can influence drug disposition, 
due to the effect on metabolizing enzymes and transporters. These ingredients are found at higher 
concentrations in dietary supplement products and may be more of a concern in some circumstances 
than food sources with regard to interactions [68]. Supplement products may include compounds 
isolated from a variety of foods including fruits and spices [69–71].

Traditional supplements containing macro- and micronutrients are also important. The effects 
(positive or negative) of these supplements on pharmacologic interventions used to manage the infec-
tion have received limited attention. Protein supplements, possibly with source-specific effects, can 
increase drug metabolism through an influence on transporters and metabolizing enzymes [72, 73]. 
Several nutrients (e.g., amino acids, vitamin A, vitamin D, iodine, zinc) are used in supplementation 
studies individually or as part of multiple-micronutrient products in patients with or at high risk for 
infection.

 Vitamin Supplements

The use of high-dose retinol (60 mg) at the time of albendazole deworming may reduce Ascaris lum-
bricoides or A. suum re-infection in at-risk children, but with an effect that is less enduring in those 
who are stunted compared to normal height [74]. This same dose of retinol, when combined with 
albendazole, significantly improved iron status as well as vitamin A status [75]. Conversely, response 
of hookworm infection to albendazole does not seem to be related to nutrition status [76].

Interesting in vitro data suggest a benefit of nicotinamide alone or in combination with artemisinin, 
chloroquine, and pyrimethamine against circulating stages of malaria (Plasmodium falciparum), pos-
sibly related to the vitamin’s effect on sirtuins which are proteins that affect aging via cellular regula-
tion [77]. In the management of chronic hepatitis B infection, adding carnitine along with entecavir 
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resulted in higher normalization rates for ALT concentrations than entecavir alone [78]. As a natural 
inhibitor of hepatitis C viral replication, the supplementation of vitamin B12 by injection along with 
an interferon-ribavirin regimen significantly improved viral response compared to those receiving the 
drug regimen alone including those with higher viral loads [79].

The potential benefit of vitamin B complex as an adjuvant intervention to fluconazole therapy 
has been described including identified reductions in drug MIC for Candida [80]. At pharmacologic 
concentrations studied in vitro, vitamin C enhanced the killing of Candida albicans, but when com-
bined with fluconazole the activity of the antifungal was significantly reduced [81, 82]. High-dose 
ascorbic acid may reduce aminoglycoside nephrotoxicity as described in an animal model [83]. 
Including ascorbic acid (250 mg) in an H. pylori triple-therapy (omeprazole, amoxicillin, clarithro-
mycin) eradication regimen allows similar success rates despite using half the clarithromycin dose 
compared with the control group [84]. In another randomized trial, adding vitamin C  (500 mg) and 
vitamin E (200 IU) to triple-therapy (lansoprazole, amoxicillin, clarithromycin) at standard doses 
significantly improved eradication rates [85]. Another randomized trial added vitamin C (250 mg) 
and vitamin E (200 mg) to a different triple-therapy regimen (lansoprazole, amoxicillin, metronida-
zole) and found no difference in H. pylori eradication rates [86]. The regimen with the vitamins was 
actually associated with a reduced eradication rate when metronidazole-susceptible strains were 
evaluated independently [86]. This again reinforces the need to know what specific supplements 
and drug regimen a patient is receiving to best anticipate potential interaction. In an animal model 
of methicillin-resistant Staphylococcus aureus wound infection, the addition of vitamin E treatment 
to an antibacterial (daptomycin, tigecycline) modulated immune function, reduced bacterial counts, 
and improved tissue repair [87, 88].

Nutrient status plays an important role in modulating the inflammatory response to tuberculosis 
[89]. A number of randomized controlled trials have administered vitamin D at varying pharmaco-
logic doses as adjunctive treatment of pulmonary tuberculosis. Based on individual participant data 
from 1850 patients across 8 studies, the vitamin D intervention accelerated sputum culture conversion 
in those with multidrug-resistant disease [90]. It is difficult to separate a synergistic effect on the 
medication regimen from a direct effect of the nutrient. Including a pharmacological dose of cholecal-
ciferol along with metronidazole did not reduce recurrence of bacterial vaginosis in a randomized 
controlled trial despite some improvements in vitamin D status in the treatment group [91]. In some 
infections, such as leishmaniasis, no data are available on the influence of nutrition intervention on 
therapy or outcomes (i.e., cure, treatment completion, nutrition status, or drug disposition) [92].

 Mineral Supplements

Micronutrient mineral supplements are often applied to underserved or vulnerable populations to sup-
port health especially for children and women. This strategy should take into account any potential 
interaction with antimicrobials. At therapeutic doses, multivalent mineral supplements can interfere 
with antimicrobial (ciprofloxacin, levofloxacin, minocycline) absorption due to chelation [93, 94]. 
Co-administration of mineral supplements (e.g., calcium, iron, magnesium, or zinc) also significantly 
reduces the bioavailability of the antiretroviral drug dolutegravir, unless taken concurrently with a 
fat-containing meal [95]. This may complicate decision-making for the HIV-infected patient requiring 
mineral supplements but not tolerating meals.

Albendazole or zinc (20 mg/days × 14 days) treatment reduced potential malabsorption associated 
with the subclinical condition “environmental enteropathy” seen in rural African children compared 
with placebo, although the combination of albendazole with zinc was not evaluated [96]. Combining 
an iron-folic acid supplement with albendazole in women of childbearing age significantly reduced 
the prevalence of anemia as well as hookworm infection [97].
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Although typically appropriate from a nutrition perspective, the plans to include any nutrient or 
other dietary supplement product in a patient receiving an antimicrobial regimen should be considered 
in the context of potential interactions that may influence the bioavailability or clinical efficacy of the 
drug.

 Nutritional Status-Antimicrobial Interactions

 Infection Risk with Nutritional Status

Both PEM and obesity affect morbidity and mortality, nowhere truer than with the relationship to 
infectious diseases. The prevalence of overweight and obesity is well recognized in developed nations. 
Concern over the nutrition transition in low- and middle-income countries reveals the presence of 
both forms of malnutrition. Although the burden of malnutrition in developing countries is well appre-
ciated, malnutrition is now commonly observed in pediatric and adult patients within the healthcare 
systems of developed countries as well, often related to the underlying disease condition itself with 
consequent malabsorption or limited food intake.

PEM is associated with immunosuppression, and obesity is associated with chronic inflammation, 
with both leading to impaired host protection against pathogens [98]. As a result, the risk for morbid-
ity and mortality from infection is elevated in both undernourished and obese individuals [99, 100]. It 
turns out that both forms of malnutrition also can influence drug disposition and effect. So potential 
changes in antimicrobial pharmacokinetics need to be taken into account when managing an under-
nourished or obese patient. The influence of malnutrition on antimicrobial effect can be confounded 
by malnutrition’s impact on host defense and the resultant infection requiring treatment (see Chap. 3) 
[101, 102].

 Antimicrobial Prophylaxis in Malnutrition

In children with uncomplicated severe acute malnutrition, an oral antimicrobial regimen is consid-
ered along with a nutritional intervention (e.g., RUTFs) [103]. Antibiotics (e.g., amoxicillin, cef-
dinir) have been used prophylactically in this setting to reduce the risk for infection [104]. For those 
with complicated malnutrition, inpatient care using parenteral antimicrobials is recommended. The 
value of antibiotic treatment, especially in the community setting where most uncomplicated malnu-
trition is found, remains controversial given the available evidence [105–110]. An antimicrobial 
intervention in severe acute malnutrition may not necessarily improve nutritional recovery and may 
depend on the presence of additional risk factors [108]. Whether poor adaptation of antimicrobial 
dosing regimens to malnutrition influenced negative studies with higher morbidity and mortality is 
not clear [111, 112].

Although beyond the scope of this chapter, there is a need to strike a balance between treating 
covert infection and reducing inflammation-associated nutrient loss with the risk for unnecessary 
adverse effects and potential antimicrobial resistance. The selection of the most appropriate antimi-
crobial based on common pathogens and local susceptibility patterns should be paired with a dosing 
regimen that is appropriate for the type and degree of malnutrition. The rest of this section will 
describe information on antimicrobials in altered nutrition states and implications for dosing 
adjustments.
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 Approach to Dosing

An individual’s nutrition status (i.e., PEM, micronutrient deficits, obesity) can be a determining factor 
in drug disposition and effect [113, 114]. A drug product developer seldom evaluates a drug’s profile 
with respect to nutritional status, so the influence of PEM or obesity on a drug’s disposition is rarely 
described for most drugs [115]. There is currently no regulatory requirement to do so. Despite increas-
ing attention paid specifically to the potential impact of malnutrition (whether undernutrition or 
overweight/obesity) on antimicrobials, there is a dearth of adequate pharmacokinetic and pharmaco-
dynamics studies [105, 114, 116–118]. Given the widespread prevalence of malnutrition and obesity 
globally, it remains troubling that so little data are available on the effect of nutrition status on drug 
disposition to guide clinical decision-making. Applying some principles around dosing may be help-
ful in the meantime. The approach to understanding the implications of nutritional status on antimi-
crobial dosing regimens starts with two issues: dose format and body composition.

 Dose Format

Dose formats for antimicrobials may be either a fixed dose (mg) or weight-based (mg/kg). The fixed 
dose is based on the expected beneficial effects in patients of otherwise healthy weight. The set value 
for adults often differs for children. Weight-based dosing most often uses total body weight. For drugs 
prescribed using weight-based dosing, it can be particularly challenging in a patient with elevated 
body mass index (BMI) [114, 119]. Neither body surface area nor an “ideal” body weight relative to 
height is considered appropriate in these circumstances [114]. The dosing weight to use depends on 
drug-specific characteristics in obese patients. The total body weight may be appropriate for some 
drugs; the lean body weight for others. A validated predictive equation for lean weight (i.e., the 
Duffull-Green equation), which considers body composition, may be suitable for weight-based dos-
ing to account for the altered distribution of a drug [120, 121]. For other drugs an adjusted body 
weight may be more fitting. This value falls between total and lean weight (= lean body weight + [cf]
[total body weight – lean body weight]), where the correction factor (cf), when known, represents the 
fraction of excess weight that normalizes the volume of distribution for that drug in the obese to that 
in a non-obese patient. This is where body composition comes into play.

 Body Composition

The change in body composition that accompanies PEM and obesity can influence a drug’s pharma-
cokinetics [122, 123]. The two important kinetic parameters to examine for each drug are the volume 
of distribution (Vd) and the clearance (Cl); the former governs the drug loading dose, while the latter 
shapes the maintenance dose and/or dosing interval. Assuming a uniform body composition, using the 
two-compartment framework, in patients of an otherwise healthy weight or BMI, lean mass and fat 
mass transform as lower and upper extremes of BMI are approached. A drug’s Vd correlates with both 
anatomic compartments, while its Cl correlates predominantly with lean body mass.

So altered body composition can modify the Vd and Cl which in turn will yield unexpected drug 
concentrations following a “usual” dose. Optimal drug dosing is required to achieve therapeutic serum 
concentrations and pathogen control while limiting adverse effects associated with supratherapeutic 
concentrations or resistance with suboptimal exposures. Aside from the absorption step required of 
oral doses, the Vd (L/kg) and Cl (L/min) of antimicrobials determine the serum and tissue concentra-
tions available for killing microorganisms. So any influence of altered nutrition status on these two 
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parameters will be important to recognize as it may have clinical implications for pathogen 
eradication.

Generally, the initial (loading) dose is adjusted to account for drug distribution into existing lean 
and fat mass, and dosing interval is adjusted to account for altered hepatic (or renal) clearance. The 
mistake is to evaluate absolute value of Vd in liters rather than indexed to total body mass (L/kg). The 
latter will give an indication of the modified distribution in the individual with altered body composi-
tion and help determine the appropriate initial dosing.

 Protein-Energy Malnutrition

The limited human data on antimicrobials in PEM come from case reports and cohort studies for the 
most part, so general recommendations are based on these findings combined with the approach 
described above. For orally administered drugs, any impact of malnutrition on the extent of absorption 
is valuable to appreciate. Oral bioavailability of chloramphenicol, chloroquine, penicillin, and 
rifampin is often decreased in malnutrition compared with controls [28, 124–126]. The bioavailability 
of metronidazole is not significantly affected, while sulfadiazine and cotrimoxazole may be signifi-
cantly increased in malnourished children relative to controls [127–129]. Despite reduced absorption, 
the elevated serum concentrations of chloramphenicol with repeated dosing are a result of reduced 
drug Cl [130–132].

 Volume of Distribution (Vd)

The Vd for the aminoglycosides has variably been reported to increase or decrease, likely based on the 
degree of edema accompanying the malnutrition as these agents distribute into the extracellular fluid 
space [133–135]. In small series of malnourished children, gentamicin exhibited increased Vd and/or 
reduced Cl suggesting that larger doses administered less frequently might be appropriate as con-
firmed in a prospective study [136]. Individualized drug monitoring is recommended. Drug concen-
trations of sulfadiazine increase in PEM because of reduced Vd [137], and Vd is also reduced for 
quinine and chloroquine [138, 139]. The Vd may also be unchanged for other agents (e.g., cotrimoxa-
zole) in malnutrition [129]. The oral bioavailability, Vd, and Cl of ciprofloxacin vary widely in chil-
dren with severe malnutrition [140]. However, the generally greater Vd suggests larger doses (mg/kg) 
to achieve adequate AUC:MIC for the infecting organism.

 Clearance (Cl)

For drugs cleared primarily by renal excretion, some (e.g., cefoxitin, penicillin) are significantly 
reduced by malnutrition, whereas others (e.g., the aminoglycosides, cotrimoxazole) are insignifi-
cantly affected [28, 129, 133, 141, 142]. PEM is associated with increased chloramphenicol concen-
trations despite increases in renal Cl because of a concurrent decrease in hepatic metabolism due to 
reduced enzyme activity [143, 144].

Hepatically cleared drugs will be influenced by any malnutrition-associated alterations in the 
enzymes of the phase 1 or phase 2 enzyme systems for metabolism and elimination of xenobiotics. 
Rarely there may be a reported increase in drug metabolic Cl (e.g., chloroquine, quinine), but more 
often overall metabolic Cl is reduced (e.g., chloramphenicol, isoniazid, metronidazole, quinine) [124, 
127, 132, 145–148]. Although inter-individual variability in the small sample was too great to identify 
statistical significance in chloroquine kinetics, mildly malnourished children had smaller Vd and 
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slower drug Cl than normally nourished children resulting in potentially greater exposure – and asso-
ciated adverse effects – of parent drug and metabolite [139]. Quinine Vd and Cl are both significantly 
reduced in malnourished children resulting in higher drug exposure, but this may be no different than 
the influence of malarial infection itself [138]. Close monitoring is recommended for chlorampheni-
col, given the wide variability in absorption and Cl of chloramphenicol in malnourished children with 
the impact on treatment outcome and toxicity risk.

As would be expected, modeling the pharmacokinetics based on data from malnourished patients 
better predicts serum concentrations than a model derived in non-malnourished individuals [149]. The 
reduced Cl led to lower total daily dose recommendations for malnourished children (e.g., metronida-
zole) [150]. Keep in mind that following nutritional rehabilitation, the pharmacokinetics may return 
towards expected values as seen for chloramphenicol and penicillin [131, 141].

 Antituberculars

The metabolism (acetylation) of isoniazid was decreased in children with PEM which over time increases 
the risk for hepatotoxicity [151, 152]. A similar synergism between malnutrition and rifampin toxicity 
was reported in adults despite reduced drug bioavailability [125]. The systemic exposure to oral rifampin 
is no different in malnourished adults than those not malnourished using a fixed daily dose [153]. 
Malnutrition also increases the systemic exposure of clarithromycin and itraconazole compared with 
controls due to reduced drug Cl [19, 154]. Tuberculosis is treated over many months, making these 
nutritional influences on drug levels and toxicities especially critical to consider and manage.

 Antivirals

Severe acute malnutrition in HIV-infected children influenced lopinavir pharmacokinetics including 
poor bioavailability and increased drug Cl [155]. Conversely, saquinavir absorption may be increased 
in PEM [156]. Systemic exposure to both efavirenz and lopinavir was reduced in malnourished HIV- 
infected children, while nevirapine exposure was increased, relative to values in children from envi-
ronments with less malnutrition [157]. Previous study of nevirapine pharmacokinetics noted no 
significant differences between malnourished and well-nourished children [158]. The different find-
ings may be related to varying degrees of malnutrition, change in body composition, and their influ-
ence on drug Vd and Cl. Many viral diseases are not cured with antiviral medications, as with some 
herpesviruses and HIV. Hence, the chronic use of antiviral agents requires careful management of 
nutritional side effects and drug level alterations.

 Antimalarials

Although pharmacokinetic data are not available for artemisinin-based antimalarial therapies in mal-
nutrition, the clinical response is considered adequate for most children except those with height-for- 
age z-scores less than −1 who were at higher risk for recurrent parasitemia [159]. An artemisinin-based 
therapy with lumefantrine was studied in combination with RUTFs in severely malnourished children 
and those without severe acute malnutrition in terms of clinical and microbiologic response [160]. 
Although therapeutic efficacy was comparable, there was a higher re-infection rate in malnourished 
children combined with lower lumefantrine concentrations despite receiving higher weight-based 
doses [161]. Artesunate-containing regimens in a clinical trial resulted in similar treatment efficacy, 
adequate clinical and parasitological response, regardless of weight status by z-score, although rate of 
re-infection was higher in the overweight children [162].
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 Micronutrient Deficits

Micronutrient deficits can also influence drug disposition based in part on their roles in the function 
or stability of enzyme systems involved in drug metabolism [113]. Data available from animal models 
suggest that malnutrition increases aminoglycoside-induced hearing loss compared with control 
[163]. Magnesium and zinc deficits compound this ototoxicity making it potentially irreversible [164]. 
Isoniazid-induced loss of glutathione activity is exacerbated in the presence of malnutrition which 
increases the risk for hepatotoxicity from this drug [165]. When the opportunity to analyze pharma-
cokinetics is taken in those with severe malnutrition receiving antimicrobials, a subsequent rational 
dosing approach can then be prospectively evaluated and validated [166].

 Obese and Overweight

Product labeling rarely includes specific dosing guidance for antimicrobial administration in persons with 
higher BMI [167]. This translates into a lack of available guidelines for the local clinical setting where 
drugs are administered as a fixed dose by age or a weight-based dose using total body weight [168]. The 
limited human data again come predominantly from case reports and cohort studies. A critical caveat that 
emerges from clinical reports is that body composition – which can vary significantly at any specific 
BMI – is rarely evaluated. The variability in proportions of lean-to-fat mass in obesity from what is 
expected in the non-obese patient can impact drug dosing regimens based on any significant change in Vd 
or Cl. This appears most obvious at high BMI but may be operative at any degree of overweight and obe-
sity. So general recommendations take this limitation and the approach described previously into account.

 Antibacterials

Beta-Lactam Antibiotics

Beta-lactam antibacterials (e.g., penicillins, cephalosporins) are relatively hydrophilic as a class, dis-
tributing into lean mass which, on average, is increased in absolute terms in obesity. These agents are 
associated with time-dependent killing activity (i.e., duration above MIC). The expected greater Vd, 
even when weight-normalized (L/kg) compared with non-obese values, suggests total body weight 
would be an appropriate dosing metric. Therefore, use of fixed doses at the upper limit of the usual 
range or weight-based dosing using total body weight is suggested, with similar or more frequent dose 
intervals. Using a standard preoperative prophylactic dose of a cephalosporin in obesity resulted in 
serum concentrations below the MIC for potential pathogens [169]. Adjusting fixed doses to the upper 
limit significantly reduced postoperative surgical site infection rates [169].

Aminoglycosides

For concentration-dependent antimicrobial killing activity (e.g., the aminoglycosides), the loading 
dose will depend on the expected alteration in drug distribution. The aminoglycosides do not fully 
distribute into the excess body weight (only ~40%) given their degree of hydrophilicity. The weight- 
normalized Vd is modestly lower than in the non-obese suggesting use of an adjusted body weight. 
The weight-normalized volume of distribution is also reduced in obese children [170]. When using 
actual body weight in obese children, despite a lower initial total dose, the resultant gentamicin serum 
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trough concentrations associated with toxicity risk were significantly higher than healthy weight 
patients as reported in a case-control study [170]. However, given that the aminoglycosides distribute 
into fat-free mass, dosing based on an estimated lean body mass (Duffull-Green equation) may sim-
plify regimens from malnourished to obese adult patients [171]. Similar findings were seen in obese 
children using a pediatric-specific equation for fat-free mass [172]. Drug Cl may be increased in 
obesity, but dosing intervals will best be determined by evaluating serum drug trough concentrations 
and renal function.

Glycopeptides

Daptomycin serves as an interesting example as it has been administered to obese patients using 
either fixed or weight-based dosing; the latter has used either actual body weight or an adjusted 
body weight [173–175]. When using weight-based doses, there was no significant difference in 
clinical failure rate, 90-day mortality, when using actual or an adjusted body weight, from a single 
center retrospective study of 101 obese patients (BMI 30–69 kg/m2) [175]. However, a 90-day re-
admission was more likely in the group dosed based on actual body weight, and dose-related 
adverse effects were more common in the adjusted body weight group. Interestingly, over 80% of 
patients in the actual body weight group received no more than 6 mg/kg, while in the adjusted 
weight group, nearly 80% received over 6–8 mg/kg. At doses of 4 mg/kg total body weight, the Vd 
(L/kg) was significantly lower in obese than in non-obese adults, without significant increases in 
total body Cl, with increased body exposure suggesting that dosing should be based on an adjusted 
body weight with a correction factor of about 0.3 [114, 176, 177]. Excessive drug exposure 
increases the risk for creatinine phosphokinase elevations requiring close monitoring with high-
dose regimens [173, 178, 179].

Vancomycin Vd correlates with total body weight, so for vancomycin weight-based dosing, the 
actual body weight can be used for children and adults [180, 181]. Monitoring of vancomycin expo-
sure in obesity, where variability in Vd occurs, benefits from obtaining both trough and peak drug 
concentrations to guide therapy and limit toxicity [181–183]. The Cl of the drug, to identify mainte-
nance doses, may be best estimated by an adjusted body weight [184]. With standard intermittent 
maintenance doses, the extremely obese (BMI ≥ 40 kg/m2) required less drug (mg/kg) than the obese 
to achieve similar target serum concentrations [185]. Although not a common practice, the adminis-
tration of vancomycin by continuous infusion, following a similar weight-based loading dose, revealed 
that obese patients required less drug (mg/kg) than non-obese patients to achieve the same therapeutic 
endpoint [186].

Others

An adjusted body weight with a cf of ~0.3, comes closest to representing the characteristic behavior of 
linezolid in obese patients based on available case reports and could be empirically dosed at 10 mg/kg 
twice daily [187–189]. Otherwise the usual fixed dosing range is considered acceptable for linezolid in 
obese patients as long as it achieves adequate serum concentrations relative to the MIC.

Fluoroquinolones exhibit larger Vd in obesity but do not adequately distribute into excess adipose 
tissue but only the excess lean, so an adjusted body weight or otherwise standard doses are considered 
acceptable. Dosing for clindamycin does not need to be adjusted in obesity so that either a standard 
dose at the higher end of normal range or a weight-based dose using actual body weight is acceptable 
[190]. Rifampin, and possibly other antituberculosis agents, could be dosed using a lean body weight; 
however weight-based dosing using total body weight may be necessary in obesity to avoid subthera-
peutic rifampin concentrations [191].
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Overweight and obesity influences both the Vd and Cl of cotrimoxazole based on analysis in adults 
of BMI 16.2–59.1 kg/m2, i.e., ranging from very slim to morbidly obese [192]. Neither “ideal” nor 
lean body weight is appropriate to use for cotrimoxazole, rather favoring an adjusted or total body 
weight, although body composition was not taken into account to help refine further. The upper dose 
limit for cotrimoxazole (trimethoprim-sulfamethoxazole 20 mg–100 mg/kg) is based on total body 
weight assuming linearity in drug distribution and Cl at a wide BMI range from underweight through 
obese patients.

 Antifungals

Adequate AUC:MIC values are achievable in obese patients treated with fluconazole when a lean 
body weight is used for loading and maintenance doses, although some suggest using actual body 
weight to target pathogens with higher MICs while avoiding fixed dose regimens altogether [193, 
194]. The dose of fluconazole should be increased to account for the increased Cl seen in obesity 
[195]. Voriconazole is more lipophilic, so that a fixed dose is acceptable in obesity, but if weight-
based dosing is applied, the lean (or an adjusted) weight could be relied on. Using total body 
weight for voriconazole dosing may yield excessive drug exposure and increase the risk for toxic-
ity [196–198]. Even the use of an adjusted body weight, if in a patient with CYP2C19 poor 
metabolizer phenotype, has resulted in excessive voriconazole concentrations [199]. Itraconazole 
and posaconazole are very lipophilic, and drug is lost from systemic exposure based on lower AUC 
in obesity.

Echinocandins can be dosed using standard doses or higher as they have good safety profiles. 
Using standard doses of caspofungin in adults appears to be similarly effective in various fungal infec-
tions regardless of obesity category despite lower systemic exposure in some patients [200, 201]. The 
AUC:MIC was achieved for caspofungin with clinical resolution in an obese patient when using a 
fixed dose 30% higher than the usual dose [202]. Micafungin requires higher standard dosing in obe-
sity to achieve adequate AUC:MIC cut-off values for specific fungal organisms [203]. Further 
improvements at higher BMI may require weight-based dosing for echinocandins and azole antifun-
gals to improve outcomes for invasive candidiasis [195, 202].

Amphotericin Vd is higher in obesity so total body weight is most commonly used for weight- 
based dosing. Flucytosine should use lean body weight due to the decreased weight-normalized Vd 
and the reduced Cl in obesity [204].

 Antivirals and Antiretrovirals

Several cases reported on obese patients receiving usual doses (weight-based) of acyclovir who devel-
oped the drug-induced adverse effect of renal failure [205–207]. Administration of a low dose based 
on an “ideal” body weight yielded insufficient systemic drug exposure in obese patients compared 
with non-obese patients receiving the dose based on total body weight in a prospective study [208]. In 
the management of HIV infection, obesity is associated with lower exposures to efavirenz, lopinavir, 
and tenofovir over time compared to exposure in normal-weight patients, but no significant differ-
ences were seen for abacavir, atazanavir, darunavir, emtricitabine, lamivudine, nevirapine, or raltegra-
vir [209]. Efavirenz exposure using a standard dose is subtherapeutic in obesity requiring a much 
higher dose to achieve therapeutic concentrations [210]. No dose adjustment is expected to be required 
for the administration of oseltamivir in obese patients [211–213].
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As becomes evident from the inadequate and sometimes inconsistent information, generalizations 
cannot be made with confidence in the place of drug-specific data. Such data are needed for many 
commonly used antimicrobials in undernourished, overweight, and obese individuals of all ages. 
Increased regulatory attention is needed to ensure that clinicians have the critical information for 
nutritional status-drug dosing interactions and their proper management.

 Antimicrobial-Nutrition Status Interactions

 Subset of Adverse Drug Effects

In addition to any therapeutic benefit, medication use is associated with potential adverse effects. 
Among the adverse effects are those that can influence metabolic biomarkers, nutrition status in gen-
eral, or the status of specific nutrients, all of which are important to consider during patient care [214]. 
A variety of mechanisms can lead to altered metabolism (e.g., dysglycemia, dyslipidemia), overall 
nutritional status (i.e., body weight, volume status), or individual nutrient stores (e.g., hypokalemia, 
iron deficiency). Common general effects of a drug on metabolic or nutritional parameters are often 
available from clinical trials and in the FDA’s product labeling [215]. Many of these are summarized 
in this section and grouped together by their adverse effect rather than their antimicrobial class. More 
specific, nutrient biomarkers of interest are rarely available until post-marketing case studies are 
reported. The adverse effects of antimicrobials include not only the host as a target but the microbiota 
as well. For example, the influence on weight gain or weight loss may be indirect through a change in 
the gut microbiota [216, 217].

An individual drug may cause several adverse effects that together influence nutrition status  – 
fatigue, loss of appetite, and disturbances of gastrointestinal function  – that together can lead to 
reduced dietary intake and decreased body weight. The effect on intake may occur through the central 
nervous system, more local gut mechanisms, or both. The impairment of the ability to gather, prepare, 
and ingest food may even occur following drug-induced cognitive, visual, movement, or gait distur-
bances. Changes in body weight, body mass index, or extracellular fluid volume over time are easier 
to recognize. The effects can be additive if multiple drugs are being used.

 Overall Nutritional Status

Reduced appetite has been reported for several unrelated antimicrobials (e.g., aminoglycosides, 
fluconazole, posaconazole, voriconazole, lamivudine, tenofovir), which with other factors may 
contribute to weight loss. Occasionally a drug (e.g., amphotericin, clindamycin) may result in 
reduced appetite in the absence of any other influences. An effect on appetite or body weight is 
especially important to recognize for antimicrobials used chronically. Weight gain including body 
fat accumulation (central, dorsocervical) or redistribution with peripheral wasting may occur with 
several antiretroviral agents (e.g., abacavir, atazanavir, dolutegravir, efavirenz, lamivudine, nevi-
rapine, saquinavir, tenofovir).

In developing countries, persons with HIV infection and low BMI have reported increased appe-
tites once they are placed on antiretroviral therapy, perhaps due to increased metabolic demands of the 
partial immune reconstitution occurring with declining viral load and pathogenicity. In this case, food 
supplements may be needed to ensure adherence to antiretroviral therapy since patients may not take 
a drug that makes them hungry in the absence of available food [218–221].
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 Nervous and Musculoskeletal Systems

Central nervous system effects that may contribute to reductions in food gathering, preparation, and 
intake can include severe headache (e.g., acyclovir, amphotericin, antiretrovirals, azole antifungals, 
caspofungin, cephalosporins, cotrimoxazole, daptomycin, macrolides, metronidazole, rifampin), diz-
ziness (e.g., cephalosporins, daptomycin, efavirenz, macrolides), fatigue (e.g., abacavir, azole antifun-
gals, cotrimoxazole, dolutegravir, efavirenz, lamivudine, macrolides, nevirapine, rifampin, saquinavir, 
sofosbuvir, tenofovir), ataxia (e.g., acyclovir, cotrimoxazole, efavirenz, flucytosine, metronidazole, 
rifampin), and/or tremor (e.g., amphotericin, azole antifungals). Visual disturbances (e.g., rifampin) 
and optic neuritis (e.g., chloramphenicol) may also influence food gathering, preparation, and intake.

Peripheral neuropathy (e.g., abacavir, atazanavir, aminoglycosides, amphotericin, efavirenz, dapto-
mycin, fluoroquinolones, flucytosine, isoniazid, lamivudine, metronidazole) and even myositis, myalgia, 
and/or arthralgia (e.g., acyclovir, atazanavir, azole antifungals, cephalosporins, cotrimoxazole, dolute-
gravir, efavirenz, fluoroquinolones, lamivudine, nevirapine, saquinavir) may influence food gathering, 
preparation, and intake. These adverse effects can negatively impact nutritional status over time.

 Gastrointestinal System

Dry mouth and altered taste (e.g., amphotericin, azole antifungals, flucytosine, fluoroquinolones, 
macrolides, metronidazole) as well as glossitis (e.g., cephalosporins, chloramphenicol, cotrimoxa-
zole, metronidazole, penicillins, tetracyclines) or stomatitis (e.g., abacavir, aminoglycosides, ampho-
tericin, tetracyclines, chloramphenicol, cotrimoxazole, metronidazole, nevirapine, penicillins) can 
also interfere with food intake. Furthermore, common gastrointestinal disturbances (i.e., anorexia, 
nausea, vomiting, abdominal pain, liver function abnormalities, and diarrhea or constipation) are 
found with most oral medication. Less commonly occurring are dysphagia (e.g., saquinavir, tetracy-
clines), hepatitis (e.g., dolutegravir, efavirenz, nevirapine, saquinavir and the macrolides), and pancre-
atitis (e.g., abacavir, cotrimoxazole, lamivudine, macrolides, metronidazole, saquinavir).

 Metabolic Effects

Metabolic changes can include hyperglycemia as seen with several antiretrovirals (e.g., abacavir, 
atazanavir, dolutegravir, lamivudine, saquinavir) and other antimicrobials (e.g., posaconazole), as 
well as hypoglycemia (e.g., fluoroquinolones, flucytosine). Hypertriglyceridemia and hypercholester-
olemia have been reported with some agents (e.g., clindamycin, dolutegravir, efavirenz) [222]. 
Therapy with meropenem in an infant was reported to cause significantly elevated serum triglycerides 
(966 mg/dL) and total cholesterol (258 mg/dL) concentrations that were reversible with discontinua-
tion of the antibacterial [223].

 Electrolyte Status

Electrolyte abnormalities are also associated with a number of antimicrobials. This includes hypona-
tremia (e.g., cotrimoxazole), hypokalemia (e.g., aminoglycosides, amphotericin, caspofungin, flucy-
tosine, posaconazole), hypomagnesemia (e.g., aminoglycosides, amphotericin, posaconazole, 
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caspofungin), and hypocalcemia (e.g., aminoglycosides, amphotericin, posaconazole). Hyperkalemia 
(e.g., cotrimoxazole, macrolides) and hyperphosphatemia (e.g., macrolides) may also occur. 
Cotrimoxazole is associated with reversible hyperkalemia likely due to inhibition of renal potassium 
secretion attributed to the trimethoprim fraction of the combination product [224].

Although rarely administered orally, the aminoglycosides can cause gut damage leading to malab-
sorption of several vitamins, minerals, and electrolytes. In the absence of pseudomembranous colitis 
associated with Clostridium difficile, clindamycin-induced diarrhea may be related to drug-induced 
malabsorption of bicarbonate-stimulated water and electrolyte absorption in the jejunum [225].

 Antimicrobial-Nutrient Interactions

The classic term “drug-nutrient interaction” has been used as an all-encompassing term, but in its 
stricter sense only refers to the subtype in which a medication alters the disposition of an individual 
nutrient. For example, the classic influence that isoniazid has on pyridoxine metabolism has been well 
described for decades in the treatment of tuberculosis [226, 227]. The resultant influence of pyridox-
ine deficits on niacin status has also been reported [228–230]. To prevent associated peripheral neu-
ropathy or seizures, or to manage the presenting adverse effect, pyridoxine is administered along with 
the isoniazid regimen [231, 232]. In the presence of tuberculosis-HIV co-infection, the risk for periph-
eral neuropathy appears greater and may be multifactorial despite modest pyridoxine supplementation 
[233, 234]. Adequate pyridoxine supplementation is required in patients being treated for this co- 
infection [235]. Of note, although the co-administration of high-dose pyridoxine with isoniazid may 
reduce intestinal drug absorption, based on an in situ model, the overall bioavailability is not signifi-
cantly affected [236].

Given that vitamin D deficiency is associated with a higher risk for acquiring tuberculosis, it is 
interesting to note that isoniazid and rifampin may themselves decrease 25-OH vitamin D concentra-
tions by inhibiting 25-hydroxylation and by accelerating 24,25-hydroxylation respectively [237]. This 
was not, however, identified in a cohort in Africa treated with these agents, where vitamin D status 
was good to begin with and actually improved somewhat over the course of the first 2 months [238]. 
Knowing a patient’s vitamin D status may help determine whether supplementation is required as part 
of their antitubercular regimen.

Despite low 25-OH-vitamin D concentrations often found at baseline in HIV infection, efavirenz 
as part of an antiretroviral regimen is associated with significant vitamin D deficits, increased bone 
turnover, and risk for osteomalacia [239–241]. This may occur as a result of drug-induced interfer-
ence with vitamin D metabolism and regulation in osteoblasts [242]. Vitamin D supplementation not 
only increased serum 25-OH-vitamin D concentrations in patients receiving efavirenz but also signifi-
cantly improved biomarkers of bone metabolism [243]. Another antiviral, tenofovir, is also associated 
with vitamin D deficits, hypophosphatemia, increased bone turnover, and osteomalacia [239, 244–
246]. Multiple mechanisms may be responsible for the functional deficiency seen with tenofovir 
including decreased FGF-23 concentrations with elevated vitamin D binding protein [247]. 
Supplementation with vitamin D increases FGF-23 and unbound 1,25(OH)2 vitamin D [248]. Chronic 
adefovir treatment for viral hepatitis is also associated with renal tubular dysfunction, hypophospha-
temia, and osteomalacia [249]. The periostitis reported with long-term use of voriconazole is accom-
panied by significantly elevated serum fluoride concentrations seen in patients receiving this agent 
[250, 251].

The use of highly active antiretroviral therapy was associated with lower folate and vitamin B12 
concentrations and higher soluble transferrin receptors in postpartum HIV-infected women [252]. 
Lipid-based nutrient supplements corrected most of the low B-vitamin concentrations found in the 
breast milk of HIV-infected women receiving antiretroviral therapy [253]. In the absence of B-vitamin 
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deficits at baseline, the mechanisms for the poor status of these micronutrients is unclear, but drug- 
induced changes in gut integrity may play a role as might B-vitamin distribution into breast milk. 
Highly active antiretroviral therapy is also associated with reduced α-tocopherol concentrations in 
nearly 20% of patients with long-standing HIV, especially using the combination of nucleoside reverse 
transcriptase inhibitors with other classes [254]. Carnitine deficits have also been suspected as an 
adverse effect of antiretroviral therapy [255].

Elevated partial thromboplastin time (PTT) and international normalized ratio (INR) without 
bleeding were reported in a child receiving chronic azithromycin that was attributed to vitamin K defi-
cits when corrected with a parenteral dose of phytonadione [256]. A possible vitamin K deficiency 
(elevated prothrombin time, PTT, INR) with gastrointestinal bleeding was reported in a patient who 
had been receiving cotrimoxazole prophylactically for several months, with a marginal dietary intake 
despite no history of malabsorption, that responded to oral vitamin K supplementation [257].

Based on in vitro and in vivo studies, it has been suggested that aminoglycosides may interfere 
with host selenium (Se-cys) incorporation into proteins (selenoprotein P being most sensitive) requir-
ing further examination [258]. Whether this is additive to the decline in circulating selenium concen-
trations seen with infection will need to be explored. Plasma selenium and selenoprotein P can serve 
as valuable biomarkers in such studies [259].

 Drug-Nutrition Interactions from the CoVid-19 Experience

 Overview of the CoVid-19 Experience

Of the thousands of coronaviruses (CoV) that exist in nature, only seven are recognized human patho-
gens [260]. Several seasonal CoV are endemic causing upper respiratory infections (i.e., “common 
cold”) but may cause pneumonia and sepsis in at-risk individuals. CoV include the β-coronaviruses 
responsible for previous human infectious outbreaks such as severe acute respiratory syndrome 
(SARS) and Middle East respiratory syndrome (MERS) and the novel SARS-CoV-2 [261]. The latter 
is a large, single-strand, non-segmented, positive-sense RNA virus responsible for the recent CoVid- 19 
pandemic. Risk factors associated with developing CoVid-19 can include advanced age, poor nutri-
tion status, and certain comorbidities (e.g., cardiovascular, pulmonary, endocrine). Similar character-
istics (i.e., older patients with comorbidities) were noted in critically ill patients who succumbed to 
CoVid-19 [262]. The approach to management has included prophylaxis and treatment, including 
nutritional interventions, with varying success.

 Approach to Management

Many infected individuals are asymptomatic, while others develop upper respiratory illness (cough, 
fever/chills, shortness of breath, fatigue) that recover with mild supportive care. These latter patients 
may receive therapy, but more severe cases require hospitalization with a significant proportion requir-
ing intensive care to manage pneumonia, acute respiratory distress syndrome, systemic inflammation, 
and organ dysfunction. The imbalance between insufficient innate natural defenses and excessive 
cytokine expression is most pronounced in those developing critical illness with CoVid-19 [263].

The management of CoVid-19 caused by the novel SARS-CoV-2 has included a number of poten-
tial therapeutic drug interventions. In the absence of drugs approved for management of CoVid-19, 
approaches have been based on earlier experience with SARS and MERS or repurposing available 
agents with theoretical benefit extrapolated from previous experiences. There have been general treat-
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ments (e.g., micronutrients, immunoenhancers) and CoV-specific treatments (e.g., antiretrovirals 
[lopinavir, nelfinavir], spike-protein blockers [chloroquine, hydroxychloroquine], others [ribavirin, 
remdesivir]) [261]. Given the limited evidence available at the time of writing, additional data based 
on randomized controlled trials are still needed to determine safety, efficacy, and relative clinical 
value for prophylactic and treatment interventions for CoVid-19. Many clinical trials of therapeutic 
agents are currently underway across the globe [264]. Other medications used in acutely ill patients 
target end organ consequences of the infection (e.g., analgesics [fentanyl], sedatives [propofol], vaso-
pressors [norepinephrine], paralytics [cisatracurium], anti-thromboembolics [enoxaparin]) but will 
not be addressed here with the exception of propofol.

 Prophylactic Measures

Aside from isolating newly infected symptomatic patients, protecting those at risk by wearing masks, 
limiting dense social gatherings, and practicing standard health hygiene, there has been a surge of 
interest in prophylactic therapy. Among the interventions considered are those aimed at improving or 
maintaining good nutrition status (see section “Role of Nutrition Status and Interventions”).

Given the difficulty and time required to design and develop a vaccine, along with the concerns 
following previous CoV vaccine attempts, and the reticence for moving into gene therapy using RNA- 
or DNA-based vaccines, it is unlikely that a safe and effective vaccine will be available for wide adop-
tion in the short term [265–267]. In the meantime, some antimalarial drugs (e.g., chloroquine, 
hydroxychloroquine), which have long been recognized as immunomodulatory agents (i.e., used to 
manage immune activation diseases), have been considered for post-exposure prophylaxis. But given 
the low rates of conversion to infection, a study would have to enroll a large number of participants to 
determine any benefit.

 Treatment Measures

Although considered an antimalarial, chloroquine also has activity against some bacteria, fungi, and 
viruses. Its hydroxyl analog (hydroxychloroquine) has similar properties and activity with lower tox-
icity [1]. Both agents have antiretroviral clinical effects. At clinically achievable concentrations of 
~9–10 μmol/L, chloroquine inhibited SARS-CoV replication and spread even when added to a pri-
mate cell culture up to 5 hours’ post-infection [268, 269]. In vitro studies support activity against 
SARS-CoV by impairing activation of the cell receptor for CoV (angiotensin-converting enzyme-II 
[ACE-II]), thereby interfering with virus binding to cells [267, 268]. The same has now been identi-
fied for SARS-CoV-2 [270]. Clinical use of chloroquine/hydroxychloroquine alone or in combination 
with azithromycin has been reported effective, but is not a consistent finding and will await further 
clinical trials [271–273]. Both hydroxychloroquine and azithromycin are weak bases that accumulate 
in acidic cell organelles including endosomes and lysosomes, which could interfere with pH- dependent 
steps in viral replication [274]. Additionally, in the case of macrophages, these agents may polarize 
them to the M2 (anti-inflammatory) phenotype [260].

Remdesivir, an adenosine analog pro-drug, was developed for Ebola virus but has in vitro activity 
against MERS and SARS to inhibit RNA-dependent RNA polymerase. It has now been used with 
limited success and awaits results of trials as does favipiravir [275, 276]. Lopinavir with ribavirin has 
been used effectively in SARS but awaits results for use in CoVid-19. Other antivirals being consid-
ered besides lopinavir and ribavirin include sofosbuvir and tenofovir (all discussed earlier in the 
chapter).

Non-selective angiotensin-converting enzyme inhibition may be counterproductive compared with 
selective ACE-II blockade. Even so, excess selective blockade with accumulation of its substrate 

13 Drug-Nutrition Interactions in Infectious Diseases



396

(angiotensin-II) may increase pulmonary and gut pathology, but this needs to be evaluated. A recom-
binant soluble ACE-II is being evaluated as are type 1 interferons. Other biologic agents have been 
proposed to target the cytokine response in CoVid-19 infection [277]. For example, tocilizumab, an 
IL-6-receptor monoclonal antibody, to try to neutralize increased circulating IL-6 associated with the 
cytokine storm has been used [278–280]. Cytokine storm targeted therapy may also include PPAR-γ 
as a focus [281]. This includes agonist drugs (e.g., the glitazones) as well as nutrient ligands (e.g., 
curcumin, eicosapentaenoic acid [EPA], and docosahexaenoic acid [DHA]).

As presented in this book, nutrition is critical for maintaining immune function and preventing 
viral infections. Relevant general recommendations have been provided to prevent or manage 
CoVid- 19 [282]. As discussed earlier in the chapter, poor nutrition status may in turn have implica-
tions for the effectiveness of medication.

 Role of Nutrition Status and Interventions

Susceptibility to developing infection following exposure and the ability to fight the infection when 
present are both influenced by nutrition status. The western diet, including high content of saturated 
fatty acids, can alter the balance between arms of the immune system in favor of chronic activation of 
innate immunity with subsequent risk for viral infection [283]. As was noted in previous influenza 
epidemics, malnutrition (both undernutrition and obesity) is associated with worse prognosis, with 
prolonged viral shedding in obesity [284]. For CoVid-19 there appear to be implications for the obese 
as well as undernourished patient. Poor nutrition status is a known virulence factor to be considered 
and may increase the risk of developing a more severe presentation of CoVid-19 [261, 285]. Whether 
comorbid disease-related or not, malnutrition impairs immune cell activation allowing viral persis-
tence and increased systemic inflammation [286]. The presence of anosmia and ageusia in CoVid-19 
infection may alter dietary intake. Of older adults developing CoVid-19, the majority of inpatients 
were at risk for or already had malnutrition, which predicted weight loss, disease severity, and length 
of stay [287, 288]. Malnutrition was also well represented among fatalities but not survivors of 
CoVid- 19 based on early reports [289].

As described elsewhere in this volume, cell-mediated non-specific immunity is most influenced by 
single micronutrient deficits (e.g., vitamins A, D, E, C, pyridoxine, folate, and vitamin B12, copper, 
iron, selenium, and zinc). Addressing micronutrient deficits (e.g., vitamin D, zinc) may improve 
immune function, but supplementation in the absence of deficits remains a question mark.

Vitamin D drives endogenous production of antimicrobial peptides that include activity against 
viruses as part of innate immunity and limits the production of TH1 cytokines that have excessive 
response to infection while promoting TH2 and TREG responses [290]. Additionally, in a murine model, 
low vitamin D status activates the renin-angiotensin system detrimental for cardiopulmonary function 
[291]. Given the apparent decreasing North-South gradient for the CoVid-19 outbreak, patients with 
vitamin D deficits may benefit from supplementation as a prophylactic measure [292–294]. Vitamin 
D supplements have been considered to maintain 25-OH vitamin D concentrations above 100 nmol/L 
for its immunomodulatory, anti-inflammatory, and antiviral properties [295]. In a cohort of patients 
with symptoms of acute airway disease, significantly lower 25-OH vitamin D concentrations were 
observed in those testing positive for SARS-CoV-2 compared to those testing negative [296].

Zinc’s role in antiviral immunity, particularly for the elderly, is recognized even if not yet fully under-
stood [297–299]. Given that moderate zinc deficits are associated with increased severity of pneumonia, 
there could be a role for zinc therapy [298]. Zinc has been suggested as a preventative therapy for CoVid-
19 as it may reduce ACE-II activity, upregulate interferon-α production, and modulate NF-κB signaling 
[300]. Keeping in mind zinc’s narrow therapeutic index for immunomodulation, excess dosing in suffi-
cient individuals may carry its own risk, which may include attenuating beneficial effects of other micro-
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nutrients. Alternative viewpoints dissuade the use of nutrition supplements in favor of exclusive drug 
interventions recommended by authorities despite inconclusive data for all [301].

Micronutrients are not alone in prophylactic or treatment roles. High cell turnover with sys-
temic inflammation also consumes amino acids. The obese patient will need adequate amino acids 
available to support the inflammatory response and limit worsening sarcopenia [286]. The protec-
tive effect on illness severity by an upregulation of the gene ACE-II has been postulated to benefit 
from high resveratrol intake and low-fat intake via modulation of gene expression [302]. Nutritional 
interventions are also considered vital therapy for patients with SARS-CoV-2 infection to support 
the immune system and disease recovery [303–306]. But they have come up against the issue of 
tolerance in CoVid-19, given gut dysfunction and metabolic limits (i.e., hyperglycemia, hypertri-
glyceridemia). Oral nutrition supplements, enteral nutrition, and parenteral nutrition each have a 
role based on the patient and their ability to tolerate oral intake as assessed by the clinical nutrition 
team.

Of the CoVid-19 patients ill enough to be admitted to hospital, many have experienced rapid onset 
of organ dysfunction requiring intensive care management. These patients are extremely hypermeta-
bolic and catabolic requiring nutrition support therapy while intubated and mechanically ventilated. 
Energy and protein debt are to be avoided while balancing against overfeeding in the face of the risk 
for hyperglycemia and hypertriglyceridemia in CoVid-19 patients. At the same time the critically ill 
patient exhibits significant gut dysfunction and fluid-volume sensitivity. Whenever gut function per-
mitted, gastric access for enteral nutrition was preferred to avoid any aerosol generation that violates 
airborne isolation and healthcare provider exposure that may come with attempting to place a post- 
pyloric tube using endoscopy or fluoroscopy. Rarely, parenteral nutrition would need to be used to 
support the patient’s metabolic condition. But a low threshold exists for starting parenteral nutrition if 
unable to meet needs because of gut intolerance or limitations of other interventions (e.g., prone 
ventilation).

Enteral or parenteral nutrition products containing MCT and omega-9 fatty acids with their 
neutral profile in the inflammatory response and omega-3 fatty acids which serve as precursors to 
less inflammatory and pro-resolving mediators are preferred over the pro-inflammatory omega-6 
long-chain triglycerides. Incidentally, in the USA, the widely used sedative propofol is formulated 
in a soybean oil vehicle in which the pro-inflammatory omega-6 fatty acids predominate. Given 
the considerable energy load from propofol administration (110 kcal/dL), limitation is placed on 
providing more appropriate fatty acids from enteral or parenteral nutrition sources. The inclusion 
of EPA and DHA has the benefit of yielding pro-resolving mediators (e.g., the protectins) and 
reducing inflammatory consequences of viral illness [307, 308]. In critically ill patients, the ques-
tion of the utility of high- dose intravenous ascorbic acid is being addressed by an ongoing trial 
(NCT04264533) [309].

Outside the intensive care unit, early nutrition supplementation is also important given severe 
inflammation and poor oral intake in most hospitalized patients. Given the overwhelming numbers of 
patients at some hospitals, a pragmatic and general approach has been taken when individualized 
intervention is not practical [303]. This includes high-energy diets/snacks of varying textures and 
consistencies that are easily digestible. The availability of high-energy high-protein oral nutrition 
supplements, especially those that incorporate whey protein, has been suggested. For the patient 
requiring enteral nutrition, peptide-based formulations and continuous feeding regimens may improve 
tolerance. Enteral nutrition can be used cautiously when non-invasive ventilation methods are in use 
but with a low threshold to convert to parenteral nutrition when nutrient needs remain unmet by gut 
feeding [303]. Patients managed at home require adequate hydration with recommendations to include 
fluids containing macro- and micronutrients [306]. A high-energy/high-protein diet with oral nutrition 
supplements throughout the day is also recommended.
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 Drug-Nutrition Interactions

With that overview of the evolving management of CoVid-19, this section will describe observations 
on potential drug-nutrition interactions of agents being used. Interactions associated with some anti-
viral agents were discussed earlier in the chapter.

Several agents are administered parenterally (e.g., interferons, remdesivir, sarilumab, tocilizumab) 
and will not be susceptible to food effects. However, in hospitalized patients who require enteral nutri-
tion, oral agents may be administered via enteral feeding tube which remains an incompletely appre-
ciated issue [56]. For example, the azithromycin suspension requires further dilution with purified 
water just prior to administration by feeding tube to aid the delivery of the full dose through the 
enteral device to the patient. Additionally, close proximity of azithromycin to enteral nutrition may 
improve gut tolerance (abdominal discomfort) to the drug, so no need to hold the feed beyond the time 
taken to flush the tube, administer the drug, and flush again. Lopinavir drug absorption is limited if 
delivered into the small bowel but remains successful via gastrostomy tube, although the liquid for-
mulation may adsorb to small-bore feeding tubes [56]. Based on data with meals, the presence of 
fat-containing enteral nutrition may improve lopinavir bioavailability. Chloroquine tablets are to be 
dispersed in purified water and administered in close proximity to enteral feeds to reduce gut irrita-
tion. Keep in mind that chloroquine bioavailability may be decreased in malnutrition [125].

A number of the drugs can cause alterations to gut function besides azithromycin and chloroquine. 
Dexamethasone, hydroxychloroquine, interferons, and lopinavir are also known to cause nausea, 
vomiting, abdominal pain, and diarrhea, with possible loss in appetite and body weight over time. The 
study drug remdesivir may also cause nausea and diarrhea. Liver function tests can become elevated 
with several agents (e.g., dexamethasone, remdesivir, sarilumab, tocilizumab). Tocilizumab may 
cause stomatitis, oral mucositis, and gastric ulcer. Sarilumab and tocilizumab may increase the risk 
for intestinal perforation.

Chloroquine/hydroxychloroquine may also cause vertigo and myopathy including proximal mus-
cle weakness that may limit the ability to prepare meals for patients managed at home. Similarly, 
dexamethasone and interferons may influence nutrition status indirectly secondary to headache, diz-
ziness, and fatigue. Some drugs are associated with edema (e.g., dexamethasone) that may increase 
body weight or interfere with the ability to note loss of body mass over time. Dexamethasone is also 
associated with protein catabolism and a negative nitrogen balance, along with loss of muscle mass 
and weakness.

Additionally, several of the drugs used in CoVid-19 can cause more specific metabolic and nutri-
tion effects. Some agents cause hyperglycemia (e.g., dexamethasone, interferons, lopinavir), while 
others may cause hypoglycemia (e.g., chloroquine, hydroxychloroquine). Hypertriglyceridemia (e.g., 
interferons, lopinavir, sarilumab, tocilizumab) and hypercholesterolemia (e.g., lopinavir, sarilumab, 
tocilizumab) can also occur. Remdesivir has been reported to cause altered serum potassium concen-
trations. Dexamethasone can cause hypokalemia by increasing potassium excretion, while azithromy-
cin may cause hyperkalemia and hyperphosphatemia. Favipiravir is associated with reductions in 
renal phosphate and uric acid excretion with subsequent increases in serum values.

Chloroquine/hydroxychloroquine inhibits a transporter (OATP1A2) responsible for all-trans- 
retinol uptake critical to the visual cycle, thereby contributing to the retinopathy associated with treat-
ment [310]. Weight-based dosing of these agents in the obese patient is better based on a lean body 
weight to lower the retinopathy risk [311]. The drugs additionally can inhibit thiamin transport with a 
potential risk for thiamin deficits including central nervous system manifestations [312].

Taking into account overall nutrition status, drug effect in obese patients may differ from the non- 
obese. Based on findings using fixed standard doses in chronic hepatitis C, the bioavailability of riba-
virin and interferon was reduced in obese patients which adversely impacted clinical outcome [313]. 
Aside from exhibiting altered pharmacokinetics in obesity, dexamethasone sensitivity increases in 
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obesity suggesting that dosing based on a lean or adjusted body weight may be most appropriate 
[314].

As for positive interactions of nutrients on drug therapy, there are some ongoing trials that involve 
combinations (e.g., hydroxychloroquine + azithromycin + vitamin C + vitamin D) [264]. Potential 
benefits will await forthcoming results. The suggestion of adding zinc (oral or intravenous) to a regi-
men of chloroquine or hydroxychloroquine has been suggested [274, 315]. This is based on the ability 
of zinc to inhibit viral RNA-dependent RNA polymerase and downstream cell signal transduction 
[316]. Although these antimalarials are zinc ionophores, it remains unclear whether supplemental zinc 
would benefit a patient with adequate pre-morbid zinc status in the midst of a systemic inflammatory 
response.

 Conclusions

The wide variety of antimicrobials indicated for a diverse set of infectious diseases remains a vital 
therapeutic intervention for people every day across the globe. Appropriate drug regimens and clinical 
monitoring assures safety and effectiveness in the face of factors that may influence outcomes. 
Interactions between drug and nutrition can play an important role and need to be taken into account. 
This includes the influence of diet patterns, meals, supplements, or nutrition status on the disposition 
and clinical effect of the drug, as well as the potential effect of each drug on the status of global nutri-
tion or the status of individual nutrients.
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Key Points
• Most hosts, including humans, livestock, and wild animals, are infected by more than one 

parasite species simultaneously.
• Like co-infection, the co-occurrence of multiple nutritional deficiencies is common, and 

both phenomena frequently affect the same populations.
• Ecological approaches that construct and analyze feeding relationships between species can 

shed light on complex co-infection-nutrition interactions.
• A feeding relationship (or “trophic”) approach suggests at least two key pathways by which 

constraints on the availability of nutrients to a host might influence interactions between 
parasites: resource competition and immune-mediated interactions.

• Combining a trophic approach with epidemiological data has practical clinical applications 
for developing a better understanding of how changes in nutritional status influence disease 
severity during co-infection and predicting how disease control strategies (e.g., drug treat-
ment, vaccination) might impact nutritional status.

• For example, simultaneous resource- and immune-mediated interactions between hookworm 
and Plasmodium falciparum during co-infection may explain a counterintuitive protective 
effect of co-infection on anemia.
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 Introduction

Heterogeneities in both nutrition and infection pose ongoing challenges to global health. A common 
phenomenon that contributes to these heterogeneities is concurrent infection, or co-infection. Most 
hosts, including humans, livestock, and wild animals, are infected by more than one parasite species 
simultaneously [1, 2], and co-infection is the norm rather than the exception in real-world populations. 
For example, a survey of 500 residents of a single village in Côte d’Ivoire aged 5 days to 91 years 
revealed that 75% of the population carried three or more parasite infections simultaneously [3]. The 
study only considered a subset of helminth and protozoan parasites, so it is likely that true co- infection 
rates were even higher than reported. A similar study, focused on a broader set of parasites, including 
bacteria, protozoa, helminths, and arthropods, showed that among pregnant and lactating women in 
rural Panama, co-infections between multiple pairs of parasite species were common [4]. For example, 
80% of pregnant women were co-infected by Bacteroides/Gardnerella and Mobiluncus bacteria, while 
nearly 50% were co-infected by the bacteria Lactobacillus and the protozoa Trichomonas [4]. These 
anecdotes illustrate the magnitude of the co-infection problem. Yet despite the fact that co-infection is 
so common, its range of consequences are still poorly understood.

One consequence of co-infection that warrants particular attention is the link between co-infection 
and nutrition. Like co-infection, the co-occurrence of multiple nutritional deficiencies is extremely 
common, and both phenomena frequently affect the same populations. Indeed, nearly 50% of women 
in the Panamanian study cohort where frequent co-infection was described [4] also had two or more 
vitamin deficiencies [5]. For single parasite infections, interactions between infection and nutrition, 
including effects of infection on nutrition and effects of nutrition on infection, have been the subject of 
considerable study (see Chap. 1 [6]). Synergistic interactions between nutrition and infection have also 
been considered, where undernutrition increases susceptibility to infection and resulting increases in 
infection further magnify undernutrition [7, 8]. Applying the same level of scrutiny to the bidirectional 
linkages between co-infection and nutrition, including the potential for “vicious circles” to operate, 
remains a critical frontier in nutrition-infection research.

A small but growing number of studies on nutrition and infection are now considering co-infection. 
For example, in one of the first studies of its kind, Ezeamama and colleagues [9] showed that, among 
children in the Philippines, concurrent infection with multiple helminth species increased the odds of 
anemia five- to eight-fold, including for low-intensity infections previously thought to have very little 
impact on child morbidity. Given that iron deficiency anemia is a major driver of nutritional deficiency 
worldwide [10], this study highlighted the disproportionately strong effects co-infection could have on 
nutritional outcomes when compared to single infection. More generally, over the past 25 years, studies 
focused specifically on co-infection and malnutrition have gone from less than 1% of papers published 
on the topic of infection and malnutrition in 1995–1999 to over 4% in 2014–2018 (Fig. 14.1). The 
central focus of this emerging body of co-infection-malnutrition research has been on a few key infec-
tions including human immunodeficiency virus (HIV), tuberculosis (TB), helminths, malaria, and vari-
ous intestinal pathogens (e.g., enteroinvasive Escherichia coli, Giardia, Helicobacter pylori). HIV-TB 
co-infection is by far the single most common co-infection studied (see Chap. 9 [11]), followed by 
co-infections between gastrointestinal intestinal parasites (including helminths) and helminth- malaria 
co-infection. While the majority of this work has focused on humans, recent studies are also expanding 
the suite of animal models used to investigate co-infection-malnutrition phenomenon to laboratory 

• Likewise, accounting for the interrelationships among host nutrient availability, parasite 
resource use, and host immune function suggests that protein deficiency may affect the out-
come of helminth-tuberculosis co-infection.
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animals (e.g., mice: [12]) and non-model species (e.g., Daphnia: [13]). Overall, this body of work 
provides an important starting point for understanding the clinical consequences of nutrition-co-infec-
tion interactions and identifying the mechanisms that underlie these outcomes.

The goal of this chapter is to explore our current understanding of co-infection-nutrition interactions 
by integrating ideas and data from the ecological and epidemiological literature. To do this, I begin by 
describing an ecological framework for studying species interactions that can be applied to co-infection 
and nutrition. Second, with this framework in mind, I use two common co-infections as case studies to 
examine what we know about how co-infection affects nutrition (helminths and malaria) and, recipro-
cally, how nutrition affects co-infection (helminths and TB). Co-infection and nutrition are complex 
problems in their own right, and the body of literature on their interactions is still relatively small (see 
Chap. 9 for a detailed discussion of HIV-TB-nutrition interactions [11]). As such, the ultimate objective 
of this exercise is not to provide an exhaustive summary of the current state of knowledge on co-
infection-nutrition interactions but rather to draw insights from a melding of ecological ideas with 
epidemiological data that may help guide future research. I conclude with a discussion of the practicali-
ties of merging ecological and epidemiological approaches to study co- infection and nutrition and an 
outlook on the future.

 An Ecological Framework for Integrating Co-infection and Nutrition

Ecological communities are characterized by complex networks of interactions among species [14]. 
These interactions can be direct, occurring between two species, or indirect, with the relationship 
between two species mediated by a third species or the environmental context [15]. Importantly, 
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Fig. 14.1 Annual percent of papers published on the topic of malnutrition and co-infection between 1993 and 2018 
(primary axis) as compared to the total number of papers published on nutrition and any type of infection (secondary 
axis). Data are from a PubMed search performed on 29 May 2019. Search terms were: Title/Abstract = ((co- infection* 
OR coinfection* OR polyparasitism*) AND (malnutrition OR undernutrition)) for determining the number of papers 
focused on co-infection and Title/Abstract = ((infection* OR parasitism*) AND (malnutrition OR undernutrition) NOT 
(co-infection* OR coinfection* OR polyparasitism*)) for determining the number of papers focused on single infec-
tions. Counts from the two searches were summed to estimate the total number of papers published on any type of 
infection (plotted on secondary axis)
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species interactions differ in both direction and strength: some species affect other species negatively, 
such as a predator that consumes its prey, whereas some species have positive effects on other species, 
such as a pollinator that disperses the pollen of its host plant. These interactions can be strong, having 
relatively large impacts on individuals within the community, or weak [16]. Furthermore, interactions 
between species are often context dependent, where the outcome changes depending on the context in 
which it is embedded [17]. Theory and approaches from community ecology provide tools for charac-
terizing and quantifying interactions and dealing with context dependency, and many of these ideas are 
applicable to communities of parasites residing within individual hosts [18].

One tool for studying species interactions is the food web (Fig. 14.2a). Feeding (or “trophic”) rela-
tionships between species are often conceptualized as food webs in which primary producers (e.g., 
plants) comprise the first level; the second level consists of species that consume the primary producers 
(e.g., herbivores); the third level consists of species that consume the herbivores (e.g., carnivores); and 
so forth [19]. In this way, a trophic framework is used to understand how energy flows between differ-
ent compartments of a community and how these flows translate into changes in individual species 
abundances and community structure. Trophic frameworks are readily applicable to parasite communi-
ties residing within hosts (Fig. 14.2b). For parasites, the first level of the food web consists of host 
resources, represented by specific host tissues on which parasites depend for food or habitat [20]. The 
second level consists of the parasites, and the third level consists of the host immune system, which is 
akin to a predator that consumes the parasites [20]. Unique to within-host parasite communities, the 
first and third levels of the food web are connected because host resources and immune function are 
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Fig. 14.2 (a) A classical ecological food web showing feeding or “trophic” relationships between a primary producer 
(grass), an herbivore (zebra), and a carnivore (lion). (b) A hypothetical within-host food web for a zebra host with an 
analogous three levels. In this case, the first level of the food web is represented by host tissues in which parasites live 
and acquire resources (e.g., gastrointestinal tract, blood, respiratory tract). Each of these compartments is connected via 
a single host energy pool. The second level is occupied by the parasites which reside in different tissue compartments 
(e.g., gastrointestinal tract, Cyathostomins, Eimeria, Oxyuris; blood, African horse sickness virus, Babesia, Theileria; 
respiratory tract, Dictyocaulus, Equine herpesvirus). Strong direct interactions, such as resource competition, can occur 
between parasites within the same compartment. The third level is comprised of components of the host immune sys-
tem, which attack parasites from the different compartments. Immune responses triggered by individual parasites can 
cause indirect, immune-mediated, interactions between parasites within or between tissue compartments. Finally, 
unlike the classical ecological food web, the top (immune system) and bottom (host tissues) levels of the within-host 
food web are connected because they both depend on the same pool of host energy
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inextricably linked [20]. With this framework in mind, for any given parasite community, trophic rela-
tionships can be constructed that link co-infecting species in a manner that facilitates the formulation 
and testing of hypotheses about which types of parasites are most likely to interact, the mechanisms 
that drive the interactions, and how these interactions might be shaped by variation in host nutrition. 
This trophic approach is particularly useful for understanding interactions between co-infection and 
nutrition because the basal layers of within-host food webs (i.e., host tissues) rely on various micro- 
and macronutrients for growth and maintenance. Consequently, trophic links help identify suites of 
parasites that are most likely to interact and specific nutrient deficiencies most likely to affect these 
interactions. For example, red blood cell production is iron dependent, so deficiencies in this micronu-
trient should most strongly affect interactions between parasites that depend on red blood cells. More 
broadly, by considering the availability of host nutritional resources, resource use by parasites, host 
immune defenses, and the interconnections among these processes simultaneously (Fig. 14.2b), a tro-
phic approach can help unravel the myriad complexities associated with co-infection-nutrition interac-
tions. For example, scrutiny of the hypothetical parasite food web in Figure 14.2b reveals at least two 
key pathways by which constraints on the availability of nutrients to a host might influence interactions 
between parasites.

First, because multiple parasites often rely on a common pool of host resources, resource competi-
tion should be a major force shaping interactions between species. Importantly, depletion of the host 
resource pool due to changes in nutritional status should affect the direction or magnitude of these 
resource-mediated interactions. Evidence of resource competition between parasite species infecting 
various animal species is widespread [21]. Recently, the relevance of resource-mediated interactions 
between human parasites has also gained attention [22]. For example, a longitudinal study of helminth- 
malaria co-infection showed that blood-sucking hookworms (Necator americanus and Ancylostoma 
duodenale) and Plasmodium species, all of which rely on red blood cells, interact via this shared 
resource [23]. This interaction was revealed by a negative effect of hookworm infection on the density 
of concurrent P. vivax (a malaria species which specializes on young RBCs), which was reversed in 
response to anthelmintic treatment. Interestingly, hookworm had no effect on the density of P. falci-
parum, which unlike P. vivax is a red blood cell generalist and thus is potentially less likely to suffer the 
consequences of resource limitation imposed by hookworms. However, P. falciparum co-infection was 
associated with reduced Necator intensity which is likely a manifestation of P. falciparum’s superior 
competitive ability, an idea borne out by the dominant negative effect of P. falciparum on host red blood 
cells [23]. Indeed, the outcome of competitive interactions between parasites is frequently asymmetri-
cal with one species (the weaker competitor) showing large declines in numbers and the other showing 
little to no change [21]. Identifying and understanding these asymmetries may help with interpreting 
clinical outcomes of co-infection-nutrition interactions. Importantly, the outcome of competitive inter-
actions between parasites can also depend on the availability of shared resources, as revealed by a study 
of mouse malaria (P. chabaudi) showing strong nutrient-driven changes in the intensity of competitive 
interactions between two parasite strains [24]. While this observation suggests that in many circum-
stances host nutrition should be a key mediator of both resource competition between parasites and 
clinical consequences for the host, few studies have tested this idea empirically (but see [24, 25]).

Second, because parasite species commonly share a “predator,” i.e., components of the host immune 
system, immune-mediated interactions should also be a key mechanism shaping interactions between 
parasites. Furthermore, because host nutrition is critical to the functioning of the immune system, 
variation in host nutrition should strongly affect the outcome of immune-mediated interactions between 
parasites. As with resource-mediated interactions, interactions between parasites driven by the host 
immune system also occur [26, 27]. Interactions between helminths and microparasites (including 
viruses, bacteria, and protozoa), where helminth infections may facilitate infections such as HIV, 
malaria, and TB, have captured particular attention in the literature [28]. One mechanistic explanation 
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for this interaction is the mutually inhibitory immune defense pathways triggered by helminths vs. 
intracellular microparasites. Specifically, helminths trigger T helper (Th) 2 type immune responses, 
characterized by the production of cytokines such as interleukin (IL)4, which downregulate Th1 type 
cytokines such as interferon gamma (IFN)γ and IL12 which are involved in defense against many 
intracellular pathogens [29, 30]. As one example, a challenge of laboratory mice with either of the 
helminths Heligmosomoides1 or Schistosoma mansoni induced reactivation of murine γ-herpesvirus 
68, a virus that typically establishes lifelong latency in its host [32]. This reactivation effect was due to 
the upregulation of IL4 in helminth-infected mice, which promoted virus replication and blocked the 
antiviral effects of IFNγ, demonstrating a clear immune-mediated interaction. IL4 treatment had simi-
lar effects on human Kaposi’s sarcoma-associated herpesvirus in human cells [32].

Finally, it is important to note that resource-mediated interactions are not always competitive and 
immune-mediated interactions are not always facilitative. For example, parasites that share the same 
habitat within a host may facilitate one another, rather than compete, if one species modifies the habitat 
for the other in a way that promotes its colonization or growth [33]. Likewise, closely related parasite 
species often inhibit, rather than facilitate, one another as a result of cross-protective immune responses 
mounted by the host [34]. Furthermore, resource- and immune-mediated interactions can also occur in 
tandem. Indeed, many parasites both share a common resource within a host and are subject to the same 
or mutually inhibitory immune responses, setting the stage for multiple modes of interaction to occur. 
The beauty of the trophic approach is that it allows for an entire network of possible interactions to be 
considered simultaneously (Fig. 14.2b). This approach thus provides an excellent starting point for 
understanding how complex interactions between parasite species shape and are, in turn, shaped by 
variation in host nutrition. The rest of this chapter uses a trophic perspective to explore these questions, 
focusing on two prominent examples of helminth co-infections.

 Effects of Co-infection on Nutrition: Helminths and Malaria  
as a Case Study

The geographic extent and potentially profound clinical consequences of co-infection between hel-
minths and falciparum malaria make it an ideal case study for exploring how co-infection affects nutri-
tion. In Africa, geographic overlap between Plasmodium falciparum and the soil-transmitted helminths 
(STH: Ascaris lumbricoides, Trichuris trichiura, and hookworms) is extensive, and 17–32 million 
children in sub-Saharan Africa are estimated to be at risk of coincident STH-P. falciparum infection 
[35]. Hookworm-P. falciparum co-infection is particularly interesting because both parasites indepen-
dently cause anemia. Hookworms cause iron deficiency anemia by inducing intestinal blood loss [36], 
while P. falciparum causes anemia via a number of mechanisms including destruction and removal of 
red blood cells, reduced erythrocyte production in the bone marrow, and cytokine- mediated dyseryth-
ropoiesis [37]. Thus, whether the dual effects of hookworm and P. falciparum exacerbate anemia is a 
topic of emerging interest, with great relevance for managing clinical outcomes of malaria infection.

In the past decade, a number of studies have examined the impact of helminth-malaria co-infec-
tion on anemia with mixed results. A large proportion of these studies focused on impacts on chil-
dren, and the outcomes have been variable (Fig.  14.3). The presence of anemia, defined as a 
deficiency of red blood cells or hemoglobin, is typically assessed using hemoglobin concentrations. 
In children, anemia is defined according to WHO guidelines as hemoglobin concentrations below 
12 g/dL with severity increasing as hemoglobin concentrations decline [41]. Some studies show 

1 Heligmosomoides bakeri is synonymous with Nematospiroides dubius, Heligmosomoides polygyrus, and 
Heligmosomoides polygyrus bakeri [31].
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that co-infection tends to worsen anemia. For example, Brooker et al. [42] found that for both pre-
school and school-age children in Kenya, mean hemoglobin concentrations were lower among 
hookworm-P. falciparum co- infected individuals compared to those infected with hookworm or P. 
falciparum alone. Although this relationship was significant only for preschool children, co-infected 
school-age children had an average hemoglobin concentration 4.2 g/dL lower than their single-
infected counterparts [42]. A study of school-age children in Tanzania reported similar patterns; in 
this case, the prevalence of anemia increased by >15% among co-infected children compared to 
those infected with hookworm or P. falciparum alone [40]. In direct contrast, other studies found 
that co-infection had a moderating effect on anemia, particularly when compared to the effects of 
P. falciparum alone. For example, Humphries et al. [38] showed that P. falciparum infection signifi-
cantly increased anemia risk in Ghanaian children aged 6–15, whereas hookworm-P. falciparum 
co-infection did not, suggesting a protective effective of co-infection. Studies of school-age chil-
dren in Côte d’Ivoire and Tanzania found similar patterns. In Côte d’Ivoire, Righetti et  al. [43] 
reported that for 6–8-year-old children, hookworm-P. falciparum co-infection significantly 
increased hemoglobin concentrations compared to P. falciparum infection alone. Likewise, a 
national school-based survey of children in Côte d’Ivoire found that P. falciparum single infection 
was a significant risk factor for anemia, whereas hookworm-P. falciparum co-infection was not 
[44]. In the Tanzania study, mean hemoglobin concentration was higher in hookworm- P. falci-
parum co-infected preschool and school-age children, and anemia prevalence was correspondingly 
lower, although these effects were not significant [39]. Overall then, empirical studies either found 
that hookworm-P. falciparum co-infection exacerbates anemia by reducing hemoglobin concentra-
tions or that co-infection improves anemia outcomes relative to single P. falciparum infection. 
Echoing this discordance in the literature, two recent meta-analyses examining the implications of 

Fig. 14.3 Examples of variable outcomes from studies comparing anemia prevalence in children infected with malaria 
(Plasmodium falciparum, Pf) only compared to those co-infected with Pf and hookworms (Hw). (a) Anemia prevalence 
was higher in Pf single infection compared to Pf + Hw co-infection for 6–15-year-old children in Ghana (data from 
[38]). (b) The protective effect of Pf + Hw co-infection was similar but weaker for preschool and school-age children 
in Tanzania (data from [39]). (c) However, this pattern was reversed in another study of school-age children in Tanzania, 
with anemia prevalence increasing by >15% in Pf + Hw co-infected children (data from [40]). Intriguingly, Hw infec-
tion intensity was classified as “light” in a–b, but “heavy” in c
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STH-malaria co-infection for anemia also came to different conclusions. Both analyses were based 
on a small number (n = 3) of primary studies, two of which were the same and only one of which 
included hookworm as a focal STH infection. The first of these analyses, Naing et al. [45], con-
cluded that hemoglobin levels in single malaria infected vs. STH-P. falciparum co-infected children 
are comparable. More recently, Degarege et  al. [46] concluded that compared to P. falciparum 
infection alone, the odds of anemia in school-age children tend to decrease during STH-P. falci-
parum co-infection. Clearly, more research on the implications of hookworm-P. falciparum co-
infection for anemia is required to clarify the underlying factors accounting for different patterns 
observed across studies.

A qualitative analysis of the research on hookworm-P. falciparum co-infection and anemia in 
children reveals trends that may help guide future studies. Crucially, studies where hookworm-P. 
falciparum co-infection was associated with more severe anemia reported that a majority of hook-
worm-infected children suffered from heavy infections (shedding >2000 parasite eggs per gram 
feces (epg; [40, 42])). In contrast, studies showing the opposite effect reported that most children had 
light hookworm infections [38, 39, 43, 44]. This type of context-dependency is a common feature of 
parasite interactions, with factors such as the density/intensity or virulence of the species involved in 
the interaction [47], or the order in which species establish within the host [48], determining the 
outcome of the interaction (Box 14.1). Thus, accounting for variation in hookworm intensity may be 
key to explaining the opposite outcomes commonly seen in hookworm-P. falciparum co-infection 
studies.

Box 14.1 Virulence Affects the Outcome of Parasite Co-infection
Competition between strains of the vector-borne protozoan parasite, Trypanosoma brucei, pro-
vides an illustrative example of how parasite virulence can alter the outcome of competition 
during co-infection. T. brucei is the causative agent of human trypanosomiasis or African sleep-
ing sickness, a disease of significant public health concern in sub-Saharan Africa. The parasite 
is transmitted between mammal hosts by the tsetse fly and proliferates in the bloodstream of the 
host (see Chap. 6). Balmer and colleagues [47] examined the outcome of T. brucei strain com-
petition on host survival and condition when competing parasite strains were of equal compared 
to variable virulence. The researchers created variable and equal virulence treatments by manip-
ulating the virulence of one competing strain (low-virulence  “green” strain) but not the other 
(high-virulence “red” strain). Next, the effects of strain competition on lab mouse hosts were 
quantified during single and mixed infections under both variable and equal virulence condi-
tions. In the variable virulence experiments (VVE), mixed infection significantly improved 
mouse survival compared to single infection with the high-virulence “red” strain (Fig. 14.4a). 
However, in the equal virulence experiments (EVE), survival during mixed infection and single 
high- virulence infection did not differ (Fig. 14.4a). In terms of host condition, levels of anemia 
and thrombocytopenia were higher for single high-virulence infections compared to mixed 
infections in variable virulence conditions, whereas mixed infections caused higher anemia and 
equivalent thrombocytopenia levels compared to single high-virulence infections in equal viru-
lence conditions (Fig. 14.4b, c). Intriguingly, the outcomes of anemia described under the dif-
ferent T. brucei competition scenarios recapitulate exactly the patterns observed in hookworm-P. 
falciparum co-infection for light versus heavy hookworm infections. This similarity in observed 
patterns suggests there may be a set of general principles that help explain what at first appears 
to be disparate outcomes of interactions between the same pairs of parasites.
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Similar to the outcome of co-infection between T. brucei strains (Box 14.1), the changing nature 
of the interaction between hookworm and P. falciparum in response to variability in the degree to 
which one parasite negatively affects the host (i.e., virulence) may help explain divergent outcomes of 
co-infection on anemia. P. falciparum tends to be a strong resource extractor nearly always exerting 
strong virulence effects on its host [49], while the damaging effects of hookworm on hosts are more 
variable, depending on the intensity of infection [50]. Thus, the presence of light vs. heavy hookworm 
burdens during co-infection with P. falciparum is somewhat analogous to the presence of the low- vs. 
high-virulence phenotype during T. brucei strain co-infection. Interestingly, when hookworm and P. 
falciparum co-occur under light hookworm infection intensity (analogous to the variable virulence 
experiment described in Box 14.1), the net outcome for the host is a moderation of the negative effect 
of P. falciparum. This is reflected by reduced levels of anemia in light hookworm-P. falciparum co-
infection compared to single P. falciparum infection, a result that qualitatively matches the lower 
anemia and higher survival rates of mice infected with mixed high- and low-virulence T. brucei strains 
compared to single high-virulence infections (Box 14.1; Fig. 14.4a, b). Thus, a reduction in the sever-
ity of infection outcomes may be a general phenomenon arising from co-infection between high- and 
low-virulence parasites that compete for a shared resource. For hookworm-P. falciparum competition 
specifically, an obvious question is: what are the mechanisms underlying such an effect?

The combined effects of resource-mediated and immune-mediated interactions may explain the 
reduction in anemia during light hookworm-P. falciparum co-infection. At first glance, resource- 
mediated interactions alone could drive anemia reduction if hookworm has a net suppressive effect on 
P. falciparum density that is not compensated for by direct negative effects of hookworm itself. 
Mechanistically, this can happen if hookworm imposes resource competition on P. falciparum by 
depleting shared red blood cell resources, thereby reducing P. falciparum density. However, this expla-
nation seems unlikely because there is only weak support for strong negative effects of hookworm on 
P. falciparum density in the literature (e.g., [23] but see [51]). Moreover, an alternative hypothesis on 
immune-mediated interactions suggests that hookworm may facilitate P. falciparum, increasing its 
density by upregulating Th2 cytokines that suppress Th1 responses [52]. Such an effect would increase 
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Fig. 14.4 (a) Mean number of hours mice survived after infection with a single high-virulence Trypanosoma brucei 
strain (red) compared to a mixed infection comprised of either the high-virulence red strain and a low-virulence green 
strain (= variable virulence experiment [VVE]) or the high-virulence red strain and a high-virulence green strain (= 
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virulence red strain compared to mixed infections comprised of the high-virulence red strain and the low-virulence 
green strain (VVE) or the high-virulence red strain and the high-virulence green strain (EVE). (c) Percent decrease in 
thrombocytes among mice infected with the single high-virulence red strain compared to mixed infections comprised 
of the high-virulence red strain and the low-virulence green strain (VVE) or the high-virulence red strain and the high- 
virulence green strain (EVE). (Data are from [47])
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rather than decrease anemia, but this explanation also seems unlikely because the evidence for positive 
associations between hookworm and P. falciparum density is also weak [46]. It is plausible though that 
both mechanisms operate in tandem such that negative (resource-mediated) and positive (immune-
mediated) effects of hookworm on P. falciparum density tend to cancel each other out—this could 
explain the mixed results regarding correlations between hookworm and P. falciparum density during 
co-infection [46, 53]. In this scenario, there would be no net effect of hookworm on P. falciparum den-
sity, and since hookworm intensity is light, very little change in anemia would be expected due to 
effects of hookworm itself. How then does the reduction in anemia come about? A reduction in anemia 
might plausibly be caused by a third mechanism: the upregulation of anti-inflammatory cytokines (e.g., 
IL4, IL10) in response to hookworm [52] and concomitant suppression of inflammation-associated 
anemia [43, 46, 54]. Reductions in anemia during light hookworm- P. falciparum co-infection may thus 
be a direct result of an anti-inflammatory response induced by hookworm. A similar mechanistic expla-
nation has been proposed for why some STH infections are associated with a reduced risk of cerebral 
malaria [55]. Ultimately then, anemia reduction could be the product of hookworm-associated changes 
in the inflammatory response occurring in the absence of (i) changes in the density of P. falciparum 
(due to the counterbalanced effects of resource-mediated and immune-mediated interactions between 
hookworm and P. falciparum) and (ii) direct negative effects of hookworm (due to the low intensity of 
infection). If so, the protective effects of co-infection on anemia emerge from multiple and simultane-
ous interactions between the two parasites and the immune and resource compartments of the parasite 
food web (Fig. 14.5). Importantly, because these interactions are identifiable and quantifiable when the 

Th2
Anti-inflammatory

Th1
Pro-inflammatory

Plasmodium
falciparum

Hookworm

2c 2a

1a1b

2b

3

Red blood cells

Fig. 14.5 A full suite of known feeding relationships connecting hookworm and Plasmodium falciparum infection that 
potentially explain the protective effect of light hookworm-P. falciparum co-infection on anemia. Open block arrows 
represent feeding links: both P. falciparum and hookworm depend on the same host resource (red blood cells), but dif-
ferent components of the host immune response (Th1 vs. Th2) prey on the two parasites. Solid block arrows show the 
intrinsic links between different host compartments (immunity [Th1, Th2, pro-inflammatory, anti-inflammatory] and 
resources [red blood cells]). Red arrows indicate the positive (solid arrows) and negative (dashed arrows) direct and 
indirect effects of light hookworm infection on P. falciparum and consequences for red blood cell numbers. First, hook-
worm might negatively affect P. falciparum by depleting red blood cells (1a) and imposing competitive pressure on P. 
falciparum (1b). Simultaneously, hookworm might positively affect P. falciparum by causing the upregulation of the 
host Th2 response (2a) which downregulates the Th1 response (2b), thereby facilitating P. falciparum (2c). These con-
current negative (1b) and positive (2c) indirect effects of hookworm on P. falciparum might cancel each other out such 
that there is no change in the net effect of P. falciparum on red blood cell numbers compared to P. falciparum single 
infection. However, because hookworm promotes an anti-inflammatory immune response in the host (2a) which 
improves red blood cell production (3), but light hookworm infection may not cause substantial red blood cell loss (1a), 
the net outcome for anemia is positive in this scenario
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entire suite of trophic links between hookworm and P. falciparum are considered, a trophic approach is 
a practical tool for making predictions about the clinical outcomes of co-infection (e.g., anemia pres-
ence or severity) and how these outcomes should differ by context.

The pattern of increased anemia severity under heavy hookworm-P. falciparum co-infection is more 
intuitive than the anemia reduction observed under light hookworm-P. falciparum co- infection—both 
parasites independently consume host red blood cells inducing more severe anemia. However, the pre-
cise mechanisms accounting for this effect still require clarification. For example, under heavy hook-
worm infection, as with light infection, negative (resource competition) and positive (immune 
facilitation) effects of hookworm on P. falciparum density might still cancel each other out resulting in 
no net change in P. falciparum density and no density-mediated effect on anemia. In addition, inflam-
mation-associated suppression of anemia (via immune effects induced by hookworm) might be coun-
terbalanced by high levels of resource (red blood cell) destruction resulting from heavy hookworm 
infection, thereby eliminating any protective effect of co-infection. Together these two sets of opposing 
forces might enable an additive effect of hookworm and P. falciparum on anemia. Thus, the combined 
effects of resource- and immune-mediated interactions might still be in play for heavy hookworm-P. 
falciparum co-infection as is likely for light hookworm co-infection. Even when the clinical outcomes 
of co-infection are intuitive, understanding the mechanistic basis of these outcomes may help in design-
ing effective intervention strategies.

Overall, the hypothesized web of interactions between hookworm and P. falciparum relies on the 
simultaneous operation of both resource- and immune-mediated mechanisms to explain divergent out-
comes of co-infection on anemia. Importantly, this hypothesized suite of interactions is readily tested in 
the field by integrating the measurement of immunity and inflammation markers into studies that track 
changes in parasite intensities (both helminths and malaria) and host nutrition/condition (e.g., red blood 
cell density, hemoglobin concentration). Once these data are in hand, ecological approaches commonly 
applied to food webs can be used to draw inferences about which hypothetical interactions are most 
likely to be occurring, the relative strengths of these different interactions, and the effect of context (e.g., 
parasite traits [intensity, virulence, establishment order]) on clinical outcomes for the host.

 Effects of Nutrition on Co-infection: Helminths and TB as a Case Study

As with helminths and malaria, geographic overlap between helminths and TB (caused by 
Mycobacterium tuberculosis) is substantial. Approximately one third of the world’s population is 
infected with TB [56], while over 1 billion people are infected with helminths [57]. Endemic regions 
for TB and helminths also correspond to regions where malnutrition is common, and malnutrition is a 
risk factor for both TB and helminth infection. For M. tuberculosis, deficiencies in protein and energy 
as well as micronutrients can accelerate progression from latent to active infection [58]. Likewise, 
macro- and micronutrient deficiencies can promote the establishment and survival of various helminth 
species [59, 60]. These consequences are due, in large part, to the potent effects of malnutrition on the 
immune response [7, 61] (see Chaps. 2 and 3). However, because immune responses to TB and hel-
minths are distinct, mutually inhibitory (Th1 vs. Th2 [29]), and respond differently to distinct forms of 
nutrient deficiency [59, 62], understanding how malnutrition affects disease outcomes under helminth-
TB co-infection is a fascinating topic of considerable importance.

Macro- and micronutrient deficiencies have differential effects on T-cell development and differentia-
tion [62]. As such, the magnitude and direction of immune-mediated interactions between helminths and 
TB may depend critically on the nutritional context of the host. In laboratory mouse models, for exam-
ple, deficits in protein led to suppressed Th2 responses and increased Th1 responses [63], while energy 
deficits suppressed both Th1 and Th2 responses [64]. In terms of micronutrients, zinc deficiency sup-
pressed Th2 but not Th1 responses in mouse models [65], while in humans, Th1 but not Th2 responses 
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were suppressed in response to zinc deficiency [66]. Finally, while the predominant effect of vitamin A 
deficiency on immunity is suppression of Th2 responses, upregulation of Th1 responses can also occur 
[67]. Overall, one interesting consequence of these complicated effects of nutrient deficiency on immune 
function is that nutrient restriction might suppress immune function and also affect the magnitude of 
Th1-Th2 cross-regulation. In support, among wild buffalo co-infected with gastrointestinal helminths 
and bovine TB (M. bovis), circulating levels of the Th1 cytokine, IFNγ, were not only lower during the 
dry season when protein and energy intake is restricted [68], but the expected trade-off between Th1 and 
Th2 responses was only detectable during the resource- restricted time period [69].

Despite accumulating evidence that helminths dampen host immune responses to TB [28, 70], clini-
cal field studies on the impact of helminths on TB disease progression show mixed results [71–73]. Yet, 
in a mouse helminth (Nippostrongylus brasiliensis)-M. tuberculosis co-infection model, helminth-
associated changes in the immune response impaired resistance to Mycobacterium [74]. In lab animal 
studies, subjects typically receive ad libitum food, and there is little to no variation in the nutritional 
status of hosts. This is certainly not the case in field studies, where many hosts suffer from nutrient 
deficiencies and often differ from one another in the extent or type of deficiencies experienced (e.g., 
[5]). Thus, accounting for underlying variation in nutritional status in study populations may provide 
new insight, and a trophic approach in which host nutritional resources, parasite resource use, as well 
as host immune defenses are considered simultaneously (Fig. 14.2b) may be useful for conceptualizing 
how variation in host nutrition (i.e., macro- and micronutrients) can shape helminth- TB interactions.

In a rare test of how nutrient deficiency affects interactions between parasite species, Budischak 
et al. [75] used a trophic approach to investigate the effects of protein limitation on interactions between 
two helminths (Heligmosomoides and Nippostrongylus) and M. tuberculosis in a mouse model. Mice 
were fed either a standard (21%) or low (14%)-protein diet, infected with one or both helminths, and 
subsequently challenged with Mycobacterium. The study design mimics a common infection sequence 
in the real world where infection with multiple helminths often precedes exposure to TB. Crucially, all 
three parasites have the potential to interact via the host immune system. Nippostrongylus triggers a 
Th2 response, and Mycobacterium triggers a Th1 response, so mutual inhibition could drive an interac-
tion between these two parasites. Heligmosomoides triggers a regulatory T-cell (Treg) response that can 
suppress both Th1 and Th2 responses, providing a mechanism by which Heligmosomoides might inter-
act with both Nippostrongylus and Mycobacterium. The two helminths could also interact via shared 
resources. Two key findings emerged from the study. First, immune-mediated interactions were more 
important than resource-mediated interactions in driving variation in parasite numbers. Second, 
resource limitation altered the strength and direction of immune-mediated interactions. Two specific 
results illustrate the second point: (i) Heligmosomoides facilitated Nippostrongylus during co-infection 
via suppression of Th2 responses, but this effect was weaker under low-protein conditions; and (ii) 
Mycobacterium facilitated Nippostrongylus, also via Th2 suppression, but facilitation only occurred 
under low-protein conditions. The pattern of immune- mediated facilitation of Nippostrongylus by 
Mycobacterium under protein limitation aligns with evidence showing that protein deficiency sup-
presses Th2 responses and promotes Th1 responses [63]. More generally, the explicit trophic approach 
to studying nutrition effects on co-infection, characterized by identifying interrelationships among host 
nutrient availability, parasite resource use, and host immune function, revealed profound effects of 
nutrient limitation on co-infection outcomes and identified key mechanisms (i.e., resource-associated 
changes in immune-interactions) accounting for the observed effects.

Protein limitation is a common cause of human malnutrition particularly in regions with coincident 
helminth and TB infections. The study by Budischak and colleagues [75] suggests protein deficiency 
can shift the outcome of co-infection, magnifying TB facilitation of helminths. Since the study did not 
quantify Th1 cytokines or evaluate the severity of Mycobacterium infection, the specific consequences 
of this stronger interaction for TB are not clear. However, hosts gained less weight during periods of 
high helminth egg production, and co-infection with helminths and Mycobacterium also affected 
weight gain [75]. This pattern suggests that nutrition-associated shifts in parasite interactions during 
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co-infection can further worsen host nutrition and condition, contributing to vicious nutrition-co- 
infection cycles that are analogous to those described for single infections. Given the current paucity of 
information on the implications of nutrition for co-infection outcomes, this is a critical area for future 
work. As a first step, incorporating the measurement of nutrients into immune-focused studies of hel-
minth-TB (and other) co-infections and accounting for variability among hosts in their nutritional sta-
tus may help with identifying new patterns. Importantly, incorporating a trophic perspective can help 
with this goal.

 Applying a Trophic Approach to Co-infection-nutrition Interactions 
in Practice

Food webs are networks of the feeding (or “trophic”) relationships in a community used to understand 
the underlying structure, function, and stability of communities [76]. In the context of an ecological 
community, a practical use of a trophic framework could be identifying the cascading effects of the 
removal of one species (e.g., via extinction) on other species (e.g., [77]). In terms of nutrition and co- 
infection, trophic approaches could be used, for example, to investigate the effects of perturbations 
such as targeted treatment of one parasite, or nutrient manipulation of the host, on co-occurring parasite 
species. A recent application of such an ecological framework to the problem of antimicrobial drug 
resistance [25] highlights how understanding trophic interactions can have practical clinical value. In 
this study, Wale and colleagues [25] tested whether the proliferation of drug-resistant parasites can be 
managed by limiting the availability of a within-host resource required by the parasite. Specifically, 
because mouse malaria parasites (Plasmodium chabaudi) resistant to the drug pyrimethamine require 
more para-aminobenzoic acid (pABA: a nutrient used by malaria parasites to synthesize folate) than do 
drug-susceptible parasites, the authors hypothesized that depleting pABA from the host environment 
would intensify competition with co-occurring susceptible parasites allowing the susceptible parasites 
to suppress the emergence of resistant parasites during drug treatment. This hypothesis was strongly 
supported by an experiment comparing how frequently drug resistance emerged in mice that did or did 
not receive supplementary pABA in their diets [25]. pABA limitation completely prevented the emer-
gence of drug-resistant parasites (Fig. 14.6), suggesting that resource- mediated ecological interactions 
between parasites can be harnessed to manage some of the most challenging clinical problems.

The two case studies described earlier in this chapter provide concrete illustrations of the impor-
tance of both resource- and immune-mediated interactions for understanding co-infection-nutrition 
interactions. Current evidence also suggests that both types of interactions frequently operate in tandem 
to determine host outcomes, but our understanding of the relative contributions of these distinct forms 
of interaction is still very poor. Yet, information on these relative contributions is crucial for public 
health, since only then will it be possible to manage these interactions (e.g., via drug treatment, vacci-
nation, nutrient manipulation) in ways that improve individual and population health outcomes [22, 
25]. Quantifying interaction strengths is an active area of interest in community ecology [16], and a 
number of the methodological approaches used for achieving this task in free-living animal or plant 
communities can be applied to within-host parasite communities (Table 14.1). Ultimately, the ability to 
apply trophic frameworks to co-infection-nutrition problems relies on assembling the underlying data 
required for constructing food webs. Interestingly, most lab- and field-based studies of  co- infection 
typically collect data on at least two of the three trophic levels (see Fig. 14.2b: resource level, parasite 
level, immunity level) required for constructing a food web. Other studies already collect all the neces-
sary data (e.g., [80]). As such, incorporating an explicitly trophic approach seems highly feasible for 
many studies. Furthermore, the methodological approaches applied to food webs (e.g., Table 14.1) are 
compatible with common longitudinal, experimental (e.g., clinical trial), and cross-sectional designs of 
co-infection and nutrition studies.
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 Conclusion

Most research on interactions between nutrition and infection focuses on single infections (Fig. 14.1). 
However, co-infection is ubiquitous. Moreover, the regions of the world where co-infection is most 
common are also the areas where malnutrition is a pervasive threat [7]. For this reason, there is a com-
pelling need for more research on co-infection-nutrition interactions. Approaches from community 

Table 14.1 A sampling of methods available for quantifying within-host parasite interactions

Method Description
Example 
reference

Structural 
equation 
modeling

A modeling framework used for testing hypotheses about the causal relationships 
occurring in a system. Provides a powerful way to test the relative strength and 
direction of different hypothesized interactions in a food web, especially when 
coupled with directed experiments.

Scherber et al. 
2010 [78]

Network 
analysis

A method for visualizing and characterizing the components of a system and the 
interactions that connect these components. System components are represented as 
interconnected nodes (e.g., species) and edges (e.g., feeding links between 
species), allowing the attributes of the system, such as the structure and stability of 
the network or the strength of interactions between components, to be quantified.

Griffiths et al. 
2014 [22]

Random 
decision 
forests

A machine learning method for classifying observations based on the creation of 
an ensemble of decision trees that are pooled together to improve predictive power. 
When sufficient data on known interactions between species are available, this 
approach can be used to make inferences about missing links to identify new 
interactions.

DiMucci et al. 
2018 [79]

Supplemented

P
ro

po
rt

io
n 

of
 h

os
ts

 in
 w

hi
ch

 p
ar

as
ite

s 
re

bo
un

de
d

0.1

0.2

0.3Resource
supplemented

Resource
limited

Did not
rebound

Rebounded

Pyrimethamine
treatment

1 Week

Did not
rebound

Died

Died

3

100

100

– pABA

+ pABA

97

7

56

37

0.4

0.0

0.5 n=190

Limited

Resource availability

Fig. 14.6 (a) Number of pABA-supplemented vs. pABA-limited mice in which Plasmodium chabaudi parasite popula-
tions rebounded after drug treatment. (b) Proportion of mice in which parasites rebounded (light red bar) that harbored 
drug-resistant parasites (dark red bar). Error bars are 95% confidence intervals, n = number of mice. (Reprinted from 
Wale et al. 2017 [25] under terms of Creative Commons License https://creativecommons.org/licenses/by-nc-nd/4.0/)
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ecology, which construct and analyze the feeding relationships that link species, may be particularly 
well suited to addressing questions about co-infection and nutrition. Indeed, applying this framework 
to two common helminth co-infections suggests that multiple modes of interaction (resource- and 
immune-mediated) determine infection and nutritional outcomes, and this perspective could help inter-
pret the mixed outcomes of field studies. In this way, the integration of ecological theory and epidemio-
logical data may provide new insight for tackling the clinical consequences of coincident co-infection 
and malnutrition. Practical applications include developing a better understanding of how changes in 
nutritional status influence disease severity during co-infection, predicting how disease control strate-
gies (e.g., drug treatment, vaccination) might impact nutritional status, and anticipating the conse-
quences of nutritional interventions (e.g., nutrient supplementation or restriction). Crucially, as our 
understanding of the multi-faceted associations between infection and nutrition continues to expand, 
the trophic approach provides a flexible framework for layering on additional complexity. A key exam-
ple would be the addition of host-associated microbes, which play a critical role in both host resource 
acquisition and immune function, into within-host co-infection food webs. More generally, given the 
rising interest in co-infection-nutrition interactions, a merging of perspectives across disciplines may 
help spur real progress.
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 Climate Change Pathways to Nutrition and Infection

The Intergovernmental Panel on Climate Change (IPCC) (see Box 15.1) has recently concluded 
that climate change has and will continue to affect terrestrial and ocean biodiversity and ecosystem 
stability and that climate change is altering the geographical distribution, abundance, and extinction 
probabilities of plant and animal species. IPCC highlights that these changes, in turn, will challenge 
food and water security and human health and that the most serious impacts can be avoided if CO2 

Key Points
• Increasing CO2 emission and climate change will have an impact on natural and social sys-

tems with consequences for global health.
• The amount of CO2 emissions in the atmosphere and our adaptive responses will determine 

the degree of impact.
• Food systems are both a driver of climate change and heavily impacted by climate change. 

The food system is a large emitter of CO2, and the impacts of climate change are expected to 
increase both macronutrient and micronutrient deficiencies.

• Critical food webs and food systems both on land and in the oceans are increasingly affected 
by climate change and concentrations of CO2, thereby affecting nutritional status.

• Climate change is likely to influence infectious diseases through both its impact on survival 
and replication of pathogens, reservoirs, and vectors and the geographical range of 
transmission.

• As a consequence of observed and projected changes in climate, populations at risk of water- 
and vector-borne infectious diseases will likely increase, and current control efforts may be 
challenged in endemic areas.

• The synergistic impacts of undernutrition and infection with climate change are not yet well 
quantified, but current understanding of their interdependence suggests exacerbated negative 
impacts unless climate change is controlled.

• The 2030 Sustainable Development Goals intrinsically interrelate undernutrition, infection, 
and climate and lead to calls for action to urgently tackle these major global health chal-
lenges of the twenty-first century.

Box 15.1 Climate Terminology
IPCC: The Intergovernmental Panel on Climate Change is the United Nations body that is 
responsible for assessing the science related to climate change. It was initiated in 1988 and cur-
rently engages 195 member countries and thousands of voluntary scientists who contribute to 
assessments and special reports.

Mitigation: Refers to actions towards the reduction of carbon emissions that should reduce, 
stabilize, or reverse the trend of increasing atmospheric CO2 levels.

Adaptation: Refers to planned or natural processes that lower exposure, vulnerability, and 
risk from climate change. Adaptation is mediated through policy, intervention programs, and 
local or regional capacity to resist, adapt, and manage the risks associated with climate change.

Resilience: Refers to the ability of a system (e.g., ecosystems, organizational systems, bio-
logical systems, other systems) to respond to change while retaining function and structure and 
options for future capacity [1].
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emissions can be stabilized (see Box 15.2) [2, 3]. IPCC reports describe how melting of snow and ice 
and changes in precipitation are altering hydrologic systems, with effects on water quality and avail-
ability [3]. Many terrestrial and freshwater plant, animal, and insect species are shifting their seasonal 
activity windows, distribution range, and abundance, in response to climate and environmental change 
[2]. Coral bleaching and increasing ocean temperatures may be causing distributional range shifts 
among ocean species [2]. The altered seasonal activities, range shifts, and abundance patterns of 
marine species have spillover effects on the predator-prey dynamics, often with poleward shifts, for 
example, among fish and phytoplankton [2]. Based on a range of studies, negative impacts on crop 

Box 15.2 Climate Change Facts
Greenhouse gases: The concentration of greenhouse gases (GHGs) in the atmosphere has 
varied naturally throughout the history of the planet, but the speed of rise of concentrations 
since pre-industrial time has been alarmingly fast [5]. The current levels are around 400 ppm 
CO2 today. The increased concentration of GHGs in the atmosphere traps solar energy and 
affects the energy balance of the climate system, which causes the warming trend. The changes 
observed over the past century are considered by the vast majority of climate scientists to be 
driven by human activities including the accelerated emissions of CO2 associated with industri-
alization. This includes increased emissions from the food system (food production, food trans-
port, and agricultural exploitation of land) [5]. The food system is estimated to cause between 
19 and 29% of the annual global GHG emissions, the majority of which are attributed to agri-
cultural production and associated changes in land-cover [6].

Observed climate changes: Since industrialization, the global mean surface temperature 
has increased by 0.87 °C, comparing 2006–2015 to 1850–1900. The number of cold days and 
nights has decreased, while the number of warm days and nights has increased globally. North 
America, Europe, and Australia have already observed a rise in the frequency of warm spells 
[3, 5]. There are observed increases in dryness and drought, especially in the Mediterranean 
region, but not at a global scale. More areas have an increased frequency and intensity of heavy 
precipitation [3]. The rate of the decrease of sea ice has been around 4%, 0.45 to 0.51 million 
km2 per decade. The increasing CO2 concentrations and the uptake of CO2 in the oceans have 
contributed with high certainty to a 0.1 unit lowering of the ocean pH since the start of the 
industrialization, which has caused severe acidification of the oceans, especially in surface 
waters [3].

Future climate scenarios: The continuation and extent of future change in the twenty-first 
century and beyond depends on the concentration of carbon emissions in the atmosphere. This 
is highly dependent on human activities, and thus, climate model simulations project future 
changes according to scenarios of future emissions using Representative Concentration 
Pathways (RCPs). Table 15.1 describes the projected global and regional warming that would 
be associated with different RCPs of CO2 according to a projected low (RCP2.6), low-medium 
(RCP4.5), high-medium (RCP6.0), and high (RCP8.5) carbon forcing of the climate system in 
2081–2100 compared to 1980–2000. The model with lowest carbon forcing (RCP2.6) projects 
that a stabilization of CO2 concentrations close to current levels of around 400 ppm at the end 
of this century would result in a 1.0 °C increase in global temperature, whereas the extreme 
scenario (RCP8.5) projects that CO2 concentrations will reach 900 ppm and would result in a 
3.7 °C increase in global temperature. Future temperature changes are highly dependent on 
future emissions and CO2 concentrations. Estimates of changes in land temperature range from 
increases of 1.2 °C to 4.8 °C, but do not consider abrupt changes, so-called tipping points that 
might alter system dynamics, and lead to even larger changes [4].
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yields (e.g., wheat and maize) are already more recurrent than positive impacts from currently 
observed climate change; this applies to many different crops in many regions, with the exception of 
high- altitude regions. While increasing CO2 concentrations speed up growth and shorten the time to 
ripening for many crops, the increasing concentrations have negative effects on crop micronutrient 
content. Also, higher levels of tropospheric ozone damage plants. All these factors are amplified by 
human activities [2].

The extent of future change depends on the success of human efforts at mitigation of carbon emis-
sions and pathways of stabilization. It also depends on natural biogeochemical feedback systems that 
lead to melting of ice and melting of permafrost with associated increases in methane emissions and 
reduce the capacity of oceans and forests to act as carbon sinks as temperatures rise. A stark contrast 
in the degree of change can even be seen in limiting the global average temperature increase to 1.5 °C 
compared to 2 °C, an aspiration of the ratified 2015 Paris Agreement. If emissions are not stabilized, 
the changes and impacts are predicted to increase exponentially beyond the twenty-first century, 
potentially limiting human life on Earth as we know it [4].

How will global health be affected? The Lancet Commission on Climate Change and Health has 
identified climate change as one of the largest challenges to global health over the twenty-first century 
[7]. Disease impacts from climate change are generally categorized by the degree to which climate 
change pathways directly or indirectly affect disease. Climate and climate hazards acting directly on 
health include, for example, injuries related to floods and heat stress where there is no, or little, media-
tion through biological systems and where vulnerability varies by social systems and demography. 
Disease impacts that are an indirect result of climate change are mediated through natural and social 
systems [8]. In the case of indirect effects, the climate hazard can be transformed into impacts on the 
biological and ecological system such as range shifts of vector and crop species and climate-induced 
changes on crop productivity or the vectorial capacity of disease vectors (see sections on “Impacts of 
Climate on Agriculture and Nutrition” and “Climate Change and Infectious Diseases”). Of note, 
mediation of impacts through biological systems and indirect pathways often gives rise to extended 
latent periods between the climate hazard and the health impacts, and such impacts are more challeng-
ing to study.

Vulnerabilities to climate and related biophysical hazards determine exposure and sensitivity of 
communities and individuals to health risks (see Box 15.3) and depend on a multitude of factors, 
including capacities of local public health and social protective systems [2]. The current trends of 
global urbanization and ongoing demographic transition in rural areas, and the concomitant economic 
and social change, are important contextual mediators of the impacts and vulnerabilities attributable 
to climate change. Pathways by which climate change intersects with water security, food security, 
and infectious diseases are introduced in the following overviews.

Water insecurity is a critical pathway by which climate change impacts food security, infectious 
diseases, and global health. Water is essential to health and food production, and scarcity impairs 
hygiene, reduces crop yields, and can increase waterborne infections [8]. Water scarcity is also associ-
ated with human conflict, with obvious and catastrophic health consequences [9]. Additional risks 

Table 15.1 Scenarios of global warming under four different carbon emission trajectories presented globally, over 
land, over oceans, over the tropics, and over the polar Arctic and polar Antarctic areas [4]

Year 2081–2100 compared to 1980–2000

RCP2.6 (ΔT in °C) RCP4.5 (ΔT in °C) RCP6.0 (ΔT in °C) RCP8.5 (ΔT in °C)

Global 1.0 1.8 2.2 3.7
Land 1.2 2.4 3.0 4.8
Ocean 0.8 1.5 1.9 3.1
Tropics 0.9 1.6 2.0 3.3
Polar Arctic 2.2 4.2 5.2 8.3
Polar Antarctic 0.8 1.5 1.7 3.1
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associated with water scarcity grow out of attempts to adapt to water scarcity. For example, collecting 
water in open containers has been reported to increase mosquito vector breeding, and using waste 
water for irrigation may also increase exposure to waterborne infections [10].

Food insecurity is another pathway by which climate change impacts global health and remains 
widespread despite dramatic progress over recent decades. The connection between food security and 
climate change is mediated through the impact of climate change on crop yields, fishery catches, ani-
mal production, and social systems, as well as the indirect impacts of reduced food on prevalence and 
severity of infectious diseases and decreased earning capacity. Social and economic systems play a 
fundamentally important role in food insecurity, regulating food prices, food availability, and the cash 
economy [8]. The impact of climate change on risks of malnutrition and micronutrient deficiencies 
and consequently for public health will be further discussed in section “Climate Change, Food 
Systems, and Nutrition.”

Infectious diseases are another pathway by which climate change impacts global health, as patho-
gen success and transmission is often sensitive to climatic conditions. A graphical illustration of the 
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Fig. 15.1 Pathways linking climate change to nutrition and infectious diseases

Box 15.3 Conceptual Risk Framework
The IPCC uses a framework of hazard, exposure, vulnerability, and risk when reviewing and 
presenting linkages between climate change and human health [2]. The hazard reflects physical 
climate, such as heatwaves, droughts, floods, or trends in temperature. Exposure relates to 
direct human contact with a hazard or indirect contact with hazards mediated through biologi-
cal and social systems. Vulnerability is a matter of both who is more exposed and who is more 
sensitive to adverse effects from the hazard. The adaptive efforts or capacity of people, popula-
tions, and human systems can alter both exposure and vulnerability. The hazard together with 
the exposure and the vulnerability determines the risk of disease:

Climate hazard Exposure & vulnerability Risk
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pathways by which climate change can affect infectious diseases has been outlined in Fig. 15.1. The 
pathogens responsible for these diseases are a part of ecosystems where climate-related variables may 
affect their survival and replication outside the host, the distribution of their non-human vectors and 
hosts, and ecological associations of their non-human vectors and hosts with other competitors, preda-
tors, and prey within the ecosystem. Zoonotic infections often depend on multiple wild or domestic 
animals as reservoirs, making it difficult to explore the influences and impacts of social and environ-
mental conditions on disease transmission. The emergence of infectious diseases in areas where they 
have previously not been observed can also depend on non-climatic drivers, such as bird migration 
routes (West Nile virus) and human mobility (dengue, chikungunya) [11]. Of 115 infectious disease 
threat events to Europe from 2008 to 2013, the top 5 drivers were travel and tourism, food and water 
quality, changes in the natural environment, global trade, and climate [11]. A combination of two or 
more drivers was responsible for most events, emphasizing the difficulty of isolating the effects of 
climate and environmental change as a single driver.

Social and economic disruption can be a potent result of climate change, leading to increasing 
vulnerability to various climate health risks, including extreme climatic events. The disruption of 
health-care services or health-care availability during severe storms and floods can lead to displace-
ment and loss of income from disease or injuries, property damage, and disruption of hygiene. Such 
displacements and disruptions can cause vicious and indirect spirals with consequences for health and 
development [8].

While nutrition and infectious disease are not the only pathways by which climate change influ-
ences human health, they are interconnected and important. The remainder of this chapter will focus 
directly on these two pathways.

 Climate Change, Food Systems, and Nutrition

Climate change is impacted by nutrition, and food systems are in turn impacted by climate change. 
Agriculture and food production are important contributors to climate change, as between 19 and 29% 
of anthropogenic GHGs are related directly to the food system. Two big contributors are loss of forest 
carbon stores with deforestation and burning, when forests are cleared for agricultural land, and meth-
ane production. The indirect effects of deforestation to provide agricultural land include a reduction 
in carbon stores in trees and methane released from livestock and flooded rice paddies [6]. Reducing 
GHG emissions from the food system is thus essential to effectively mitigate climate change. This 
may involve changing dietary patterns, such as shifting western dietary practices to less red meat, 
which would reduce methane production and the amount of land required for livestock feed. In addi-
tion to dietary change, ranchers and farmers are experimenting with alternative animal production 
models, seeking approaches that reduce the carbon footprint of meat, particularly beef and pork [12–
15]. Climate change may also be an important contributor to macronutrient and micronutrient under-
nutrition, as many lower-income tropical and sub-tropical countries are likely to face reduced 
agricultural yield and fish harvest potential in the future [16, 17]. Micronutrient undernutrition is 
likely to be exacerbated by the increasing CO2 levels, as there is a growing awareness of the reduc-
tions in nutrient density associated with increasing levels of CO2. For example, at global CO2 concen-
trations of 690 ppm, reductions in micronutrient density of key grains and tubers such as rice, wheat, 
barley, and potatoes are estimated to be 5–10% [18]. Although this reduction in zinc and iron, as well 
as protein, may seem small, at a population level, such changes can have a significant impact, espe-
cially in regions where undernutrition is already prevalent. Estimates suggest an additional 200 mil-
lion people will be at risk of falling below recommended daily protein intake [18].
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The IPCC Fifth Assessment report in 2014 identified climate impacts on nutrition as one of the 
most important health impacts [19]. This finding has been developed further in new research studies 
providing a better description of the complex inter-linkages between social systems and food systems 
and the potential role of adaptation and mitigation. Emerging research suggests the potential to avert 
more than 500,000 deaths per year by 2050 if diets shift toward less red meat consumption and more 
fruit and vegetables [20]. Impacts could be substantially lower if carbon emissions are reduced suffi-
ciently. Here we will describe and develop the relationship between climate change, food systems, 
and undernutrition, after first reviewing the pathways of interdependence for climate, nutrition, and 
health using a systems perspective. Changes in climate are expected to lead to changes in temperature, 
humidity, rainfall, storms, and floods, which in turn will affect crop yields and nutrient content as 
shown in Fig. 15.1.

 Impacts of Nutrition and Agriculture on Climate Change

Agricultural production and food availability are fundamental requirements for improved nutritional 
status, although that production can come with environmental costs. Over the second half of the last 
century, agricultural and technological innovations accelerating food production and food availability 
played an important role in keeping food production abreast of population growth, and global rates of 
undernutrition have fallen [18]. Although progress has been made, an estimated two billion people 
still suffer from micronutrient deficiencies, an estimated 790 million people have insufficient daily 
macronutrient intake, and undernutrition is estimated to be an underlying cause of half of the deaths 
among children worldwide [21]. In the future, the need for food will continue to increase due to popu-
lation growth, demographic transitions, and longevity, with an increasing global population along 
with greater demands for a western diet [22].

Increasing agricultural production has historically been due to a combination of increasing the 
landmass under cultivation and new innovations that lead to greater yields. From 1992 to 2015, global 
agricultural lands increased by 7.1% primarily due to forest clearing and simultaneously decreased by 
4.4% primarily due to encroachment of human settlements [23]. Future increases in agricultural food 
production are expected to occur at a slower rate than over the past two decades and may not keep 
pace with population needs [24, 25]. Key challenges are the decreasing availability of crop land due 
to urbanization and land degradation [25] and the environmental consequences of climate change and 
human activities [26].

Livestock production represents another important source of GHGs from within the agricultural 
sector, responsible for an estimated 12% of anthropogenic GHGs [14]. Changing agriculture systems 
to adopt more sustainable intensification of livestock [14], managing grazing lands to increase carbon 
sequestration in soil [27], and adopting mitigation strategies to minimize GHG from livestock [28] are 
all important approaches to reduce the climate impact of agriculture.

Within the agricultural sector, food choices play an important role in GHG emissions. Limiting the 
impacts of agriculture on GHGs would best be accomplished by reducing livestock consumption and 
by shifting livestock production systems to reduce emissions (see previous section). In an analysis of 
American diets drawn from the National Health and Nutrition Examination Survey (NHANES), 
researchers found that one or two items in a daily food record, were often responsible for a large pro-
portion of GHGs associated with producing the food for the day [29]. Thus changing one or two food 
items, such as replacing steak with grilled chicken, could reduce GHGs associated with an individu-
al’s daily food consumption by over 50% [30]. Such changes can also help counteract the epidemic of 
macronutrient overnutrition, which can yield substantial health co-benefits and reductions of chronic 
diseases [19, 20].
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 Impacts of Climate on Agriculture and Nutrition

A synthesis of the literature by Cline in 2007 estimated reductions of up to 50% of agricultural pro-
duction potential by the year 2080, with considerable geographic variability [16]. Later estimates 
using a large range of climate change scenarios and around 30 different crop impact models confirmed 
this result in some regions as illustrated in Fig. 15.2 [31]. While northern countries (Canada, Northern 
Europe, Siberia) are predicted to see increases in yields of maize, wheat, rice, and soy, more tropical 
regions in Latin America, Africa, and Asia are predicted to see decreases in production of wheat and 
maize, with less changes in rice and soy (see Fig. 15.2).

Carbon emissions, and particularly atmospheric CO2, are believed to affect food production sys-
tems, undernutrition, and the vulnerability to infectious disease globally. Figure 15.3 outlines key 
pathways of influence for these impacts.

 Factors Affecting Agricultural Yield

Agriculture is tightly connected to cultivation of land and achieving greater yields by practice and 
technology. Agricultural yields for both macronutrients and micronutrients depend on several bio-
physical conditions that are affected by or associated with climate change [18]. These are described 
below.

Fig. 15.2 Impacts of climate change and CO2 on major food crops from Rosenzweig et al. Median yield changes (%) 
for RCP8.5 (2070–2099 in comparison to 1980–2010 baseline) with CO2 effects over five global circulation models 
estimated as ensemble means from many different crop impact models. Approach uses global gridded crop models 
(GGCMs), where the globe is divided by a grid into cells, for modelling purposes. (Reprinted from Rosenzweig et al. 
[31], with permission from PNAS)
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Soil quality There are at least 17 nutrients of relevance for crop development, although the most 
important micronutrients in the soil include nitrogen (N), phosphorus (P), and potassium (K) [32]. 
Nutrient cycles are complex since they incorporate a range of physical, chemical, and biological pro-
cesses. In natural systems, nutrients in the soil are added through biomass decomposition, but in 
agriculture, nutrient-rich fertilizers are added due to loss of important soil nutrients from frequent 
harvesting. One of the consequences of use of fertilizers is that excess N and P are lost from the land 
in runoff which can pollute neighboring waters and bodies of water downstream. Different soils natu-
rally hold different amounts of nutrients, with sandy soils holding less and clay soils holding more 
[32]. High amounts of soil organic matter create the dark and brown color of a nutrient-rich soil. The 
pH of soil is also important for determining bioavailability of the macro- and micronutrients in the soil 
to the crops. Soil erosion is a large problem with conventional agricultural practices, particularly 
when compared to organic and conservation agriculture, and is driven in part by higher rates of defor-
estation and desertification.

Sunlight Crops absorb sunlight through their leaves and use the sunlight as energy for photosynthe-
sis that converts CO2 and water into carbohydrates and oxygen. Carbohydrates contribute to vegeta-
tive and reproductive growth and increase crop biomass. Photosynthesis only occurs when the sun is 
above the horizon and is thus strongly seasonal closer to the north and south pole. The amount of 
sunlight reaching a crop is lower if the atmosphere holds more water vapor. While climate change is 
not expected to influence availability of solar energy, geoengineering solutions to reduce global warm-
ing could reflect sunlight back into space using light shields, and this would reduce sunlight available 
for plant growth and photosynthesis. Impacts on sunlight reduction would be greatest in the middle 
latitudes, both north and south of the equator [33]. In some locations, the resulting benefit of reduced 
global warming may offset reduced plant growth, but in others it could result in reduced agricultural 
production [33].

Temperature and water Crop yields are highly sensitive to temperature and water abundance, and 
overall ambient temperatures above 30 °C will generally lead to lower yields for rain-fed crops [18]. 
Without irrigation, water stress is partly related to temperature and dryness and evaporation of soil and 
crops, and partly to precipitation patterns in relation to the ability of the soil to absorb the water [18]. 
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Fig. 15.3 Pathways of carbon dioxide concentrations to altered nutrition status and vulnerability to infectious disease. 
(Amended from Myers et al. [18], published under a CC-BY SA license)
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At the global level, a temperature rise of 1 °C is associated with reductions in global yields of wheat 
by 6.0%, rice by 3.2%, maize by 7.4%, and soybeans by 3.1% [34]. There is strong geographical 
clustering in the regions where these crops are grown, with wheat being much more common in 
Europe, the USA, and India, rice in Asia, maize across most regions of the globe except for Africa, 
and soybeans being more common in America and Asia [34]. High temperatures can damage plants 
and accelerate plant growth leading to reduced plant nutrient density, with negative overall impacts on 
yields. As global temperatures rise, adaptation of production practices will be necessary in locations 
where such conditions are becoming more frequent. This may involve, for example, introducing or 
increasing irrigation to maintain or increase yields [34].

Carbon dioxide CO2 concentration also influences the growth rate of crops, due to its role in photo-
synthesis. Recent studies have estimated that increasing CO2 levels will reduce the time to plant 
maturity and lead to reductions of 5–10% in nutrient density of zinc, iron, and protein of the harvested 
crop at around 550  ppm CO2 [18, 35]. Rice, wheat, barley, and potatoes will be most negatively 
affected [35]. The effect is estimated to be less than 10% change, but at a population level, it can still 
have a significant impact. An additional 200 million people may fall below recommended protein 
intakes, and existing protein deficiencies could worsen. Micronutrients such as phosphorus, potas-
sium, calcium, sulfur, magnesium, iron, zinc, copper, and manganese may be reduced in rice, wheat, 
maize, and potatoes by 5–10% from an increase from current CO2 concentrations of 400–690 ppm 
[36], potentially placing an additional 100–200 million people at risk of zinc deficiency and exacer-
bating deficiency for more than one billion people. This change in CO2 levels would correspond to a 
future RCP scenario between RCP6.5 and RCP8.5. The reduction of iron may be especially problem-
atic as iron deficiency is the most common micronutrient deficiency [37], affecting approximately 
30% of the global population [38], including a majority of children between 1 and 5 years of age [18].

Combined effects Projecting future impacts of temperature, CO2 and precipitation on crop yields 
with climate change is complicated by adaptations in human management of yields that seek to pre-
vent and compensate for production losses, so such mitigations would need to be considered in real-
istic models. The projected reduction of crop production could be up to 50% of wheat and maize in 
Africa and South America in low latitude areas and 25% at the end of the twenty-first century in the 
RCP8.5 emission trajectory, including the combined effects of CO2 and its effects on the climate sys-
tem [31]. There would also be estimated increases in crop productivity in temperate regions, such as 
North America and Europe, for example, for rice and soy (Fig. 15.2) [31]. However, individual model 
simulation results exhibit considerable variability in future impact estimates, and adaptations to over-
come the falling yields have not been accounted for in these estimates. Adaptation (altered harvest of 
cultivation dates, change in crop varieties, and change in irrigation practices) improved yields by 
7–15% in a meta-review study based on the data generated in the IPCC fourth assessment report [39]. 
These estimates did not consider more “radical” coping strategies such as switching crops, reallocat-
ing land from crops to grazing, or incorporating sustainable cropping strategies. The crop yield model 
estimates also do not incorporate effects from ozone, pollination, pests, or labor [18].

Ozone Ozone is also important to consider. High levels of ground-level ozone are formed by human 
activities and high temperatures, when sunlight reacts with volatile organic compounds from fossil 
fuel exhaust. Ozone formation is highly associated with vehicular traffic and climate change [40]. 
During warm and sunny days, ozone concentrations accumulate [40] and can have toxic effects on 
plants as ozone hinders photosynthesis, reduces crop growth, and reduces crop yields [18]. Ground- 
level ozone is formed locally, but can be transported long distances by air masses. It has been esti-
mated that ozone concentrations of 54–75 ppb found in reasonably highly polluted areas can reduce 
yields of rice, soybeans, and wheat by 8–25% [18]. Climate change is anticipated to increase 
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 ground- level ozone, leading to direct mortality and morbidity from its toxic effects on humans, as well 
as indirect consequences through its negative impact on plant growth and yields [18, 40–42]. However, 
the impact on food production has not been well quantified.

Insects Insects play important roles in the food system, with both negative (e.g., pests and pathogens 
they carry) and positive (e.g., pollinators) impacts. Climate change projections show that reductions 
in insect biodiversity can be substantial for a large group of insects at a global warming of 1.5 °C, with 
even larger effects at higher future CO2 concentration levels [43].

Pests The term “pest” refers to fungi, weeds, pathogens, and insects that reduce crop yields. Climate 
change may benefit insect pests and thus lower crop yields. Changes in temperature and rainfall have 
been shown to decouple the regulators of pest outbreaks. For example, the regional outbreak of cotton 
bollworm in North China was attributed to the combination of climate change and agricultural inten-
sification [44]. Increasing temperatures have also been linked to increased abundance of olive fruit 
flies, with negative economic impacts on small olive farms, as well as on ecological services provided 
by these farms such as biodiversity, soil conservation, and fire prevention [45]. Pest distribution may 
expand towards the poles as the ability of pests to overwinter improves, leading to increased rates of 
herbivory and crop damage [18]. Crops often lack natural protection against invasive pests, requiring 
adaptation to handle these challenges. However, given the shorter generation time of insects, it is 
likely that they will rapidly evolve to the challenges of a changing climate.

Increased CO2 can interact with both plants and pests and the effects can give rise to complex 
changes [18]. Atmospheric gas composition affects both plants and their insect pests. Elevated CO2 
and temperature alter plant biochemistry in ways that may reduce pest populations. As plants provide 
a food source to the pests, reduced protein or micronutrient content in agricultural crops may be insuf-
ficient as a food source for the pests, and this may have negative consequences not only for their 
reproduction but also for defense against their pathogens [46]. Ozone is a plant toxin that alters plant 
biosynthetic pathways needed to produce the volatile cues that pests use to find plants and to stimulate 
egg-laying [47]. In aphids, the direction of the impact of ozone depends on the duration of plant expo-
sure and the age of the plant [47]. Similarly, the impact of increased CO2 levels depends on insect 
physiology and behavior, traits that differ substantially among insect pests [47]. Furthermore, both 
plants and pests are embedded in a larger community that includes pathogens, competitors, and preda-
tors, each of which responds to atmospheric gas composition [47].

Pollinators Pollinators are affected by climate and environmental change, with observed shifts in 
distribution, loss of biodiversity, and extinction of insect species with critical stabilization functions 
within the ecosystem [18, 43]. Insect pollinators are also directly affected by pesticides used to limit 
crop damage. Given that insect pollinators contribute 75% of global crops [48], and one third of 
global food [49], the possibility that climate change may negatively influence insect pollinators is of 
considerable concern. Elevated temperatures have been shown to impair the ability of carrots to 
produce volatiles that are needed to attract pollinators to the crop and to lower nectar sugar concen-
trations, both of which would reduce pollination of carrots [49]. CO2 concentrations affect the pro-
tein content of pollen that is a key nutrient source for pollinators, therefore indirectly affecting 
pollinator overwintering and survival [18]. However, a study on insect pollinators concluded that, 
whereas climate change was likely to decrease watermelon pollination by managed bee colonies, 
pollination by native, wild pollinators was projected to compensate [48]. Modeling estimates of 
hypothetical global pollinator declines suggest that this decline will lead to increasing child mortal-
ity and birth defects from lack of vitamin A and folate and also increase chronic diseases by reducing 
consumption of healthy foods [43].
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 Oceans

The ocean provides human populations with foods rich in nutrients such as protein, iron, zinc, omega-3 
fatty acids, and vitamins. Today, fish alone is estimated to be an essential source of at least 20% of the 
intake of food and micronutrients for over one billion people worldwide. Fish availability and con-
sumption is also likely affected by climate change, with changes in fishing yields due to changes in 
ocean ecosystems, range shifts of species, and acidification of the ocean causing a severe decrease in 
coral reef habitats [17, 18]. The loss of coral reef habitat may be as large as 92% by 2100 [50], but the 
overall effects from acidification on fish food webs and their associated dynamics need to be better 
understood [17, 18]. The effects of ocean warming on plankton overall are thought to be very impor-
tant due to the cumulative dependencies through marine food webs, despite spatial differences. Ocean 
warming is also expected to reduce overall fat content within some fish, secondary to its negative 
impacts on phytoplankton, with potential effects that ripple up through the marine food chain [17, 18]. 
The effect of CO2 concentrations on fish catch is not well understood. Multi-model ensemble projec-
tions of fishery catches based on climate change scenarios suggest that, by year 2050, plankton reduc-
tions could already lead to a potential reduction of 2–13% in the global fish catch under the high CO2 
concentration RCP8.5 scenario [51]. Another modeling study suggested a reduction of around 20% of 
tropical fish biomass by 2050 in a high CO2 concentration future, due to ocean warming and oxygen 
reductions [52].

Globally, the impact of climate change on marine food webs and fisheries is expected to be the 
greatest on poor and island populations that are heavily dependent on marine food sources [53]. The 
global decline in fish may lead to 1.4 billion people vulnerable to deficiencies from vitamin B12 and 
omega-3 fatty acids with an additional 845 million at risk of deficiencies of iron, zinc, and vitamin A 
[17]. Considerable uncertainties exist in the impact and the reaction of the marine food web ecosys-
tem to anthropogenic and climate changes, so estimates should be interpreted carefully. Over the last 
decade, overfishing has also started to decrease the global fish catch [54]. The concomitant impacts of 
overfishing and climate change may cause additional negative impacts on marine production that have 
not yet been well considered in climate change impact projections.

 Food Prices and Food Trade

Food prices will likely be affected by climate changes, with estimates suggesting increases from 31 to 
106% for wheat, rice, and maize by 2050 depending on population growth and carbon concentrations. 
Although this would likely have a negative impact overall on the world population, it could benefit 
farmers. Growth of the gross domestic product can be anticipated in some areas, and this may out-
weigh the increased prices of crops, so overall impacts are still unclear. A recent study concluded that 
economic growth occurring in the shared socioeconomic scenario has the potential to improve global 
nutrition status [55], although other analyses raise concerns about assumptions of ongoing socioeco-
nomic growth [56]. Under the scenarios of Nelson et al., the poorest countries will still suffer macro-
nutrient deficits, and many countries will continue to have micronutrient deficits, suggesting that the 
greatest challenge ahead may be to supply sufficiently nutrient-rich diets [55]. A limitation of the 
socioeconomic scenarios embraced by the IPCC is that they do not consider impacts of climate change 
on socioeconomic development, but lean toward narratives of highly positive economic growth span-
ning different development trajectories [57].

Over the last 30 years, there has been an increase in the number of countries with sufficient energy 
availability (i.e., >2500 kcal or >10.5 MJ) per capita per day, thanks to global trade, but a decrease in 
the number of countries who are self-sufficient in dietary energy [58]. This increased reliance on food 
trade contributes directly to climate change because of increased reliance on transportation systems 
for moving agricultural products internationally.
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 Malnutrition

Nutritional status refers broadly to the levels of both macronutrients (protein, energy, and fat) and 
micronutrients (vitamins and minerals) (see Chap. 2) [59]. A recent Lancet Commission highlights 
that climate change is intimately tied with global epidemics of undernutrition and obesity, a combina-
tion the Commission refers to as a “Global Syndemic” [60]. The term “syndemic” is used because 1) 
climate change, undernutrition, and obesity overlap in time and space; 2) they interact through com-
mon drivers such as food and agriculture, transportation, and land use; and 3) they are linked through 
feedback loops associated with governance, business, economics, ecology, and health. Together, they 
will be a major cause of ill-health not only of the environment but also of individuals and populations, 
and therefore, the Commission recommends a set of policy approaches that can synergistically address 
climate change, undernutrition, and obesity [60].

Undernutrition Among all the potential health impacts of climate change, undernutrition is consid-
ered to be the most important [61], in large part because reliance on domestic food production and 
undernutrition are already high in regions where food production is likely to be most negatively 
affected by climate change. For example, climate change is expected to most directly impact small-
holder subsistence farming households [62], communities in resource-limited countries and marginal 
agricultural ecosystems, and regions that rely on a single cash crop whose yields are highly sensitive 
to climate change [61]. Unfortunately, opportunities for adaptation are more limited in these regions, 
thus further increasing the potential health impacts.

Although the number of studies is limited, there is evidence that more frequent and more pro-
longed floods and droughts, variability in rainfall, higher temperature, and crop failure negatively 
influence child growth and thus climate-related variables at least indirectly contribute to child malnu-
trition [63]. One pathway is that populations reliant on wheat, rice, or barley may experience increased 
deficiencies of protein, zinc, and iron as these crops are sensitive to higher atmospheric CO2 that 
reduces protein, zinc, and iron concentrations in the plants [63]. Not only do these deficiencies impair 
child growth, but they also increase the risk of infection. Macronutrient deficiencies have been associ-
ated with 53% of the infectious disease deaths in LMIC countries [64, 65], and worldwide, 13% of 
respiratory tract infections, 10% of malaria cases, and 8% of diarrheal episodes have been attributed 
to zinc deficiency [66]. Overviews of the relationship between nutritional status and infection and 
specific nutrients and infections are provided in Chaps. 1 and 2 [59, 67].

Overnutrition In the past two decades, there has been increasing interest in pathways by which the 
obesity epidemic and climate change might be interrelated (see systematic review by An et al. [68]). 
It is hypothesized that behavioral responses to climate change alter thermogenesis in a way that leads 
to increased accumulation of brown and beige fat [69]. Thermoregulation by mammals is driven by 
average ambient temperature. The increasing pattern of avoiding cold and hot temperatures by staying 
indoors, often in air-conditioned rooms, decreases energy expenditure and allows for fat accumula-
tion, especially when combined with less physical activity that is often associated with indoor life-
styles [69]. Food price shocks following crop failures due to floods or droughts have been shown to 
shift food choices toward less expensive high-fat, high-sugar diets that increase body fat [70]. Also, 
fetal and infant undernutrition predisposes children to obesity. Thus, as climate change increases 
undernutrition in young children, it may subsequently increase obesity [60].

On the other hand, increases in obesity and western dietary patterns associated with obesity are 
considered as an important driver of climate change [30]. Reasons proposed include increased CO2 
emissions associated with higher overall food intake, with a preference for foods known to contribute 
to climate change, and with the additional fuels needed to transport a heavier population [68]. Obesity 
may also increase with urbanization and population shifts secondary to climate change as populations 
transition to a western-like diet at lower incomes when in urban settings [71].
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If dietary aspirations and patterns in richer countries and in limited resource settings were to move 
toward diets that are more reliant on plant products such as fruits and vegetables, the benefits would 
potentially reduce the epidemic of macronutrient overnutrition while also reducing CO2 emissions 
from livestock production. A recent modeling study integrating impacts of climate models with cur-
rent diets on health estimated that, without such intentional shifts, climate changes will likely decrease 
fruit and vegetable production and consumption globally. The impacts of such decreases in consump-
tion are projected to lead to increases in cardiovascular disease deaths that are twice as high as the 
estimated increases in deaths from macronutrient undernutrition [20].

 Climate Change and Infectious Disease

Climate change is expected to facilitate more conducive conditions for many insect- and waterborne 
diseases. This is happening in a time characterized by reductions in major climate-sensitive diseases, 
such as malaria [72, 73]. The downward trends observed in prevalence of many infectious diseases 
can be attributed to general improvements in sanitation, health care, public health prevention pro-
grams, innovation, land use, and environmental change [74]. However, even if these downward trends 
continue, climate change can cause marginal (or more dramatic increases) in infectious diseases, 
associated with large additional disease burdens and costs. Many climate-sensitive diseases will 
increase their potential for transmission under projected climate scenarios, challenging the further 
success of disease control programs and eradication campaigns [75]. The risk of further emergence of 
climate-sensitive infections in new areas will continue, such as malaria in the highlands of Africa [76] 
and cholera and arboviruses in temperate areas [72, 77, 78]. Observational studies from control pro-
grams in sub-Saharan Africa indicate that climate change may decrease the effectiveness of anti- 
malaria interventions [79]. The reason is not well understood, but it is well known that climate change 
can increase vectorial capacity and, in turn, malaria’s Basic Reproduction Number (R0), thus requiring 
more effort to achieve the same control effect in a population. Theoretical studies also suggest that 
climate change has the potential to accelerate evolution of drug resistance [80].

In this section we explore various climate-sensitive pathogens which can be particularly detrimen-
tal for countries with limited resources. We focus on several major mosquito-borne arboviruses that 
cause disease in humans (e.g., dengue and chikungunya) or that are zoonotic, affecting animals and 
humans (e.g., Rift Valley fever). We also explore malaria, waterborne diseases, and helminth infec-
tions. As zoonotic pathogens constitute a large proportion of human infectious diseases and essen-
tially include most of the emerging and re-emerging diseases [81], we address some of their 
developments over the last decades, describing their dependence and dynamics in relation to climate 
variability and change, within the context of other important drivers of infection emergence and 
incidence.

 Arboviruses

Arboviral diseases represent one of the important disease groups that is increasing globally. The total 
impact of arboviruses on global health is large, due to the high morbidity and mortality in endemic 
areas that substantially contributes to the overall disease burden with consequences for the public 
health and economy in affected countries (see Chap. 10) [82]. The frequent and large epidemics may 
cause constraints in the public health sector that may interfere with other important investments in 
health, for instance, prevention of undernutrition in children. The most important arbovirus, dengue, 
is widely spread and is estimated to infect up to 390 million with around 100 million clinical cases 
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each year [83]. According to WHO, it is estimated that each year around 500,000 cases with severe 
dengue require hospitalization with 2.5% case fatality rate [84]. Viruses transmitted by the invasive 
Aedes aegypti and Aedes albopictus mosquitoes include dengue and chikungunya, both of which have 
caused large epidemics within endemic areas with a history of transmission, as well as more frequent 
outbreaks in previously unaffected regions [77]. Specifically, dengue, chikungunya, and Zika are 
spreading and (re-)emerging in new areas [85–88]. In many areas, epidemics co-occur with the cli-
matic anomalies of El Niño events (see Box 15.4) [72, 89, 90]. Unfortunately, transmission of these 
diseases is favored by development due to the increasing trends in human mobility and urbanization 
that provide ideal breeding grounds for the mosquito vectors.

Dengue, chikungunya, Zika, and yellow fever, diseases spread by the Ae. aegypti and Ae. albopic-
tus mosquitoes, share dependencies associated with vector survival and behavior in response to cli-
mate conditions. Vector abilities, such as probability of becoming infected and viral replication 
enabling transmission of virus to humans during feeding, are highly climate dependent but also 
depend on virus-vector-specific interactions. Overall, many of the parameters of importance are fac-
tored into the vectorial capacity metric, which first emerged as a concept in malaria research [95] and 
which incorporates the vector parameters of importance for transmission and epidemics. The vectorial 
capacity is closely related to the Basic Reproduction Number, R0, used for infectious diseases and 
which is defined as the average number of subsequent infections resulting from one infectious case in 
a totally immunologically naïve population assuming homogeneous mixing [96]. The vectorial capac-
ity for Aedes vectors is highly related to climatic conditions, especially daily mean temperature and 
temperature diurnal variability [96]. Current trends show substantial global increases in vectorial 
capacity for both Ae. aegypti and Ae. albopictus (Fig. 15.4), even when excluding the vector to human 
abundance component (Fig. 15.4). Vectorial capacity is further projected to increase substantially into 
the future, with increases in most sub-tropical and tropical zones and decreases only in the dry and 
extremely hot areas of the Middle East and the Sahara and Sahel regions.

Ae. aegypti is the principal vector of dengue, chikungunya, Zika, and yellow fever and is thriving 
globally with urbanization and population crowding. It is, however, more a tropical and sub-tropical 
vector. In contrast, Ae. albopictus has developed the ability to arrest its development and thus survive 
winters in colder temperate climates. Thus, the global distribution of endemic dengue transmission is 
highly related to the areas where Ae. aegypti survives. Transmission through Ae. albopictus can co- 
occur in these areas and likely plays a role in the transmission, but in areas outside the Ae. aegypti 

Box 15.4 El Niño and La Niña
What Are They? El Niño and La Niña are opposite phases of what is known as the El Niño- 
Southern Oscillation (ENSO) circulation cycle. During El Niño periods, there is a substantially 
higher than normal sea surface temperature in the equatorial Pacific Ocean for at least 5 months 
leading to complex subsequent changes in the weather patterns in Oceania, Asia, Africa, and 
the Americas related to its effects on the trade winds. The relationship between El Niño and 
local weather is highly sensitive to location. A general feature during El Niño events is higher 
than normal temperatures in Northern America and in the affected Asian and Oceanian regions 
with risk for droughts, whereas floods are more common in South America. During La Niña the 
pattern is opposite with higher risk of floods in Asia and Oceania and parts of the Americas.

Risk of infection: Infectious agents that are highly sensitive to El Niño episodes include 
malaria, cholera, dengue, chikungunya, Rift Valley fever, and leptospirosis, with increased out-
break risk and incidence [89–94]. The delay between El Niño or La Niña observations in the 
Pacific and their impacts on local weather patterns provide a window that can be used to pre-
vent outbreaks. Scientists have suggested that these delays can be used proactively for prepar-
ing a response to control outbreaks and limit disease risks [93].
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zone, Ae. albopictus mostly contributes to smaller outbreaks of dengue and sporadic epidemics of 
chikungunya, such as in the temperate areas in the Mediterranean region of Europe. The life cycle of 
both vectors depends highly on temperature and rainfall patterns. This has been documented and 
included in both simulation models and empirical studies [97–101]. According to many studies, Ae. 
aegypti and Ae. albopictus will continue to disperse and increase in numbers from the tropical to sub- 
tropical to temperate areas across the globe [85, 101], catalyzed by the high population mobility [85]. 
The change in invasion and abundance is, however, highly dependent on the route of further carbon 
emissions, with the high RCP8.5 scenario contrasting fundamentally to the low RCP2.6 scenario 
(Fig. 15.5).

The deadly yellow fever virus is preventable by vaccination. However, still around 47 countries in 
Africa and South and Central America are endemic for, or at risk of, yellow fever outbreaks. There are 
an estimated 84,000–170,000 severe cases and 29,000–60,000 deaths annually. During larger out-
breaks there is sometimes a worrying global shortage of vaccine.

While evidence on interactions between arboviral diseases such as dengue and chikungunya and 
nutritional status are limited (see Chap. 10) [82], the overlapping distributions of dengue in Asia and 
Africa with regions having the highest prevalence of undernutrition, and regions with greatest poten-
tial threat of climate change impacts (Fig. 15.5) highlight the importance of further attention to this 
nexus.

Rift Valley fever (RVF) is another example of a climate-sensitive arbovirus which causes hemor-
rhagic fever in both humans and animals, with serious consequences for rural populations in many 
African countries. Periodic epidemics occur especially in Eastern Africa (Kenya, Somalia, Tanzania) 
and other countries of the African continent and more recently on the Arabian Peninsula [102, 103]. 
Climate change with flooding that increases the abundance of competent mosquito vectors is under-
stood to be a key driver for this lesser known emerging infection [104]. RVF causes a lethal infection 
in young ruminants, and outbreaks are characterized by mass abortions. Recently it was found that it 
may also induce abortions in humans [105]. No human vaccines or treatments are currently available. 
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Fig. 15.4 The aggregated global annual relative change in vectorial capacity of dengue for the vectors Aedes aegypti 
and Ae. albopictus 1950 to 2017. (Reprinted from Watts et al. [72], with permission from Elsevier)
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For decades RVF has caused transboundary outbreaks among humans and livestock in developing 
countries of eastern and southern Africa, leading to catastrophic economic impacts including export 
embargoes in large regions of Africa. Since RVF causes abortions and greater than 95% perinatal 
mortality in sheep, goats, cattle, and camel herds used for meat and dairy production, the epidemics 
can result in threats to food availability and nutritional status. There is a growing concern that RVF 
may spread to the American continent, Asia, and Europe through animal trade or spread of mosquito 
vectors [106, 107].

 Malaria

Malaria transmission is highly climate sensitive, and the main vectors are mosquitos of the genus 
Anopheles [108]. Anopheles spp. are sensitive to climate in terms of their breeding, survival, and 
behavior [95, 109]. The forces of development associated with malaria control and eradication pro-
grams are, however, a much more influential driver of malaria distribution and prevalence. Today, the 
less climate-sensitive and more widespread malaria parasite Plasmodium vivax is abundant only spo-
radically compared to its historical distribution, while the tropical malaria parasite P. falciparum is 
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Fig. 15.5 The simulated change in the potential of Aedes aegypti abundance in relation to climate change scenarios 
RCP2.6 compared with RCP8.5 at 2090–2099 compared to 1987–2016. (Reprinted from Liu-Helmersson et al. [101], 
published under a CC-BY license)
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responsible for the majority of malaria disease and deaths on the African continent. Studies have 
attributed changes in climate to be the cause of the lower success of recent control and eradication 
products in countries such as Zambia [110]. Relatively higher disease burdens are predicted in a future 
characterized by accelerated climate change and less economic growth, although control programs 
and economic development more broadly are expected to be stronger drivers of future disease epide-
miology than climate change [75]. A systematic review undertaken to investigate how socioeconomic, 
public health, and environmental factors interact with the epidemiology of malaria concluded that the 
influence of environmental factors on malaria epidemiology diminished when statistical analyses con-
trolled for interventions [74]. This highlights the importance of considering interventions in future 
climate projections of malaria and potential opportunities for adaptation when malaria spreads into, 
for example, the African highlands [76].

Given the increasing areas suitable for malarial vectors in many endemic regions due to climate 
change, the resulting increase in malaria transmission may counteract the reductions due to anti- 
malaria interventions [79] and potentially also affect the spread of malaria drug resistance with the 
changes in prevalence of malaria [80]. Regarding the debate on the role of climate change driving the 
increasing risk of malaria in African highlands, there is clear support for such an effect, but as always, 
the situation of emergence is complicated. Multiple co-acting factors are likely to have contributed 
and are important to consider for understanding risk and vulnerabilities, including migration, land 
use, agricultural practice, demographics, and health and public health services [76].

Caminade et al. projected an overall change in the population at risk of malaria in the African 
highlands and southern Africa under five different climate models for malaria suitability. However, 
the simulations did not capture development and socioeconomic changes other than population 
growth, which may affect the model projections [111]. At the very high end of emissions and carbon 
concentrations (RCP8.5), the malaria situation was predicted to be substantially worse, with potential 
risks beyond the African highlands and southern Africa mentioned above [111]. The five models 
exhibited a fair amount of inter-model variability in the predictions and projections of population at 
risk, especially at the fringes of the distribution [111]. To date, none of the projections of malaria risk 
or incidence have considered co-occurring effects from climate change or undernutrition, which need 
to be properly investigated.

There has long been an understanding of the influence of nutritional status on malaria susceptibil-
ity and severity, with extensive efforts to understand the role of protein energy malnutrition (PEM) 
and iron as either risk factors for severe disease or protective factors against severe disease (see Chap. 
11) [112]. While malaria control programs and efforts to improve nutrition and food security are lead-
ing to reductions in risk for both conditions in the Asian regions, East Africa remains of particular 
concern for both malaria and undernutrition, as all countries in the East Africa region except Ethiopia 
have seen increases in malaria cases from 2010 to 2017 [113], and the prevalence of malnutrition in 
East Africa remains the highest on the continent [114]. Impacts of iron deficiency are of particular 
importance given concerns about potential reduction of iron content in key grain crops with increases 
in atmospheric CO2 [35].

 Waterborne Infections

Globally, there are about ten known pathogenic non-toxigenic cholera bacteria of the Vibrio species 
(spp.) including the common Vibrio vulnificus, V. parahaemolyticus, and V. alginolyticus. Vibrio spe-
cies thrive in nutrient-rich waters with low or moderate salinity such as estuarine coastal waters and 
cause gastrointestinal infections when exposed sea food is consumed or severe necrotizing ulcers and 
septicemia when the bacteria colonize open wounds of swimmers or waders [78, 115]. Increases in 
water surface temperatures with climate change, medium salinity, high chlorophyll, and certain 
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plankton concentrations lead to an increased growth rate of Vibrio spp. [78, 115]. Vibrio concentra-
tions can be measured in filter-feeding mollusks, such as oysters, clams, and mussels. Overall, the 
suitability of the estuarine environment for Vibrio has increased in northern hemisphere, especially in 
the Baltic sea and along the northern US east coast (Fig. 15.6) [72].

The global disease burden of non-toxigenic cholera infections caused by Vibrio spp. is relatively 
unknown, but in the USA there are an estimated 80,000 infections and 100 deaths per year (https://
www.cdc.gov/vibrio/index.html). A linear and increasing relationship between sea surface tempera-
tures above 16°C and Vibrio incidence has been established by combining remotely sensed images of 
sea surface temperature and individual geo-tagged and time stamped case data from the Baltic 
(Fig. 15.7) [115]. The further risk projected in regions with warming seas from climate change depend 
directly on the generalizability of projected patterns of warming of the Baltic, in combination with salt 
concentration and chlorophyll [115].

In addition to the non-toxigenic cholera Vibrio infections, toxigenic cholera has also been shown 
to be climate sensitive throughout history and thrives in warmer surface waters. Toxigenic cholera 
strains are more dependent on co-existing infections in humans and are highly sensitive to good 
hygiene, sanitation, and treatment practices [116]. The feared toxigenic cholera is more abundant in 
resource-constrained settings and highly sensitive to disruption of social and health systems, which is 
common after natural disasters including those associated with El Niño events, i.e., floods [117].

Other waterborne pathogens, such as Giardia, Cryptosporidium, Escherichia coli, and norovirus, 
are also dependent on weather and climate for proliferation. Growth of the pathogens is regulated by 
water temperature and the release into water bodies used for distribution of household and drinking 
water, which is more common during floods and after rainfall [118]. Drought and water scarcity have 
also been linked to worsening water quality. Symptoms of gastrointestinal disease may be more wide-
spread than disease surveillance data suggest. Sanitation, hygiene, and technological innovations con-
tribute to reduce much illness. In Sweden, innovation in water treatment practice has been shown to 
reduce the overall reports of gastrointestinal symptoms [119].

 Helminth Infections

Other infections, including snail-transmitted schistosomiasis and vector-borne nematode infections 
[120, 121], as well as leptospirosis [94] are also highly climate sensitive due to their respective vector 
biology and exposure pathways to human infections and are likely to exhibit changes in distribution 
and spread in response to climate changes. A variety of helminth infections may be impacted by cli-
mate change (see review by Blum and Hotez [121]). The importance of temperature and rainfall on 
soil-transmitted helminths is described in Chap. 12 [122]. Impacts of climate change on important 
helminths transmitted by insect vectors and by aquatic snails are explored below.

Nematodes and insect vectors Insects have evolved an optimum temperature range for development 
and survival of eggs, larvae, and pupae and for maturation, feeding, and reproduction of adults [123]. 
Shifts in temperature associated with climate change may reduce the abundance of vectors in regions 
where the vectors currently thrive, if temperatures drop below or increase above this optimum range. 
However, in regions where vectors cannot survive, the shift in temperature may allow the vector to 
expand its range, hence increasing transmission. The development of the parasite in the vector is also 
sensitive to temperature [123]. When temperatures are optimal for the adult mosquito and the larval 
parasites, female mosquitoes may be able to lay more batches of eggs, which would require more 
frequent blood meals, thus increasing transmission potential, so long as the interval between blood 
meals is sufficient to allow the parasite larvae to become infective.
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Given the complex set of vector and parasite responses to temperature, and given that strains of 
vectors adapt to local conditions, it is challenging to make a generalized prediction about the impact 
of climate change on these diseases. However, an African study exploring potential impacts on lym-
phatic filariasis, a nematode infection caused by Brugia malayi and transmitted by mosquitoes, con-
cluded that there is a high probability that disease will spread into West Africa and that the number of 
cases of disease may double when considering the impacts of climate change together with population 
growth [124]. With regard to onchocerciasis caused by Onchocerca volvulus and transmitted by 
blackflies, projections indicate that small increases in monthly average temperature will increase 
blackfly abundance and development of parasites to the infective larval stage, thus expanding the 
distribution of the disease [125]. However, the field data on blackfly abundance suggest that their 
numbers may decrease [125]. As with temperature, climate-induced changes in rainfall are also likely 
to influence the seasonal availability and suitability of insect breeding sites. Increased frequency and 
severity of droughts may limit or even eradicate insect vectors from some regions. Increased fre-
quency and severity of floods may benefit blackflies that rely on fast-running water and mosquitoes 
that use temporary pools of water for breeding. However, severe floods may also wash away insect 
eggs and aquatic larvae. Nevertheless, there are strong biological reasons to anticipate that climate 
change will alter the geographical distribution of vector-borne nematode infections.

Trematodes and aquatic snails Schistosomiasis is also likely to be strongly influenced by climate 
change. This trematode parasite requires freshwater snails for completion of its life cycle. As with 
insect vectors, there is a temperature optimum for growth, reproduction, and survival of aquatic snails 
and for development of the larval parasites within the snail. When applying a 1.5 °C increase in tem-
perature, Yang and Bergquist [120] concluded that transmission of the three main species of 
Schistosoma would increase. It is important to note that the association with rates of transmission and 
disease is unlikely to be linear given the complex dynamics involved. Furthermore, the response of 
snail and parasite to multiple stresses can influence their biology. It is well known that infected snails 
have a dramatic increase in egg-laying during the period of parasite development, a response called 
“fecundity compensation.” However, this response disappeared when snails were also exposed to 
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Fig. 15.7 The relationship between sea surface temperature and individual risk of infection of Vibrio spp. along the 
Swedish coast. (Reprinted from Semenza et al. [115], an open-access journal published with support from the National 
Institute of Environmental Health Sciences, National Institutes of Health. All content is public domain unless otherwise 
noted)
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drought conditions [126]. Even more surprising was the observation that drought conditions increased 
the output of infective cercariae from the snails. This study further exemplifies the difficulty in antici-
pating the net consequences of climate change on snail or insect vectors and their parasites.

Implications for nutrition In an effort to increase food production within urban settings and simul-
taneously offset negative impacts of climate change, rooftop gardens are often promoted. There has 
been concern that these gardens may provide ideal breeding sites for Culex mosquitoes that transmit 
filariasis as well as the West Nile virus. An experimental study in Hong Kong, however, found that the 
number of mosquitoes trapped on roofs was not affected by the presence of a rooftop garden [127].

High-intensity Onchocerca infections have been associated with vitamin A deficiency [128], and 
blindness resulting from chronic infection with Onchocerca has historically led communities to 
relocate away from fertile river valleys to avoid transmission [129]. River blindness is less common 
now, but skin conditions have been shown to also negatively impact agricultural production. In 
Nigeria, farmers with severe onchocercal skin disease cultivated less of their farmland and were 
unable to compensate for lost income from other sources [130]. Filariasis can also be extremely 
debilitating causing severe lymphedema, and chronic schistosomiasis is associated with anemia and 
reduced work capacity [131]. Thus, any increase in, or expansion of, transmission associated with 
climate change is likely to have economic implications for their families and communities, including 
reduced access to food.

 Foodborne Infections

Foodborne infections result from ingestion of food (often raw fruits and vegetables) that is contami-
nated with bacterial pathogens and parasites. These outbreaks typically cause diarrheas but can be 
serious and in the case of immunosuppressed individuals can be life-threatening (see Chaps. 4 and 8) 
[132, 133]. Of the variety of ways in which climate change is likely to influence the risk of foodborne 
disease outbreaks, improved survival of the environmental stages in response to rising air and ocean 
temperatures, increased dispersal onto crops as a result of increased precipitation, and extreme 
weather events leading to major flooding are a few examples [134, 135].

Increased air temperatures are likely to increase the numbers and activity of flies that act as 
mechanical vectors of foodborne pathogens, transferring the bacteria onto foods. A recent modeling 
study found that transmission by insect vectors captured data on incidence of Campylobacter cases in 
Ontario, Canada [136]. Furthermore, their model showed that the incidence of Campylobacter cases 
was more sensitive to fly activity than fly population size. Using a medium-low climate scenario, a 
25% increase in fly activity resulted in a 31.7% increase in incidence of Campylobacter cases in 2080 
under a medium-low climate scenario.

Vibrio is considered as both a waterborne and a foodborne infection. As noted above, rising ocean 
temperatures have the potential to increase the risk of outbreaks of Vibrio bacteria on shellfish, par-
ticularly oysters, because the bacteria replicate at higher rates when water temperatures are higher. 
For example, the incidence of illnesses due to Vibrio contamination of oysters has been found to be 
higher during El Niño years when coastal water temperatures are higher than average [137].

Perhaps of most concern, however, is the impact of floods following extreme weather events, as 
floods can transport pathogens onto agricultural lands and thus increase the exposure to foodborne 
pathogens. For example, in September 2018, the North Carolina Department of Agriculture and Food 
Services released a warning during Hurricane Florence that crops exposed to floodwaters could not be 
used for human or animal food consumption because of potential contamination with foodborne 
pathogens and chemical toxins and toxins from mold growing on stored crops [138]. They specifically 
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listed leafy greens, tomatoes, corn, peanuts, sweet potatoes, watermelon, winter squash, and products 
stored in bulk that might get wet and contaminated (e.g., grains, nuts, corn).

Much of the evidence on climate-related increases in foodborne outbreaks comes from developed 
countries. Yet, the same foodborne pathogens occur in developing countries where pre-existing mal-
nutrition is likely to increase the risk of severe disease following exposure to foodborne pathogens and 
where mitigation against climate change may not be as effective as in developed countries. Furthermore, 
farmers in developing countries will be severely affected if their produce and grains cannot be used 
for human or animal consumption. In subsistence farming settings, families that attempt to prevent 
foodborne disease may also be reducing their already limited access to food. Thus, climate change is 
likely to increase the risk of foodborne pathogens and to reduce availability of fresh fruits and vege-
tables, with potential implications for nutritional status of vulnerable populations.

 The 2030 Sustainable Development Goals

The vision for the transformation of the global society presented in the UN global Sustainable 
Development Goals (SDGs) highlights the intersection of climate change, nutrition, and infection (see 
Table 15.2).

The climate action goal (SDG 13) relates to conversion of societies to clean energy and adaptation 
to protect vulnerable sectors and populations, as described in section “Climate Change Pathways to 
Nutrition and Infection.” SDG 13 embraces the fact that emissions are a global issue which needs to 
be solved with global partnerships, such as the Paris Agreement. This goal is related to life on land 
and life on water and impacts directly on human nutrition and infection through social systems, hun-
ger, health, and hygiene and sanitation as schematically illustrated in Fig. 15.8. In addition to the 
climate action goal, other SDGs of relevance include four social systems goals and two more natural 
systems goals. The four social systems goals most relevant to the climate/infection/nutrition nexus 
focus on ending poverty, reducing undernutrition, reducing disease, and increasing water quality and 
sanitation standards. The two additional natural systems SDGs of greatest relevance focus on life 
underwater and life on land. Table 15.2 highlights the focus and relevance of each of the identified 
SDGs for this chapter.

 Gaps and Future Directions

Taken together, the combined impact of climate change, undernutrition, obesity, and infectious dis-
ease on health is a very important area of emerging interest. If ignored, there will potentially be very 
serious consequences. Researchers will be challenged as they attempt to consider the complexity of 
direct and indirect pathways of impact, combined with potentially unanticipated latent effects.

Utilizing a One Health approach, where animal, human, plant, and environmental health are inte-
grated, would strengthen assessment of the complex interplay between climate change, environment, 
infectious agents, their hosts, vectors, and the impact on human health [139]. As One Health effec-
tively engages disciplines of medicine, public health, veterinary medicine, and environmental sci-
ences and ecology [140], this approach will be useful for investigating outbreaks of vector-borne and 
zoonotic infections and for creating policies which need cross-sectoral collaboration such as for sur-
veillance and control.

Models that consider the impacts of climate change on agriculture, nutrition, and/or infectious 
disease will be strengthened if pathways of effect, such as ozone, pollination, and pests, as well as 

15 Climate Change Pathways and Potential Future Risks to Nutrition and Infection



452

variation in assumptions about socioeconomic development trajectories are incorporated. This will be 
of particular importance when comparing mitigation/resilience approaches.

With increased transdisciplinary dialogue, less obvious pathways of effect are likely to emerge, 
and researchers are encouraged to be attentive to such possibilities.

Including this nexus in analysis of potential impacts of climate mitigation and resilience approaches 
will be essential for minimizing unintended negative consequences.

Table 15.2 Global Sustainable Development Goals 2015–2030 (SDGs) in relation to climate change, mitigation of 
carbon emissions, and its relation to nutrition and infection (see https://sustainabledevelopment.un.org)

SDG Topic Relevance

SDG1
Ending 
poverty

Aspires to reduce extreme 
poverty and vulnerability and a 
strive to universal social 
protection systems

Poor populations exhibit higher vulnerability to undernutrition and 
infection and to climate change
Highly related to risks of, and protection from, impacts of climate 
change

SDG 2
Zero 
hunger

Strives to reduce undernutrition 
and its consequences by 
preventing its causes

Ending hunger and achieving food security and improved nutrition 
are highly related
Links of poverty, climate action, and life on land and under water 
outlined in section “Climate Change, Food Systems, and 
Nutrition”

SDG 3
Good 
health and 
well-being

Advance global public health 
and well-being by reducing 
preventable diseases, infectious 
diseases affecting vulnerable 
populations, and neglected 
diseases affecting the poorest

Despite advancements in longevity and control of infectious 
diseases, major infectious diseases are still prevalent. Some 
diseases are climate sensitive and interrelated to the other goals 
(Fig. 15.1). Some are on the rise and may, or have already, spread 
to new areas or see increased potential for transmission, reducing 
effectiveness of control and increasing risks of drug resistance as 
described (section “Climate Change and Infectious Disease”)
Achieving good health and well-being intrinsically depends on 
managing the combined impacts of climate change on infection 
and nutrition and finding ways to promote sustainable food 
systems and stabilize the CO2 emission pathway (sections 
“Climate Change, Food Systems, and Nutrition” and “Climate 
Change and Infectious Disease”)

SDG 6
Clean 
water and 
sanitation

Increase water quality and 
sanitation standards globally

Closely related to health (sections “Climate Change, Food 
Systems, and Nutrition” and “Climate Change and Infectious 
Disease”). Identifies water scarcity, floods, enhanced pathogen 
growth with global warming, and lack of wastewater management 
as key factors for successful achievement of the 2030 SDGs

SDG 13
Climate 
action

Increase use of clean energy, 
reduce carbon emissions, and 
catalyze adaption to reduce 
vulnerabilities and residual 
impacts

Relates to conversion of societies to clean energy and adaptation to 
protect vulnerable sectors and populations (section “Climate 
Change Pathways to Nutrition and Infection”)
Embraces fact that emissions are global issue to be solved with 
global partnerships, such as the Paris Agreement
Related to life on land and life on water and impacts directly on 
human nutrition and infection through social systems, hunger, 
health, and hygiene and sanitation (Fig. 15.8)

SDG 14
Life under 
water

Protect oceans and sea life from 
reduction in biodiversity, 
overfishing, pollution, 
acidification, and ecosystem 
collapse and protect populations 
and wildlife depending on 
oceans

Focuses on health of ocean ecosystems and the terrestrial systems 
and populations that depend on the oceans

SDG 15
Life on 
land

Preserve forests for biodiversity 
and for as carbon sinks, reduces 
risks of desertification

Identifies forests as important for food security and for combating 
climate change by acting as carbon sinks
Goal is compromised by expansion of food systems and 
industrialized food production
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 Introduction

Nutrition in clinical settings addresses the dietary nourishment of both healthy and ill individuals, as 
everyone depends upon nutrition, air, and water as fundamental necessities of life. In the face of infec-
tion, nutritional needs often differ from baseline needs, and optimized nutrition is a part of the recov-
ery and healing process. Nutritional status may affect an individual’s susceptibility when exposed to 
an infectious pathogen [1], and suboptimal nutrition can exacerbate the virulence of an organism and/
or the pathogenic consequences of a given infectious disease [2–6].

As reviewed in Chap. 2 [7], deficiencies of macronutrients, such as protein-calorie malnutrition 
[8–10], predispose individuals to more frequent infections and more serious outcomes by compromis-
ing protective features such as cellular and humoral immunity, mucosal immunity, and the integrity of 
integumentary and mucosal surfaces, e.g., the skin, oropharyngeal cavity, and gut [11–20]. 
Furthermore, an excess of macronutrients as manifested in obesity may also predispose to infections 
[21]. For example, obesity is a predisposing factor for type 2 diabetes mellitus which, in turn, results 
in increased immunologic and physiologic risk for infections [22]. There has been long-standing 
speculation of an infectious etiology for at least some pancreatic changes that might lead to type 1 or 
2 diabetes [23, 24]. Micronutrient deficiencies that can predispose to infection or exacerbate the sever-
ity of infections include a range of vitamins (e.g., A, B complex, C, D, and E) and minerals (e.g., 
iodine, iron, zinc, selenium, copper, fluoride, magnesium, and manganese) [7]. The impact of micro-
nutrient deficiencies on infection are often most clinically severe in persons with underlying illnesses 
or in children under the age of 5  years [25].

Clinical management of specific nutritional deficiencies and excesses in the context of disease is 
covered in clinical nutrition texts [26–31], and public health approaches are regularly covered in 
public health nutrition textbooks [32, 33] and publications such as the 2013 Lancet series on Maternal 
and Child Nutrition (MCN). The 2013 Lancet series was focused on resource-limited settings and 
identified several nutrition-specific public health interventions that could decrease severe malnutri-
tion as measured by stunting and severe wasting if effectively implemented. The recommended inter-
ventions included two for pregnant women (balanced energy protein supplementation and multiple 
micronutrient supplementation), several for infants and young children (breastfeeding promotion, 
complementary feeding education and supplementation, vitamin A supplementation), as well as 
interventions for populations (folic acid fortification), for children with diarrhea (zinc supplementa-
tion), and for malnourished children (management of severe and moderate acute malnutrition) [34]. 
While the 2013 Lancet MCN series focused on direct approaches to reducing malnutrition, it is 
important to note that the top five global infectious causes of death in children (pneumonia, diarrhea, 
malaria, measles, and human immunodeficiency virus/acquired immunodeficiency syndrome (HIV/

Key Points
• Infectious diseases are profoundly influenced by the nutritional status of their human hosts.
• Undernutrition may make it easier to acquire an infection and may compromise the host 

immune response, exacerbating the severity of the clinical course and making it harder to 
clear the organism.

• Overnutrition (overweight and obesity) is also associated with adverse reactions for human 
hosts with infections, including SARS-CoV-2, the virus that causes COVID-19.

• Causal relationships are complex, given that macro- and micronutrients are consumed 
together and teasing out a single element that is in deficit tends to be speculative.

• Improved nutrition, including adequate, but not excessive intake of needed macro- and 
micronutrients, can reduce infectious risks and augment vigorous immune responses.
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AIDS)) are all exacerbated by nutritional deficiencies [35]. Diarrhea-causing enteric infections are 
more severe in malnourished individuals [36], nutrition therapy can improve outcomes for individu-
als with HIV and tuberculosis (TB) [37], and malaria morbidity is complicated in the presence of 
host malnutrition [38].

Lower respiratory infections such as pneumonia are the fourth highest global cause of death across 
all ages [39], with increased risk in both children under 5 years of age and the elderly [40]. Given that 
the challenge of infectious diseases such as pneumonia and influenza is not restricted to resource-poor 
settings, and is increasingly evident in affluent societies, renewed attention to the intersection of nutri-
tion and infection is timely. Another global population at increased risk of both malnutrition and 
infectious diseases is the elderly. In this chapter we will provide brief summaries of the key points 
from preceding chapters and then synthesize overarching and integrative themes relating to clinical 
and public health implications.

 Ancient Traditions

Prior to the era of modern medicine, nutritional considerations were paramount among ancient health-
care workers. Socrates, Hippocrates, and their contemporaries highlighted the differences, and the 
synergies, between foods and medicines [41–43]. Similarly, the Chinese had such adages as, “When 
you see a seriously ill patient, think first of his/her dietary needs; when these have been attended to, 
he/she may be given appropriate medication” (attributed to Hu Se-hui in the year 1330) and “Before 
prescribing medicine, explain to the patient what foods to avoid” (attributed to an old Chinese saying) 
[44]. In Africa, adaptations of food to accommodate genetic food intolerances and an emphasis on 
complementary food groups are documented [45]. In the Americas, nutrition was a highlighted ele-
ment of medicine and health for indigenous populations in antiquity [46]. Enteral nutritional interven-
tions were promulgated as far back as 3500  B.C. and have been documented in texts of ancient 
Egyptians, Indians, and Chinese [47].

In the modern era, nutritional researchers are studying the evolution of dietary patterns from pre-
historic times through the agricultural transition to modern diets and are revising our understanding 
of health impacts of those transitions [48]. While historically the development of agriculture was 
thought to lead to improved human health, recent analyses of human remains around the globe have 
shown the opposite; a higher prevalence of skeletal pathological conditions paired with a decrease in 
mobility and a general decrease in skeletal strength are noted with the agricultural transition [49–51]. 
The more recent nutrition transition, with increases in salt, sugar, fat, processed grains, calories, and 
fried foods, continues the trend to worsening overall nutrition, particularly in urban settings [52, 53]. 
While attending to the recent dietary changes described in the nutrition transition literature, it is 
important not to romanticize the agricultural diet, given the prevalence of macro- and/or micronutrient 
deficiencies that have been associated with it [54–60]. A better understanding of human diets from 
prehistory to today may provide important insights for reducing the high rates of global diet-related 
diseases.

 Foundations of Nutrition/Infection Relationships

Given the variety of manifestations of infections and the ubiquitous influence of macro- and/or micro-
nutrient status on responses to infection, an understanding of the intersection of nutrition and infec-
tion is vital for the fields of nutrition, nursing, public health, infectious diseases, and clinical medicine. 
The need for expertise in multiple disciplines has challenged this area of research.
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While it has long been understood that infections can disrupt normal intake, digestion, and/or 
deployment of nutrients in ways that undermine the host’s nutritional status, nutritional status can in 
turn influence exposure to the infectious organism, movement of the pathogen across host barriers, 
seeding of appropriate sites within the host, pathogen replication, and immunological responses [61]. 
Prior undernutrition can also alter the clinical course of an infectious disease, the effectiveness of vac-
cines that rely on a functional immune response, and the response to drugs that interact with specific 
nutritional parameters or with recent food intake. Relationships between a single infection and a sin-
gle nutrient deficiency may not represent the clinically relevant question as such studies overlook 
important interactions that occur among pathogens and among nutritional deficiencies with critical 
clinical and public health implications.

 Conceptual Frameworks and Causality

Clinical decision-making, both at the individual and population levels, depends on an accurate under-
standing of causation within the context of complex interactions, an understanding which is derived 
from a critical assessment of available evidence. Chapters 1 and 14 present frameworks for conceptu-
alizing host-pathogen relationships around nutrition and infection [61, 62]. Chapter 1 reviews criteria 
that have been suggested to better document causality with a focus on those that are relevant to 
nutrition-infection interactions [61]. From a design perspective, establishing causation in a context of 
multiple nutrient deficiencies and, perhaps, multiple infections is extremely challenging, especially 
given the difficulty of directly extrapolating mechanisms identified under controlled animal experi-
ments to natural human populations. Observational studies provide insights, but the myriad of poten-
tial influencing factors make it difficult to draw conclusions [61]. Moreover, few epidemiological 
studies carefully consider the varied impact of nutrition on the different stages of infection, from 
transmission to disease to recovery. Therefore, in developing clear clinical frameworks for decisions 
regarding specific conditions, it is important to consider definitions of nutritional status in order to 
characterize macro- and/or micronutrient deficiencies, variability in study methods and conclusions, 
and the implications of covariates (see Chap. 11) [38]. We provide an example where explicit causal 
criteria have been used to better interpret available evidence on interactions between Leishmania and 
nutrition (Box 16.1).

As demonstrated in Box 16.1, application of clear causal criteria to existing evidence could help to 
clarify areas of consensus and gaps in knowledge. Progress in infectious disease control will be 
enhanced as we more rigorously consider how to evaluate evidence of causation, a process that is 
particularly important given increasing awareness that many, if not most, outcome measures of 
 nutrition and of infection are influenced by their complex network of interactions. Hypotheses should 

Box 16.1 Leishmaniasis and Malnutrition
Leishmaniasis is caused by a protozoan microorganism transmitted by the bite of an infected 
female phlebotomine sandfly. Over 1 billion people globally live in endemic areas with between 
600,000 and 1,000,000 new cases estimated to occur per year worldwide [63]. Much of the 
evidence addressing the relationship between nutritional status and leishmaniasis is summa-
rized in a recent review [64]. We focus here on one of the potential pathways identified in Chap. 
1: impacts of macronutrient malnutrition on risk of infection. We then apply the causal criteria 
described in Chap. 1, strength, consistency, biological gradient, coherence, temporality, experi-
mental design, plausibility, analogy, and specificity to the evidence supporting the two path-
ways. The evidence is summarized in Table 16.1.
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be tested that are theory-based, explicitly naming and assessing causal criteria for given infection-
nutrition interactions [73]. It is particularly important to be clear on what relationships are being 
examined in a given context, and the ability to isolate specific relationships may be very difficult in 
complex situations such as co-infections.

An ecological perspective (see Chap. 14) proposes the use of a trophic, or feeding, framework to 
better study the real-world situation of co-occurring infections [62]. Applying a trophic approach to 
studying co-infection and nutrition requires inclusion of co-occurring infections and nutritional defi-
ciencies in conceptual models, decisions about variables to measure, and realistic analysis plans of 
adequate complexity to test the hypotheses. In a clinical setting, considering physiological demands 
of co-occurring infections could augment information from clinical assessments as clinicians weigh 
the challenges of simultaneously responding to multiple pathogens and nutritional deficiencies.

Table 16.1 Causal analysisa of nutritional risk and Leishmania infections [65–72]

Hypothesis: Adults with high BMI are at increased risk of Leishmania infection
References and key findings

Epidemiological 
evidence

Strength da Cunha [65], epidemiological study of an endemic community in Brazil 
found that adults infected with cutaneous Leishmania had significantly 
higher BMI and rates of overweight/obesity than adults who were not 
infected; Barbosa [66], in a retrospective study of human visceral 
leishmaniasis concluded that chronic diseases such as obesity are an 
important risk factor for visceral leishmaniasis

Consistency Insufficient studies to assess
Biological 
gradient

Insufficient studies to assess

Coherence Results from da Cunha [65] and Barbosa [66] align with animal model data; 
in contrast, Ali [72] estimated a relative risk of visceral leishmaniasis of 5.9 
for adults and children with low BMI vs. high BMI (BMI <18 vs. BMI 
≥18), although obesity was not present in the study; no other studies 
identified

Temporality No relevant studies identified
Animal models, 
clinical trials, 
intervention studies

Experimental 
design

Tavares [67], volatile organic compounds (VOCs) from human volunteers 
can attract Phlebotomine; Sarnaglia [71], mice with diet-induced obesity 
had significantly increased parasite Leishmania major burdens in the liver 
and spleen than control mice; Martins [68], mice fed a hypercaloric diet had 
a higher parasite burden with L. major than well-nourished mice

Plausibility Kirstein [69], more female sandflies were attracted to a trap with a sugar/
yeast mixture (SYM) than males, and sandflies were more attracted to the 
SYM than to lights; Tavares [67], VOCs from human volunteers can attract 
Phlebotomine; Pinto [70]. host size proportional to attractiveness to 
Phlebotomine

Analogy In mice infected with L. major, Sarnaglia [71] and Martins [68] show 
higher parasite burden when fed hypercaloric diets vs. normal diets

Specificity Underlying mechanisms driving this relationship are as yet unclear, so 
availability of alternate explanations cannot be ruled out

aDefinitions of causality terms:
 Strength – size of the relationship, effect size
 Consistency – similar findings observed in different regions and age groups
 Biological gradient – dose-response effects
 Coherence – results are coherent with current knowledge about nutrition and the specific infection
 Temporality – observed time sequence of hypothesized cause followed by effect
 Experimental design – clinical trials, randomized study designs, and animal models can provide this kind of evidence
 Plausibility – plausible biological pathways can be identified for the hypothesized relationship
 Analogy – findings from animal models or similar pathogens that address the hypothesized relationship in that system
 Specificity – no other likely explanation exists
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 Principles of Nutrition and Immunology

Chapters 2 and 3 provide foundations in nutrition and immunology that are important for untangling 
intersecting relationships [7, 106]. Adequate nutritional status is important for normal proliferation 
and differentiation of all immune cell types, as well as antibody and cytokine production. Several 
micronutrients such as iron, vitamin A, and zinc are involved in pro-inflammatory responses to infec-
tion, providing early resistance to invading pathogens. Nutrients such as vitamin A, vitamin K, and 
thiamin moderate the strength of inflammatory responses, limiting autoimmune reactions. Antioxidant 
vitamins, minerals, and amino acids protect the integrity of immune cell membranes from toxicities 
of free radicals.

A vigorous immune system depends on energy and nutrients supplied by diet; thus, the immune 
response of nutritionally marginal persons may be compromised. With severe, chronic, or repeated 
infections, the nutritional status of even a previously well-nourished host can be compromised through 
damage of host tissues, suboptimal food intake or food intolerance, malabsorption and nutrient loss, 
higher metabolic demands for nutrients, and perturbed nutrient transport or storage. That malnutrition 
compromises host immune defenses is a fundamental underpinning of the observed risk of increased 
virulence of organisms and pathogenicity of infections among malnourished populations [74]. 
Epithelial surfaces, particularly at mucosal sites, are important first-line defenses against pathogens, 
and multiple nutrients are involved in integrity of those surfaces. Specific macro- and micronutrients 
with essential roles in mucosal integrity include fatty acids, the amino acids proline and threonine, 
zinc, and vitamin A. The innate immune system responds rapidly to infection, differentiates among 
classes of pathogens, and can clear most microbial challenges. The adaptive immune system provides 
pathogen-specific immunity to protect against pathogens that evade the innate system. Both the innate 
and adaptive systems provide an integrated defense against specific types of pathogens, typically 
engaging IgM, IgG, and cellular mechanisms. Deficiencies in protein, energy, and specific nutrients 
can impair host defenses against infection, thus increasing the risk and severity of infections.

 Types of Infectious Diseases and Influence of Nutrition

In Chaps. 4, 5, 6, and 7, the authors provide primers on bacterial, viral, protozoan, and helminth 
pathogens and explain how each may be affected by, and in turn affect, host nutritional status.

 Bacterial Infections (See Chap. 4) [75]

Bacteria can be found throughout the body, and one of the current areas of research is the balance 
between commensal and pathogenic bacteria at different physiological sites. Much recent attention 
has been paid to the microbiome. The intestinal microbiome is influenced by diet, including probiotic 
dietary compounds such as oligosaccharides that favor bacterial growth, by antibacterial compounds 
such as antibodies and lysozymes (present in breastmilk and artificially added to commercial infant 
formulas), and by ingestion of probiotic bacterial components or potentially pathogenic bacteria. In 
turn, the gut microbiome has substantial influence on what and how food-derived nutrients are 
absorbed.

Environmental enteric dysfunction (EED) is characterized by chronic intestinal inflammation, 
increased permeability, and reduced nutrient absorptive surface. EED is also characterized by pres-
ence of bacterial pathogens. It is most prevalent in low-income individuals in lower-income countries 
and is associated with both wasting and stunting in children. Reduced mucosal integrity and mucosal 
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immune abnormalities prevalent with severe EED lead to an increased translocation (i.e., gut-to- 
bloodstream) of bacterial products that cause chronic inflammation and local and systemic immune 
dysfunction. Vitamin A, vitamin C, zinc, and iron are all vital to aid mucosal and systemic immune 
protection from bacterial infections and from translocated bacterial products. Trials such as the Early 
versus Late Parenteral Nutrition in the Pediatric Intensive Care Unit (PEPaNIC) study provide impor-
tant insights into the clinical implicationsutrition therapy decisions on infections. The PEPaNIC study 
compared initiation of parenteral feeding at 24 hours vs. 1 week in undernourished children entering 
a pediatric intensive care unit (PICU); the investigators found that amino acid supplementation was 
associated with new infections and increased intensive care unit (ICU) care, whereas supplementation 
with glucose alone was associated with fewer infections and earlier ICU release [76].

 Viral Infections (See Chap. 5) [77]

Both innate and adaptive immune responses are important for protection from viral infections, and 
adequate nutrition is essential for their function. Multiple kinds of malnutrition, including obesity/
overnutrition and micronutrient deficiencies, have been shown to increase risk for viral infections 
such as influenza in adults and children. Micronutrients of interest for viral infections include vita-
mins B complex, C, D, and E and minerals such as magnesium, iron, selenium, and zinc. However, 
few studies have tested nutritional interventions as treatment for viral infections such as influenza. 
Several studies have shown that supplementing hospitalized influenza patients with vitamin C reduced 
complications and duration of ICU stay [78]. Given the importance of good nutrition for effective 
immune responses against influenza, the parallel global challenges of increasing overweight and obe-
sity and the contrasting ongoing burden of undernutrition may exacerbate the risk for influenza epi-
demics and pandemics despite vaccination efforts. In turn, mitigation of global malnutrition may 
enhance influenza control by improving vaccine immunogenicity and blunting the clinical severity of 
infection.

 Protozoan Infections (See Chap. 6) [79]

Among the human diseases caused by pathogenic protozoa, those protozoans acquired via ingestion 
(e.g., Giardia lamblia and Entamoeba histolytica) are most notably affected by dietary factors through 
possible impacts on transmission, pathogenicity, and immunity. Undernutrition (particularly protein 
deficiency) can increase the virulence of protozoal diseases due to adverse effects on immunity. 
Prevention or treatment of malnutrition could improve a host’s ability to immunologically respond to 
protozoans. Diarrheal diseases caused by a variety of intestinal protozoa lead to malabsorption and 
contribute, in turn, to undernutrition. While animal models have shown that deficiencies of vitamins 
A and B12 are associated with increased parasitemia from the Trypanosoma spp. parasites but that 
vitamin E deficiency is associated with decreased Trypanosoma spp. parasitemia [80–82], few studies 
have directly addressed potential roles for nutritional supplementation in human protozoan 
infections.

 Helminth Infections (See Chap. 7) [83]

Helminth infections remain common in resource-limited regions, particularly in tropical areas, gener-
ally co-occurring with malnutrition. Helminth infections contribute to the cycle of poverty that 
restrains economic development. Helminth parasitism can limit appetite, growth, development, and 
physical and cognitive abilities, especially in children bearing heavy worm burdens. Helminths can 
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interfere with absorption of macronutrients and some micronutrients. Although anthelmintic-based 
control programs have reduced the numbers of heavily infected individuals most likely to have com-
plications and have decreased the morbidity associated with many parasitic helminths, between 1.5 
and 2 billion people remain infected with helminths worldwide.

 Examples of Nutrition/Infection Interactions

Chapters 8, 9, 10, 11, and 12 build on the materials in Chaps. 1, 2, 3, 4, 5, 6, and 7 to investigate the 
broader implications of nutrition-infection interactions with respect to specific pathogens or diseases. 
Case studies cover five prevalent and burdensome conditions: diarrhea, HIV and TB, arboviruses, 
malaria, and soil-transmitted helminth (STH) infections.

 Diarrhea (See Chap. 8) [36]

In the context of diarrheal disease, clinicians need to be aware of the impact of nutritional status on 
both the infectious agents and the host. Malnutrition increases the pathogenicity of diarrhea-caus-
ing organisms, adversely affecting the components of the gut barrier, including the gut microbiome 
and gut mucosa. Malnutrition generally reduces the ability of the immune system to mount ade-
quate responses against diarrhea-causing pathogens, although some components of the immune 
system remain unaffected or are enhanced in response to malnutrition. Diarrheal disease progresses 
faster, leads to more severe symptoms, takes longer to resolve, and has worse outcomes in malnour-
ished individuals. Antibiotics, though lifesaving in some circumstances, can have detrimental 
effects on the gut microbiome, impairing a key defense mechanism against gut pathogens. Infection 
by some pathogens (e.g., Entamoeba histolytica) is paradoxically less likely in malnourished 
individuals.

 HIV/TB (See Chap. 9) [37]

HIV infection is transmitted when mucous membranes or damaged tissues of an uninfected individual 
contact bodily fluids (blood or blood products, semen, breast milk, and rectal or vaginal secretions) 
that contain the HIV virus. The most common routes of HIV infection are through sexual activity and 
contact with infected blood via medical procedures and use of injected drugs with shared, contami-
nated needles/syringes. Suboptimally treated HIV can be associated with serious and lethal malnutri-
tion, as with the “wasting syndrome” reported in the 1980s, and with gastrointestinal infections like 
cryptosporidiosis that can cause debilitating malabsorption and diarrhea.

Tuberculosis (TB) can be more severe in immunocompromised persons. When less than optimally 
treated, it can cause a severe wasting syndrome related to its debilitating pulmonary, gastrointestinal, 
and systemic effects. The interaction of nutrition with both HIV and TB is bidirectional, as individuals 
who are undernourished have an increased risk of infection and those infected with HIV or TB are 
likely to develop nutritional abnormalities. Several micronutrient deficiencies are postulated to exac-
erbate risk both of HIV acquisition and disease progression. Less is known about micronutrients and 
TB. Many people living with HIV who have been on antiretroviral therapy for many years are now 
overweight or even obese, with metabolic abnormalities or metabolic syndrome. This may be related 
to lifestyle, diet, and/or side effects of some antiretroviral medications.
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 Arboviruses (See Chap. 10) [84]

The role of the host’s nutritional status is still uncertain vis-à-vis the risk of progression to severe 
forms of dengue disease, the most common mosquito-borne viral infection worldwide. While obser-
vational studies suggest that pediatric obesity may be related to adverse dengue disease outcomes, 
causality is uncertain. Investigators have reported inverse relations between severity of dengue disease 
and nutrient status biomarkers, including fatty acids, amino acids, vitamin D, and some minerals, but 
it is unclear whether these relations represent an effect of the nutritional status on the outcome of 
infection or an effect of the infection on the biomarkers. Small randomized trials of vitamin E and zinc 
supplements to patients with dengue fever have shown protective effects against intermediate out-
comes leading to severe disease. Metabolomic studies of dengue and chikungunya infections have 
identified viral-induced alterations in fatty acid metabolism that may play a role in both viral replica-
tion and pathology [85]. The implications of such alterations are not yet fully understood.

 Malaria (See Chap. 11) [38]

Malaria and malnutrition both display nonspecific clinical symptoms, which make diagnosis and sur-
veillance efforts difficult, especially in low-resource settings. The interactions between malaria and 
malnutrition are complex, as the Plasmodium pathogens need access to host nutrients such as iron for 
replication and reproduction. Clinical manifestations of malaria differ based on the specific species of 
Plasmodium, the type of host malnutrition (micronutrient deficiency, protein-energy malnutrition), 
and geosocial factors. An influential study in a refugee camp in Niger concluded that severely mal-
nourished individuals who participated in a refeeding program experienced a rapid increase in malaria 
parasitemia and that refeeding needed to be done with care [86]. The ensuing controversy continued 
with the results of a study in Zanzibar reported in 2006 from an area with ongoing malaria transmis-
sion. In the absence of malaria control efforts, children who were not iron deficient but who received 
iron and folate supplementation were at increased risk of severe adverse events from malaria [87]. 
Was malaria less pathogenic in malnourished children? Childhood nutritional interventions in areas of 
high malaria risk should first consider malaria diagnosis and treatment before nutritional supplemen-
tation commences. To better delineate nutritional influences on malaria, it is important to carefully 
characterize macro- and/or micronutrient deficiencies, carefully plan study designs that align with the 
research questions, and thoroughly explore implications of covariates. Poor host nutritional status 
may increase susceptibility to malaria infection, although when specific categories of micro- and 
micronutrition malnutrition are considered, evidence is less clear. Public health interventions to com-
bat malnutrition in areas endemic to malaria should consider the potential impacts on vulnerable 
populations of interactions with malaria.

 Soil-Transmitted Helminths (STH) (Chap. 12) [88]

STH infections are transmitted by contact with eggs and larvae that live in soil. As such, food- and 
agriculture-related risks for exposure to STHs can be minimized by agricultural interventions and 
health education. However, in many parts of the world, increasing water scarcity may increase use of 
wastewater for irrigation and therefore the risk of STH exposure. From the parasite perspective, STH 
larvae rely on host chemical cues to locate a host and migrate to their preferred site in the gastrointes-
tinal tract. High-protein and high-carbohydrate diets improve feeding by adult worms because excess 
of these macronutrients reduces concentrations of a host protein that blocks worm feeding. In 
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contrast, energy restriction and vitamin D deficiency may reduce STH egg production. Protein, energy, 
zinc, and selenium deficiencies prolong STH survival by impairing the anti-inflammatory Th2 
response needed for STH expulsion, and protein, energy, and zinc deficiencies also blunt the pro- 
inflammatory Th1 response. From the host perspective, STH infections alter host nutritional status by 
modulating molecular signaling of appetite and taste receptors and by reducing absorption of macro-
nutrients, β-carotene, and iron with consequences for growth. Low host iron increases pathology 
associated with hookworm infection. However, the anti-inflammatory response to STH infections 
reduces pathology associated with such chronic diseases/conditions as obesity, diabetes, and inflam-
matory bowel diseases. There is only limited overall evidence that deworming improves nutritional 
status, that supplementation reduces STH infection, and that combined interventions are more effec-
tive than single interventions.

 The Bigger Picture

The last section of the book – Chaps. 13, 14, and 15 – looks at nutrition-infection interactions from 
the wider lenses of the clinician concerned about drug-nutrient interactions, the community ecologist 
interested in interactions among co-occurring pathogens, and climate scientists charged with project-
ing how global climate change is likely to shift the nutrition-infectious disease dynamic.

 Nutritional Factors Affect Pharmaceuticals Used in Treatment of Infectious  
Diseases (Chap. 13) [89]

It is important for clinicians to be aware of the wide range of interactions between antimicrobial 
agents (antibacterial, antiviral, antifungal, antiparasitic) and nutrients (i.e., drug-nutrition interaction) 
[89]. A meal, a specific food, a food component (including a nutrient), and overall nutritional status 
may all influence the physiologic disposition of an antimicrobial agent. If a drug-nutrition interaction 
is not recognized and addressed, an altered drug concentration may adversely influence clinical prog-
ress and outcome including the risk for drug resistance. An antimicrobial regimen may influence 
whole body nutritional status, metabolic status, the microbiome, and the concentration of individual 
nutrients. Reduced efficacy or failure of antiviral, antibiotic, antifungal, and anthelmintic drugs may 
be a consequence of deficiencies of specific micro- or macronutrients and may increase the rate at 
which pathogens evolve resistance to these drugs. In turn, antibiotics, though lifesaving, have detri-
mental effects on the gut, skin, vaginal, and other microbiomes and key defense mechanisms against 
gut, skin, and genital tract pathogens (See Chap. 8).

Modern information management systems give us powerful tools to assess the interaction of nutri-
tion, particularly current diet, and antiviral, antibacterial, antifungal, and antiparasitic drugs. Few 
clinicians can remember the myriad of drug-nutrition combinations that might increase or decrease 
drug levels to a suboptimal effect. Hence, drug-drug interaction databases are often helpfully enhanced 
with data on drug-food interactions as well [90, 91]. To summarize this complex issue, a short guide 
is provided by Consumer Reports for common interactions [92]. We have adapted this guide to show 
what consumer groups are doing to inform patients and clinicians alike (Table 16.2).

 The Community Ecologist Perspective (Chap. 14) [62]

Ezenwa suggests that analyzing two levels of competition between co-occurring infections, resource 
competition, and immune system competition, along with intensity of infections may help to explain 
heterogeneity in outcomes with particular co-infections [62]. Despite the frequency of multiple 
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infections and malnutrition, only a small fraction of studies address the issue of simultaneous addi-
tional infections. Applying a trophic framework can help advance our understanding of how co-infec-
tion affects nutrition using the example of helminths and malaria and, reciprocally, how nutrition 
affects co-infection using the example of tuberculosis and helminths [62].

 Climate Science (Chap. 15) [93]

The public health and clinical challenges resulting from nutrition-infection interactions are likely to 
increase due to climate change. The expanded geographical distribution of pathogens, combined 
with reduced food availability, and with social upheaval especially in coastal regions, is likely to 
expand the set of overlapping infections and nutrient deficiencies within a given population [93]. 
Food systems are both a driver of climate change and heavily affected by climate change. The food 
system, particularly animal grazing and husbandry, is a large emitter of CO2, and the impacts of 
climate change are expected to increase both macronutrient and micronutrient deficiencies. Climate 
change is likely to influence infectious diseases both through its impact on nutritional status and 
through its impact on the geographical range of transmission, notably for vector-borne and 

Table 16.2 Common food and drug interactions

Type of food Don’t mix with The reason

Bananas, green leafy 
vegetables, oranges, salt 
substitutes

ACE inhibitors, e.g., captopril, 
enalapril, and lisinopril, used to 
lower blood pressure (BP) and/or 
treat heart failure. Avoid mixing 
with some diuretics, e.g., 
triamterene, used to reduce fluid 
retention and treat high BP

These high-potassium foods help provide 
electrical signals to heart muscle and other cells. 
Increased potassium levels may lead to an 
irregular heartbeat or heart palpitations—which 
could be deadly

Broccoli, Brussels sprouts, 
cabbage, kale, spinach

Blood thinners, e.g., warfarin These vitamin K-laden foods can reduce drugs’ 
ability to thin the blood. In people with heart 
disease, that could trigger a heart attack or 
stroke. Once on warfarin, maintain a consistent 
diet, i.e., do not overload on leafy greens

Real black licorice (or 
supplements with licorice 
extract)

Digoxin, used to treat heart failure 
and abnormal heart rhythms. It’s 
also best not to consume with most 
BP drugs, blood thinners, and birth 
control pills

Real black licorice and products with licorice 
extract (i.e., not licorice-flavored candy) contain 
glycyrrhizin, which can cause an irregular 
heartbeat or death with digoxin. Glycyrrhizin 
may reduce BP drug effectiveness, intensify side 
effects of blood thinners, and, with birth control 
pills, raise BP and lower potassium levels

Cheese, yogurt, milk, 
calcium supplements, 
antacids with calcium

Tetracycline Calcium can interfere with the body’s ability to 
absorb it. Best to take tetracycline 1 hour before 
or 2 hours after eating

Alcohol, avocados, 
bananas, chocolate, 
salami; aged, pickled, 
fermented, or smoked 
foods, e.g., processed 
cheeses, anchovies, dry 
sausage

Drugs used to treat bacterial 
infections, e.g., metronidazole and 
linezolid

These foods and beverages contain tyramine, an 
amino acid that can cause BP to spike if taken 
with linezolid. Alcohol and metronidazole 
together can cause nausea, stomach cramping, 
and vomiting

Soybean flour, walnuts Thyroid drugs such as levothyroxine These high-fiber foods can prevent absorbing 
thyroid medications. With a high-fiber diet, 
consider taking at bedtime for better absorption 
rather than a half-hour before breakfast (as 
usually recommended)

Adapted from Consumer Reports [92]
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water-borne agents. Increasing CO2 emissions and climate change will alter natural and social sys-
tems with consequences for global health that are most severe in tropical and polar regions. The 
synergistic impacts of undernutrition and infection with climate change are not yet well quantified, 
but current understanding of their interdependence suggests exacerbated negative impacts unless 
climate change is controlled. The volume of greenhouse gas emissions in the atmosphere and our 
adaptive responses will determine the degree of impact on critical food webs and food systems both 
on land and in the oceans [93].

 Clinical and Public Health Relevance of the Bidirectional Nature 
of the Relationship between Nutrition and Infection

In the seminal 1968 WHO monograph by Scrimshaw, Taylor, and Gordon, the authors concluded with 
several synthesis statements (see Box 16.2). Their synthesis speaks to the challenge of extracting the 
key points from diverse and heterogeneous pathogens and contexts, with caveats such as “usually,” 
“generally,” and “can be” for all the relationships they describe (see Box 16.2). Today the burgeoning 
scientific evidence in this area is beyond the scope of any small group to synthesize. Instead, in this 
section, we have drawn out key points made by authors of different chapters in this book that highlight 
the clinical and public relevance of the relationship between nutrition and infectious diseases and also 
note that nutritional status impacts both diagnosis and treatment of infectious diseases.

We emphasize the bidirectional and synergistic nature of the interactions, which complicate our 
ability to interpret cross-sectional data whether in epidemiological studies or clinical settings given 
that the temporality and direction of influence cannot be clearly characterized. The bidirectional inter-
actions raise questions about the optimum sequence of interventions. Should infections be cleared 
before nutrient interventions, as is suggested with childhood malaria? Should efforts to improve 
growth, especially linear growth, focus more directly on control of infections in addition to improve-
ments in diets? Which interventions will most rapidly improve population health in the most effective 
and expeditious ways? All of these research questions require attention at the level of specific infec-
tions and nutrients but also at the level of general principles as demonstrated by Scrimshaw et al. (see 
Box 16.2).

Box 16.2 Examples of effects of Malnutrition on Resistance to Infection [94]
• Almost always synergistic (bacteria, helminths, protozoa)
• Antagonistic or synergistic (systemic viral, helminth, protozoa)
• Synergism most common with extracellular pathogens
• Antagonism common with intracellular pathogens; possible if organism depends on host 

enzymes or metabolites
• General malnutrition usually synergistic, can be antagonistic with viruses and protozoans
• Protein deficiencies generally synergistic, rare antagonism with specific amino acid 

deficiencies
• Vitamin A deficiency regularly synergistic
• Deficiencies of B vitamins both antagonistic and synergistic
• Vitamin C deficiency is synergistic but some antagonistic
• Mineral deficiencies may be synergistic or antagonistic
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 Poor Nutritional Status May Increase Severity of Infections

Clinicians must consider malnutrition (over- and undernutrition) when assessing patients with infec-
tious diseases. There are several overlapping pathways through which macro- and micronutrient defi-
ciencies affect the immune system and in turn infectious diseases. Undernutrition, understood to be 
acting through effects on immunity, can increase the virulence of protozoal diseases such as malaria 
and some diarrheal pathogens and prolong survival of STH infections. Malnutrition directly affects 
the integrity of the gut barrier including the gut microbiome and gut mucosa. Diarrheal diseases, 
whether viral, protozoan, or bacterial, progress faster, lead to more severe symptoms, take longer to 
resolve, and generally have worse outcomes in malnourished individuals. Data on connections 
between obesity/overnutrition and increased risk of infectious disease are also growing. 
Immunosuppressive diseases increase risk of infectious diseases, especially fungal diseases and 
opportunistic agents that only rarely afflict persons with normal immune systems.

 Infectious Diseases May Contribute to Malnutrition

Patients with infectious diseases may be at risk of developing malnutrition, and appropriate precau-
tions need to be taken. Infections can alter nutritional status by increasing nutritional needs, decreas-
ing intake, or increasing nutrient loss. These pathways may occur individually or together, thus 
potentially increasing the impact on the host.

Infections can increase nutritional requirements through changes in metabolic rate or increases in 
specific needs. For example, resting energy expenditure is higher in asymptomatic HIV infection [95], 
and children with measles benefit from vitamin A supplementation [96]. Decreased appetite has been 
observed children infected with gastrointestinal nematodes, as seen in Egyptian children with stron-
gyloidiasis who had higher concentrations of leptin, a protein that decreases appetite [97], and in 
Kenyan schoolchildren whose appetites improved 4 months after deworming for hookworm, trichu-
riasis, and ascariasis [98]. Decreased absorption happens with conditions such as diarrhea, when the 
intestinal transit time is decreased, and also when intestinal functioning is decreased such as with 
amebiasis and EED (see Chap. 4) [75]. Increased nutrient loss results from tissue damage or blood 
loss and can occur secondary to the acute physiological response to infection. Pathogen invasion, 
leading to bleeding and tissue breakdown, can result in catabolism of muscle tissues that provides a 
fuel source during infection and contributes to excretion of nitrogen from tissue breakdown [99–101]. 
The acute phase response to infections is also associated with changes in micronutrient metabolism 
such as when vitamin A excretion accelerates [102].

 Malnutrition May Protect Against Infections

While malnutrition generally increases infectious disease risk, some specific infections benefit if the 
host is malnourished, as with early evidence from some studies of malaria in children. Drawing con-
clusions about such antagonistic relationships is complicated by the inability to actively test such 
relationships in human beings and the risk of declaring such an antagonistic relationship prematurely. 
Thus, scientific evidence needs to include detailed analysis of biological plausibility of antagonism, 
animal models demonstrating such antagonism, and ideally, epidemiological evidence in humans.
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 Combined Malnutrition and Infection May Affect Chronic Disease

With the global burden of disease from overweight and obesity accounting for 3.8% of disability- 
adjusted life years (DALYs) and affecting over 35% of men and women [103], clinicians need to be 
aware of the bidirectional impacts of malnutrition and infection in the context of obesity and over-
weight. There are two primary routes of influence, one through infections that alter systemic inflam-
mation and the other through associations of obesity and overweight with micronutrient deficiencies. 
Helminth infections that lower systemic inflammation are associated with decreased risk of chronic 
diseases such as diabetes and metabolic syndrome [104]. Obesity and overweight are inversely associ-
ated with serum levels of both fat-soluble (A and D) and water-soluble (thiamin, folate, B6, and B12) 
vitamins [105] that are key elements of effective immune responses (Chaps. 2 and 3) [7, 106]. Diabetes 
increases risk of some bacterial infections including a two- to four-fold increase in risk of tuberculosis 
leading to a growing co-epidemic of diabetes and tuberculosis [107].

 Nutritional Status and Practices May Affect Infectious Disease Prevention

Public health activities aimed at infectious disease prevention are primarily focused on reducing expo-
sure and susceptibility and improving early detection and treatment. Of these, reducing susceptibility 
by enhancing the immune response through vaccination may be affected by nutritional practices and 
status. Exposure to food-borne illnesses may be affected by compliance with dietary recommenda-
tions, particularly around infant and young child feeding and recommendations for increasing fruit 
and vegetable consumption [108–113].

Extensive research has explored relationships between malnutrition and vaccine efficacy, with 
inconsistent findings. Vaccines currently in widespread use include whole live attenuated and killed 
vaccines, as well as protein conjugates, virus-like particles, and epitope constructs [114]. Oral vac-
cines such as the cholera vaccine generally require an effective mucosal immune response, whereas 
injected vaccines stimulate a systemic response, with or without notable mucosal immunity, depend-
ing on the vaccine and its target organism. A study comparing children in Nicaragua and Sweden 
following the same oral cholera vaccine regimen found significantly lower vibriocidal antibodies in 
the children in Nicaragua [115], and studies in animal models demonstrate reduced mucosal immu-
nity to oral vaccines such as cholera and Salmonella in mice on a low-protein diet [116]. A cohort 
study of Senegalese children following vaccination with the Bordetella pertussis toxin identified 
nutritional status as measured by height-for-age Z score (HAZ) and season as significant modulators 
of the antibody response [117]. The underperformance of oral poliovirus vaccine in children with high 
rates of enteric pathogens, such as in Gaza, has been overcome by use of combined killed and live 
attenuated vaccines [118–122]. While the differences in human immune responses to selected  vaccines 
cannot be definitively attributed to nutritional status, malnutrition and dysbiosis of the enteric micro-
biome have both led to decreased efficacy of several oral vaccines. The heterogeneity of nutritional 
status in human populations and variations in microbiological exposures and immune responses prior 
to vaccination all increase the complexity of this topic.

 Nutritional Factors May Affect Disease Diagnosis

Diagnostic tests for infectious diseases typically focus either on the host response to an infection or 
on direct detection of the pathogen or its genetic material. Antibody tests assess host responses, as do 
a range of emerging methods such as enzymatic responses, biomarkers, gene expression, and 
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activity- based diagnostics [123]. Diagnostic tests that rely on antibody detection may lose sensitivity 
due to malnutrition, whether protein deficiency or deficiencies of vitamin A, some B vitamins, and 
selenium that may be associated with decreased antibody production [106].

Pathogen detection includes antigen and nucleic acid detection (RNA or DNA depending on the 
organism), often with amplification methods, and microbial culture-based methods [124, 125]. Direct 
observation of parasite eggs in stool or organisms in the bloodstream is still used commonly, as with 
STH and malaria. Diagnostic tests relying on pathogen detection may be affected if pathogen devel-
opment or proliferation is altered due to impaired nutrition status, as noted in polyparasitism and 
immunodiagnostics [126].

 Need for Integrated Action

Protein-energy malnutrition, including both overnutrition and undernutrition, together with micronu-
trient deficiencies, is a leading challenge for global health. Population-level impacts of malnutrition- 
infection interactions cannot be addressed without the successful collaboration of the public health, 
medical and nutrition professions with veterinarians, entomologists, ecologists, environmental scien-
tists, and social scientists. A collaborative “OneHealth” perspective that emphasizes the mutual influ-
ences of animal and environmental health on humans is critical for conceptualizing new approaches 
to prevention, control, and treatment [127]. From a global population of less than 2.6 billion in 1950 
to a population of 7.8 billion in mid-2020, human pressures on natural environments have grown. 
HIV/AIDS emerged from primates in forests of central Africa and was likely transferred to hunters 
who would bloody their hands when capturing or skinning the animals for bushmeat [128]. The emer-
gence of the novel coronavirus, SARS-CoV-2, causing a devastating pulmonary disease, COVID-19, 
is another such example, discussed below.

An improvement in nutritional status of individuals and of populations would have additional ben-
efits in reducing severity of co-existing infectious diseases. While current research often focuses on 
single infections and nutrients in the name of clarity, a trophic framework such as that proposed by 
Ezenwa [62] may form a foundation for more rigorous assessment of nutritional infections with mul-
tiple co-infections. Combining ecological approaches with epidemiological data in the context of 
co-infection and nutrition can shed light on complex co-infection-nutrition interactions.

 A Post-Script on Modern Medicine and Clinical Care

This book is focused on the global challenges of nutrition-infection interactions inherent in commu-
nity health, with an emphasis on resource limited settings. There is also a vast array of nutrition- 
infection interactions that are related directly to modern medicine and clinical care that are beyond the 
scope of this book. Persons now can live longer lives, even with immunosuppressive diseases or 
conditions, including the proportion of persons aging beyond what was typical over the previous 
millennia.

Vulnerable populations for nutrition-infection interactions are many. Some are defined by age, 
given the relatively less robust immune responses of infants and children, particularly those born 
preterm, and of the elderly, particularly if frail or infirm. Others are vulnerable due to preexisting 
conditions, as with pregnant women and immunosuppressed hosts who have not been treated to opti-
mize immune system reconstitution, e.g., cancer, HIV, and severe rheumatologic conditions, and other 
debilitating conditions. Some persons have comorbidities that, in themselves, increase nutrition and/
or infection risk, as with substance use disorders, e.g., alcoholism and opioid use disorder.
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 Opportunistic Infections

Nosocomial and opportunistic infections have become of major concern in hospitals, and both are 
associated with both nutritional antecedents and consequences. For example, fungal infections and 
nosocomial bacteria (often multidrug-resistant) are serious impediments to more successful cancer 
and transplant outcomes. The US Centers for Disease Control and Prevention highlights Staphylococcus 
aureus, Pseudomonas aeruginosa, and Escherichia coli as the most common nosocomial infections in 
such sites as the urinary tract, lungs, surgical sites, gastrointestinal tract, skin, and bloodstream (bac-
teremia or septicemia). Other texts focus on nosocomial/hospital-acquired infections and those that 
are characterized as opportunistic infections of immunosuppressed hosts [129–143]. Nutritionally 
impaired individuals are at especially high risk of death from multiple-drug-resistant organisms such 
as Candida auris or Enterococcus spp. Infections that occur in immunosuppressed hosts that impair 
lung or gut function like esophageal candidiasis, Pneumocystis spp. pneumonia, or cryptosporidiosis 
can be associated with devastating nutritional consequences. Methicillin-resistant Staphylococcus 
aureus (MRSA) is a scourge with both nutritional antecedents and consequences. Textbooks of clini-
cal nutrition are the best source for these themes.

 Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) 
and COVID-19 Disease

In late December 2019, initial reports of a novel coronavirus emerged in Wuhan, China. COVID-19 
spread rapidly, and by November 2020, over 61 million individuals had tested positive, infections 
were present in every country, and over 1.4 million deaths globally were attributed to the infection. 
COVID-19 is an enveloped, positive-sense single-stranded RNA that binds to angiotensin-converting 
enzyme 2 (ACE2), similar to two previously identified coronaviruses, the causal agents for severe 
acute respiratory syndrome (SARS), Middle East respiratory syndrome (MERS), and four coronavi-
ruses recognized first that just cause cold symptoms. It is believed that SARS-CoV-2 leapt into humans 
in 2019 from bats, plausibly through an intermediate wild host sold in Chinese markets for food [144]. 
Even COVID-19 is nutritionally linked, as mortality rates have been far higher in obese infected per-
sons [145–153].

Given the slow global response to the pandemic, when countries eventually recognized the impor-
tance of taking action, community spread of the virus was already substantial in many countries. At 
that point the primary options for prevention were non-pharmaceutical interventions such as closing 
schools and public spaces to reduce exposure, use of masks and personal hand/face hygiene, and 
physical distancing (>2 m advised). The dramatic global drop in economic activity, including increases 
in global unemployment reported by the International Labour Organization [154], was associated 
with increased rates of hunger and food insecurity due to lost wages and employment opportunities 
[155–160]. In addition, the global food system suffered large-scale losses, with farmers unable to sell 
their products and consumers unable to connect with the producers [161, 162]. Stay-in-residence 
advisories spawned sedentary lifestyles in many persons used to more exercise [163]. Consequences 
of these dimensions of the COVID-19 pandemic are unknown to say nothing of impacts of medical 
care deferred by persons not accessing health services.

To date, there are only a few studies addressing nutritional influences on previous coronavirus 
infections, although several studies have identified selenium, vitamin D, and vitamin C as critical 
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nutrients. An ecological analysis of population-level variation in selenium status in China noted a cor-
relation between regions with higher selenium levels and higher cure rates for COVID-19 [164]. An 
ecological analysis of population-level variation in vitamin D status also noted higher rates of 
COVID- 19 infection in countries with lower vitamin D status, supporting the need for additional 
research investigating whether the relationship might be causal [165, 166].

Obesity has been identified as a risk factor for severe disease from COVID-19, in part due to extra 
chest pressure when ventilator use is indicated. Recent studies have seen similar patterns of increased 
risk for individuals with obesity and overweight for both seasonal influenza and the pandemic H1N1 
circulating in 2008 and 2009 [167]. Karlsson and colleagues recently reviewed potential pathways 
between influenza infection and obesity, noting that animal models and laboratory research suggest 
obesity-related hormone changes, chronic inflammation observed with obesity, and changes in the 
microbiome associated with obesity may all contribute to the inability to control inflammation associ-
ated with worse outcomes from influenza [167]. The same pattern of inability to control inflammation 
associated with worse outcomes from COVID-19 appears to be a critical driver of high mortality rates 
[150, 168–173].

 Conclusion

The importance of interactions between nutrition and infection was formally recognized as early as 
1959 [174]. At that time the scientific community had only begun to comprehend the magnitude of 
complexities that we now know to exist. Today, rather than being at the point where public health and 
clinical decisions are obvious, many seem to be less tractable and fraught with risk. How can we move 
forward effectively and efficiently when not only malnutrition and infectious diseases from the past 
are still present but also when new pandemics are likely to emerge and when climate change is likely 
to expand the distribution and magnitude of both infectious diseases and malnutrition?

Infectious disease experts bemoan the fact that clinical and public health providers may not have 
adequate backgrounds to optimize infectious disease prevention, diagnosis, and treatment. Nutritional 
scientists are frequently dismayed that clinical and public health providers are often ignorant of the 
details of the role of nutrition in prevention. All can agree to the vital importance of nutrition-infection 
education for health and public health providers, yet more needs to be done.

We come back to the one of the statements at the end of the Scrimshaw, Taylor, and Gordon 1968 
WHO monograph: “[w]here both malnutrition and exposure to infection are serious, as they are in 
most tropical and developing countries, successful control of these conditions depends upon efforts 
directed equally against both” [94]. While the emphasis at that time was on tropical and developing 
countries, today we see emerging infections threatening populations around the world, independent of 
socioeconomic status and geography. We need a new effort to raise the consciousness of today’s gen-
eration of global health workers, clinicians, researchers, and policymakers as to the importance of 
nutrition in affecting infectious disease virulence and pathogenicity [94] and the pathways by which 
nutrition alters risk of pathogen acquisition or transmission. We hope that by compiling current 
knowledge, together with a conceptual framework for clarifying the research evidence and enhancing 
the research agenda for nutrition and infection interactions, future scientists, clinicians, and public 
health practitioners will have a strong foundation that guides scientific discoveries integrating nutri-
tion and prevention and control of infectious diseases in the future.
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