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 In 1994, a landmark study on the use of b-carotene for lung cancer prevention was published (The 
ATBC study) (1). It had been thought that b-carotene supplementation at a high dose would help pre-
vent lung cancer in smokers. Much to the dismay of everyone involved in human carotenoid research, 
more lung cancers occurred in the b-carotene-supplemented group than in the non-supplemented 
group. Scientists feared that carotenoid research in humans would grind to an abrupt halt. 

 It did not turn out that way as this book attests. Due to research advances since 1994, we have 
learned a tremendous amount about carotenoid bioavailability and provitamin A carotenoid biocon-
version to vitamin A. The ef fi ciency of the bioconversion depends on many factors and varies widely 
depending on the particular food matrix. We can now appreciate with much more certainty the impor-
tance of provitamin A carotenoids for globally supplying vitamin A. We have also learned much more 
about the non-provitamin carotenoids and their links to chronic disease patterns: Cancer, eye disease, 
and bone disease, in particular. Carotenoids play important roles in immune function and as antioxi-
dants, and these are two of the more likely (but not exclusive) mechanisms to explain the relationships 
between carotenoids and the lower prevalence of certain chronic diseases. 

 Owing to the growing recognition that these fascinating food components may be important in 
health maintenance, several chapters in this remarkable volume have been devoted to the metabolism 
and breakdown of carotenoids in the human body. Each and every chapter in this book has been well 
written by a true expert in his or her speci fi c  fi eld. This book will be extremely useful for students and 
health practitioners who want to learn the most current and important research of this colorful group 
of photochemicals. Life would be very dull without them, indeed! 

Boston, MA, USA Robert  M.   Russell ,  MD               

   Reference 

    1.    ATBC Cancer Prevention Study Group. The effect of vitamin E and b-carotene on the incidence of lung cancer and 
other cancers in male smokers. N Engl J Med 1994;330:1029–1035        
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   The great success of the Nutrition and Health Series is the result of the consistent over-riding 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 in their respective 
 fi elds, (3) extensive, up-to-date fully annotated reference lists, (4) a detailed index, (5) relevant tables 
and  fi gures, (6) identi fi cation 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  fi ndings of any single study. 

 The Series volumes are not the outcome of a symposium. Rather, each editor has the potential to 
examine a chosen area with a broad perspective, both in subject matter and in the choice of chapter 
authors. The editor(s), whose training(s) is(are) both research and practice oriented, have the opportunity 
to develop a primary objective for their book, de fi ne the scope and focus, and then invite the leading 
authorities to be part of their initiative. The authors are encouraged to provide an overview of the  fi eld, 
discuss their own research and relate the research  fi ndings 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. 

 “Carotenoids in Human Health”, edited by Sherry A. Tanumihardjo, Ph.D., clearly exempli fi es the 
goals of the Nutrition and Health Series. Carotenoids are ubiquitous yellow, orange and red pigments 
found mainly in plants and are considered as major contributors to the health bene fi ts associated with 
diets rich in fruits and vegetables. The major objective of this comprehensive volume is to review the 
growing evidence that carotenoids are bioactive molecules that can be of value to many aspects of 
health. The volume includes detailed data on the metabolism and food sources of carotenoids and intro-
duces the reader to the novel plant-breeding activities, bioforti fi cation, to increase the concentration of 
different carotenoids in staple foods. The importance of carotenoids as a source of essential vitamin A 
for undernourished populations in the developing countries is a primary focus of this volume. 

 However, it would be highly remiss to not also review the complexities of the published clinical 
research with regard to supplementation with high-dose b carotene in populations at increased risk for 
lung cancer. Many years have passed since the ATBC study was published and two chapters in this vol-
ume (Chaps. 11 and 12) review the totality of data from relevant clinical studies so that the current and 
past  fi ndings can be placed in the proper perspective, especially with regard to the potential for new data 
to suggest that certain other carotenoids may have bene fi t as anti-carcinogenic agents. This up-to-date 
comprehensive review of the science behind the active molecules in carotenoids, as well as its value as 
the plant source of vitamin A, is of great importance to the nutrition community as well as for health 
professionals who have to answer client or patient questions about this area of clinical research. 

 The 20 chapters in this volume are divided into 3 sections. The  fi rst section, containing eight chap-
ters, reviews the food sources of carotenoids and their metabolism. The  fi rst chapter reminds us that 
fruits and vegetables provide nearly 90 % of the carotenoid intake in the US. Of the 700 carotenoids 
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found in nature, only about 50 are present in the human diet and have been identi fi ed in the human 
body. Of these, six carotenoids predominate,  b -carotene,  a -carotene,  b -cryptoxanthin, lycopene, 
lutein, and zeaxanthin. Only three of the carotenoids,  b -carotene,  a -carotene, and  b -cryptoxanthin, 
can be converted into retinol (vitamin A) in the body and are referred to as provitamin A carotenoids. 
The chapter provides references to the major international databases for carotenoid content in com-
monly consumed foods as well as informative tables. The second chapter, co-authored by the book’s 
editor, describes her research into the potential of increasing the concentration of bioavailable 
provitamin A carotenoids as well as novel carotenoids that impart unique colors to carrots. 

 Carrots are a signi fi cant source of vitamin A accounting for an estimated 30 % of the dietary vita-
min A in the US diet. Breeding efforts to improve food crops through bioforti fi cation have increased 
the nutritional value of this vegetable. The next chapter, also written by a leading investigator in the 
 fi eld of carotenoid metabolism, describes the last 20 years of research concerning the metabolizing 
enzymes and sites of their activities as well as the mechanisms of transport and absorption of the 
highly lipophylic carotenoids in humans. The formation of vitamin A and its carrier proteins are dis-
cussed in detail as is the storage of carotenoids and vitamin A in the liver. The seven detailed  fi gures 
included in this chapter aid greatly in the understanding of the complexity of carotenoid metabolism. 
The importance of carotenoids in the protection of skin and eyes from UV damage is comprehensively 
reviewed in the next chapter that includes ten excellent  fi gures. The antioxidant and singlet oxygen 
quenching reactions performed by carotenoids are well-illustrated and their biological signi fi cance is 
reviewed. This detailed chapter includes over 300 references and highly relevant  fi gures and tables. 

 The next chapter describes the newest research on human carotenoid metabolism using stable iso-
topes to determine the kinetics of  b -carotene and other carotenoids. Data on lycopene, lutein, and 
zeaxanthin as well as carotenoid mixtures are included. The following chapter describes the effects of 
other dietary components on carotenoid metabolism. Co-consumption of dietary lipids is an effective 
stimulator of carotenoid absorption. The presence of dietary  fi ber reduces the bioavailability of caro-
tenoids. In light of current dietary guidelines that recommend a reduction of fat and an increase in 
dietary  fi ber intake, this chapter evaluates the impact of these dietary guidelines on carotenoid bio-
availability. In addition to dietary factors affecting carotenoid absorption and metabolism, host factors 
also can greatly affect carotenoid bioavailability. Host factors can in fl uence the ability to absorb, 
convert, and metabolize dietary carotenoids. Factors such as gender, body fat, and genetic variation 
play an important role in this process. The next chapter examines recent discoveries of speci fi c caro-
tenoid-binding proteins, as well as the existence of a diet-responsive regulatory network and the 
importance of genetic variation on carotenoid status. The last chapter in this section reviews 
the effects of gender and body composition on carotenoid status and  fi nds that women consuming the 
same amount of  b -carotene as age- and weight-matched men have higher serum  b -carotene concen-
trations. Of interest, individuals with high body mass indices have lower circulating carotenoid levels 
and potential reasons for these differences are discussed. 

 The second section, with six chapters, examines the role of carotenoids in human health and begins 
with the importance of maternal carotenoid intake during pregnancy and lactation. This chapter 
emphasizes the importance of adequate carotenoid intake to assure optimal vitamin A status for the 
pregnant woman as well as the growing fetus; carotenoid intake is also of importance during lactation 
especially in developing countries where dietary sources of preformed vitamin A may not always be 
available.  New data on the potential role of lutein in neonatal retinal function are discussed.  The next 
chapter reviews the development of gametes, ovulation, fertilization and embryogenesis, and placen-
tal development.  The importance of provitamin A carotenoids is emphasized and when there are data 
linking b-carotene intake specifi cally to outcomes, these data are discussed in detail. As mentioned 
above, Chaps. 11 and 12 examine the role of  b -carotene in cancer risk reduction and compare its 
potential with that of  b -cryptoxanthin (another provitamin A carotenoid) and lycopene (a non- 
provitamin A carotenoid) found mainly in tomatoes. The lycopene chapter contains over 200 relevant 
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references and a comprehensive tabulation of the epidemiological studies linking diets high in 
 lycopene-rich vegetables with reduced risk of many cancers (reminiscent of similar tables that were 
developed for  b -carotene in the 1990s). 

 Three major age-related eye diseases have been associated with low lutein and zeaxanthin intakes. 
Lutein and zeaxanthin are found in high concentration in the macula of the retina, and this is the area 
of the eye that is damaged in the disease called age-related macular degeneration (AMD). Lutein and 
zeaxanthin are also present in the lens of the eye, which is constantly exposed to light and oxygen. 
Damage to the lens can result in the formation of a cataract. Retinitis pigmentosa is a disease caused 
by the destruction of the rod outer segments in the retina. Lutein and zeaxanthin are also present in the 
rods. Low intakes of foods containing lutein and zeaxanthin are associated with each of these three 
eye diseases and the mechanisms by which these carotenoids can protect the eye are outlined in the 
next chapter. The last chapter in this section examines the associations between dietary carotenoid 
intakes and bone health and also reviews the epidemiological data for vitamin A’s effects on bone. 

 The last section of the volume contains six chapters that explore the global research on the impor-
tance of carotenoids in diets that may be low in many essential micronutrients including vitamin A. 
The  fi rst chapter in this section focuses on the public health signi fi cance of vitamin A de fi ciency and 
the importance of provitamin A carotenoids as dietary sources of vitamin A. Evidence of the ef fi cacy 
of some of the major dietary interventions undertaken by the World Health Organization for increas-
ing vitamin A status in at-risk populations and the bene fi cial health consequences is elaborated in the 
eight excellent tables and  fi gures in this chapter. The importance of maintaining an adequate vitamin 
A status, especially in very young children, is clearly described in the next chapter that reviews vita-
min A’s role in immune function. 

 The  fi nal four chapters in the volume describe the newest research into increasing the sources of 
provitamin A carotenoids in foods, especially for populations in developing countries. Bioforti fi cation 
is the breeding of staple food crops to increase their micronutrient density. Successful provitamin A 
bioforti fi ed varieties must compete with local varieties and must be found equivalent or superior to 
consumers for all intended uses, including home consumption, and also must improve the vitamin A 
status of the targeted population. The chapter on orange sweet potato describes the many ways this 
important staple crop can be marketed, cooked, and preserved as it is an excellent source of provita-
min A carotenoids that is well accepted by undernourished African populations. These chapters 
describe the agricultural, nutritional, food technology, economic, and other research efforts that have 
resulted in provitamin A bioforti fi ed hybrids, such as cassava, beans, sweet potatoes white potatoes 
and maize. In each chapter, the need to develop an understanding by consumers of the value of caro-
tenoid rich vegetables and the involvement of governmental agencies, public and private institutions, 
nutrition educators, farmers, and marketers is discussed. The chapters provide a broad overview of 
how basic and applied sciences are contributing to the alleviation of vitamin A de fi ciency in underde-
veloped, vitamin A-de fi cient populations. 

 The  fi nal chapter in this critically important volume is written by the editor and Dr. Harold Furr, 
both well-established researchers in vitamin A de fi ciency eradication. They remind us that eradication 
of vitamin A de fi ciency is a global effort to improve human health and prevent mortality. The chapter 
reviews the work of the Vitamin A Global Initiative partners that currently include the United Nations 
Children’s Fund (UNICEF), the World Health Organization (WHO), the Canadian International 
Development Agency (CIDA), the United Kingdom’s Department for International Development 
(DfID), the United States Agency for International Development (USAID), and the Micronutrient 
Initiative (MI). This chapter, as well as the others in this section, reiterates the importance of dietary 
carotenoids in the eradication of vitamin A de fi ciency. 

 “Carotenoids and Human Health” represents the newest comprehensive compilation of the status 
of carotenoid research as well as the status of vitamin A de fi ciency eradication globally. It is to the 
credit of Dr. Tanumihardjo and her co-authors that this volume provides an in-depth overview of 
the natural occurrence and biochemistry of the relevant carotenoids in the human diet and includes 
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the latest research on the role of carotenoids and vitamin A in normal development as well as their 
importance in the potential prevention of certain chronic diseases. Of importance, this volume includes 
an in-depth review of the safety of  b -carotene, related carotenoids, and vitamin A. 

 The logical sequence of the sections as well as the chapters within each section enhances the 
understanding of the latest information on the current standards of practice for clinicians, related 
health professionals including the physicians, dieticians, nurses, pharmacists, public health nutrition-
ists, and others involved in the effort to reduce the adverse consequences of low vitamin A status, 
especially early in life. This comprehensive volume also has great value for academicians involved in 
the education of graduate students and post-doctoral fellows, medical students and allied health pro-
fessionals who plan to interact with patients or clients with disorders that may be bene fi cially affected 
by the addition of carotenoid-containing foods or other carotenoid sources to their diets. 

 Cutting-edge discussions of the roles of signaling molecules, growth factors, hormones, cellular 
and nuclear receptors, and all of the cells directly involved in carotenoid and retinoid metabolism are 
included in well-organized chapters that put the molecular aspects into clinical perspective. Of great 
importance, the authors have provided chapters that balance the most technical information with dis-
cussions of the global importance of translational research for improving sources of dietary carote-
noids and the consequent health bene fi ts. 

 The volume contains over 70 detailed tables and  fi gures that assist the reader in comprehending the 
complexities of the metabolism as well as the biological signi fi cance of carotenoids for human health. 
The over-riding goal of this volume is to provide the health professional with balanced documentation 
and awareness of the newest research and therapeutic approaches including an appreciation of the 
complexity of the relatively new  fi eld of bioforti fi cation. Hallmarks of the 20 chapters include key-
words and bulleted key points at the beginning of each chapter, complete de fi nitions of terms with the 
abbreviations fully de fi ned for the reader, and consistent use of terms between chapters. There are 
over 1,900 up-to-date references; all chapters include a conclusion to highlight major  fi ndings. The 
volume also contains a highly annotated index. 

 This unique text provides practical, data-driven resources based upon the totality of the evidence 
to help the reader understand the basics, treatments, and preventive strategies that are involved in the 
understanding of the role carotenoids may play in healthy individuals as well as those with chronic, 
age-related eye diseases, cancer, immunode fi ciency, or bone diseases including osteoporosis and 
osteoarthritis. The overarching goal of the editor is to provide fully referenced information to health 
professionals so they may have a balanced perspective on the value of various preventive options that 
are available today as well as in the foreseeable future. 

 In conclusion, “Carotenoids in Human Health”, edited by Sherry A. Tanumihardjo, provides health 
professionals in many areas of research and practice with the most up-to-date, well-referenced and 
comprehensive volume on the current state of the science and medical uses of carotenoids with 
emphasis on the provitamin A carotenoids. This volume will serve the reader as the most authoritative 
resource in the  fi eld to date and is a very welcome addition to the Nutrition and Health Series.   

    Morristown ,  NJ ,  USA         Adrianne   Bendich ,  PhD, FACN    
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   Beyond the provitamin A activity of some carotenoids and adding splashes of color to the world that 
we live in, carotenoids are still not considered “nutrients”. Nonetheless, carotenoids are receiving 
increased attention as a group of phytochemicals important for optimal health. Vitamin A de fi ciency, 
particularly marginal status, continues to plague much of the world. Dietary carotenoids are a 
signi fi cant source of this vitamin and plant-based diets are consumed by populations most at-risk for 
this de fi ciency. Providing enhanced crops through agricultural approaches may decrease the preva-
lence of vitamin A de fi ciency if widely adopted. The over-arching goal of this book is to convince the 
reader that carotenoids can contribute to overall health and well-being in addition to their well-known 
vitamin A function. 

 The inspiration for  Carotenoids and Human Health  was to provide health-care and nutrition pro-
fessionals and medical, graduate, and senior undergraduate students with a resource of up-to-date 
information on carotenoids. The different sections of the book complement each other and provide 
distinct areas to be used for teaching. The  fi rst section, “Carotenoid sources and metabolism”, pro-
vides essential background for all readers on dietary sources of carotenoids and advanced chapters on 
antioxidant function, metabolism, and bioavailability that can be used in graduate-level instruction. 
The second section, “Carotenoids and human health”, may be used by practitioners and for senior 
undergraduate, graduate, and medical school-level courses on the importance of carotenoids in human 
health and development. This section contains two chapters on pregnancy, lactation, and early life; 
two chapters on carotenoids and cancer; and two chapters on links of speci fi c carotenoids to eye and 
bone health. Health-care and nutrition professionals will  fi nd this section most informative as they 
advise patients and clients. Finally, the third section, “International perspectives”, is meant for courses 
on vitamin A and global health by emphasizing the importance of plant-based foods as sources of 
provitamin A carotenoids. The  fi rst two chapters are broad-based and the next three chapters are more 
crop-speci fi c in an effort to show linkages between agriculture and vitamin A nutrition. The  fi nal 
chapter of this book provides a brief overview of methods to alleviate vitamin A de fi ciency and 
reviews some of the organizations that are dedicated to this cause. 

 In developing the content of this book, international representation was considered key to the suc-
cess of the volume. In addition to internationally oriented researchers within the US, representations 
from Africa, Asia, Europe, and Mexico are among the authors. It is hoped that this book will ignite 
scientists, practitioners, and students to evaluate their work and endeavors in the scheme of global 
public health. Although carotenoids are not currently considered essential nutrients, as we move from 
prevention of nutrient de fi ciency to supporting optimal human health and prevention of disease, evi-
dence presented in this book should compel the reader to contemplate what truly de fi nes a nutrient.                  

 Madison ,  WI ,  USA      Sherry   A.   Tanumihardjo           

   Preface 
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    Introduction 

 A large number of epidemiological studies have linked diets rich in fruits and vegetables with reduced 
risk of cancer and other chronic diseases  [  1–  6  ] . Carotenoids are one class of phytochemicals that 
contribute to their status as “functional foods” and are regarded as a major contributor to their pur-
ported health bene fi ts. Carotenoids are a diverse and widespread group of fat-soluble, yellow, orange, 
and red pigments synthesized exclusively in bacteria, fungi, and higher plants, and which serve as the 
sole source for animals. They are especially abundant in yellow-orange and in dark green leafy veg-
etables. In humans, the most well-known function of some carotenoids (the provitamin A carotenoids) 
is enzymatic conversion in the body to vitamin A. Vitamin A is essential for growth, reproduction, and 
immune function. Vitamin A nutrition remains a challenge in many parts of the developing world 
where de fi ciency leads to high disease and mortality rates, especially in children. Carotenoids may 

    Chapter 1   
 Food Sources of Carotenoids       

      Sara   A.   Arscott            
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  Key Points 

    Carotenoids are a class of ubiquitous yellow, orange, and red pigments found in nature and regarded • 
as major contributors to the purported health bene fi ts of a diet rich in fruits and vegetables. They 
are an important source of vitamin A in many diets and may protect from development of degen-
erative diseases such as macular degeneration, cancer, and heart disease.  
  Carotenoids vary greatly among foods; and their concentration is in fl uenced by many factors, • 
including genetics, climate, maturity, cultivation practices, and processing and storage methods.  
  Quanti fi cation of carotenoids in foods is complicated by their inherent variability and instability. • 
Nonetheless, several databases list the representative carotenoid content of foods to use to better 
understand dietary carotenoid intake of individuals and populations.  
  This chapter serves as an overview of food sources of carotenoids, sources of variation in food • 
carotenoids, and the effects of food processing and preparation on carotenoid stability.    
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also play an important role in photoprotection in the eye  [  7,   8  ] , enhancing immune function  [  9,   10  ] , 
and prevention of chronic disease  [  11–  14  ] . Information on individual- and population-level carote-
noid intake relies on accurate knowledge about amounts in foods. For these reasons, the sources and 
content of carotenoids in food are of major interest to researchers, nutritionists, food processors, 
manufacturers, and consumers. 

 Over 700 carotenoids have been characterized in nature  [  15  ] . They are secondary plant compounds 
synthesized and localized in cellular plastids. Their major roles in plants are as accessory light har-
vesting pigments in chloroplasts of photosynthetic tissues, absorbing light mostly in the blue-green 
wavelength range, and in chromoplasts of non-photosynthetic tissues such as fruits,  fl owers, and 
roots. They also serve to mediate photoprotection through quenching the excess energy of chlorophyll 
or singlet oxygen and as an attractant to pollinators as in  fl owers. 

 Structurally, carotenoids are a related family of C 
40

  isoprenoid polyene compounds, the majority 
of which are composed of eight isoprenoid units, like  b -carotene (Figure  1.1 ). Hydrocarbons, such as 

  Fig. 1.1    Structures of carotenoids commonly found in foods       
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 a - and  b -carotene, found in carrots, are referred to as carotenes and oxygenated derivatives, such as 
lutein and  b -cryptoxanthin, found predominantly in corn and tangerines, respectively, are referred to 
as xanthophylls. The most characteristic feature of carotenoids is their conjugated double-bond chain 
that forms a chromophore responsible for the characteristic colors ranging from colorless (phytoene), 
to yellow (lutein), orange ( b -carotene), and red (lycopene). This structure allows carotenoids to act in 
the energy transfer reactions of photosynthesis and as antioxidants.  

 Several tables and databases of the carotenoid content of foods have been compiled to aid in clas-
sifying certain carotenoids of interest and quanti fi cation of intake  [  16–  20  ] . Analytical methods of 
carotenoid analysis have improved greatly in the last couple of decades and the use of high-perfor-
mance liquid chromatography (HPLC) has facilitated more accurate separation and quanti fi cation of 
the wide array of different carotenoid pigments often present in a single food. However, inherent 
dif fi culties exist in accurately quantifying food carotenoids. 

 The carotenoid content of foods is highly variable and is affected by a number of factors including 
genotype (variety or cultivar), season, geography, cultivation variation, stage of maturity at harvest, 
and postharvest storage conditions. Thus, identifying absolute carotenoid content of a type of fruit, 
vegetable, or other food is not possible and should more reasonably be considered as a range of val-
ues. Additionally, processing of foods can lead to quantitative as well as qualitative changes because 
carotenoids are susceptible to isomerization and oxidation. Also, food processing and cooking can 
disrupt the matrix of a food which can have an impact on bioavailability and should be considered 
when evaluating intake. Lastly, while the analytical method itself is subject to several sources of error 
 [  21  ] , the main problem with carotenoid analysis lies in their inherent instability. In spite of the chal-
lenges, databases serve as references for general ranges of the principle carotenoids found in foods: 
 b -carotene,  a -carotene,  b -cryptoxanthin, lycopene, lutein, and zeaxanthin. Some databases have also 
served as sources for estimating individual- and population-level carotenoid intake  [  18,   22–  25  ]  and 
the analytical effort behind the databases has helped to elucidate not only the levels but also the 
nature, distribution, and variability of food carotenoids. 

 This chapter serves as an overview of food sources of carotenoids, sources of variation in food 
carotenoids, and the effects of food processing and preparation on carotenoid stability.  

   Food Sources of Carotenoids 

 Fruits and vegetables provide nearly 90 % of the carotenoid intake in the USA  [  25  ] . Of the hundreds 
of carotenoids found in nature, upwards of 50 are present in the human diet and have been identi fi ed 
in the human body  [  26  ] . Of these, 6 carotenoids predominate,  b -carotene,  a -carotene,  b -cryptoxan-
thin, lycopene, lutein, and zeaxanthin. Most nutrition research has focused on these carotenoids and 
they have been extensively studied for their potential effects and association to several disease pro-
cesses  [  11–  14  ] . Three of these carotenoids,  b -carotene,  a -carotene, and  b -cryptoxanthin, can be con-
verted to retinol (vitamin A) in the body and are referred to as provitamin A carotenoids. Quanti fi cation 
of these carotenoids in foods facilitates an understanding of fruit and vegetable sources of vitamin A. 
In the past, carotenoid quanti fi cation was focused on total vitamin A activity. With the recognition of 
bene fi cial effects of carotenoids on human health, independent of their vitamin A activity, accurate 
quanti fi cation of individual carotenoids has become paramount. 

 While this chapter is focused on the six predominant carotenoids, improvements in analytical tech-
niques have led to more speci fi c and detailed information on carotenoids such as phytoene in toma-
toes  [  27  ] , violaxanthin in mangoes  [  20  ] , and lactucaxanthin in lettuce  [  28  ] . The health implications of 
these carotenoids are not yet known. 

 In 1998, the United States Department of Agriculture (USDA) collaborated with the Nutrition 
Coordinating Center (NCC) at the University of Minnesota to release the USDA–NCC Carotenoid 
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Database for the US Foods as an update to the original 1993 USDA-National Cancer Institute (NCI) 
Carotenoid Database     [  19  ] . The database lists 215 foods and can be accessed online at   http://www.nal.
usda.gov/fnic/foodcomp/Data/car98/car98.html    . It was originally developed from a review of pub-
lished articles reporting food carotenoid values. Better analytical methods based on HPLC and more 
references in the literature allowed the 1998 release to improve upon the original database by includ-
ing a greater variety of fruits and vegetables and a number of other sources of carotenoids in the US 
diet including eggs, butter, margarine, corn meal, and mixed dishes. Additionally, different forms of a 
particular food such as raw, cooked, canned, and frozen were separated unlike the earlier version 
which aggregated them. 

 The USDA–NCC database is the most comprehensive documentation of carotenoid content of a 
wide range of US foods to date, and was incorporated into the USDA National Nutrient Database for 
Standard Reference  [  29  ] . Table  1.1  presents selected foods from that database. The database lists the 
food content of  b -carotene,  a -carotene,  b -cryptoxanthin, lycopene, and lutein plus zeaxanthin as  m g 
per 100 g fresh weight. Lutein and zeaxanthin, both oxygenated xanthophylls, are not always sepa-
rated by some analytical techniques and often grouped together. Con fi dence codes associated with 
each carotenoid value were established as a summary of  fi ve quality indices (analytic method, quality 
control, number of samples, sample handling, and sampling plan). A con fi dence code of “A” means 
that the user can have considerable con fi dence in the value; “B” indicates some problems existed 
regarding the data that the values were based on, and “C” represents the lowest con fi dence based on 
limited quantity or quality of data. While a “C” rating is analytically acceptable, the value lacks the 
carotenoid variability inherent in food and may not be representative of available foods. Only 2 % of 
individual carotenoid values were assigned an “A,” 14 % “B,” and 84 % “C.” This suggests that as of 
1999, there existed a considerable dearth of robust data on food carotenoids in the USA. As analytical 
techniques continue to improve and a wider variety of foods analyzed, it will be important to update 
databases such as the USDA–NCC database to re fl ect the range of carotenoid levels in foods.  

 Several reviews and databases on international food carotenoids have been published. A review, 
published in 2009 on food sources of carotenoids, intake, stability, and bioavailability, provides a 
table of 68 foods, mostly of plant origin, and their range of the six primary carotenoids  [  30  ] . The table 
includes data sourced from 27 published articles between the years 2000 and 2007, referencing foods 
from many different countries. A European carotenoid database developed from a number of studies 
was reported in 2001 by O’Neill and others  [  18  ]  and was used to determine comparative intakes of 
carotenoids across  fi ve countries. Heinonen and others  [  31  ]  reported the carotenoid composition of 
Finnish foods. Hart and Scott  [  32  ]  analyzed the carotenoid content of commonly consumed fruits and 
vegetables in the UK. West and Poortvliet  [  16  ]  compiled international food carotenoid data with spe-
cial emphasis on developing countries using the same expert data system as the USDA–NCC 
Carotenoid database, but with relaxed inclusion criteria due to lower availability of sensitive analyti-
cal tools in many developing countries. An Austrian Carotenoid Database was developed in 2000 to 
assess the average carotenoid values of commonly eaten vegetables from different areas of Austria 
 [  33  ] . Carotenoid content of commonly consumed foods in Denmark  [  34  ] , Korea  [  35  ] , and Indonesia 
 [  36,   37  ]  has been published. 

 Recently, Rodriguez-Amaya and others  [  20  ]  published an update to the Brazilian food carotenoid 
database and critically reviewed factors affecting carotenoid composition. The database is a combina-
tion of analytical work with that of other laboratories. Important in their process was the optimization 
and continual assessment of methodology for different foods. Different food matrices require differ-
ent methods to assure complete release of carotenoids from the matrix as well as limit degradation and 
isomerization. The data for many of the foods span years of harvest, varietal differences, regional 
variation, maturity, temperature, farming practices, and raw versus processed foods, and clearly dem-
onstrate carotenoid variation. 

 In spite of carotenoid variation, several generalizations can be made regarding content and pro fi les 
in many fruits and vegetables.  b -Carotene is the most widely distributed carotenoid in foods  [  38  ]  and 

http://www.nal.usda.gov/fnic/foodcomp/Data/car98/car98.html
http://www.nal.usda.gov/fnic/foodcomp/Data/car98/car98.html
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   Table 1.1    Content of major carotenoids in selected foods (mg/100 g) a    

 Food   a -Carotene   b -Carotene   b -Cryptoxanthin  Lutein + Zeaxanthin  Lycopene 

  Mean  b  
  Range  c  

 Apricots  0  6,640  0  0  65 
 1,520–19,270 

 Asparagus, raw  12  493  –  –  – 
 0–17  317–581 

 Avocado, raw  28  53  36  –  – 
 28–28  52–53  22–50 

 Banana, raw  5  21  0–70  0  0 
 0–15 

 Beans, green, raw  68  377  0  640  0 
 44–90  252–510  590–690 

 Beet greens, raw  5  3,405  –  –  – 
 0–14  2,181–5,028 

 Broccoli, raw  1  779  0  2,445  0 
 0–2  398–2,330  2,060–2,830 

 Brussels sprouts, raw  6  450  0  1,590 
 0–11  340–530 

 Cabbage, raw  0  65  0  310  0 
 58–80 

 Carrot, raw  4,649  8,836  –  –  – 
 2,600–9,710  3,577–14,700 

 Collards, raw  238  3,323  80  –  – 
 2,284–5,400 

 Corn, sweet, yellow, 
canned, whole 
kernels, drained 

 33  30  0  884 
 8–44  520–1,197  0 

 Egg, whole, raw, fresh  0  0  0  55  – 
 Grapefruit, raw, pink 

and red 
 5  603  12  13  1,462 
 0–14  248–2,343  0–30  0–20  160–3,362 

 Kale, raw  0  9,226  0  39,550  0 
 4,720–14,600 

 Lettuce, cos or 
romaine, raw 

 0  1,272  0  2,635  0 
 1,200–1,345 

 Lettuce, iceberg, raw  2  192  0  352  0 
 0–4  114–330 

 Mango, raw  17  445  11  –  – 
 395–495 

 Melon, cantaloupe, 
raw 

 27  1,595  0  40  0 
 9–61  1,377–1,847 

 Nectarine, raw  0  101  59  –  – 
 100–103 

 Okra, raw  28  432  –  –  – 
 Orange, raw  16  51  122  187  – 

 14–20  40–59 
 Orange juice, raw  2  4  15  36  – 

 1–3  3–5  14–16  28–44 
 Papaya, raw  0  276  761  75  0 

 62–910  517–1,264 

(continued)
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is valued as the most potent provitamin A carotenoid because in the human body  b -carotene is broken 
down by  b -carotene monooxygenase in the mucosa of the small intestine, into two retinal molecules, 
which are reduced to vitamin A (retinol).  b -Carotene is primarily found in dark orange fruits and 
vegetables such as mango, apricot, cantaloupe, carrots, red peppers, sweet potatoes, and pumpkins, 
and green vegetables such as broccoli, kale, and chard. Table  1.2  lists daily per capita supply of pri-
mary carotenoids from fruits and vegetables to the US population and the carotenoids identi fi ed and 
quanti fi ed in those foods.  a -Carotene often accompanies  b -carotene, but at much lower concentra-
tions. It is present in high amounts in carrots and some varieties of squash and pumpkins. In the US 
diet, carrots are the greatest source of  a -carotene, and this carotenoid in human plasma uniquely indi-
cates high carrot consumption  [  39–  41  ] . Both  a -carotene and  b -cryptoxanthin can also supply vitamin 
A, but because only half of each molecule has the necessary unsubstituted  b -ionone ring, they theo-
retically have only 50 % the activity of  b -carotene.  

Table 1.1 (continued)

 Food   a -Carotene   b -Carotene   b -Cryptoxanthin  Lutein + Zeaxanthin  Lycopene 

 Peach, raw  1  97  24  57  0 
 0–3  76–112  12–30  10–80 

 Peas, geen, raw  19  485  –  –  – 
 16–26  340–557 

 Pepper, sweet, green, 
raw 

 22  198 
 0–34  81–276  –  –  – 

 Pepper, sweet, red, 
raw 

 59  2,379  2,205  –  – 
 1,940–2,978 

 Pumpkin, canned, no 
salt 

 4,795  6,940  0  0  0 
 2,170–7,420  3,060–10,820 

 Spinach  0  5,597  0  11,938 
 3,970–8,900  9,500–15,940  0 

 Squash, summer, 
crookneck and 
straight, raw 

 0  90  290  0 

 Squash, summer, 
zucchini, with 
skin, raw 

 0  410  0  2,125  0 

 Squash, winter, acorn, 
raw 

 0  220  0  38  0 

 Squash, winter, 
butternut, raw 

 834  4,226  –  –  – 
 732–935  1,360–8,378 

 Sweet potato, raw  0  9,180  –  –  – 
 5,029–16,000 

 Tangerine, raw  14  71  485  243  0 
 68–73 

 Tomato, red, ripe, raw  112  393  0  130  3,025 
 0–223  115–700  879–4,200 

 Watermelon, raw  0  295  103  17  4,868 
 287–310  0–310 

   a Source: USDA–NCC Carotenoid Database for the US Foods—1998. The data for the US foods were obtained from 
many sources and may represent different growing years, growing areas, cultivars, processing techniques, lengths and 
conditions of storage, and possibly different methods of analysis 
  b Weighted means of the carotenoid values from each reference/study based on sampling plan ratings; 0, value is a true 
analytical zero value (<detection limit); −, unreported value (does not necessarily mean a zero value) 
  c Minimum and maximum values  
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  b -Cryptoxanthin is the principle carotenoid in many tropical orange- fl eshed fruits and is found in 
high concentrations in tangerines, oranges, and certain mangos and papayas. In colder climates, 
 b -cryptoxanthin is found at lower concentrations in fruits such as peaches, nectarines, and red  peppers. 
Epidemiological studies suggest that  b -cryptoxanthin may play a role in protection from in fl ammatory 
diseases such as arthritis  [  42  ] , angina pectoris  [  43  ] , and osteoporosis  [  44  ]  (see Chap. 14). 

 Major sources of lutein include green vegetables such as broccoli, brussels sprouts, peas, string 
beans, and leaves. Dietary intake and plasma concentrations of both lutein and zeaxanthin, the yellow 
pigments found in the macula of the human retina, have an inverse relationship with the risk of macu-
lar degeneration  [  45,   46  ] . Lutein and zeaxanthin are structural isomers and are not provitamin A caro-
tenoids. Lutein, a dihydroxy derivative of  a -carotene, is normally present in plant tissues at much 
higher concentrations than zeaxanthin, a dihydroxy derivative of  b -carotene, and the ratio of these 
two carotenoids can vary  [  47  ] . The major role of lutein in photosynthesis is proposed as the reason for 
its abundance over zeaxanthin in many green plant tissues  [  48  ] . Some varieties of corn are an excep-
tion to this, where zeaxanthin is the major pigment  [  38,   47  ] . Zeaxanthin is also found in high amounts 
in egg yolks, dark leafy greens, certain yellow-orange fruits, and vegetables such as squash, oranges, 
and orange peppers, Japanese persimmons, and Chinese wolfberries ( Lycium barbarum )  [  7,   49  ] . 

 Lycopene, an unsaturated acyclic hydrocarbon carotenoid with an open hydrocarbon chain, is the 
principle red pigment found primarily in tomatoes and tomato products, watermelon, and pink grape-
fruit. Due to lack of the  b -ionone ring, lycopene has no vitamin A activity, and typically occurs natu-
rally as the all- trans  form. Lycopene is the most potent  in vitro  antioxidant of all carotenoids found in 
appreciable amounts in humans  [  50  ] . A meta-analysis of 11 case–control studies and 10 cohort studies 
showed that high tomato consumption modestly reduced the relative risk of prostate cancer in men 
 [  51  ] . While lycopene is proposed to be the phytochemical responsible for this bene fi t, the mechanistic 
actions of whole tomato, lycopene, and other tomato carotenoids have been implicated.  

   Variation of carotenoid composition 

 The carotenoids in leafy and non-leafy green vegetables are found in the chloroplasts and the hydroxy-
carotenoids are unesteri fi ed. The principle carotenoids, lutein,  b -carotene, violaxanthin, and neoxan-
thin, exist in relatively consistent proportions, although the absolute concentrations vary considerably 
 [  20  ] . In contrast, in ripe fruit, the carotenoids are located in the chromoplasts, the xanthophylls are 
mostly esteri fi ed with fatty acids, and the carotenoid composition and proportion are much more vari-
able and complex. In root crop vegetables, like carrots and sweet potatoes, carotenes predominate, 
whereas in typical yellow maize, the xanthophylls predominate. Carotenoids dissolved in the oily 
droplets of orange or yellow fruits or sweet potatoes are more accessible for absorption in the gut  [  52  ] , 
likely due to greater solubility, as compared to the carotenoids sequestered in crystalline form, as in 
carrots, or complexed to proteins, as in the chloroplasts of leafy green vegetables. These factors are 
important when considering bioavailability and for researchers concerned with carotenoid and vita-
min A intake. 

 Variety, genotype, season, stage of maturity, geographic location, climate, and growing conditions 
affect the carotenoid composition in a given food. Signi fi cant genetic variation exists within species 
of fruits and vegetables. The lycopene content of 49 hydroponically grown and environmentally con-
trolled tomato accessions varied up to ninefold higher than the reported average content  [  53  ]  of 30 mg/
kg  [  19,   54  ] . Eighteen cultivars of tomatoes had a range of lycopene content from 43 to 120 mg/kg 
 [  55  ] . Total carotenoid concentration of 27 watermelon cultivars varied from 37 to 122 mg/kg  [  56  ] . 
Lutein content ranged from 150 to 337  m g/g dry weight in six varieties of greenhouse-grown lettuce 
 [  57  ]  and from 10 to 22  m g/g fresh weight in four varieties of hydroponically grown lettuce  [  28  ] . 
Differences among cultivars have been noted for acerola  [  20  ] , banana  [  58  ] , carrot  [  59,   60  ] , corn  [  61  ] , 



12 S.A. Arscott

guava  [  20  ] , kale  [  62–  67  ] , mango, melon, orange  [  65  ] , papaya  [  58  ] , peach, pepper  [  66,   67  ] , pumpkins, 
and squashes  [  20,   58  ] . 

 Seasonal and geographic effects on the carotenoid content of fruits and vegetables have also been 
widely studied. In general, elevated temperature and greater exposure to sunlight may increase caro-
tenogenesis in fruits, but may also promote photodegradation  [  20  ] . The lycopene content of ripe 
tomatoes harvested at six different times of year varied from 7,061  m g/100 g in mid-summer (July) to 
11,969  m g/100 g in March; however, no de fi nite seasonal trend or correlation with solar radiation or 
temperature was found for total carotenoids  [  68  ] . This study demonstrated the negative effects hot 
temperatures may have on lycopene accumulation in tomatoes. In agreement, Toor and others  [  69  ]  
found 31 % lower lycopene content of greenhouse-grown tomatoes in the summer months. However, 
Zan fi ni and others  [  70  ]  found lower carotenoid content in winter-grown greenhouse tomatoes than in 
summer. Aherne and others  [  71  ]  tested four different tomato types in two geographic regions (Ireland 
and Spain) and concluded that geographic location had a more pronounced effect on carotenoid con-
tent than variety. However, effects of geographic location may be primarily due to differences in 
environmental conditions. In three different tomato varieties grown in three different locations, lyco-
pene content was different only in the salad tomato grown in different regions  [  70  ] . The regions had 
comparable climatic conditions in terms of temperature and UV radiation. 

 Carotenoid pro fi les of Hass avocados grown in different regions of southern California were similar, 
with moderate variation in amounts of different carotenoids  [  72  ] . The greatest variation was observed 
over different months of harvest, with increases of over tenfold for  b -carotene, violaxanthin, 9 ¢ - cis -
neoxanthin, and lutein-5,6-epoxide, and up to 26-fold for  a -carotene and neoxanthin in fruits from 
one region between January and September. Potatoes showed an effect of year of harvest on total 
carotenoids  [  73  ] . Thirty-two to 56 % lower levels in 1 year may have been due to higher levels of solar 
radiation coupled with drought conditions. 

 Leafy vegetables grown in open  fi elds were found to have lower carotenoid levels in the summer 
than in the winter  [  31,   74  ] . However, marketed, minimally processed endive and New Zealand spin-
ach grown under plastic roofs were found to have signi fi cantly higher carotenoid content in the sum-
mer than in the winter  [  75  ] . Plastic roofs may have either protected the carotenoids from 
photodegradation in the summer or led to lower carotenoid accumulation in the winter. 

 Maturation or ripening of fruits is usually accompanied by enhanced carotenogenesis  [  76,   77  ] . 
This process typically proceeds through degradation of chloroplasts and their photosynthetic struc-
tures, along with the disappearance of chlorophyll and the characteristic chloroplast carotenoids, 
 b -carotene, lutein, and violaxanthin. The up-regulation of enzymes in the carotenogenic pathway 
results in the massive  de novo  synthesis of carotenoids that accumulate in developing chromoplasts, 
namely, carotenes, cryptoxanthin, zeaxanthin, and violaxanthin  [  78,   79  ] . Patterns and extent of pig-
ment accumulation during maturation are related to the expression of the corresponding biosynthetic 
genes. 

 Lycopene,  b -carotene, and total carotenoid levels were highest at full ripeness of greenhouse-
grown cherry tomatoes  [  79  ] . Increased levels of carotenoids with increasing ripeness have been noted 
for mango  [  68,   80,   81  ] , guava  [  82  ] , papaya  [  83  ] , and pepper cultivars ( Capsicum  species)  [  67,   84–  87  ] . 
However, as indicated earlier, not all carotenoids necessarily increase during ripening. Howard and 
others  [  67  ]  found that  b -cryptoxanthin,  b -carotene,  a -carotene, and zeaxanthin all increased during 
ripening of seven different pepper varieties, while lutein was reduced to non-detectable in all varieties 
except the yellow bell pepper. Similarly, lutein content decreased during ripening in two pink- fl eshed 
varieties of guava  [  82  ] . This phenomenon occurs during ripening in fruits as chloroplast carotenoids 
such as lutein gradually disappear as a consequence of chloroplast degeneration into chromoplasts. 

 In leafy vegetables, the ripening pattern and carotenoid accumulation are not well-de fi ned. In four 
different Indonesian leafy vegetables, the mature leaves had 24 % greater total provitamin A carote-
noids than young leaves  [  36  ] . Mature kale leaves from conventional farms contained signi fi cantly 
higher levels of  b -carotene and lutein than the young leaves; violaxanthin had an unusually high 
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concentration in the young leaves; and neoxanthin had nearly the same concentration in young and 
old leaves  [  88  ] . In contrast, kale from an organic farm had similar concentrations of carotenoids in 
both young and old leaves. Content of total carotenoids in  fi eld-grown baby spinach harvested at three 
 different growth stages over three different growing periods tended to increase at the later stages and 
also increased during 5 or 9 days of storage at 10 °C  [  89  ] . In agreement, Azevedo-Meleiro and others 
 [  75  ]  found that the carotenoid concentrations in the mature leaves of endive and lettuce were two to 
four times greater than those in young leaves. In contrast, they found that the younger leaves of New 
Zealand spinach had slightly higher carotenoid levels than the mature leaves. The growth habit of the 
different plants may explain the difference, where lettuce and endive are headed, with dark green 
older, outer leaves, and lighter green younger, inner leaves. The spinach leaves are distributed along a 
stem with younger leaves slightly greener than older leaves. 

 Cultivation practices can also affect carotenoid content. A comparison of hydroponically and 
conventionally grown lettuce found 10–30 % lower carotenoid content in hydroponically cultivated 
lettuce  [  28  ] . Organically farmed mandarin orange juice contained about 40 % more total carotenoids 
than conventionally grown mandarin juice  [  90  ]  and organically grown kale contained higher concen-
trations of all carotenoids than kale grown conventionally on a neighboring farm  [  91  ] . In contrast, 
however, juice from conventionally grown red grapefruit had signi fi cantly higher lycopene concentra-
tions, which were inversely proportional to ascorbic acid concentrations  [  92  ] . Kale, grown hydroponi-
cally with increasing rates of NO 

3
 -nitrogen (N) treatment and a static ratio of NO 

3
 -N:NH 

4
 -N, showed 

no increase in carotenoid content on a fresh weight (FW) basis, but both lutein and  b -carotene 
increased linearly when calculated on a dry weight (DW) basis  [  93  ] . The form of nitrogen also mat-
tered, with increases in carotenoid pigment in kale expressed either on an FW or a DW basis when 
NO 

3
 -N increased from 0 to 100 % of the ratio of NO 

3
 -N:NH 

4
 -N. The authors concluded that N 

management should be considered when designing crop programs to maximize carotenoids. These 
examples illustrate that food crop inputs and production practices have in fl uence on carotenoid con-
centration; however, while one particular practice may favorably in fl uence carotenoid accumulation, 
the concentration of other nutrients and phytochemicals may vary and must be assessed if the desire 
is to maximize the overall nutritional density of a certain food. 

 The above examples of carotenoid variability are by no means exhaustive. There are many vari-
ables that affect pigment accumulation in plants and while it may be possible to make generalizations 
about the in fl uence of one variable, the reality is that numerous variables exert their in fl uence during 
growth, maturation, and ripening. Carotenoid synthesis and accumulation in plants may be deter-
mined by many factors, but just as important to the food manufacturer and consumer are the in fl uences 
on carotenoid stability after harvest. Not only industrial-scale food processing, cooking, and storage 
can have a marked effect on content, but also form of carotenoid acids, heat treatment, and exposure 
to light and oxygen can promote degradation and isomerization of the all- trans -carotenoids to the  cis -
isomers. Slicing or juicing of fruits can release organic acids that can promote isomerization; how-
ever, thermal processing has the strongest in fl uence on this process. 

 Thermal and mechanic processing of fruits and vegetables has the potential to improve the bio-
availability of carotenoids due to the disruption of the matrix of the cellular structures  [  94,   95  ] ; how-
ever, they can also cause signi fi cant loss of carotenoids  [  96  ]  and introduce  cis – trans  isomerization 
 [  97  ] . All carotenoids can undergo  cis – trans  isomerization and while the  trans  form is the usual 
con fi guration in nature, both forms can be found in fruits and vegetables  [  47  ] . Heat treatment, expo-
sure to light and oxygen, and organic acid release through slicing and juicing can promote isomeriza-
tion.  Cis – trans  isomers differ in their intestinal absorption in humans; therefore, processes that 
increase isomerization may adversely affect bioavailability and the resulting vitamin A value of foods. 
Thus, in order to maximize carotenoid bioavailability, a balance must be sought during processing to 
disrupt the matrix, but not result in excessive losses from heat and oxidation. 

 Most research on degradation and isomerization during processing and cooking has focused on 
 b -carotene and lycopene and while some generalizations may be brought forward, the extent of 
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changes in content or isomeric pro fi le ultimately depends on the food matrix, temperature, duration, 
oxygen exposure, and severity of processing. Signi fi cant degradation of  b -carotene is seen with 
 deep-frying  [  96  ] , dehydration  [  97  ] , and extrusion  [  98  ] . Degradative products tend to be  cis- isomers 
and epoxides and are also promoted by contact with acids, light, and heat. Dehydration techniques 
have an impact on losses. Sun-dried spinach (10 h) had greater  b -carotene losses (43 %) than oven-
dried (10 h at 65 °C)  [  97  ] . Freeze-drying carrots preserves  b -carotene levels signi fi cantly compared 
with other drying methods  [  98  ]  and lutein  [  99  ]  and  b -carotene appear to be fairly stable during mild 
to moderate heat processing  [  97,   99–  103  ] . 

 The effects of processing on tomato lycopene content and isomerization have been extensively studied 
and reviewed  [  104,   105  ] . More than 80 % of dietary lycopene is consumed from processed tomato 
products  [  104  ]  and is present almost exclusively in the all- trans  form. Lycopene appears to be much 
more resistant to isomerization and degradation  [  97,   99,   106  ] , retaining its all- trans  form during ther-
mal processing of tomatoes while  b -carotene and lutein experienced extensive isomerization  [  107  ] . 

 Many aspects of food preparation impact carotenoid stability. In addition to those already men-
tioned, storage condition, packaging, freezing, lipid composition, additional antioxidant constituents, 
speci fi c food matrices, contact with food acids, surface area, porosity, and enzymatic oxidation during 
slicing, peeling, pulping, or juicing can all contribute to variability in food carotenoid levels. 

 Considerations of variety, season, stage of maturity, growing practices, storage, and processing are 
important not only for growers, food processors, and consumers but also for researchers trying to 
understand carotenoid and provitamin A intake in populations for the purpose of epidemiological 
studies. Seasonal variations in dietary intake and serum concentrations of carotenoids of different 
populations have been observed  [  31,   108–  112  ] . Coupled with the variability in carotenoid content of 
foods, the classi fi cation and strati fi cation of carotenoid and food intake patterns in populations become 
more complicated and may affect the association with disease risk.      
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    Chapter 2   
 Carrots of Various Colors       

      Samantha   Schmaelzle       and    Sherry   A.   Tanumihardjo         

      Key Points 

    Orange carrots are one of the most widely consumed vegetables and are a signi fi cant source of • 
provitamin A carotenoids in the US diet. Breeding efforts to increase the nutritional value of carrots 
through bioforti fi cation have been on the rise.  
  Through bioforti fi cation, carrots of multiple hues have been bred. The different pigments in the • 
carrots are phytochemical components shown to have potential health bene fi ts beyond providing 
vitamin A. For example, purple carrots are purple because of anthocyanins, which act as antioxi-
dants, and red carrots are red because of lycopene, which may aid in heart disease prevention. 
Purple–white, purple–yellow, purple–orange, purple–red, purple–orange–red (POR), red–orange, 
and orange–yellow have successfully been bred.  
  From previous research on solid colored carrots, carrots such as the POR variety will have anthocya-• 
nins,  b -carotene, and lycopene, respectively, because of their different color components.  
  Plant breeders should be encouraged to develop these carrots to provide sources of vitamin A pre-• 
cursors and other phytochemicals.  
  Consuming these whole vegetables could have a greater reduction in disease risk than individual • 
compounds, but further research is needed. The consumption of these carrots could provide not 
only vitamin A but also other functional compounds that have disease- fi ghting properties and 
enhance the well-being of humans.     

 Keywords   a-Carotene  •  a-Retinol  •  Anthocyanins  •  Bioforti fi cation  •  Rainbow carrots 

   Introduction 

 Carrots are one of the most popular vegetables in the USA and fresh-market carrot consumption 
has been increasing over the past few decades  [  1  ] . Since the introduction of “cut and peel” carrots into 
the market place, which are also commonly called baby carrots, carrot consumption has increased 
by 50% in the USA. Carrots are a signi fi cant source of vitamin A in the form of  a - and  b -carotene 
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accounting for an estimated 30% of the dietary vitamin A in the US diet  [  2  ] . Breeding efforts to 
improve food crops through bioforti fi cation (discussed extensively in Chap.   17    ) have increased the 
nutritional value of this vegetable  [  3,   4  ] . For carrots, bioforti fi cation has included increasing the pro-
vitamin A content (i.e.,  a - and  b -carotene) as well as other bioactive compounds such as lutein, lyco-
pene, and anthocyanins. These horticultural approaches for improving the nutritional quality and 
visual appeal of our food supply provide a sustainable, inexpensive complement to medical and social 
programs for preventing human disease  [  3  ] . 

 Different colors of fruits and vegetables are due to pigmented disease- fi ghting phytochemicals, 
which is one reason the 2010 Dietary Guidelines recommend choosing a variety of fruits and vegeta-
bles  [  5  ] . Different colors of carrots (i.e., purple, red, white, yellow, and orange; Fig.  2.1 ) have been 
around for hundreds of years; however, orange carrots have been the predominant carrot available on 
the US grocery shelves. Colored carrots have a wide variation of pigments that have different biologi-
cal bene fi ts when consumed, such as providing vitamin A and decreased chronic disease risks  [  6  ] . 
Because carrots are so widely accepted and consumed among people especially in the USA, increas-
ing the nutrient content could have exponential health bene fi ts. Carrot breeders have developed new 
lines of novelty carrots that have multiple colors (and therefore, multiple phytochemicals) available in 
one carrot. For example, the POR carrot has a purple cortex with an orange and red core due to the 
presence of anthocyanins,  a - and  b -carotene, and lycopene, respectively  [  7  ] .  

 Carotenoids are present in fruits and vegetables that have yellow, orange, and red pigmentation. 
Carotenoids protect chlorophyll from photooxidation and are accessory, light-harvesting pigments 
and photoreceptors  [  3  ] . Some carotenoids have provitamin A activity, meaning that they can be con-
verted to vitamin A in the body. Other carotenoids support vision (see Chap.   13    ) and have antioxidant 
activity (see Chap.   4    ) in the body. Vitamin A obtained from the diet in fruits and vegetables is often 

  Fig. 2.1    For over a decade, “rainbow” carrot seeds have been distributed to community and youth gardeners in 
Wisconsin and at various outreach efforts around the world. The harvested carrots are then used as demonstration tools 
to emphasize color variety among vegetables and their health bene fi ts       
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recommended rather than from preformed sources (i.e., retinyl acetate or retinyl palmitate) because of 
the potential for hypervitaminosis A with supplements and forti fi ed foods  [  8–  10  ] . When consumed as 
plant provitamin A carotenoids, the body has more control over how much provitamin A is converted 
to retinol  [  11  ] . 

 Flavonoids are a large group (~4,000 identi fi ed) of polyphenolic compounds that are expressed in 
plants, largely in fruits and vegetables  [  12  ] . Iso fl avones,  fl avones, and anthocyanins are a few catego-
ries of  fl avonoids based on their chemical structure and function  [  13  ] . Anthocyanins in purple carrot 
include cyanidin-3-(2″-xylose-6-glucose-galactoside), cyanidin-3-(2″-xylose-galactoside), cyanidin-
3-(2″-xylose-6 ¢ -sinapoyl-glucose-galactoside), cyanidin-3-(2″-xylose-6 ¢ -(4 coumuroyl) glucose-
galactoside), and the major one, cyanidin-3-(2″-xylose-6 ¢ -feruloyl-glucose-galactoside)     [  14  ] . 
Flavonoids have dietary bene fi ts such as antiallergy, anti-in fl ammatory, antitumor, and antioxidant 
characteristics  [  12  ] . Evidence exists that certain  fl avonoids can prevent platelet aggregation  [  13  ] . 
Indeed, dietary intake of  fl avonoids is quite high compared to other dietary antioxidants, such as 
vitamins C and E  [  12  ] . 

 This chapter outlines why these “rainbow” carrots are important for human consumption, explains 
the carotenoids and/or phytochemicals in each of the colored carrots, and suggests the health bene fi t 
of incorporating multiple pigments into new types.  

   Types of Carrots, Their Phytochemicals, and Health Bene fi ts 

 Solid colored carrots have been studied for nutritive bene fi ts and color components to the point that 
they have been considered a “functional food”  [  15  ] . The pigments found in plants play important roles 
in plant metabolism and visual attraction in nature  [  3  ] . The pigments in carrots serve an important role 
in promoting health because they have been associated with reduced risk of atherosclerosis, cancer, 
and in fl ammation  [  16  ] . In general, phytochemicals have mechanisms of action in the body including 
antioxidant effects, modulation of detoxifying enzymes, stimulation of the immune system, modula-
tion of hormone metabolism, and antibacterial and antiviral effects. Fruits and vegetables that are 
brightly colored—yellow, orange, red, green, blue, and purple—generally contain high amounts of 
phytochemicals and nutrients. Phytochemicals present in different types of carrots include not only 
the carotenoids but also  fl avonoids, such as red or blue anthocyanins. 

  Orange carrots . Orange carrots predominantly contain  a - and  b -carotene, both of which are orange 
pigments. These readily available carrots in the USA are high in vitamin A, which is essential for 
healthy eyes, cell growth, and reproduction.  b -Carotene usually receives most attention and  a -caro-
tene, another provitamin A carotenoid in carrots, is often overlooked. The human body converts  b -car-
otene directly to vitamin A, which is also important in strengthening the immune system by keeping 
the skin, lungs, and intestinal track in order (see Chap.   16    ).  a - and  b -Carotene are also antioxidants, 
which are important to  fi ght against heart disease and trap free radicals.  a -Carotene may be more power-
ful than  b -carotene in inhibiting processes that may lead to tumor growth (see Chap.   11    ).  a -Carotene is 
centrally cleaved in the intestinal brush border and reduced to  a -retinol and retinol  [  17  ] . Bioforti fi cation 
of orange carrots has resulted in carrots with very high levels of  a - and  b -carotene  [  4,   14  ] . 

  Yellow carrots . Yellow carrots contain predominantly the xanthophyll lutein, which is important for 
healthy eyes and in the  fi ght against macular degeneration (see Chap.   13    ). Lutein may also prevent 
lung and other cancers and reduce the risk of atherosclerosis. A human study determined that yellow 
carrot lutein was 65% as bioavailable as that from a lutein in oil supplement  [  18  ] . 

  Red carrots . The rich red pigment in red carrots is lycopene, which is a pigment also found in red 
tomatoes and pink watermelon. Lycopene is associated with a reduced risk of serum lipid oxidation, 
heart disease prevention, and a wide variety of cancers (see Chap.   12    ). Lycopene from red-pigmented 
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carrots is about 40% as bioavailable as that from tomato paste  [  19  ] . For consumers who do not like 
tomatoes, having another food source of lycopene that is widely accepted would be a great option. 

  Purple and black carrots . Purple carrots get their pigmentation from phytochemicals called anthocya-
nins that act as powerful antioxidants to sequester harmful free radicals in the body  [  15,   20  ] . Sometimes 
the pigments are so dark that the carrots are called “black.” Anthocyanins may prevent heart disease 
by acting as anti-in fl ammatory agents and reducing lipid oxidation  [  15  ] . Purple carrots were one of 
the  fi rst types to be consumed by humans in the Middle East  [  21  ] . Grassman et al.  [  22  ]  evaluated dif-
ferent colored carrots and their antioxidant capacity. Solid colored purple carrots contained the most 
phenolic compounds and therefore may lead to higher antioxidant capacity in the human body. 

  White carrots . Although white carrots lack pigment, they are still a great source of dietary  fi ber. 
In comparative studies, white carrots are generally used as a control because they lack the pigmented 
phytochemicals that colored carrots hold  [  20  ] . 

  Rainbow carrots . Efforts to breed carrots of several colors have been on the rise. Purple–white, 
purple–yellow, purple–orange, purple–red, POR, red–orange, and orange–yellow have successfully 
been bred. Because multicolored carrots are fairly new types, limited research and information are 
available on their phytochemical content and effects in animal or human models. From previous 
research on solid colored carrots, carrots such as the POR variety will have anthocyanins,  b -carotene, 
and lycopene, respectively, because of their different color components. Rainbow carrot seeds have 
been distributed to community and youth gardeners to build awareness and to use the harvested carrots to 
demonstrate the diversity of pigments in vegetables (Fig.  2.1 ).  

   In Vitro Research 

 Sun et al.  [  20  ]  determined the phytochemical pro fi le and antioxidant capacity of seven colored carrots: 
purple–yellow, purple–orange, red, dark orange, orange, yellow, and white. Anthocyanins were the 
major phytochemical in purple–yellow and purple–orange carrots, and chlorogenic acid was a major 
compound in all carrots. Carotenoids did not contribute substantially to total antioxidant capacity, but 
correlated with it. Purple–yellow carrots had the highest antioxidant capacity, followed by purple–
orange carrots, and the other carrots did not differ from each other. These results demonstrate that 
purple carrots have high antioxidant capacity and content, and therefore human consumption of these 
carrots may be bene fi cial.  

   Animal Research 

 Animal research is often performed to look at tissue storage and bioef fi cacy of the provitamin A caro-
tenoids to make vitamin A. Studies of this sort are either not possible with humans due to the invasive-
ness of looking at tissue distribution or require isotopic tracers, which are expensive. Although not all 
animals are good models for carotenoid metabolic studies, Mongolian gerbils are useful and have 
been extensively used for provitamin A carotenoid studies including carrots  [  7,   14,   23  ] . 

 Two animal studies used bioforti fi ed high  b -carotene orange carrots and purple carrots to assess the 
bioavailability of the  b -carotene in Mongolian gerbils  [  14  ] . In the  fi rst study, gerbils received a diet 
containing powdered orange, purple, white alone, or white carrot with a  b -carotene supplement. In the 
second study, high- b -carotene orange, orange, purple, or white carrot powder diets were fed. After 
21 days of feeding, the effects of carrot type or supplement on serum and liver  b -carotene,  a -carotene, 
and vitamin A concentrations were analyzed. 



252 Carrots of Various Colors

 Liver stores of  b -carotene and vitamin A did not differ between orange and purple carrot diets, 
when equal amounts of  b -carotene from each of the diets were consumed  [  14  ] . Therefore, the antho-
cyanins from the purple carrot did not interfere with the bioavailability of  b -carotene. Second, both 
the orange and the purple carrot diet resulted in higher liver vitamin A concentrations compared with 
the supplement, demonstrating that carotenoids from whole foods fed throughout the day are more 
consistently converted to vitamin A than single supplement doses. Finally, high- b -carotene carrots 
resulted in more than twofold higher  b -carotene and 10% higher vitamin A liver stores compared with 
typical orange carrots  [  14  ] . These results suggest that high- b -carotene carrots may be an alternative 
source of vitamin A to typical carrots in areas of vitamin A de fi ciency. This was the  fi rst study to show 
that bioforti fi ed high- b -carotene orange carrots increase the vitamin A concentration in liver when 
compared with typical orange carrots in gerbils. 

 In another animal study, Mills et al.  [  7  ]  measured the antioxidant potential and vitamin A bioef fi cacy 
of four bioforti fi ed carrot varieties—purple/orange, POR, orange/red, and orange. Each type of carrot 
was fed to Mongolian gerbils ( n  = 11/group, 6 groups) for 4 weeks. After treatment, antioxidant capac-
ity, carotenoid, and retinol concentrations were analyzed in the liver and serum. Liver antioxidant 
capacity and vitamin A stores from the four colored carrot-fed gerbils were signi fi cantly higher than 
the white carrot-fed negative control group. Antioxidant capacity was also higher than the vitamin 
A-supplemented positive control group  [  7  ] , suggesting that the bioactive compounds in the colored 
carrots enhanced liver antioxidant capacity. 

 Indeed, the antioxidant capacity of serum did not differ among the treatment groups, but was 
greater in the liver extracts from gerbils fed colored carrots compared with gerbils fed white carrots 
 [  7  ] . Antioxidant feeding interventions have mixed results, either showing little or no effect on antioxi-
dant capacity in serum. This study may have been too short to see a serum antioxidant effect and 
serum is likely not a sensitive indicator of what is occurring at the tissue level. 

 Bioavailability competition between lycopene and  b -carotene in the orange/red carrot variety may 
occur. In previous research, orange/red carrots fed to humans  [  19  ]  and gerbils  [  23  ]  showed lower 
bioavailability of lycopene than when fed tomato paste, which does not contain as much  b -carotene 
as the red carrot. Intake of the orange and orange/red carrots yielded similar vitamin A bioef fi cacies 
in the gerbils  [  23  ] ; and therefore, lycopene bioavailability may be more negatively affected than 
 b -carotene bioef fi cacy when the two carotenoids interact. 

 The enhancement of liver antioxidant capacity observed in gerbils consuming bioforti fi ed carrots 
was likely due to the combined bioactivities of multiple compounds rather than the individual activi-
ties of carotenoids, anthocyanins, or phenolic acids, illustrating the synergistic bene fi t associated with 
intake of whole foods.  

   Human Studies with Various Colored Carrots 

 Unlike animal studies where absolute bioef fi cacy can be measured directly from liver stores of 
vitamin A, human bioavailability studies with various solid colored carrots have examined relative 
bioavailability using serum concentration changes over time with chronic feeding. Several human 
studies have shown varying bioavailabilities of speci fi c phytochemicals from different colored carrots. 

 Two studies showed that lycopene and  b -carotene are bioavailable from red carrots in humans  [  19  ] . 
The  fi rst study fed muf fi ns made from red carrots at 5 mg lycopene/day compared with white carrots 
as a negative control for a period of 11 days. The second study determined the effect of carrot  fi ber on 
lycopene bioavailability by feeding tomato paste muf fi ns with or without white carrots. Lycopene and 
 b -carotene were bioavailable from red carrot, but lycopene absorption was negatively affected by car-
rot  fi ber. Combined results from both studies suggested that lycopene in red carrot is 44% as bioavailable 
as that from tomato paste and a serum plateau occurred at  ³ 20 mg lycopene/day  [  19  ] . 
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 Anthocyanins from purple carrots are bioavailable and can be absorbed intact as shown by a feeding 
study  [  24  ] . Varying amounts (250–500 g) of raw or cooked purple carrots were fed to human subjects. 
The four different anthocyanins observed were found intact in plasma by 30 min and peaked at 2 h 
after consumption. Cooking of the carrots increased the recovery of some anthocyanins. The reduced 
recovery of anthocyanins from the larger amount of carrots fed suggested saturation of absorption 
mechanisms. 

 Lutein bioavailability from yellow carrot was examined in humans by feeding 1.7 mg lutein/day 
from yellow carrots or a lutein supplement dissolved in oil, and white carrots as a negative control 
 [  18  ] . The subjects were fed carrot smoothies, muf fi ns, and soup for breakfast and lunch for 7 days. 
The lutein from yellow carrots signi fi cantly increased serum concentrations and was found to be 65% 
as bioavailable as the lutein supplement. The yellow carrot treatment also maintained serum  b -caro-
tene concentrations, whereas the lutein treatment did not. Bioavailability of crystalline lutein, which 
is the form found in most supplements, is highly variable between and within subjects  [  25  ] . While 
yellow carrots are not a concentrated source of lutein compared to other vegetables such as green 
leaves, they may serve as an alternative bioavailable source of lutein especially considering the popu-
larity of carrots in the US diet. 

 All of this research demonstrated that the compounds in these carrots had high bioavailability. 
However, a study with two different orange carrots did not show a difference in  a - and  b -carotene 
uptake and clearance in the serum between the two types  [  4  ] . Subjects received all three treatments of 
white, orange, or dark orange carrot muf fi ns for 11 days with a 10-day washout period between treat-
ments. The lack of difference between the orange and dark orange carrots may have been due to the 
prolonged time that the subjects were on a low carotenoid diet causing more bioconversion to vitamin 
A. Other tissues may have shown differences but were not accessible as in the animal studies with a 
similar design  [  14  ] . 

 Arscott et al.  [  26  ]  determined that anthocyanins in purple–orange carrots do not in fl uence the bio-
availability of  b -carotene in young women. Using three treatment groups (i.e., purple/orange, orange, 
and white carrot smoothies) Arscott conducted a 3 × 3 crossover, acute feeding trial with  fi ve female 
subjects. Subjects were fed a carrot-containing breakfast after a carotenoid and anthocyanin washout 
period and blood samples were taken periodically for the next week. Both the orange and purple–
orange carrot  b -carotene peaks were elevated, but not different, suggesting that anthocyanins had no 
effect on  b -carotene concentrations in serum. No effect of treatment was found for plasma antioxidant 
activity, which is a similar outcome as the animal study  [  7  ] . The design of this study is valuable, but 
a higher number of subjects and acute studies combined with chronic feedings might show a greater 
effect of the different compounds interacting with one another.  

   Conclusion 

 Further research with multicolored carrots and humans must be done to determine the interactions of 
bene fi cial compounds because they may compete with each other for release or uptake from the carrot. 
This research could lead to more varieties of carrots on grocery shelves and into the hands of consum-
ers. The development of new and more potent sources of provitamin A carotenoids in horticultural 
crops, including carrots, and improvement of production shelf-life and consumer acceptance of these 
crops can make an important contribution to improving human health  [  3  ] . Increasing vegetable con-
sumption, including carrots, was associated with modest weight loss in obese individuals  [  27  ] . In taste 
evaluation, the carrots of various colors were well-received and liked by consumers, especially when 
they were not blindfolded  [  28  ] . With this information, plant breeders should be encouraged to develop 
these carrots to provide sources of both vitamin A precursors and phytochemicals. Consuming these 
whole foods has an equal or greater reduction in disease risk than individual compounds  [  29  ] . 
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As described in the multicolored carrot research, consuming fruits and vegetables that contain multiple 
bioactive compounds may have a more synergistic bene fi t than simply taking supplements or indi-
vidual compounds. The consumption of these carrots could provide not only vitamin A but also other 
functional compounds that have disease- fi ghting properties and could enhance the well-being of 
humans.      
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        Key Points 

    Carotenoids are plant-derived lipophilic compounds with a common chemical structure of eight • 
isoprenoid units. The major carotenoids that are present in human tissues are primarily the polyun-
saturated hydrocarbon carotenes  b -carotene and lycopene and the oxygen-containing xanthophylls 
 b -cryptoxanthin, lutein, and zeaxanthin. These carotenoids function in the body as retinoid 
(vitamin A) precursors and antioxidants.  
  Carotenoid lipophilicity determines the speci fi c features of carotenoid metabolic processing, and • 
its relationship with and great dependence on lipid metabolism. This includes intestinal absorption 
of carotenoids from mixed micelles, facilitated uptake of carotenoids into cells mediated by the 
members of class B scavenger receptor protein family, lipoprotein transportation in the circulation, 
and oxygenase-mediated cleavage of carotenoids to form retinoids or apocarotenals.  
  Dietary-derived carotenoids are transported in the postprandial circulation in chylomicrons and in • 
the fasting circulation distributed among VLDL, LDL, and HDL.  b -Carotene and lycopene are 
predominantly found in VLDL and LDL, whereas lutein and zeaxanthin are distributed equally 
between LDL and HDL.  
  The presence of the polyunsaturated double bonds in the chemical structure of carotenoids under-• 
lies their ability to undergo nonenzymatic isomerization, singlet oxygen quenching, and electron 
transfer during oxidation/reduction reactions. These polyunsaturated double bonds are also sites of 
speci fi c enzymatic cleavage, which is mediated by members of the nonheme iron-containing oxy-
genase family, speci fi cally by BCMO1 ( b -carotene-15,15 ¢ -monooxygenase, EC 1.14.99.36) and 
BCMO2 ( b -carotene-9 ¢ ,10 ¢ -monooxygenase, EC 1.14.99.n2).  
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  BCMO1 is a cytosolic protein, characterized as a carotenoid central cleavage enzyme, and is solely • 
responsible for retinoid (vitamin A and its metabolites) formation from carotenoid precursors. 
BCMO2 is a mitochondrial protein, which catalyzes asymmetric cleavage of carotenoids, regulating 
carotene and xanthophyll degradation, and formation of apocarotenoid derivatives.     

 Abbreviations  

  ABC    ATP-binding cassette   
  ACO    apocarotenoid-15,15 ¢ -oxygenase   
  Apo    apolipoprotein   
  BCMO1     b -carotene-15,15 ¢ -monooxygenase   
  BCMO2     b -carotene-9 ¢ ,10 ¢ -monooxygenase   
  CD36    cluster of differentiation 36   
  CR    chylomicron remnant   
  CRBP-II    cellular retinol binding protein type II   
  EZ    ezetimibe   
  HDL    high-density lipoprotein   
  HSC    hepatic stellate cell   
  ISX    intestine speci fi c homeobox   
  LDL    low-density lipoprotein   
  LPL    lipoprotein lipase   
  LRAT    lecithin-retinol acyltransferase   
  MEF2    myocyte enhancer factor 2   
  NPC1L1    Niemann-Pick C1-like 1   
  PPAR    peroxisome proliferator-activated receptor   
  PPRE    peroxisome proliferator response element   
  RAR    retinoic acid receptor   
  RPE65    retinal pigment epithelium-speci fi c protein 65 kDa   
  RXR    retinoid X receptor   
  SR-BI    scavenger receptor class B type I   
  T 

3
     triiodothyronine   

  TR    thyroid hormone receptor   
  TRE    thyroid hormone response element   
  UCP1    uncoupling protein 1   
  VLDL    very low density lipoprotein    

 Keywords   Beta-carotene  •  Lycopene  •  Retinoid  •  Lipoprotein  •  SR-BI  •  CD36 

   Introduction 

 Dietary intake of carotenoids has been associated with reduced risks of various cancers  [  1  ] , cardiovas-
cular diseases, metabolic syndrome and obesity  [  2,   3  ] , as well as cataract formation  [  4  ]  and macular 
degeneration  [  5  ] . These bene fi cial health effects of dietary carotenoids have made the study of their 
bioavailability, absorption and metabolism an area of considerable interest, since humans cannot syn-
thesize these molecules  de novo  and must obtain them from the diet. The proposed biological actions 
of carotenoids are numerous, and include their involvement in gene regulation  [  6  ] , as well as their 
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protective roles as antioxidants  [  7  ] . Despite all the nutritive properties of carotenoids, the molecular 
mechanisms underlying their metabolism remain to be fully established. In this chapter, we discuss 
the metabolic processes of carotenoid absorption and transport across the intestinal mucosa, including 
the numerous transformations involved in their metabolism. Much of the research attention focused 
on carotenoids is centered on their metabolic fate as retinoid (vitamin A) precursors. The bioconver-
sion of provitamin A carotenoids to retinoids is therefore covered at length in this chapter.  

   Bioavailability and Dietary Factors 

 Of all the known carotenoids that exist in nature, humans ingest no less than 40 that are common in 
fruits and vegetables  [  8  ] . The carotenoids found in human plasma are limited, however, and are largely 
represented by the polyunsaturated hydrocarbons  b -carotene,  a -carotene, and lycopene, and the lipo-
philic xanthophylls  b -cryptoxanthin, lutein, and zeaxanthin  [  8,   9  ] . Other xanthophylls and their 
metabolites, such as phyto fl uene and phytoene, have also been detected in low concentrations in 
human blood  [  9  ] . The rest of the dietary carotenoids, despite their relative abundance in green leafy 
vegetables, are generally absent in human tissues; neoxanthin, for example, which is ubiquitously 
present in higher plants, has never been reported to be detected in human blood  [  8  ] . It has been specu-
lated that neoxanthin and other xanthophylls may be poorly absorbed in the intestine due to their polar 
carbonyl groups  [  8  ] . The molecular properties of lipophilicity and non-polarity may therefore deter-
mine the bioavailability of carotenoids, and the higher bioavailability of carotenes may be due to how 
readily accessible they are for uptake by enterocytes in the intestinal lumen. Indeed, more lipophilic 
carotenoids are more likely to accumulate in circulation. A diet study, in which healthy subjects 
ingested one serving per day of spinach for a week, showed signi fi cant increases in plasma levels of 
lutein and  b -carotene, while the more polar neoxanthin and violaxanthin remained below quanti fi able 
levels  [  10  ] .  In vitro  studies with differentiated Caco-2 cells, a human intestinal cell line, have also 
shown lipophilicity of carotenoids to be positively associated with their uptake  [  11,   12  ] . Together, 
these results suggest that the bioavailability of carotenoids is at least in part determined by their struc-
tural properties, which may determine their solubility in the mixed luminal components of bile salts, 
biliary phospholipids, and dietary lipids. 

 The initial step in the digestion of carotenoids involves their release from the food matrix, which 
begins in the stomach and continues into the duodenum. The carotenoids are then solubilized in lipid 
droplets and transferred to mixed micelles along with other dietary lipids. In many cases, these critical 
steps of micellization, in which carotenoids are transferred from the food matrix to micelles, consti-
tute the bottleneck in the absorption process, especially when the carotenoids are embedded in the 
 fi brous cell walls of fruits and vegetables. This is evidenced by the very low recovery of ingested 
carotenoids in the aqueous phase of the duodenal contents; as a result of which, only a small fraction 
is available for intestinal uptake  [  13  ] . The food matrix is therefore a major determinant of carotenoid 
bioavailability, and its physical disruption by means of heat or mechanical processing improves 
absorption  [  14–  19  ] . Thus, the overall bioaccessibility of carotenoids is determined by the ef fi ciency 
at which carotenoids are transferred from the food matrix to micelles  [  8,   20  ] . As expected, the hydro-
carbon carotenes have been observed to be more sensitive to luminal conditions  [  21  ] , underscoring 
the in fl uence of lipophilicity on their transfer to micelles. The presence of dietary fat in the intestinal 
chyme is therefore important, and has the greatest impact of all the dietary factors that in fl uence caro-
tenoid absorption  [  22  ] . It has long been understood that co-ingestion of fat is required for the absorp-
tion of carotenoids from a meal, and studies have demonstrated markedly enhanced carotenoid 
absorption with increasing amounts of dietary lipids  [  23,   24  ] . In addition to the amount, the structural 
composition of the co-ingested lipids also affects postprandial levels of carotenoids; long-chain fatty 
acyl groups, for example, are signi fi cantly more effective than medium-chain fatty acyl groups at 
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enhancing absorption of  b -carotene  [  25  ] . Failla and colleagues explored comprehensively the effects of 
amount and structure of triglycerides on carotenoid absorption, and found that while the addition of 
triglycerides increased the  in vitro  micellization of hydrocarbon carotenes, it did not affect that of the 
more polar xanthophylls. Moreover, the bioaccessibility of the carotenes was in fl uenced by the chain 
length, but not by the degree of unsaturation, of the fatty acyl groups  [  22  ] . 

 Much remains to be understood about the processing of carotenoids in the intestinal lumen, which 
is made ever more complicated by the myriad of interactions among dietary components. In addition 
to the effects of dietary fat, the amount and quality of dietary  fi ber also in fl uence, often decrease, the 
bioavailability of carotenoids  [  26  ] . Other factors involve carotenoid–carotenoid interactions  [  27–  31  ] . 
It has been reported that oral administration of a combined dose of  b -carotene and lutein to human 
subjects resulted in reduced plasma levels of both carotenoids, as compared to their levels when 
ingested separately  [  31,   32  ] .  In vitro  studies have also evidenced competition between lycopene and 
 b -carotene for absorption, each mutually inhibiting transit of the other through a Caco-2 cell mono-
layer  [  29  ] . To the contrary, however, another study carried out in human subjects showed that 
  b - carotene consumption could improve lycopene absorption  [  30  ] , while lycopene had no effect on 
 b -carotene absorption  [  31  ] . These observed carotenoid–carotenoid interactions may be dependent on 
the speci fi c carotenoid concentrations employed in the studies and further investigations will be 
needed to systematically resolve these inconsistencies.  

   Absorption into the Intestinal Mucosa 

 After incorporation into micelles, carotenoids are taken up by enterocytes at the apical mucosal sur-
face of the brush border membrane  [  33  ] . The linear association observed between the lipophilicity of 
carotenoids and uptake from mixed micelles suggests a process of passive diffusion across the plasma 
membrane of epithelial cells  [  11,   34,   35  ] . In further support of this classical view on intestinal lipid 
absorption,  in vitro  experiments with Caco-2 cells have also demonstrated enhanced carotenoid uptake 
when the cells displayed compromised membrane integrity  [  11,   12  ] . Intestinal absorption and tissue 
accumulation are known to vary across animal species  [  12,   36,   37  ] . Furthermore, inter-individual vari-
ability in intestinal absorption and plasma accumulation has been observed in human subjects given 
pharmacological doses of  b -carotene  [  38  ] . These physiological disparities cannot be explained by an 
unregulated passive diffusion process across the intestinal epithelium, and instead suggest some level 
of selectivity in a facilitated uptake process. In fact, Caco-2 cells exhibit isomer speci fi city, preferring 
the uptake of all- trans - b -carotene over the  cis- conformations  [  29  ] . Additionally, kinetic studies have 
provided evidence for a saturable, receptor-mediated mechanism that is also time- and concentration-
dependent  [  29  ] . 

 At present, there is general consensus that class B scavenger receptors expressed on the membrane 
brush border play a role in facilitating the transport of  b -carotene, lycopene, and lutein  [  39–  42  ] . 
Scavenger receptor class B type 1 (SR-BI) is a member of the ATP-binding cassette (ABC) transporter 
superfamily, which mediates the selective uptake of cholesterol and cholesterol esters, and has an 
important role in reverse cholesterol transport  [  43,   44  ] . Cluster of differentiation 36 (CD36) is another 
member of the class B scavenger receptor family, and is known to mediate the transport of fatty acids 
into cells  [  45–  47  ] . Both SR-BI and CD36 are expressed in the human intestinal epithelium  [  48,   49  ] , 
where they can facilitate the uptake of  b -carotene as well as cholesterol; transient transfection of 
COS-7 cells, a model cell line for recombinant protein expression, with either SR-BI or CD36 con-
ferred on the cells the ability to absorb membrane-soluble lipids, including  b -carotene, with similar 
ef fi ciency  [  39  ] . The involvement of both of these receptors in cholesterol uptake suggests that carote-
noids may be absorbed into the intestinal epithelium via the same mechanisms involved in cholesterol 
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transport. This hypothesis is supported by the observation that consumption of plant sterols decreased 
both cholesterol absorption and carotenoid bioavailability in humans  [  50  ] . Dietary carotenoids also 
reduce cholesterol absorption in rats  [  51  ] . The differences in distribution, however, of SR-BI and 
CD36 along the length of the human small intestine suggest different functional roles for these homol-
ogous receptors. SR-BI is expressed throughout the small intestine, while CD36 is not expressed in 
the duodenum  [  49  ] . These expression pro fi les suggest that CD36 is likely to be the major facilitator 
of dietary lipid uptake in the jejunum and the ileum, where the absorption of monoacylglycerols and 
free fatty acids takes place  [  52  ] , while SR-BI may be responsible for mediating the uptake of the more 
hydrophobic lipid molecules in the duodenum  [  39  ] , where carotenoids are thought to be mainly 
absorbed. Indeed,  in vivo  experiments have shown the absorption of  b -carotene to be signi fi cantly 
impaired in  Sr-bI  knockout ( Sr-bI   −/−  ) mice, although this difference was observed only in mice fed a 
high-fat, high-cholesterol diet  [  39  ] . Interestingly, when fed a basal diet,  b -carotene absorption was 
equally low in  Sr-bI   −/−   and wild-type mice  [  39  ] . These data indicate that while SR-BI plays a role in 
the uptake of  b -carotene in the small intestine, its ef fi ciency as a carotenoid transporter is dependent 
on the presence of other dietary lipids. This observation is consistent with diet studies that showed 
increased postprandial levels of carotenoids with higher fat intake  [  24,   53  ] . Conversely, transgenic 
mice overexpressing  Sr-bI  in the intestine showed a 10-fold increase in plasma lycopene levels after 
30 days of dietary supplementation  [  42  ] .  In vitro  experiments have also associated SR-BI with the 
uptake of lycopene  [  42  ]  and lutein  [  40  ] , as well as  b -carotene  [  41  ]  in Caco-2 cells. These  fi ndings 
convincingly establish a role for SR-BI in the intestinal uptake of carotenoids. 

 Much less is known about CD36 and its role in carotenoid uptake in the intestine. CD36 recognizes 
a number of ligands including cholesterol and free fatty acids, and it plays a critical role in the intestinal 
uptake of very long chain fatty acids  [  54,   55  ] , but its involvement in carotenoid uptake has yet to be 
systematically studied. While the ability of CD36 to facilitate the uptake of  b -carotene has been dem-
onstrated in transfected COS-7 cells  [  39  ] , the inhibition of CD36 with anti-CD36 antibodies did not 
affect  b -carotene transport in Caco-2 cells  [  41  ] . These results suggest that while CD36 can facilitate the 
absorption of carotenoids, it probably does not contribute signi fi cantly to total carotenoid absorption in 
the intestine. Consistent with this view, the pattern of CD36’s distribution along the intestine is instead 
more suggestive of an important role in fatty acid transport  [  49,   55,   56  ] . Further studies will be needed 
to determine the extent of CD36’s contribution to carotenoid uptake in the intestine. 

 While all the data point to SR-BI as the major carotenoid transporter in the intestine, there are sug-
gestions that other apical membrane receptors may be involved. Since SR-BI is highly expressed in 
the duodenum where it is known to facilitate the transport of many lipophilic molecules, including 
various cholesterol esters, phospholipids, and triglycerides  [  57–  59  ] , the impairment of carotenoid 
uptake in its absence may not be very surprising. Through its hydrophobic transmembrane domain, 
SR-BI mediates the bidirectional  fl ux of free cholesterol and cholesterol esters down a concentration 
gradient  [  60–  62  ] . Likewise, the SR-BI-mediated transport of carotenoids may be a facilitated-
diffusion process that requires no energy expenditure  [  20  ] . Such a model may be supported by the 
linear rates of uptake observed in studies of Caco-2 cells, in response to physiological doses of carote-
noids  [  40  ] , but it probably does not account for all regulation that occurs at the level of uptake by the 
enterocyte. Importantly, antibodies raised against SR-BI receptors did not fully inhibit carotenoid 
uptake in Caco-2 cells  [  41,   42  ] . Treatment of the cells with ezetimibe (EZ), a known inhibitor of cho-
lesterol transport, further inhibited  b -carotene uptake in an additive fashion, implying different targets 
of inhibition  [  41  ] . The mechanism by which EZ inhibits cholesterol transport is not fully understood, 
but EZ has been reported to target Niemann-Pick C1-like 1 (NPC1L1)  [  63  ] , which has been associated 
with the intestinal absorption of cholesterol  [  64,   65  ] . NPC1L1 is also highly expressed on the intestinal 
epithelium, making it a candidate receptor for carotenoids. The  in vitro  inhibition of NPC1L1, how-
ever, does not impair lycopene uptake by Caco-2 cells  [  42  ] . Collectively, these experiments suggest 
that there may be other brush border membrane receptors involved, or other mechanisms in place, 
that contribute to the facilitated absorption of carotenoids into the intestinal epithelium.  
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   Processing and Ef fl ux from the Enterocyte 

 Within the intestinal mucosa, provitamin A carotenoids are either cleaved to form retinal or 
incorporated intact into chylomicrons. In the human intestine, where the majority of carotenoid 
cleavage takes place  [  66  ] , 55–75 % of the absorbed  b -carotene is enzymatically converted into reti-
naldehyde, which is further reduced to retinol by retinaldehyde reductase and converted to retinyl 
ester by lecithin-retinol acyltransferase (LRAT, EC 2.3.1.135), with the aid of cellular retinol bind-
ing protein type II (CRBP-II)  [  67  ] .  b -Carotene is therefore a major dietary source of vitamin A for 
humans  [  68  ] . The retinyl esters formed are then incorporated into chylomicrons along with intact 
carotenoids for secretion and transport in the circulation, via the lymphatic system. Chylomicrons 
are the major lipoprotein particles secreted by enterocytes in the postprandial state, and they are 
essential for the transport of all dietary fat and fat-soluble nutrients in the blood  [  69,   70  ] . These 
processes are summarized in Fig.  3.1 .  

 The basolateral secretion of carotenoids into the lymph is dependent on the assembly and secretion 
of apolipoprotein B (apoB)-containing chylomicrons, which is induced by the presence of lipid 
micelles on the apical surface of intestinal cells and mediated by apolipoprotein A-IV (apoA-IV)  [  69, 
  71–  73  ] . As such, the transfer of carotenoids across the intestinal mucosa is dependent on the presence 
of dietary lipids, which regulates the assembly of chylomicrons that serve as their transport vehicles 
in the plasma. The extent of carotenoid incorporation into chylomicrons may be determined by the 

  Fig. 3.1    Absorption and metabolism of carotenoids in the intestine. Within the lumen of the intestine, carotenoids 
(predominantly  b -carotene, lycopene,  b -cryptoxanthin, lutein, and zeaxanthin) are released from the food matrix, solu-
bilized in lipid droplets and transferred to mixed micelles along with other dietary lipids. After incorporation into 
micelles, carotenoids are delivered to the apical mucosal surface of the brush border membrane, where they are taken 
up by the enterocyte via a receptor-mediated mechanism that involves scavenger receptor class B type 1 (SR-BI). It also 
has been proposed that CD36 and possibly other unidenti fi ed apical membrane receptors may facilitate carotenoid 
uptake into the enterocyte. Inside the enterocyte, proretinoid carotenoids ( b -carotene and  b -cryptoxanthin) may be 
acted upon by BCMO1 to form retinaldehyde (RAL), which can then be reduced to retinol (ROH) by retinal reductases 
(RalR) or oxidized to retinoic acid (RA) by retinal dehydrogenases (RalDH). Retinol bound to cellular retinol binding 
protein type II (CRBP-II) is esteri fi ed by lecithin-retinol acyltransferase (LRAT) to form retinyl ester, which is packaged 
into apolipoprotein B (apoB)-containing chylomicrons along with intact carotenoids and other dietary fats for secretion 
and transport in the circulation  [  39–  42,   67  ]        
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structural properties of the different carotenoid species  [  29  ] . In parallel with evidence for isomer 
discrimination at the level of cellular uptake, During et al. found that, within Caco-2 cells, all- trans-
  b -carotene was preferentially incorporated into chylomicrons over the  cis- isomers  [  29  ] . These 
investigators reported linear rates of secretion, as well as uptake, in response to increasing initial 
concentrations of  b -carotene administered, up to 6  m M and saturating at 10  m M  [  29  ] . The greater vari-
ability observed for the basolateral secretion, versus cellular uptake, of the different carotenoids 
tested, further points to the involvement of intracellular mechanisms  [  29  ] , possibly in the selective 
transport of carotenoids through the secretory pathway, as has been observed in the preferential pack-
aging of nascent, instead of preformed, triglycerides into chylomicrons  [  74  ] . 

 Very little is known about the molecular mechanisms for carotenoid discrimination and transport 
within the enterocyte. Likewise, any intracellular processing remains largely unknown, and evidence 
for it is limited to inferences from the detection of carotenoid metabolites in the postprandial plasma. 
All- trans-  b -carotene, for example, has been reported to accumulate in the plasma of human subjects 
who ingested only 9- cis - b -carotene. This observation suggests the occurrence of isomerization during 
the absorption process  [  75  ] .  In vitro  experiments, however, have failed to show accumulation of all-
 trans - b -carotene in the basolateral medium when Caco-2 cell monolayers were incubated with 9- cis -
 b -carotene  [  29  ] . More recently, it has been reported that lycopene is isomerized in intestinal cells  [  76  ]  
from the more prevalent dietary form, the all- trans  con fi guration, to the potentially more biologically 
active  cis -isomers in human subjects  [  76,   77  ] . 

 There may also be further regulation that takes place after uptake into the brush border membrane. 
Carotenoids taken up by the intestinal epithelia may be selectively excreted back into the intestinal 
lumen, perhaps in a process similar to that described for the excretion of phytosterols by ABC trans-
porters  [  8,   78  ] . The expression of ABC transporters in the enterocyte is known to be induced by plant 
sterols as a means to selectively transport non-cholesterol sterols back into the intestinal lumen  [  79, 
  80  ] . Plant sterols decrease serum levels of both cholesterol and carotenoids  [  81  ] , and this reduction, 
at least in cholesterol levels, is due to lower intestinal absorption  [  82  ] . So, it is possible that the ABC 
transporters involved in the transport of sterols are also responsible for the reduced absorption of 
cholesterol and carotenoids. But there is no de fi nitive evidence for the resecretion of carotenoids from 
the enterocyte back into the intestinal lumen. The detection, however, of carotenoids in human bile 
 [  83  ]  may be taken to suggest this possibility, since these same ABC transporters are known to play a 
role in the biliary secretion of cholesterol. 

 On the whole, the molecular mechanisms underlying the cellular translocation and metabolism of 
intact carotenoids in the human intestine remain unknown. The bulk of our current knowledge on the 
subject is instead focused on the well-characterized enzymatic conversion of provitamin A carote-
noids to retinoids.  

   Transport and Metabolism in the Circulation 

 Chylomicrons secreted into the basolateral side of the intestinal epithelia are drained into the mesen-
teric lymphatic vessels and carried to the venous blood via the thoracic duct  [  84  ] . By way of the 
intestinal lymphatics, lipid transport circumvents  fi rst-pass hepatic metabolism, and the carotenoids 
and retinyl ester associated with chylomicrons are available for uptake by extrahepatic tissues. In the 
circulation, chylomicrons are quickly metabolized to chylomicron remnants (CRs) in a process char-
acterized by the loss of triglyceride content, through hydrolysis catalyzed by lipoprotein lipase (LPL), 
and the subsequent acquisition of apolipoprotein E (apoE), which signals hepatic clearance. During 
this transit period, retinyl ester is also hydrolyzed, following signi fi cant hydrolysis of triglyceride, and 
retinol can be taken up by peripheral tissues. Retinyl ester is a substrate for LPL, and its hydrolysis in 
the postprandial plasma contributes signi fi cantly to extra-hepatic stores of retinol; 25 % of chylomicron 
retinyl ester is hydrolyzed for peripheral uptake  [  85,   86  ] . Plasma response of different carotenoids has 
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been observed to differ in the postprandial state. Work by Novotny et al., following the plasma con-
centrations of [ 13 C]lutein and [ 13 C] b -carotene after ingestion of kale isotopically labeled with  13 C and 
served to human volunteers with 30 g of oil, established that lutein is  fi rst detected between 3 and 6 h, 
and  b -carotene between 4 and 6 h, after dose consumption  [  87  ] . Interestingly, the time of peak plasma 
lutein concentrations in these subjects ranged between 10 and 36 h, whereas  b -carotene exhibited a 
double peak in plasma, with the  fi rst peak occurring between 8 and 10 h and the second occurring 
between 24 and 36 h  [  85  ] . Comparative studies of carotenoid absorption carried out in preruminant 
calves by Bierer et al. established for this species that lutein peaked earlier in serum (12 h after dos-
ing) than did the less polar lycopene,  a -carotene, and  b -carotene (16, 24, and 24 h, respectively)  [  88  ] . 
It should be noted that, for both the human and preruminant calf studies, intestine-derived chylomi-
crons were not separated from liver-derived lipoproteins; thus, the reported times to peak plasma 
concentrations likely re fl ect both intestinal uptake and resecretion from the liver. Before newly 
absorbed carotenoids can be cleared from the circulation, the CRs must be made small enough by 
triglyceride hydrolysis to enter the perisinusoidal space in the liver where absorption occurs  [  89  ] . 
Here, the binding of apoE on the surface of the CR to hepatic low-density lipoprotein (LDL) receptors 
is critical for the endocytosis of the remnant particle into hepatocytes  [  90  ] . 

 Within the liver, carotenoids can be accumulated or secreted back into the circulation as a compo-
nent of very low density lipoprotein (VLDL). In the fasting state, 10–19 % of plasma carotenoids is 
transported on VLDL; the majority (55 %) is found in LDL, and around 33 % is associated with high-
density lipoproteins (HDL).  b -Carotene and lycopene are predominantly found in LDL and VLDL, 
while lutein and zeaxanthin are distributed equally between LDL and HDL  [  91,   92  ] . This difference 
in distribution is consistent with the observation that lipoprotein transfer of carotenoids occurs mainly 
with xanthophylls  [  93  ] , which may be accounted for by the hydrophobicity of the molecules; the polar 
xanthophylls are localized to the surface of the particle where they are more likely to be transferred 
between lipoproteins, while the lipophilic carotenes occupy the inner core of lipoproteins where they 
are physically shielded from this effect (see Fig.  3.2 )  [  92  ] . Because the majority of carotenoids circu-
lating in the blood is carried within the core of VLDL and LDL particles  [  94  ] , tissues expressing high 
levels of LDL receptors, such as the liver and adrenal glands, will accumulate high levels of these 
carotenoids. Cellular uptake of carotenoids may also depend on whether the tissue expresses other cell 
surface receptors. SR-BI and CD36 have been implicated in the tissue uptake of carotenoids; for 
example, the selective uptake of xanthophylls in the cells of the retina involves SR-BI  [  95  ] , and CD36 

  Fig. 3.2    Carotenoid distribution among different lipoprotein classes. Carotenoids are transported in the circulation as 
components of lipoproteins. In the fasting state, the majority (55 %) of plasma carotenoid is transported on low-density 
lipoproteins (LDL); approximately 33 % is associated with high-density lipoprotein (HDL), with the remainder associ-
ated with very low-density lipoprotein (VLDL).  b -Carotene and lycopene are associated predominantly with LDL and 
VLDL, while lutein and zeaxanthin are distributed equally between LDL and HDL. The xanthophylls are carried close 
to the particle’s surface where they are more likely to be transferred between lipoproteins (especially between LDL and 
HDL), whereas the lipophilic carotenes occupy the inner core and have less contact with other lipoproteins, thus pre-
venting exchange  [  91–  93  ]        
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has been reported to play an important role in facilitating the uptake of lycopene and lutein by adipose 
tissue  [  96  ] .  

 Given that carotenoids follow the same metabolic pathways as dietary lipids in the enterocyte and in 
the circulation, the proteins involved in the processes of absorption and transport will also indirectly 
affect plasma carotenoid levels. This notion is supported by  fi ndings of altered plasma carotenoid con-
centrations in human subjects with genetic polymorphisms of genes involved in lipid metabolism, 
including apoB and apoA-IV  [  97  ] . Recent studies on the variability of plasma carotenoid concentrations 
in human populations have also shown that the observed differences can at least in part be explained by 
multiple genetic variations in genes involved in lipoprotein metabolism and lipid transfer  [  98,   99  ] .  

   Tissue Uptake and Accumulation 

 Tissues are able to selectively take up carotenoids from the circulation, depending on expression of 
membrane receptors, SR-BI and/or CD36, as well as LDL receptors and possibly other unidenti fi ed 
cell surface proteins. Within tissues, carotenoids can be utilized either for retinoid production or as 
antioxidants. In the case of adipose tissue, where much of the body’s carotenoid accumulates, they can 
also be released back into the circulation.  b -Carotene, lycopene, and lutein are carotenoids that are 
predominantly found in adipose tissue, and they are thought to be taken up by adipocytes via CD36 
in a facilitated-uptake process  [  96  ] . Carotenoid levels in adipose tissue are site-speci fi c, and most 
carotenoids accumulate in higher concentrations in the adipose tissue of the abdomen than in the other 
major adipose depots of the body, the buttocks and thighs  [  100  ] . Abdominal adipose carotenoids have 
been found to be signi fi cantly correlated with serum levels and dietary intake, and it has been pro-
posed that these levels may be used as a reliable indicator of carotenoid status  [  100  ] . 

 The liver is another organ with a large capacity for carotenoid accumulation. Carotenoids arrive at 
the liver in lipoprotein remnant particles, which are taken up via endocytosis into hepatocytes, where 
they can accumulate. Once dissociated from lipoprotein remnants, carotenoids can be transferred to 
hepatic stellate cells (HSCs) in a process that has yet to be elucidated. Several studies performed in 
animal models suggest that HSCs can also accumulate  b -carotene  [  101,   102  ] , albeit at lower levels 
than in hepatocytes; the accumulation of  b -carotene and lycopene, for example, has been shown in 
GRX cells, an  in vitro  model of murine HSCs  [  100  ] . HSCs have also been demonstrated to accumu-
late all- trans -lycopene in their lipid droplets, where they have been observed to isomerize to  cis -
conformations  [  103  ] . 

 In the eyes, high concentrations of the xanthophylls lutein and zeaxanthin are found in the retinal 
pigment epithelium of the neural retina. Often referred to as macular pigments, the levels of these 
xanthophylls in the macula of the retina correlate with dietary intake  [  28  ] , and their accumulation may 
be explained in part by the preferential uptake of zeaxanthin, as opposed to  b -carotene, in a process 
that appears to be entirely dependent on SR-BI  [  95  ] . On the other hand, genetic variations in CD36 
have been associated with altered plasma and retina concentrations of lutein  [  104  ] . The presence of 
speci fi c pathways for the transfer of lutein and zeaxanthin from the blood into the retina is proposed 
to involve speci fi c xanthophyll-binding proteins  [  105  ] ; the Pi isoform of glutathione S-transferase has 
a high af fi nity for zeaxanthin  [  106  ] , and a lutein-binding protein has been identi fi ed as a member of a 
protein family collectively referred to as steroidogenic acute regulatory protein  [  107,   108  ] . 

 Carotenoids can also accumulate in high levels in human skin. Measurements using Raman micros-
copy have revealed a non-homogeneous distribution of carotenoids across the epidermis, with pro-
nounced peak levels at the skin surface  [  109  ] . This distribution is proposed to occur because carotenoids 
are transported via sweat glands to the surface of the skin, where they can then penetrate into the 
epidermis. The process is not unlike the topical application of carotenoids, the source of which, in this 
case, is originally the serum. Indeed, carotenoid concentrations in the skin have been observed to be 
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positively correlated with serum levels  [  110  ] . As such, the concentration of carotenoids in the epidermis 
is higher in areas of the body with higher density of sweat glands, such as the palms, the soles, and the 
forehead  [  109  ] . Carotenoids may protect the skin from UV-induced photooxidative damage by acting 
as antioxidants or UV-absorbing pigments  [  109,   110  ] . In human skin, topically applied  b -carotene can 
be converted to retinyl ester, which may also play a protective role against acute UV exposure and its 
cytotoxic effects  [  111,   112  ] .  

   Intracellular Metabolism 

 Dietary carotenoids can be converted into a number of biologically active products owing to their 
unique chemical structure, which consists of eight isoprenoid units and the associated polyunsatu-
rated double bonds. These structural characteristics underlie the capacity of carotenoids for isomer-
ization, singlet oxygen quenching, and electron transfer during oxidation/reduction reactions (see 
Fig.  3.3 )  [  92,   113,   114  ] . Some of these reactions can be mediated by speci fi c enzymes that catalyze 
oxidative cleavage of speci fi c double bonds. In contrast to speci fi c enzymatic cleavage, carotenoids 
can also be modi fi ed to a number of compounds by nonenzymatic chemical transformations, due to 
the high reactivity of their conjugated double bonds  [  115  ] . These products can be formed in tissues 
through reaction with reactive oxygen species, which are generated in normal physiological pro-
cesses, and can be further modi fi ed and eliminated from the body. Carotenoid oxidation products 
formed  in vitro  have been extensively studied, especially as compounds formed in oxidative conditions 
where carotenoids act as antioxidants  [  116,   117  ] . Because of the presence of several potential “sites 
of reaction,” carotenoid enzymatic processing has been a subject of debate for decades, and we are 
still far from having a de fi nitive metabolic picture. Whenever a carotenoid metabolite is identi fi ed in 

  Fig. 3.3    Potential sites within the  b -carotene molecule which can undergo enzymatic cleavage, oxidation, epoxidation, 
and isomerization. The unique chemical structure of eight isoprenoid units with their associated polyunsaturated double 
bonds underlies the capacity of carotenoids for enzymatic cleavage, oxidation, epoxidation, and isomerization  [  92,   115, 
  116,   129  ]        
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a tissue, the question is invariably raised as to whether it is a product of speci fi c enzymatic activity or 
simply a by-product of nonspeci fi c reactions. Because of this, it is often unclear which of the numerous 
carotenoid derivatives may truly be metabolically signi fi cant.  

  b -Carotene conversion to retinoid was the  fi rst carotenoid metabolic transformation to be system-
atically studied in animal tissues, owing to the biological signi fi cance of retinoids  [  68  ] . Although the 
 in vivo  enzymatic reaction was  fi rst described in 1930 by Moore  [  118  ] ,  b -carotene oxygenase activity 
was only demonstrated in 1965 when two groups of investigators, Goodman and Huang  [  119  ]  and 
Olson and Hayaishi  [  120  ] , independently showed that rat small intestine homogenates can enzymati-
cally cleave  b -carotene at the central 15,15 ¢ -carbon double bond to yield two molecules of vitamin A 
aldehyde (retinal/retinaldehyde). At around the same time, an alternative metabolic pathway for 
eccentric cleavage was proposed  [  121  ] . The initial debate around central versus eccentric cleavage of 
 b -carotene  in vivo  was not settled until the enzymes responsible for these pathways were cloned and 
characterized  [  122  ] . Now termed BCMO1 ( b -carotene-15,15 ¢ -monooxygenase, EC 1.14.99.36) and 
BCMO2 ( b -carotene-9 ¢ ,10 ¢ -monooxygenase, EC 1.14.99.n2), these enzymes belong to the carotenoid 
oxygenase family and catalyze central and eccentric  b -carotene cleavage, respectively  [  122  ] . The 
human genome encodes at least three members of this protein family, which share about 40 % amino 
acid sequence identity  [  123  ] . The third member of this family is retinoid isomerohydrolase RPE65, 
which catalyzes the isomerization of all- trans -retinyl ester to 11- cis -retinol in the retina, a critical step 
in the visual cycle essential for normal vision  [  124–  126  ] . 

 An additional pathway for carotenoid metabolism in mammals is characterized by the oxidation of a 
secondary hydroxyl group, which may or may not involve the migration of the double bond in a  b -ring 
to form an e-ring  [  127,   128  ] . Such reactions have been proposed to be mediated by NAD-dependent 
dehydrogenases in the liver  [  129  ] . The speci fi c enzymes responsible for these oxidation reactions have 
not been identi fi ed, nor have the biological activities of the resulting ketocarotenoids been established, 
even though these compounds have been detected in physiologically signi fi cant levels in human plasma 
 [  130  ] . As pointed out by Nagao, these carotenoid derivatives may have biological activities related to the 
 a ,  b -unsaturated carbonyl group present in a number of these compounds  [  8  ] , which has been associated 
with the suppression of free radical generation and cancer cell proliferation  [  131  ] .  

   Carotenoid Cleavage Enzymes and Their Metabolic Roles 

   Carotenoid Central Cleavage and BCMO1 

 The sole pathway for carotenoid (mainly  b -carotene) conversion to retinoids is the central cleavage 
reaction, which is catalyzed by the cytosolic enzyme  b -carotene 15,15 ¢ -monooxygenase (BCMO1 EC 
1.14.99.36, systematic name  b -carotene:oxygen 15,15 ¢ -oxidoreductase (bond-cleaving)). There is no 
consensus in the literature regarding a standard nomenclature for the central cleavage enzyme, and 
several acronyms are in use: CMO1, BCO1, BCDO1, BCDO, and BCMO. For many years, the 
enzyme was termed  b -carotene 15,15 ¢ -dioxygenase (EC 1.13.11.21 and EC 1.18.3.1) because of an 
early biochemical characterization that incorrectly implicated a dioxygenase reaction mechanism 
 [  119,   120  ] . It was subsequently demonstrated—using a partially puri fi ed chicken intestine BCMO1 
preparation, isomerically pure  b -carotene as substrate and  17 O 

2
  and H  

2
  18  O as oxygen sources—that 

the enzymatic cleavage of the central carbon 15,15 ¢ -double bond in  b -carotene actually involves a 
monooxygenase-type mechanism  [  132  ] . Thus, the enzyme has been renamed  b -carotene 
15,15 ¢ -monooxygenase (EC 1.14.99.36) to re fl ect the correct reaction mechanism. This enzymatic 
reaction, which yields two retinaldehyde molecules, proceeds in three stages: epoxidation of the 
15,15 ¢ -double bond, hydration of the double bond leading to ring opening, and oxidative cleavage of 
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the diol formed  [  132,   133  ] . During the reaction, a substrate carbocation intermediate is formed, which 
is stabilized by cation- p  interactions with the two aromatic residues in the substrate-binding cleft of 
BCMO1  [  134  ] . Two oxygen atoms from two different sources are used, molecular oxygen and water; 
one retinaldehyde incorporates an oxygen atom from dioxygen, and the other retinaldehyde receives 
an oxygen from water  [  132  ] . 

 In humans, the  Bcmo1  gene is located on chromosome 16. The gene sequence is evolutionarily 
conserved throughout the animal kingdom  [  122  ] . Molecular cloning and characterization of BCMO1 
has been reported for the homologous enzyme from various species, including fruit  fl ies  [  135  ] , chick-
ens  [  136  ] , mice  [  137–  139  ] , bovines  [  140  ] , and zebra fi sh  [  141  ] . The  fi rst attempt to characterize human 
BCMO1 was made by Yan et al.  [  142  ] , but complete molecular cloning and characterization of the 
human enzyme was done in 2002 by Lindqvist and Andersson  [  143  ] . Amino acid comparison of 
human BCMO1 with the homologous enzymes from mice, rats, chickens, zebra  fi sh, and fruit  fl ies 
showed sequence identity of 85 %, 84 %, 67 %, 56 %, and 22 %, respectively  [  123  ] . 

 Recombinant human BCMO1 is a hydrophilic protein of 547 amino acids with a predicted molecu-
lar weight of 62,637 Da. The active BCMO1 enzyme is an oligomer with Fe 2+  ions as metal ligands in 
the active site  [  143  ] . It catalyzes the cleavage of  b -carotene with the highest activity, followed by 
 b -cryptoxanthin,  b -apo-4 ¢ -carotenal,  b -apo-8 ¢ -carotenal,  a -carotene, and  g -carotene. It does not, how-
ever, catalyze the cleavage of  b -apo-12 ¢ -carotenal, lutein, zeaxanthin, or lycopene, suggesting that at 
least one half-site of an unsubstituted  b -ionone ring in a substrate with a molecular mass greater than 
C 

30
  is required for cleavage of the central carbon 15,15 ¢ -double bond (see Fig.  3.4 )  [  143–  145  ] . 

  Fig. 3.4    Substrate speci fi city of BCMO1 reported in the literature. Recombinant BCMO1 is reported in the literature 
to catalyze cleavage of  b -carotene,  b -cryptoxanthin,  b -apo-4 ¢ -carotenal,  b -apo-8 ¢ -carotenal,  a -carotene, and  g -carotene, 
but not  b -apo-12 ¢ -carotenal, lutein, zeaxanthin, or lycopene. At least one half-site of an unsubstituted  b -ionone ring in 
a substrate with a molecular mass greater than C 

30
  is required to allow for cleavage of the central carbon 15,15 ¢ -double 

bond  [  143–  145  ]        
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Cleavage of the most common dietary carotenoid,  b -carotene, results in two molecules of retinalde-
hyde, which can be further converted to retinol or retinoic acid by retinaldehyde reductases or retinal-
dehyde dehydrogenases, respectively  [  146  ] .  

 BCMO1 belongs to the nonheme iron-containing oxygenase family. Although the BCMO1 crystal 
structure has not been resolved, information is available regarding other members of its protein fam-
ily, including native bovine RPE65  [  125  ]  and apocarotenoid-15,15 ¢ -oxygenase (ACO) from 
 Synechocystis  PCC 6803  [  147  ] . Based on the solved crystal structures of these proteins, all iron (II)-
dependent oxygenases, including BCMO1, are predicted to share a common seven-bladed  b -propeller 
structural motif, with Fe 2+  coordinated in a near-perfect octahedral arrangement by four histidines 
 [  147  ] . Sequence alignments within the carotenoid cleavage oxygenase family clearly show that the 
most highly conserved regions are within the  b  strands that form the propeller, strongly suggesting 
that all members of the family have the same  b -propeller motif and may therefore be modeled along 
the lines of the structures of RPE65 and ACO  [  125,   133  ] . A large hydrophobic tunnel permeating the 
protein molecule leads from the surface to the active site de fi ned by the position of iron. The shape of 
this tunnel appears to determine substrate speci fi city of the carotenoid cleavage oxygenases  [  133  ] . 
Based on this information, it seems likely that the crystal structure for BCMO1 will soon be 
resolved. 

 Using RNA blotting and immunostaining techniques, Lindqvist and Anderson showed that the 
human  Bcmo1  gene is highly expressed in the mucosa of the digestive tract and the parenchymal 
cells of the liver  [  148  ] . These tissues are most commonly used as sources for purifying or studying 
the native enzyme, and its physiological role in these tissues has been well-established. In addition 
to the small intestine and liver, human BCMO1 is also present at high levels in non-digestive tissues, 
including kidneys (proximal and distal convoluted tubules) and, to a lesser extent, steroidogenic tis-
sues such as testes (Leydig and Sertoli cells) and ovaries (granulose cells and theca interna), as well 
as prostate (epithelium and stroma), skeletal muscle (muscle  fi bers), skin (epidermis)  [  148  ] , and eyes 
(retinal and ciliary body pigment epithelia)  [  142,   148  ] . A similar expression pattern of  Bcmo1  is 
observed in mice, where expression of the enzyme is detected in small intestine, liver, testes, kid-
neys, retina, and skin  [  136,   137,   139  ] . Further insight into liver BCMO1 distribution has been pro-
vided by experiments performed on mice, which revealed that  Bcmo1  is predominantly expressed in 
hepatic stellate cells  [  102  ] .  

   Regulation of BCMO1 Activity 

 BCMO1 activity is subject to transcriptional regulation, mainly by tissue-speci fi c negative feedback 
mechanisms  [  66  ] , In addition, enzymatic activity may vary due to genetic variation among different 
species  [  149  ]  and within the human population  [  150–  152  ] . One of the major factors that affect intes-
tinal  Bcmo1  expression is dietary retinoids. Several studies have shown that intestinal  b -carotene 
cleavage activity was enhanced by retinoid de fi ciency, and reduced by high levels of supplementary 
retinoids in the diet  [  153,   154  ] . BCMO1 activity in the intestine of rats was observed to be decreased 
by up to 79 %, 88 %, and 67 % after oral administration of retinyl acetate, all- trans- retinoic acid, and 
9- cis- retinoic acid, respectively. Conversely, retinoid de fi ciency was observed to upregulate  Bcmo1  
gene expression, which was then suppressed by all- trans- retinoic acid or 9- cis- retinoic acid. Similar 
effects were observed when  b -carotene and apo-8 ¢ -carotenal were orally administered; BCMO1 activ-
ity in the rat intestine was decreased by up to 79 % and 56 %, respectively  [  153  ] . Furthermore, apo-
12 ¢ -carotenal and the retinoic acid receptor alpha (RAR a ) antagonist, Ro 41-5253, signi fi cantly 
increased intestinal BCMO1 activity by 55 % and 94 %, respectively  [  154  ] .  Bcmo1  gene expression 
in the lungs and testes was also suppressed by all- trans -retinoic acid or 9- cis- retinoic acid in retinoid-
de fi cient rats. In the liver, however,  Bcmo1  gene expression was only decreased by all- trans -retinoic 



42 I.O. Shmarakov et al.

acid and not 9- cis- retinoic acid, and renal expression was not affected by treatment with either retinoid. 
Together, these data suggest that  Bcmo1  gene expression in some tissues may be downregulated by 
retinoic acid, thus affecting  b -carotene conversion to retinaldehyde  [  153  ] . 

 Seino et al. were the  fi rst to establish a role for intestine speci fi c homeobox (ISX) transcription 
factor in the regulation of retinoid metabolism  [  155  ] . These investigators showed that retinoid-
de fi ciency decreased  Isx  expression and increased  Bcmo1  expression in the duodenum and the jeju-
num of wild-type mice. In  Isx -de fi cient ( Isx   LacZ/LacZ  ) mice, however, retinoid-de fi ciency did not increase 
 Bcmo1  expression in the duodenum and the jejunum. These results suggest that ISX participates in 
retinoid metabolism by regulating  Bcmo1  expression in the proximal intestine. Furthermore, Lobo 
et al. showed, using both mouse models and human cell lines, that in addition to  Bcmo1  expression, 
lipid absorption by SR-BI in the intestine was also subject to control by retinoid signaling  [  156  ] . 
Retinoic acid signaling was shown to induce expression of the intestinal transcription factor ISX, 
which in turn suppressed expression of both SR-BI and BCMO1  [  156  ] . The increase in intestinal 
SR-BI expression and systemic  b -carotene accumulation in  Bcmo1 -knockout ( Bcmo1   −/−  ) mice were 
prevented by dietary retinoids, via induction of ISX expression. These elegant studies reveal a diet-
responsive regulatory network that controls  b -carotene absorption and retinoid production by negative 
feedback regulation (see Fig.  3.5 ).  

 Tissues other than the intestine also have complex regulatory mechanisms for regulating  Bcmo1  
expression, one of which is summarized in Fig.  3.6 . Analysis of the human  Bcmo1  gene promoter has 
demonstrated that the gene contains a peroxisome proliferator response element (PPRE), to which 
binds peroxisome proliferator-activated receptor (PPAR) g   [  157  ] . PPAR g  is essential but not suf fi cient 
for the induction of human  Bcmo1  gene expression, which is dependent on the cooperation between 
PPAR g  and the transcription factor myocyte enhancer factor 2 (MEF2) isoforms  [  158  ] . Interestingly, 
the same regulatory pattern exists for CRBP-II, the molecular partner of BCMO1 in the intestine. 
 Crbp-II  gene expression is regulated through PPAR/RXR heterodimers bound to nuclear receptor 
response elements present in the  Crbp-II  gene promoter  [  159  ] .  

  Fig. 3.5    Negative feedback regulation of  b -carotene absorption and metabolism in the intestine. Suf fi cient intake of 
retinoids and/or proretinoid carotenoids from the diet leads to the formation of retinoic acid in the enterocyte. Retinoic 
acid, acting via retinoic acid receptors, induces expression of intestinal transcription factor (ISX), which represses 
expression of both SR-B1 and BCMO1, decreasing further  b -carotene absorption and central cleavage  [  155,   156  ]        
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 The observation of enhanced  Bcmo1  expression in Caco-2 cells by triiodothyronine (T 
3
 ), which is 

inhibited by actinomycin D, led Yamaguchi and Suruga  [  160  ]  to the conclusion that the expression of 
the  Bcmo1  gene might be regulated by T 

3
  at the transcriptional level. However, these researchers were 

unable to make a clear assessment of whether the observed upregulation was directly a result of thy-
roid hormone receptor (TR) binding to thyroid hormone response elements (TREs) or due to enhanced 
PPAR g  transcriptional activity induced by T 

3
  treatment of human intestinal cells. Nevertheless, these 

 fi ndings suggest that T 
3
  might contribute to regulating  b -carotene conversion to retinoid in the human 

small intestine  [  160  ] . Similar transcriptional dynamics were observed in experiments performed on 
rats  [  161  ] . Studying the in fl uence of alcohol administration, which results in the decrease of hepatic 
retinoid levels, these investigators detected increased mRNA levels of  Bcmo1 ,  Bcmo2 ,  Ppar g  ,  Ppar a  , 
and  Tr b  , and the corresponding increases in the protein levels of BCMO2, PPAR g , and PPAR a . These 
 fi ndings support the idea that BCMO1 is transcriptionally regulated by PPAR g  in a process that may 
involve TR b . 

 Several animal studies have shown that  Bcmo1  expression can be regulated by other carotenoids. 
For instance, lycopene intake downregulates  Bcmo1  expression in the adrenal glands and kidneys of 
rats  [  162  ] . Decreases in expression of  Ppar g   and its target gene  Fabp3  in the adrenal glands and 
kidneys were observed to parallel expression levels for  Bcmo1 . A mechanism for how lycopene and 
its metabolites in fl uence  Bcmo1  expression has not been clari fi ed, but at least two lycopene metabo-
lites, 10 ¢ -apolycopen-10 ¢ -oic acid and 14 ¢ -apolycopen-14 ¢ -oic acid, did not have an effect on  Bcmo1  
expression in mice  [  163  ] . Lutein was observed to inhibit  b -carotene cleavage enzyme activity in rat 
enterocytes  [  164  ] . Flavonoids such as luteolin, quercetin, and rhamnetin, which have a catechol 
structure in their B-ring, are remarkably ef fi cient at inhibiting BCMO1 activity in a noncompetitive 
manner  [  165,   166  ] . This may be important for BCMO1 in the intestine, where it may be exposed to 
these  fl avonoids.  

  Fig. 3.6    Proposed mechanism for regulating human  Bcmo1  gene expression in liver and peripheral tissues. The human 
 Bcmo1  gene promoter contains a peroxisome proliferator response element (PPRE), and peroxisome proliferator-
activated factor (PPAR) g  dimerized with retinoid X receptor (RXR) binds to this site. The natural ligands for these 
receptors, free fatty acids (FFA) for PPARs and 9- cis- retinoic acid (RA) for RXRs, can activate  Bcmo1  expression. 
Activation of human  Bcmo1  gene expression is further dependent on cooperation between PPAR g  and myocyte enhancer 
factor 2 (MEF2) isoforms  [  157,   158  ]        
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   Physiological Roles of BCMO1 

 The metabolic function of BCMO1 as the central cleavage enzyme is now well-characterized; its 
activity constitutes the sole pathway for the biosynthesis of retinoids from carotenoid precursors, 
which contributes signi fi cantly towards satisfying retinoid needs in the human body. In times of 
dietary insuf fi ciency, a steady level of retinoids can be maintained in peripheral tissues by local cen-
tral cleavage of carotenoids, especially in tissues that are sensitive to retinoid levels, such as epithelial 
tissues and the steroidogenic cells  [  140,   148  ] . 

 Experiments with genetically modi fi ed animals have shown broad physiological roles for BCMO1 
in extra-intestinal tissues. In addition to impairment in  b -carotene metabolism, which results in its 
accumulation in large quantities in tissues  [  102,   146,   167  ] , BCMO1 de fi ciency alters the metabolism 
of other carotenoids.  Bcmo1   −/−   mice fed lycopene showed signi fi cant differences in tissue accumula-
tion as compared to wild-type mice; lycopene concentrations were decreased in liver, spleen, and 
thymus, and increased in prostate, seminal vesicles, testes, and brain. Moreover, alterations were 
observed in the distribution of lycopene isomers; in  Bcmo1   −/−   mice, the percent of  cis- isomers were 
signi fi cantly increased in all the tissues examined, with the exception of testes  [  168  ] . 

 BCMO1-de fi ciency has been independently associated with altered lipid homeostasis. Even when 
maintained on a retinoid-suf fi cient chow diet,  Bcmo1   −/−   mice developed fatty liver and displayed 
elevated serum levels of unesteri fi ed fatty acids, suggesting a regulatory role for BCMO1 in lipid 
metabolism that is independent of retinoid status. This mutant mouse model was also more suscepti-
ble to high-fat diet-induced impairments in fatty acid metabolism  [  102,   167  ] . 

 BCMO1 is proposed to in fl uence adipocyte physiology by contributing directly to retinoic acid 
production in an adipose-speci fi c manner  [  169,   170  ] .  Bcmo1   −/−   mice have elevated expression of 
PPAR g -regulated marker genes that are associated with adipogenesis in visceral adipose tissues  [  167  ] . 
In mature mouse adipocytes,  b -carotene, but not all- trans -retinol, is metabolized to retinoic acid, and 
its signaling via RARs decreases the expression of PPAR g  and CCAAT/enhancer-binding protein  a , 
which are key lipogenic transcription factors. This is proposed to reduce the lipid content of mature 
adipocytes. Oral administration of  b -carotene, but not all- trans -retinol, was reported to induce retin-
oid signaling and decrease PPAR g  expression in white adipose tissue of retinoid-de fi cient mice  [  171  ] . 
Similarly, retinaldehyde directly derived from  b -carotene cleavage has also been implicated in the 
regulation of adipocyte physiology; by binding to PPAR g  and RXRs, retinaldehyde is proposed to 
antagonize their activities  [  172  ] . Because  b -carotene is a critical physiological precursor for retinoid 
production in adipose tissue, provitamin A carotenoids may act as dietary regulators of body fat 
reserves. Amengual et al.  [  173  ]  have recently proposed that  b -carotene intake may have different 
consequences on body adiposity in subjects carrying different  Bcmo1  functional gene variants and 
proposed the involvement of  b -carotene and  Bcmo1  in human obesity  [  173  ] . However, this notion is 
contradicted by studies involving ferrets, which showed that chronic supplementation with  b -carotene 
resulted in hypertrophy of white adipocytes and a general increase in body weight. Moreover, these 
animals had decreased amounts of brown-like multilocular adipocytes in the retroperitoneal depot and 
decreased UCP1 content in different fat depots, which suggests a lower thermogenic capacity  [  174  ] . 
Most importantly, the idea that provitamin A carotenoids may be dietary regulators of body fat reserves 
is strongly contradicted by human trials of  b -carotene as a cancer chemopreventative. These studies 
failed to show any correlation between dietary carotenoid intake and body mass index in large human 
cohorts, even after many years of supplementation with high doses of  b -carotene  [  175–  178  ] . 

 Interestingly, an additional potential function for BCMO1 has been proposed recently based on 
microarray analysis of cadmium-exposed  Caenorhabditis elegans  and Hepa 1–6 murine hepatoma 
cells. These studies suggest that  Bcmo1  may act as an early cadmium-responsive gene that is highly 
inducible by cadmium. Because BCMO1 is highly conserved across many species, the transcriptional 
response to cadmium may also be conserved  [  179  ] .  
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   Carotenoid Eccentric Cleavage and BCMO2 

 In 2001, Kiefer et al. cloned and characterized a second carotenoid-cleaving enzyme termed  b -carotene 
9 ¢ ,10 ¢ -monooxygenase (EC 1.14.99.n2, BCMO2, also known as CMO2, BCO2, BCDO2), which 
catalyzes asymmetric cleavage of carotenoids  [  180  ] . BCMO2 requires Fe 2+  as an essential cofactor for 
reaction, yielding one molecule of  b -apo-10 ¢ -carotenal and one molecule of  b -ionone when  b -carotene 
is used as substrate. The BCMO2 protein shares about 40 % amino acid sequence identity with 
BCMO1 and is expressed in many of the same tissues. Immunohistochemical analysis of BCMO2 
expression revealed that the eccentric cleavage enzyme is expressed in cell types that also express 
BCMO1, including epithelial cells in the mucosa of the small intestine and the stomach, parenchymal 
cells in the liver, Leydig and Sertoli cells in testes, kidney tubules, adrenal glands, exocrine pancreas, 
and retinal pigment epithelia and ciliary body epithelia in the eyes  [  181  ] . BCMO2 is uniquely 
expressed in cardiac and skeletal muscle cells, prostate and endometrial connective tissue, and endo-
crine pancreas  [  181  ] . 

 Recently, Amengual and coworkers showed that BCMO2 is a mitochondrial carotenoid oxyge-
nase with broad substrate speci fi city, accepting a wider variety of substrates compared to BCMO1 
 [  182  ] . BCMO2 catalyzes the conversion of both carotenes and xanthophylls. Investigation of verte-
brate BCMO2 substrate recognition demonstrated that both the central polyene chain backbone and 
the ionone-ring structures are important in substrate speci fi city  [  182  ] . Hu et al., using recombinant 
ferret BCMO2 as a model for carotenoid metabolism, demonstrated that the enzyme catalyzes the 
eccentric cleavage of both all- trans - b -carotene and the 5- cis - and 13- cis -isomers of lycopene at the 
9 ¢ ,10 ¢ -double bond but not all- trans -lycopene  [  183  ] . The enzyme can interact with both the  b - and 
3-OH-ionone rings of carotenoids, removing both ionone rings from the substrate by oxidative cleav-
age at positions C9,C10 or C9 ¢ ,C10 ¢ , resulting in the formation of a set of products, including 
3-OH- b -ionone, 3-OH- a -ionone,  b -ionone, 3-OH- a -apo-10 ¢ -carotenal, 3-OH- b -apo-10 ¢ -carotenal, 
 b -apo-10 ¢ -carotenal, and C 

14
 -dialdehyde rosa fl uene (see Fig.  3.7 )  [  182,   184  ] . Enzyme kinetic analy-

sis indicated that zeaxanthin and lutein are preferentially cleaved by BCMO2 over  b -cryptoxanthin 
and that BCMO2 cleavage activity is higher towards lycopene  cis -isomers compared to  b -carotene 
 [  182–  184  ] .  

 The physiological importance of eccentric cleavage and the metabolic function of BCMO2 are still 
unclear. Until the molecular cloning of BCMO1 and BCMO2, it had been proposed that, in addition to 
the central cleavage pathway, eccentric cleavage of carotenoids could give rise to retinoid formation 
from  b -carotene. According to this proposed pathway,  b -carotene could be cleaved randomly at any 
position along its isoprenoid backbone to form  b -apocarotenals of different chain lengths. By analyz-
ing retinoic acid formation from  b -apocarotenals, a mechanism similar to  b -oxidation of fatty acids 
was proposed by Wang et al.  [  185  ] . More recent studies, however, performed on genetically modi fi ed 
animals showed that  Bcmo2- de fi ciency neither in fl uences retinoid tissue stores nor impairs retinoid 
metabolism  [  182  ] . Only the absence of BCMO1 alters tissue retinoid stores, which implies that BCMO1 
is the sole enzyme responsible for retinoid formation from carotenoids  [  102,   146,   167,   182  ] . 

 Several  in vivo  observations of  Bcmo2 -de fi cient animals revealed altered carotenoid metabolism, 
suggesting an important role for BCMO2 in carotene and xanthophyll degradation. These studies 
also con fi rm broad carotenoid substrate speci fi city for BCMO2. Inhibition of BCMO2 activity in a 
tissue-speci fi c manner caused no adverse developmental or health consequences and did not affect 
serum and liver retinoid levels. Mutations resulting in a loss of BCMO2 function, however, cause 
excessive carotenoid accumulation in chicken skin  [  186  ] , bovine adipose tissue and milk  [  187,   188  ] , 
and a yellow fat phenotype in sheep  [  189  ] .  Bcmo2 -de fi cient mice display altered carotenoid homeo-
stasis, and carotenoids accumulate excessively in several tissues, including blood, heart, liver, and 
adipose  [  182,   190  ] . In hepatic mitochondria obtained from  Bcmo2 -de fi cient mice, the accumulated 
carotenoids are proposed to induce key markers of mitochondrial dysfunction, including manganese 
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superoxide dismutase, and reduce rates of ADP-dependent respiration. This impairment was 
associated with an induction of phospho-MAP kinase and phospho-AKT, markers of cell signaling 
pathways related to oxidative stress and disease. Administration of carotenoids to HepG2 cells, a 
human hepatoma cell line, depolarized mitochondrial membranes and resulted in the production of 
reactive oxygen species  [  182  ] . These studies underscore the importance of regulated carotenoid 
eccentric cleavage in extra-intestinal tissues for the channeling of carotenoid substrates towards the 
formation of desirable compounds with predictable biological properties, in order to prevent potential 

  Fig. 3.7    Substrate speci fi city of BCMO2 reported in the literature. Recombinant BCMO2 is reported to have a 
relatively broad speci fi city for catalyzing oxidative cleavage of carotenoid substrates which possess both a polyene 
backbone and ionone-ring structures. Cleavage occurs at positions C9,C10 and C9 ¢ ,C10 ¢   [  182–  184  ]        
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damaging effects arising from autooxidation  [  116,   191,   192  ] . Products of autooxidation formed from 
free radical attack on carotenoids may be more toxic prooxidants than the original free radicals. As 
a cause of oxidative stress induction  [  116  ] , carotenoid oxidation products may lead to oxidative 
damage of different cellular components  [  117,   192  ] , resulting in high cytotoxicity  [  116,   193  ] . 
Regulated formation of carotenoid metabolites may also be bene fi cial for cell survival. Apo-10 ¢ -
lycopenoic acid treatment of human bronchial epithelial cells was associated with the induction of 
phase II detoxifying/antioxidant enzymes  [  194  ] . BCMO2 is predominantly located in mitochondria, 
where reactive oxygen species are produced in large quantities. 

 There is growing research interest into whether carotenoid eccentric cleavage products formed by 
BCMO2 activity may act as biologically active mediators in transcription regulation, and whether 
these are signi fi cant for regulating other metabolic pathways  [  163,   195,   196  ] . Several methodological 
approaches have been employed in an attempt to prove the hypothesis that apocarotenoid signaling 
involves nuclear receptors, including RARs, RXRs, and PPARs; however,  b -apo-8 ¢ -carotenoic acid, 
 b -apo-14 ¢ -carotenoic acid,  b -cyclocitral,  b -cyclogernanic acid,  b -ionone,  b -ionylideneacetaldehyde, 
 b -ionylideneacetic acid and  b -apo-13-carotenone, have no signi fi cant transactivational activity for the 
RARs when compared with all- trans- retinoic acid. This suggests that the potential biological effects 
of these apocarotenoids are mediated by mechanisms that are independent of RARs  [  197  ] . Studies 
with COS-1 cells, devoted to the investigation of different  b -apocarotenoids on RXR a  signaling 
showed that among the compounds tested,  b - apo -13-carotenone can antagonize the activation of 
RXR a  by 9- cis -retinoic acid, at concentrations as low as 1 nM. Molecular modeling studies revealed 
that  b - apo -13-carotenone undergoes molecular interactions as an antagonist of RXR a , suggesting a 
possible function of  b -apocarotenones in RXR a  signaling  [  198  ] . The ability of eccentric cleavage 
products to repress PPAR and RXR activation and the biological responses induced by their respec-
tive agonists have been demonstrated  in vitro  and  in vivo  for  b - apo -14 ¢ -carotenal (apo14), but not for 
other structurally related apocarotenals. However, these observed effects involved apo14 concentra-
tions as high as 10  m M, which cannot be achieved through normal dietary intake of  b -carotene  [  196  ] . 
 Apo -10 ¢ -lycopenoic acid, used in micromolar concentrations (3–10  m M), transactivates the retinoic 
acid receptor  b  (RAR b ) promoter  in vitro . Although induction of RAR b  expression was achieved 
 in vitro ,  in vivo  serum concentrations of this compound during its supplementation were not reported 
to exceed 20 nM  [  199  ] . 

 These  fi ndings raise a question about the relative importance of these compounds  in vivo , as the 
reported concentrations for  b -carotene and lycopene in human serum under conditions of dietary 
supplementation are not higher than 0.7 and 1.3  m M, respectively  [  200,   201  ] , and tissue concentra-
tions for the most abundant carotenoids are found to be within the ng/g range  [  202  ] . In humans, the 
predominant lycopenals in the blood,  apo -8 ¢ - and  apo -12 ¢ -lycopenals, are observed in picomolar 
concentrations  [  201  ] . Although  in vitro  experiments employing human recombinant BCMO2 expres-
sion in  Escherichia coli  showed that BCMO2 can catalyze the formation of  b - apo -10 ¢ -carotenal 
from  b -carotene  [  203  ] , only  14 C- b - apo -8 ¢ -carotenal can be detected in vivo in human plasma after 
dose consumption of isotopically labeled  b -carotene  [  204  ] . In both  Bcmo1 -de fi cient and wild-type 
mice,  apo -10 ¢ -carotenal and  apo -12 ¢ -carotenal were the only  b -apocarotenals detected in the serum 
and liver  [  102  ] , and  b - apo -10 ¢ -carotenol was identi fi ed as the major  b -carotene cleavage product in 
white adipose tissue of  Bcmo1   −/−   mice  [  173  ] . In rats, lycopene is cleaved  in vivo  at different positions 
to produce  apo -12 ¢ -lycopenal, and other unidenti fi ed metabolites, in addition to  apo -8 ¢ -lycopenal in 
liver  [  205  ] . 

 Little is known about  Bcmo2  gene regulation. In contrast to  Bcmo1 ,  Bcmo2  expression is mini-
mally affected by retinoid status, as reported by Luvizotto et al.  [  161  ] .  Bcmo2  expression is highly 
correlated with  Ppar  expression, suggesting potential involvement of  Ppar s in the regulation of 
 Bcmo2  expression. Studies have shown increases in  Bcmo2  mRNA expression in  Bcmo1 -de fi cient 
animals  [  102,   168  ] , suggesting the possible existence of a coordinated regulatory process that regulates 
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expression levels of both carotene monooxygenases. The observed elevation in  Bcmo2  expression is 
related to increased tissue concentrations of  b -carotene and/or increased levels of apo-10 ¢ - or apo-12 ¢ -
carotenals formed by BCMO2  [  102  ] . All- trans -lycopene supplementation in ferrets upregulated 
 Bcmo2  expression in lung tissue. In rats, however, lycopene intake did not affect  Bcmo2  gene 
expression in the adrenal glands or in most other tissues, but  Bcmo2  expression was reduced in the 
kidneys, lungs, and mucosal cells  [  162  ] . In mice, treatment with an equimolar amount of 14 ¢ -apolycopen-
14 ¢ -oic acid upregulated  Bcmo2  expression, whereas all- trans -lycopene downregulated the expres-
sion of the enzyme  [  163  ] .   

   Conclusions and Future Directions 

 Carotenoids have been a subject of considerable research for many decades. Much of this research has 
focused on the abilities of carotenoids to serve as retinoid precursors and antioxidants. The last decade 
has been especially fruitful for gaining understanding of carotenoid metabolism and actions; during 
this period, the studies of carotenoid metabolism and actions have undergone a  “second birth . ”  The 
molecular cloning and characterization of  Bcmo1  and  Bcmo2  have resolved the longstanding contro-
versy over whether retinoid formation involves solely central carotenoid cleavage or both central and 
asymmetric cleavage of carotenoids. The identi fi cation of how ISX acts in a negative feedback loop 
to in fl uence  Bcmo1  expression in response to dietary retinoid availability has greatly extended our 
understanding of carotenoid absorption and metabolism. Similarly, the identi fi cation of cell surface 
transporters, which facilitate carotenoid uptake into enterocytes and other cells within the body, has 
advanced our understanding of carotenoid metabolism. 

 Yet a great number of questions regarding carotenoid metabolism and actions still remain to be 
answered. One of the major questions that needs to be resolved concerns whether carotenoid metabo-
lites, formed enzymatically, or carotenoid derivatives formed nonenzymatically, have speci fi c physi-
ologically important actions within the body. Do apocarotenoids formed through BCMO2 action have 
speci fi c physiological roles in the body? Do some of these act through nuclear hormone receptors? 
How do nonenzymatically formed carotenoid derivatives in fl uence cellular and tissue actions? 
Another area in need of further research centers on carotenoid processing in intestinal cells following 
absorption from the diet. What processes are important for assuring carotenoid incorporation into 
nascent chylomicrons? How are these similar to or different from those of other dietary lipids? What 
processes and/or factors are important for facilitating cellular carotenoid uptake, metabolism and 
accumulation within the body after absorption? 

 There is also need for the validation of new animal models, especially induced mouse mutants, for 
use in studying carotenoid metabolism. Are these mouse models the appropriate ones for use in 
extrapolating human carotenoid metabolism? This is an important research need given the growing 
controversy in data obtained using different animal models, which limits their practical implementa-
tion and application to humans. 

 Overall, our understanding of carotenoid metabolism and actions has grown remarkably in the last 
decade. Many older questions and controversies have been resolved. However, many new and impor-
tant questions regarding carotenoid metabolism and actions have also arisen from recent work. 
Undoubtedly, the next decade will see many of these questions resolved by new research.      
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   Introduction 

 The principal components of living cells are electron-rich and contain abundant carbon in reduced 
oxidation states. The formal oxidation state of carbon in CO 

2
  produced in respiration is 4+ contrast-

ing with 0 in glucose and 1− in alkenes. From a thermodynamic perspective, the success of living 
systems, composed primarily of low-valent carbon but immersed in an atmosphere high in oxygen, 
is truly remarkable. The unique triplet electronic ground-state of molecular oxygen confers on it a 
kinetic inertness toward reaction with most organic molecules that potentiates management of oxy-
gen as an electron sink. Reactive oxygen species (ROS) are the practical consequence of the adop-
tion of oxygen as the terminal electron acceptor in aerobic metabolism. Generation of reactive 
nitrogen species (RNS), including  • NO, is also principally the result of reactions involving reduced 

    Chapter 4   
 Reactive Oxygen and Nitrogen Species in Biological 
Systems: Reactions and Regulation by Carotenoids       

      John   T.   Landrum              

  Key Points 

    ROS/RNS originate primarily from oxygen reduction processes, differ markedly in reactivity and • 
lifetimes, and are essential high  fi delity sensors of the redox status in cells.  
  High levels of ROS/RNS can trigger positive feedback mechanisms and overwhelm antioxidant • 
capacity leading to oxidative stress and apoptosis.  
  Carotenoids function as antioxidants but react principally with only the most reactive radicals.  • 
  Carotenoid cation radicals are long-lived, their formation disrupts radical oxidative mechanisms • 
and are readily reduced by ascorbate, glutathione, and tocopherol.  
  Carotenoids in the skin and retina are protective against the light-induced action of singlet oxygen.  • 
  Evidence supports the argument that carotenoid cleavage products serve a role in cell signaling and • 
regulation.    
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oxygen species  [  1  ] . Although many ROS are clearly toxic, organisms have developed a range of 
protective mechanisms to manage the destructive consequences of ROS that are produced by reduc-
tion of molecular O 

2
   [  2–  4  ] . 

 An evolutionary adaptation is the recruitment of ROS as high  fi delity sensors of the redox status of 
cells and as signaling molecules  [  1,   2,   5  ] . Specialization of enzyme systems and mechanisms to con-
trol the production of ROS/RNS at speci fi c times and locations enable regulation of intra- and inter-
cellular processes  [  6  ] . The production of energy within mitochondria, the metabolism and detoxi fi cation 
of lipophilic substances in peroxisomes, the generation of oxygen and nitrogen radicals as signaling 
molecules, and the production of ROS during the immune response of leukocytes, all involve the 
reduction of molecular oxygen and ROS generation, such as H 

2
 O 

2
  and O  

2
  ─  . Reduced oxygen is acti-

vated to participate in further reactions capable of promoting oxidation of biological components. The 
major site of oxygen reduction within a eukaryotic cell is the mitochondrion; however, other organ-
elles are also implicated in ROS production. Cytosolic oxidases are associated with the endoplasmic 
reticulum, peroxisomes, lysosomes, and chloroplasts, which are sites of ROS generation in animals 
and plants  [  7,   8  ] . In the liver, 20 % of oxygen consumption occurs in peroxisomes, which function in 
lipid metabolism  [  9  ] . Management of ROS occurs by an effective series of strategies: containment, 
interception, diversion, and deactivation. Localization of ROS production within mitochondria and 
peroxisomes isolates them and protects sensitive reactive cellular components and structures (e.g., 
DNA, proteins, lipids, and carbohydrates) from oxidation and participation in radical reactions  [  10–
  14  ] . Many ROS are too polar or short-lived to diffuse across lipid membranes. Interception and diver-
sion of the oxidizing potential of ROS by glutathione and similarly poised biological redox couples 
buffer the potential within cells and provides a defense against wayward ROS  [  15  ] . 

 A host of proteins and enzymes are ef fi cient at further reducing activated forms of oxygen and 
compete with the destructive unregulated oxidative consequences of ROS. They shuttle the oxidizing 
potential of ROS away from sensitive structures and cellular components by diverting them to catabo-
lize cellular waste and toxins  [  16  ] . Several enzyme systems utilize the oxidizing potential of reactive, 
low-valent oxygen intermediates to carry out metabolic processes. These enzymes enable direct reac-
tion, or deactivation of primary and secondary ROS, including H 

2
 O 

2
 , O  

2
  −  ,  1 O 

2
 , and peroxylipids, as 

well as RNS, including nitric oxide, peroxynitrite, and nitrogen dioxide  [  17  ] . This deactivation of 
ROS is accomplished by the action of antioxidants and enzyme systems that accumulate at effective 
concentrations within the cell and its speci fi c cellular compartments where ROS levels are highest. 
Many are rapidly synthesized in response to the actions of ROS  [  18–  20  ] . 

 Chronic in fl ammatory events and/or exposure to mitogens can upset the balance between produc-
tion and neutralization of ROS. ROS can trigger cytokine release, production of matrix metallooxyge-
nases, and chemotactic attraction of leukocytes resulting in increased intra- and extracellular release 
of ROS. Chemotactic attraction of macrophages that release ROS can accelerate such imbalances 
 [  21–  25  ] . Repeated oxidative stress can lead to functional and/or structural damage to organelles, cells, 
and tissues, and can produce pathogenic conditions associated with many diseases (Table  4.1 ). ROS 
detection is almost impossible in experimental settings, posing special challenges. Identifying speci fi c 
ROS and generation sites within the subcellular spaces requires detection of products and/or use of 
suitable indicators  [  26  ] . Direct detection of speci fi c ROS and their actions is possible in certain well-
controlled systems and recently developed methods provide new approaches  [  26–  29  ] .  

 Oxidative stress is assessed by secondary measurements of different biochemical events and prod-
ucts (e.g., peroxidation of lipids; malondialdehyde generation  [  30,   31  ] ; protein degradation  [  8  ] ; 
“nicked,” cleaved, or oxidized DNA  [  32  ] ; and the lipid oxidation associated cellular responses of 
cytokine production  [  33  ] ). These diverse measures assess different events and processes that neither 
conform to a single de fi nition of oxidative stress nor de fi nitively diagnose the causative events that 
triggered their production. We are invariably forced to assemble the circumstantial evidence from a 
multitude of indirect measurements. Despite these limitations, during the past decade work has pro-
gressed, particularly in assessing the dynamics of the interplay of ROS and transcription.  
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   Essential Functions of Reactive Oxygen Species and Reactive Nitrogen Species 

 ROS/RNS serve many essential functions in vivo (Table  4.2 )  [  5,   9,   42,   43  ] .  
 The body of evidence demonstrating that many ROS act as signal transducers is compelling  [  72  ] . 

The natural interplay resulting from the generation and deactivation of ROS (as well as ROS-generated 
signal molecules, e.g., prostaglandins, interleukins), is a delicately balanced system essential to nor-
mal cellular function  [  73  ] . Generation of oxygen radicals is involved in the mechanism of vascular 
smooth muscle to sense the partial pressure of O 

2
  and regulate vasoconstriction and paradoxically also 

dilation  [  42  ] . Hydrogen peroxide is a signal molecule involved in activation of chemotaxis of neutro-
phils and macrophages, an action essential for the immune response to bacterial infection  [  21,   69,   70  ] . 
However, generation of ROS by white blood cells sets the stage for the possibility that unregulated 
ROS production will result in oxidative stress and/or an in fl ammatory response that can disrupt the 
homeostatic redox balance in extracellular spaces. 

 Generation of high levels of ROS can trigger feedback mechanisms, overwhelm antioxidant capacity, 
and result in persistent, excessive ROS production causing subcellular, cellular, and tissue damage 
 [  73  ] . These actions of ROS are widely implicated in the pathogenesis of a diverse number of diseases 
(Table  4.1 ). Chronic ROS exposure is associated with damage of the normally impermeable inner 
mitochondrial membranes and can pose a risk to the entire cellular apparatus by enabling normally 
contained ROS to diffuse into the surrounding cytosol through the porous outer membrane  [  37,   74  ] . 
Extensive research has implicated dysfunction of mitochondria in the pathogenesis of cardiac, neuro-
logical, and other diseases  [  37,   75,   76  ] . Cyclooxygenases (COX) reduce levels of reactive and pro-
oxidative hydroperoxides, including fatty acid hydroperoxides, diverting their ability to participate in 
unregulated free radical chain reactions. COX are also important for the conversion of arachadonic 
acid into prostaglandins, including PGH-2, a potent vasoconstrictor. However, prostaglandins are able 
to upregulate transcription of ROS generating enzymes  [  77,   78  ] . ROS-stimulated PGH-2 production 
is linked to Alzheimer pathogenesis  [  71,   77,   79  ] . 

   Table 4.1    Diseases and degenerative processes that are ROS-linked  [  34–  41  ]    

 Atherosclerosis 
 Alzheimer’s disease 
 Neurodegenerative diseases 
 Cardiac disease 
 Chronic obstructive pulmonary disease 
 Ischemic–reperfusion injury 
 Crohn’s disease 
 Age-related macular degeneration 
 Cataract 
 Rheumatoid arthritis 
 Osteoporosis 
 Osteolytic implant failure 
 Diabetes 
 Autoimmune diseases 
 Cancers 
  Skin 
  Lung 
  Prostate 
  Ovarian 
  Colon 
  Hepatic 
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 In 1989, Halliwell and Gutteridge de fi ned antioxidants as, “any substance that when present at low 
concentrations compared with that of an oxidizable substrate, signi fi cantly delays or inhibits oxidation 
of that substrate”  [  80  ] . Many of the important biological antioxidants work synergistically in networks 
 [  17  ] . In vivo and in vitro studies provide support that carotenoids, tocopherols, ascorbate, phytopoly-
phenols, and glutathione are antioxidants that function as a combined redox buffering system within 
the cell  [  81–  83  ] . These components provide antioxidant protection in lipophilic membrane environ-
ments, the aqueous cytosol, and extracellular compartments  [  17  ] . The ability of antioxidants to equili-
brate at aqueous/lipid (cytosolic/membrane) interfaces is a critical feature for ef fi cient antioxidant 
protection of cellular components  [  81,   84,   85  ] . The large number of antioxidants together with the 
antioxidant enzyme creates a natural but complex redundancy within the biological systems, which can 
mask the antioxidant role of single components  [  86  ] . The leakage of ROS past the antioxidant defenses 
within a cell creates oxidative stress through the undesirable oxidative reactions that degrade lipids, 
proteins, DNA, and carbohydrates often leading to additional ROS generation via the activation of 
 pro-in fl ammatory transcription factors such as nuclear factor  k B (NF- k B), activated protein-1, perox-
isome-proliferator receptors, and the induction of COX and P450 enzymes  [  18,   72  ] . Hydroxylation, 
oxidation, and nitration that result from ROS alter the solubility and the reactivity of small molecules 
and can in fl uence the tertiary structure of proteins and/or their ability to interact with each other.  

   Carotenoids are Demonstrated In Vivo Antioxidants 

 Carotenoids function as antioxidants in many living systems  [  87–  89  ] . Their proposed role and that of 
their metabolites in maintaining the optimal function of numerous biochemical processes is supported 
by epidemiological evidence, in vitro experiments, cell culture studies, and genetic knockout models 
 [  90–  98  ] . The intensely colored, electron-rich, and lipophilic carotenoids are poly-isoprenoid derived 
compounds synthesized in plants, bacteria, fungi, and algae. They cannot be synthesized by higher 
animals but are often modi fi ed by oxidation or reduction of the terminal end groups  [  99  ] . Carotenoids 

   Table 4.2    Essential actions of oxygen and nitrogen free radicals   

  Plants  
 Metabolism  [  44  ]  
 Immune response  [  45–  48  ]  
 Growth and development  [  49  ]  
 Cell growth  [  50  ]  
 Control of plant form  [  51  ]  
 Seed germination  [  48,   52  ]  
 Modulation of gene expression  [  5  ]  

  Animals  
 Immune response  [  53,   54  ]  
 Vasodilation  [  55–  57  ]  
 Growth and development 
  Bone and cartilage maintenance (osteoclasts, osteoblasts) [  58–  62  ]  
  Milk properties and function  [  63–  65  ]  
  Necrotizing enterocolitis  [  66  ]  
  Embryonic development  [  67  ]  
 Modulation of gene expression  [  8  ]  
 Cell differentiation  [  8  ]  
 Differentiation  [  68  ]  
 Macrophage chemotaxis  [  21,   69,   70  ]  
 Detoxi fi cation of xenobiotics  [  71  ]  
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are essential to photosynthesis and have been recruited by higher animals for many functions  [  100, 
  101  ] . Dietary carotenoids are well-known for their ability to produce coloration, most notably in birds 
and also in arthropods (insects, arachnids, and crustaceans), reptiles, and amphibians  [  102–  107  ] . 
Producing the evidence needed to unambiguously conclude that dietary carotenoids are critically 
important antioxidants has been challenging because antioxidant function is largely redundant. The 
multi-layered antioxidant mechanisms present within biological systems protect against catastrophic 
dysfunction when a single component is restricted. The natural, water-soluble reducing agents, gluta-
thione and ascorbate, are present in vivo at levels of 1–10 mM and react directly with many ROS 
 [  108  ] . Vitamin E, a lipid-soluble component, is transported in vivo by lipoproteins, and is an effective 
antioxidant present at levels of ~30  m mol L −1  in human serum  [  109,   110  ] . Antioxidant enzymes are 
upregulated in response to increased ROS generation thereby ameliorating any diminished ef fi ciency 
of small molecule antioxidants  [  18,   19  ] . 

 In the photosynthetic apparatus of higher plants, carotenoids protect the photosynthetic antenna 
proteins from damage by ROS and their secondary products, particularly,  1 O 

2
  and O  

2
  1−    [  111–  113  ] . In 

a photic environment, chloroplasts in plants may generate 20 times more ROS than the mitochondria 
and pose a formidable risk of oxidative stress to the cell, primarily in the form of singlet oxygen  [  44  ] . 
In humans, the antioxidant action of carotenoids has also been unambiguously demonstrated in the 
skin, where singlet oxygen is photochemically generated  [  114  ] . In other tissues, the complex interplay 
of carotenoids with other antioxidants and oxidant/antioxidant regulatory processes remains an impos-
ing task to fully elucidate  [  114–  123  ] . 

 Carotenoids may possibly act in vivo as pro-oxidants  [  124–  127  ] . Concern was raised that high level 
supplemental  b -carotene may have acted via pro-oxidant pathways to increase lung cancer rates in smok-
ers in the ABTC and CARET studies  [  128–  130  ] . An interpretation of this observation involving the 
action of carotenoid oxidation products as transcription regulators has emerged in recent years  [  131–
  135  ] . Although the potential pro-oxidant activity of carotenoids is often considered to be a recent revela-
tion, Trevor Goodwin insightfully discussed this possibility as well as the antioxidant function in his 
comprehensive monograph on carotenoids in 1954  [  136  ] . Following the initial addition of a free radical 
to a carotenoid ( 4.1 ), a carotenoid carbon radical is produced that has the capability to participate in the 
fully allowed propagation steps of a free radical chain reaction. These steps include the addition of 
ground-state molecular dioxygen generating a carotenoid peroxyradical ( 4.2 ). Abstraction of hydrogen 
from an alkyl group or lipid produces a carotenoid hydroperoxide capable of promoting oxidation of 
other biomolecules, ( 4.3 ) and ( 4.4 ). The carotenoid hydroperoxide generated in ( 4.3 ) can decompose by 
homolytic peroxide bond cleavage to generate two new radicals, ( 4.4 ). The hydroxyl radical generated in 
( 4.4 ) will react rapidly and indiscriminantly at a diffusion-limited rate with the  fi rst alkyl group it encoun-
ters ( 4.5 ). A lipid hydroperoxide is formed in an analogous sequence ( 4.6 )  [  124  ] . Once a lipid radical is 
generated, the propagating chain reaction ( 4.7 ), can continue consuming lipids regenerating new radi-
cals, producing an equivalent of lipid peroxide during each cycle, and geometrically increasing the oxi-
dative stress until the process is dampened by antioxidant interception of the radical intermediates.

     + → − =• •Car R R Car Addition of Radical R alkyl, HOO, and OH    (4.1)  

     − + → − −• •
2R Car O R Car OO Addition of Oxygen    (4.2)  

     − − + − → + − − −• •R Car OO R H R R Car OOH H Abstraction    (4.3)  

     − − → − − +• •R Car OOH R Car O HO Homolysis    (4.4)  

     
− −+ − → + × −• • 9 1 1

2HO R H R H O ~ 1 10 M s H Abstractionk    (4.5)  

     − − + − → − − + − =• •R Car O L H R Car OH L H Abstraction (L lipid)    (4.6)  

     + → + → +• • •
2L O LOO LH LOOH L Lipid Peroxyl Radical    (4.7)   
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 In vitro models of free radical oxidation of  b -carotene demonstrate that the dependence of the rate 
of oxygen consumption in this chain reaction is a function of the  b -carotene concentration and pro-
duces a “U”-shaped curve. Signi fi cant catalytic, pro-oxidant activity will occur when the oxygen 
partial pressure and  b -carotene levels are high (Fig.  4.1 )  [  124,   126  ] .  

 When the concentrations of  b -carotene and oxygen are suf fi ciently high, the rate of the pro-oxidant 
free radical chain reaction accelerates. Comparison of a number of carotenoids demonstrates that they 
are not all equally prone to act as pro-oxidants. The presence of oxygen substituents on the ionone 
ring, such as those found in astaxanthin, stabilize the intermediate carotenoid carbon-centered radical 
and reduce its reactivity toward molecular oxygen. This disrupts the pro-oxidant mechanism by 
enabling Car •  to react more rapidly with reductants regenerating the carotenoid than its reaction with 
O 

2
   [  126  ] . Zeaxanthin, a dihydroxy carotenoid, is actively accumulated in the human macula and is 

widely accepted to function as an antioxidant  [  137–  139  ] . Signi fi cantly, it too lacks the ability to par-
ticipate in pro-oxidant behavior  [  126  ] . By contrast, the carotenoids, lycopene and  b -carotene, which 
lack oxygen substituents exhibit both pro-oxidant and antioxidant abilities in vitro  [  126  ] . Pro-oxidant 
activity for  b -carotene (as measured by malondialdehyde generation) in rat liver microsomes occurred 
at 760 mmHg of O 

2
  but not at the normal partial pressure of 150 mmHg  [  140  ] . There appears to be 

little evidence that sustainable, pro-oxidant free radical chain reactions involving carotenoids occur at 
the low partial pressures of O 

2
  and the low concentrations of carotenoids found in vivo. A substantial 

and growing body of evidence indicates that carotenoid-derived oxidation products (especially  apo -
carotenoid cleavage products  [  141,   142  ] ) participate in cell signaling, triggering transcription of both 
pro-oxidant and antioxidant metabolic processes  [  18,   131,   134,   143  ] .  

  Fig. 4.1    The rate of oxidation of lipid and consumption of oxygen are dependent on carotenoid identity, concentration, 
and oxygen partial pressure (PO 

2
 ). For astaxanthin, the rate of oxidation decreases as the carotenoid concentration 

increases. Because the astaxanthin radical is slow to react with oxygen it cannot participate as a pro-oxidant at high 
concentrations ( solid line ).  b -Carotene is also an effective antioxidant at low concentrations of oxygen and the rate of 
oxidation decreases with increasing concentration of  b -carotene ( dotted line ). At high partial pressures of oxygen (ca. 
1 atm.)  b -carotene behaves as an antioxidant at low concentrations (ca. <10 −4  M) but becomes a pro-oxidant when 
concentrations exceed 10 −3  M, ( dashed line )       

 



634 Reactive Oxygen and Nitrogen Species in Biological Systems…

   The Identity and Sources of ROS/RNS Generated In Vivo 

 Although molecular dioxygen must be abundant within cells for the ef fi cient generation of energy by 
aerobic metabolism, the concentration of free O 

2
  is controlled and is at very low levels within cells, 

organelles, and the intracellular spaces. In mammals, oxygen is principally bound to myoglobin and 
hemoglobin, and free dioxygen levels are limited by strong equilibrium binding constants with these 
proteins. Intracellular free oxygen partial pressures have been measured and values are around 
40 mmHg (ca. 3.7 × 10 −4  M)  [  144–  146  ] . Within the guinea pig retina, a rapidly respiring aerobic tis-
sue, the partial pressure of oxygen at the position of the retinal pigment epithelium and outer segments 
is 50 mmHg, dropping further in the inner retinal layers  [  146  ] . Low oxygen tensions combined with 
the high activation energy of O 

2
  with singlet-state biomolecules protects the sensitive cellular compo-

nents from spontaneously oxidizing in respiration. 

   Generation of Singlet Oxygen 

 The high-energy, singlet excited state of molecular oxygen [formed either by photosensitization ( 4.8 ) 
and ( 4.9 ) or chemical reactions ( 4.10 )–( 4.12 )] and the various partially reduced states of oxygen (e.g., 
O  

2
  1−  , H 

2
 O 

2
 , HO • ) are either directly or indirectly the oxidants responsible for the indiscriminant and 

damaging reactions associated with oxidative stress. In vivo singlet oxygen is also chemically pro-
duced by myeloperoxidase and chloroperoxidases via the generation of hypochlorite  [  147  ] .

     ⎯⎯→hv *Sens Sens    (4.8)  

     
− −+ → + ≅* 3 1 9 1 1

2 2Sens O Sens O 10 M s Photosensitizationk    (4.9)  

     
− −+ → +• 1 1 1

2 2OH O O OH    (4.10)  

        (4.11)  

     
− −+ → + +1

2 2 2 2H O OCl O H O Cl    (4.12)   

 The potential for reaction of the activated intermediates formed from oxygen within biological 
systems is signi fi cant but varies with the nature of the intermediate/ROS. Singlet oxygen is able to 
react with biomolecules by several mechanisms  [  113,   148  ] . The most important of these lead to lipid 
peroxides by the addition to the double bonds of unsaturated fatty acids (Scheme  4.1 a), or aldehydes, 
and ketones (Scheme  4.1 c, d).  

 The unique environmental stress resulting from light and oxygen sets the stage for  1 O 
2
  generation 

( 4.9 ). These conditions are characteristic of leaves in plants, as well as the skin and eyes of animals. 
Unique adaptations protect these tissues from the photochemically initiated damage associated with 
singlet oxygen. The xanthophylls present within the light harvesting proteins of the chloroplast, the 
macular xanthophylls present within the inner retinal layers of primates including humans, and caro-
tenes accumulated in the deep layers of the dermis function in exactly this manner  [  87,   111,   114,   137, 
  138,   149,   150  ] .  

   Generation of Reactive Forms of Oxygen by Reduction 

 The reduction of molecular oxygen by the sequential transfer of electrons during oxidative metabolism 
produces the intermediate, low-valent oxygen species, superoxide, and peroxide, leading to the 
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formation of hydroxyl radicals. Reduction of oxygen occurs extensively within mitochondria by reac-
tion with NADPH oxidase and also within the cytosol with xanthine oxidase ( 4.13 )  [  12,   151–  153  ] .

     
− −⎯⎯⎯⎯⎯⎯→3 (NADPH Oxidase) •

2 2O Oe

   (4.13)   

 Superoxide undergoes dismutation, a thermodynamically favorable ( K  
eq

  = 4 × 10 20  at pH = 7) self-
oxidation-reduction to generate hydrogen peroxide and oxygen. The reaction rate for the dismutation 
reaction in the absence of catalyst is slow, ( 4.14 )  [  154  ] .

     
• 1 1
2 2 2 22O 2H O O HO OH 0.3 M s Dismutation of Superoxidek− − − − −+ + + ≤�    (4.14)   

 Because superoxide is a weak base, its protonation can produce small amounts of neutral, hydro-
gen dioxide, ( 4.15 )  [  154  ] . As indicated by the p K  

a
 , the equilibrium at physiological pH lies heavily 

toward the superoxide ion with     
−⎡ ⎤⎣ ⎦ ≅2

2

O 320

[HO ] 1
  .

     
− ++ =•

2

• •
2 2 HO

O H HO p a 4.7� K
   (4.15)   

 Bimolecular dismutation of superoxide and its neutral conjugate acid, HO• 
2
 , is rapid ( 4.16 ),  [  154  ] , 

and would be a major reaction process of superoxide if the enzyme, superoxide dismutase (SOD), was 

  Scheme 4.1    Reactions of singlet oxygen       
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not abundant. Formation of hydrogen dioxide is not signi fi cant to the transport of superoxide as a 
neutral component across membranes.

     
− − − −+ + = ×• • 8 1 1

2 2 2 2O HO O HO 1 10 M s� k    (4.16)   

 The importance of controlling superoxide in vivo is demonstrated by the ubiquitous presence of 
SOD, which catalyzes the dismutation of superoxide anions at a diffusion limited rate, ( 4.17 ).

     
− + − −+ ⎯⎯⎯→ + =• SOD 10 1 1

2 2 2 22O 2H H O O ~ 10 M sk    (4.17)   

 In addition to producing hydrogen peroxide, superoxide reacts rapidly with either free Fe 3+  reduc-
ing it to Fe 2+ , ( 4.18a ), or free Cu 2+  to form Cu 1+ , ( 4.18b ). The oxygen product formed by the superox-
ide reduction of transition metal ions can be singlet oxygen  [  154  ] .

     
− + + − −+ → + =• 3 2 1 6 1 1

2 2O Fe Fe O 10 M sk    (4.18a)  

     
− + ++ → +• 2 1 1

2 2O Cu Cu O    (4.18b)   

 The monohydrogen peroxide as produced in ( 4.16 ) is a fairly strong base and will fully protonate 
immediately upon generation in vivo ( 4.19 ).

     
− ++ =�

2 2

1
2 2 2 H OHO H H O p a 11.96 Protonation of Monohydrogen PeroxideK

   (4.19)   

 Cupric or ferric ions acting as a Lewis acid can catalyze the dismutation of superoxide by a mecha-
nism that may involve direct coordination of one molecule of superoxide, which is then activated for 
reduction by a second superoxide molecule ( 4.20a ) and ( 4.20b )  [  154  ] .

     
+− −+ ⎯⎯⎯→ + +

3• Fe
2 2 2 2 22O 2H O O H O 2OH    (4.20a)  

     
+− −+ ⎯⎯⎯→ + +

2• Cu
2 2 2 2 22O 2H O O H O 2OH    (4.20b)   

 The hydrogen peroxide formed by dismutation of superoxide is able to participate in an Fe 2+ -
catalyzed disproportionation that generates singlet oxygen ( 4.21 )  [  154  ] . Catalase functions by a simi-
lar stoichiometry to ( 4.21 ). Homolysis of the peroxide bond, ( 4.22 ), is able to generate hydroxyl 
radicals, but it is a relatively slow reaction in the absence of a catalyst.

     
+

⎯⎯⎯⎯⎯→ +
2Fe or Catalase

2 2 2 22H O 2H O O    (4.21)  

     → •
2 2H O 2HO Homolysis of the peroxide bond    (4.22)   

 In the presence of cuprous or ferrous ions, the Fenton reaction can generate hydroxyl radicals 
( 4.23a ) and ( 4.23b ).

     
+ + −+ → + +1 2 •

2 2H O Cu Cu OH HO Copper Catalyzed Fenton Reaction    (4.23a)  

     
+ + − − −+ → + + = −2 3 • 3 6 1 1

2 2H O Fe Fe OH HO 10 10 M s Iron Catalyzed Fenton Reac tionk    (4.23b)   

 Cuprous ion has a larger rate constant than ferrous ion for catalytic decomposition of H 
2
 O 

2
  to form 

hydroxyl radical. Generally, both free iron and copper ion concentrations are low under physiological 
conditions. For iron this is thought to be ~10 −9  M  [  155–  158  ] . Hypohalous acid is generated in peroxi-
somes within macrophages by myeloperoxidase ( 4.24 )  [  159,   160  ] . Highly reactive hydroxyl radical is 
principally generated in vivo as a consequence of hydrogen peroxide and hypohalous acid via the 
Fenton reaction ( 4.23a ) and ( 4.23b ) and ( 4.25 )  [  161  ] . The levels of iron and copper ions rise as a result of 
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excessive proteolytic degradation of metalloproteins during oxidative stress  [  162  ] . Catalase intercepts 
hydrogen peroxide reducing hydroxyl radical production and the subsequent oxidative stress. 
Knockout mice lacking catalase develop normally but are sensitive to oxidative stress in speci fi c tissues 
due to an inability to deactivate hydrogen peroxide  [  163  ] . Hydroxyl radical and singlet oxygen are 
formed rapidly during respiratory burst in phagocytosis by neutrophils and macrophages by reaction 
of superoxide with hypochlorous acid ( 4.25 )  [  162  ] . Antibacterial activity has been attributed to hypo-
thiocyanous acid formed in a reaction similar to ( 4.24 ) from thiocyanate anion, which is present in 
signi fi cant levels (mM) in saliva and may be a source of hydroxyl radicals  [  162  ] .

     
−+ → +2 2 2H O Cl HOCl H O Myeloperoxidase in macrophages    (4.24)  

     
− −+ + + ×• 1 • 6

2 2O HOCl O Cl HO ~ 8 10� k    (4.25)   

 A primary reaction of hydroxyl radical is the initiation of peroxidation by abstraction of hydrogen, 
( 4.26 ), forming an alkyl radical. The pro-oxidative chain propagation reaction steps, ( 4.27a ) and 
( 4.27b ), result in the formation alkyl peroxides. Rates of hydroxyl reactions are diffusion-limited, 
 k  ~ 10 9 –10 10   [  164  ] .

     − + → +• •
2R H HO R H O Initiation    (4.26)  

     + →• •
2 2R O RO Propagation 1    (4.27a)  

     + − → +• •
2 2RO R H RO H R Propagation 2    (4.27b)   

 The often-mentioned Haber-Weiss reaction is not a signi fi cant source of hydroxyl radical in vivo. 
This reaction involves an electron transfer from superoxide to hydrogen peroxide, ( 4.28 ), and is too 
sluggish to compete with the rapid reaction of superoxide through other pathways  [  162,   165  ] .

     
− − − −+ + +• • 1 1

2 2 2 2O H O O HO HO slow, insignifica  nt physiologically ~ 0.4l mol s� k    (4.28)   

 Although important and informative, this series of reactions of oxygen species fails to place these 
actors clearly on their stage, in play with a supporting cast and script, i.e., within cells and organelles 
at critical and speci fi c times during cellular processes. The identities of participating enzymes, their 
localization within (or outside of) the cell, and the timing of the events associated with ROS genera-
tion (and deactivation) are fundamental to understanding the need for speci fi c antioxidants and the 
importance of the physicochemical properties that underlie their ability to provide protection. Different 
ROS vary in their sites of generation, reactivity, and polarity, which necessitate cellular control mech-
anisms that include different antioxidants.  

   Generation of Reactive Forms of Nitrogen 

 Nitric oxide is an important signal molecule in smooth muscle as well as other physiological pro-
cesses. It is formed by the oxidation of the  l -arginine guanidium group  [  166  ] . Many RNS are formed 
as a consequence of reactions between oxygen radicals, particularly superoxide, with nitric oxide. 
Peroxynitrite is produced by a diffusion-controlled reaction of superoxide and nitric oxide ( 4.29 ) 
 [  108  ] . Few cellular reactions can compete for superoxide in the presence of nitric oxide. Peroxynitrite 
participates in several important reactions that lead to the production of additional RNS and free radi-
cals. The rapid reaction of peroxynitrite with carbon dioxide at physiological levels (ca. 1 mM) pro-
duces the unstable nitrosoperoxocarboxylate anion (I), which readily decomposes to carbonate anion 
radical and nitrogen dioxide ( 4.30 )  [  35  ] . The production of hydroxyl radical requires a disfavored 
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protonation of peroxynitrite ion followed by (relatively slow) homolysis ( 4.31 ) and ( 4.32 ). The car-
bonate anion radical and nitrogen dioxide are both involved in the steps of protein nitration.

     
− − − −+ → = ×• • 1 9 1 1

2NO O ONOO 6.9 10 M s Formation of Peroxynitritek    (4.29)  

     
1 • • 4 1 1

2 2 3 2ONOO CO [ONOO CO ] CO NO 5.8 1, 0 M sI k− − − − −+ → − → + = ×    (4.30)   

 The peroxynitrite anion is a weak base and its conjugate acid, hydrogen peroxynitrite has a p K  
a
  of 

5.9. Hence, at physiological pH the ratio of the peroxynitrite anion to its conjugate acid is near 20:1. 
Peroxynitrite exists predominantly as the  cis- isomer; the conjugate acids of the isomers exhibit differ-
ent p K  

a
  values, with the  trans  form being weaker. Its p K  

a
  is about 8; therefore, its protonated form will 

dominate by 10:1 at physiological pH  [  164  ] . Homolysis of hydrogen peroxynitrite, ( 4.32 ), leads to 
generation of hydroxyl radical and nitrogen dioxide, but it is slow and a small contributor to hydroxyl 
radical production  [  167  ] .

     
− ++ → =1

HOONOONOO H HOONO p a 5.9K    (4.31)  

     → + −• •
2HOONO HO NO Homolysis of Peroxynitrite O O bond    (4.32)   

 Singlet oxygen is formed by nitrogen dioxide directly accepting an electron from superoxide, 
( 4.33 ), or a reaction of superoxide and  • NO 

2
  forming peroxynitrate, ( 4.34 ), which decomposes to 

nitrite anion and singlet oxygen ( 4.35 ).

     
− −+ → +• • 1

2 2 2 2O NO NO O    (4.33)  

     
− −+ →• • 1

2 2 2O NO O NOO Formation of Peroxynitrate    (4.34)  

     
− −→ +1 1

2 2 2O NOO NO O Peroxynitrate decomposition    (4.35)   

 Instead of direct decomposition, the intermediate nitrosoperoxocarboxylate anion, I, (see ( 4.30 )) 
can rearrange as shown in ( 4.36 ). The rearrangement product, II, is a potent nitrating agent similar in 
its reactivity to acyl nitrates ( 4.37 )  [  168  ] . Nitrogen dioxide produced by peroxynitrite decomposition 
can abstract H from tyrosine OH as shown in ( 4.38 ).

     
rearrangement

2 2 2,[ONOO CO ] [O NO C ],OI II− −− ⎯⎯⎯⎯⎯→ −    (4.36)  

     
− −− + − → − + 1

2 2 2 3R H [O NO CO ] R NO HCOII    (4.37)  

     + − → − +• •
2NO AR OH AR O HONO Hydrogen Abstraction    (4.38)   

 The speci fi c oxidants that are produced in natural systems vary markedly among tissues owing to 
differences in the physical, chemical, and physiological stresses present. Skin and eyes are exposed 
to high levels of light and oxygen that can lead to the ef fi cient and direct photogeneration of singlet 
oxygen. By contrast, lung tissue is exposed to high concentrations of oxygen (as well as numerous 
environmental oxidants, such as components in smoke), but in the absence of light, oxidative stress is 
initiated by mechanisms that do not include photosensitization of O 

2
   [  169  ] . The consequence is that 

the proportions of the speci fi c ROS will vary and the subcellular sites of generation will also be dif-
ferent. Mitochondrial dysfunction and presence of macrophages are notable sources of ROS and 
oxidative stress  [  37,   74,   170  ] . The natural presence of resident or “ fi xed” macrophages (i.e., neutro-
phils) that serve “house-keeping” functions within tissues, phagocytosing bacteria, debris, and 
necrotic tissue, provide a mechanism for chemical generation of singlet oxygen ( 4.10 )–( 4.12 ), ( 4.18a ), 
( 4.18b ), ( 4.21 ), and ( 4.25 ), superoxide ( 4.13 ), peroxide, alkyl peroxides ( 4.16 ), ( 4.17 ), and ( 4.20 ), and 
peroxynitrite ( 4.29 ). Importantly, neutrophil-generated radicals will be released within the intercel-
lular space. 
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 The existence of cellular processes shared by different cell types and tissues argue that common 
antioxidant mechanisms must also be important. The universal presence of SOD, at concentrations of 
10 −6  to 10 −7  M, existentially supports this line of reasoning  [  108  ] . Understanding the fundamental 
character of each ROS, its mechanisms of generation, and reactions can provide insight into the gen-
esis of oxidative stress in dissimilar tissues and when common or unique mechanisms may be opera-
tive. Among the important distinguishing properties of oxidant species is their reactive half-lives, 
which provides both a measure of their reactivity and an estimate of the distance they can diffuse from 
their point of generation prior to reaction. The polarity of a ROS and its site of generation combined 
with the half-life provide limits that de fi ne which cellular components and structures will be imperiled 
by its production  [  171,   172  ] . Table  4.3  summarizes estimates for prominent ROS half-lives and some 
diffusion distances.  

 Identifying the mechanism(s) of ROS formation and their interaction with antioxidants that are 
physiologically abundant provide the basis to distinguish which are signi fi cant to speci fi c organelles, 
cell types, or tissues. In vitro data that demonstrate an antioxidant can mechanistically react or deac-
tivate a speci fi c oxidant do not establish its signi fi cance to the physiological well-being of an organ-
ism and it may be hard to do so convincingly even with controlled clinical studies. Many species are 
effective as antioxidants in vitro but simply may not be properly localized, present insuf fi ciently high 
concentrations, or be too rapidly depleted to play a meaningful role in vivo. Depletion of an antioxi-
dant or knockout of antioxidant enzyme systems are not generally possible to observe in humans 
(except when they occur as spontaneous genetic defects).   

   Properties of Individual ROS 

   Singlet Oxygen 

 As described earlier, molecular dioxygen is sensitized by interaction with the triplet excited states of 
chromophores generated by the absorption of visible or UV light ( 4.8 ) and ( 4.9 ). The steps of this 
process are illustrated by Scheme  4.2 , showing the role carotenoids may play in quenching.  

 Examples of some typical photosensitizers include natural heme, chlorophylls, ribo fl avin, trypto-
phan, components of lipofuscin  [  182–  184  ] , bilirubin, and other conjugated chromophores, all of 
which absorb light in the blue to UV  [  97,   113,   148,   185  ] . (For a comprehensive review of biological 
sensitizers of oxygen see  [  185  ] .) 

   Table 4.3    Estimates of half-lives for prominent reactive oxygen species   

 Reactive oxygen species  Half-life  Diffusion distance 

 Hydroxyl radical  [  34,   172  ]   1 × 10 −9  s  40–50 Å  [  34  ] , 93 Å  [  172  ]  
 Alkoxyl radical (RO • )  [  34  ]   1 × 10 −6  s 
 Singlet oxygen ( 1 O 

2
 )  [  34  ]   1 × 10 −6  s 

 Peroxynitrite (ONOO 1− )  0.05–1 s 
 Nitric oxide (NO • )  [  35,   173  ]   0.002–10 s  ~1 mm 
 Nitrogen dioxide ( • NO 

2
 )  [  174  ]   10  m s 

 Carbonate anion radical (CO  
3
  •−  )  [  175  ]   1,500 ms 

 Peroxyl radical (ROO • )  [  34  ]   ~7 s 
 Alkyl and hydroperoxides (ROOH)  [  176  ]   ~4 min 
 Superoxide (O  

2
  1−  )  [  177  ]   Seconds–minutes 

 Seminquinone radical anion (Q 1−• )  [  34,   178,   179  ]   Days, 50–200  m s  [  178  ]   0.6  m m 
 Carotenoid cation radical (Car +• )  [  180  ]   ~200 s 
  b -Carotene cation radical ( b -Car +• )  [  181  ]   1.4–14 min. 
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 Ground-state oxygen would react exothermically with virtually all biological molecules but the 
high activation energy required for initiation slows these reactions to nearly imperceptible rates. 
Oxygen exists in a triplet ground-state having two unpaired electrons, whereas biological molecules 
exist in a singlet ground-state with no unpaired electrons. Reactions that produce a net change in the 
spin-state of the system are quantum mechanically forbidden  [  186  ] . Singlet oxygen is generated in 
many biological systems by the action of light and this process is the most widely recognized source 
of this reactive, excited state,  1 O 

2
  ( 1  D  

g
 ), which is an activated form that behaves chemically as an elec-

trophile but is  not  a free radical.  1 O 
2
  can also be produced by chemical reactions including oxidation 

of superoxide and decomposition of peroxynitrite and peroxynitrate, see ( 4.10 )–( 4.12 ), ( 4.18a ), 
( 4.18b ), ( 4.21 ), ( 4.25 ), ( 4.33 ), and ( 4.35 )  [  187–  191  ] . The reaction between O  

2
  −   and H 

2
 O 

2
 , often 

referred to as the Haber-Weiss reaction ( 4.28 ), has been advocated as a source of  1 O 
2
  but the rate of 

this process is too slow to be competitive relative to alternative reactions of O  
2
  1−   and H 

2
 O 

2
  in vivo 

 [  165  ] . Singlet oxygen may be a major component among the toxic species generated by chemical 
steps in phagocytosis  [  187  ] . Reactions of  1 O 

2
  with singlet-state organic alkenes, particularly unsatu-

rated lipids such as arachidonic acid, are rapid and fully spin-allowed. The energy difference between 
the ground-state and singlet excited state of oxygen is 94 kJ mol −1  (22.4 kcal mol −1 )  [  113  ] . 

 Light having wavelengths shorter than 1,276 nm (near IR) provides suf fi cient energy to produce 
singlet oxygen from its ground-state but direct absorption of light by the oxygen triplet ground-state 
to produce  1 O 

2
  does not occur ef fi ciently. The difference in the ground and excited spin-states makes 

the process spin-forbidden. The combination of the added potential energy in the singlet oxygen moi-
ety and the energy associated with the C–O bond formation confers on  1 O 

2
  the ability to behave in a 

pernicious fashion within the cell. Carbon–oxygen bond energies are around 90 kcal mol −1 . It is 
signi fi cant that light in the visible or even near UV lacks suf fi cient energy to fully break covalent 
chemical bonds, which have bond energies of 80–100 kcal mol −1 . Rates of singlet oxygen reactions 
with unsaturated fatty acids range from 1,000 to 30,000 times faster than those with ground-state 
triplet oxygen  [  148,   192  ] . 

 Triplet excited state sensitizers activate oxygen by direct transfer of energy, ( 4.9 ), producing  1 O 
2
  

by a rapid, ef fi cient, and fully spin-allowed process. Heme proteins, as well as other photosensitizers, 
are distributed widely in membranes and the aqueous compartment of the cell. Free heme, produced 

  Scheme 4.2           
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by the degradation of myoglobin and hemoglobin, can be an important sensitizer and source of singlet 
oxygen. Rarely, genetic defects such as that which causes  erythropoietic protoporphyria  can result in 
accumulation of large quantities of free heme within the dermis leading to the generation of patho-
logical levels of  1 O 

2
  and an extreme sensitivity to light  [  116,   119  ] . As already noted, chemical genera-

tion of singlet oxygen is also an important process. Reaction C in Scheme  4.1  is a reversible process 
in vitro and thermal decomposition of synthetic dioxetanes is a convenient method used to study the 
ef fi ciency of singlet oxygen quenchers or the reactions of singlet oxygen in vitro  [  148  ] . Biochemical 
generation of  1 O 

2
  is dependent on processes that are associated with high O  

2
  −   levels and formation of 

peroxynitrite. These conditions are most commonly encountered in mitochondria, peroxisomes, and 
macrophages. 

 The question of whether direct enzymatic action generates appreciable quantities of singlet oxygen 
remains incompletely answered. A recent report describes electron paramagnetic resonance (EPR) 
evidence using spin-traps for singlet oxygen that  1 O 

2
  is generated during the p450 hydroxylation in rat 

liver microsomes  [  193  ] . Kerver et al. reported evidence of singlet oxygen generation in rat liver and 
small intestine mitochondria and concluded that a non-enzymatic dismutation reaction, see ( 4.20a ), 
was the most probable source  [  194  ] .   

   Superoxide, Peroxide, Hydroxyl Radical, and Peroxynitrite 

   Superoxide ( t  
1/2

  ~ Seconds–Minutes) 

 Superoxide is generated directly and ef fi ciently in vivo by a 1  e  −  reduction of molecular oxygen and is 
a free radical. In neutrophils, superoxide is generated by NADPH oxidase and is concentrated within 
phagosomes ( 4.13 ). Xanthine oxidase is an abundant enzyme present within blood where its role in 
the production of superoxide has been associated with ischemia/reperfusion injury  [  195,   196  ] . 
Secondary ROS that form from superoxide include singlet oxygen, H 

2
 O 

2
 , peroxynitrite, hypohalites 

(HOX, X = Cl, Br, SCN), and hydroxyl radical  [  5,   26,   40,   113,   148,   167,   197  ] . These secondary ROS, 
in combination with superoxide, give rise to the effective toxic reactions responsible for bacterial cell 
death during respiratory burst following phagocytosis  [  21,   198,   199  ] .  

   Mitochondrial Versus Cytosolic Superoxide 

 Estimates indicate that as much as 5 % of all oxygen molecules entering the terminal step of mito-
chondrial electron transport are released as superoxide ions  [  11,   200  ] . The rate of superoxide genera-
tion increases at elevated oxygen concentrations; however, in certain types of smooth muscle, hypoxia 
may also induce greater production of superoxide and ROS  [  152  ] . Production of superoxide occurs 
normally in many tissues, e.g., smooth muscle, cornea epithelium. Xanthine oxidase, a superoxide 
generator associated with tissues where oxidative stress is involved in pathogenesis  [  63,   201  ] , is found 
in the cytosol and incorporated into milk fat as a source of superoxide and peroxide. Cytosolic xan-
thine oxidase activation may precede mitochondrial dysfunction  [  202,   203  ] . Loss of integrity in the 
mitochondrial outer membrane caused by cytosolic ROS may be equally or more important than mito-
chondrial ROS generation to the dysfunction of mitochondria. There is some dispute of whether 
mitochondria are the principal source of ROS within the cell  [  7,   204  ] . 

 In reperfusion of cardiac tissue following ischemia, mitochondrial dysfunction and reduction of O 
2
  

by complex I is accepted as a major component of ROS production  [  170  ] . Oxidation of the purine 
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base, guanosine, within mitochondria, producing 8-hydroxyguanosine, occurs at a rate 10,000 times 
greater than within the nucleus where oxidative phosphorylation does not occur  [  205  ] . Reaction 
between molecular oxygen and complex I (NADH dehydrogenase and its associated iron-sulfur clus-
ter, N2), has been argued to be the source of superoxide  [  76,   206,   207  ]  but recent research suggests 
that hydrogen peroxide is the likely product formed by reaction of O 

2
  with complex I and that super-

oxide is a product of other enzyme systems  [  153  ] . A recent review discusses the role of different sites 
of superoxide production  [  12  ] . A signi fi cant concern in the production of superoxide by the mitochon-
drial enzyme system is the topological question of whether superoxide is released on the inner side of 
the mitochondrial membrane or on the outer side and into the cytosol  [  14  ] . The nuclear transcription 
factor NrF2, which activates the nuclear transcription of phase II antioxidants via the antioxidant 
response element (ARE), is strategically positioned on the mitochondrial outer membrane where it is 
able to be an early sensor of mitochondrial ROS escape  [  208  ] . Superoxide dismutase produces hydro-
gen peroxide and oxygen from superoxide, ( 4.17 ). Because of the abundant expression of SOD, 
hydrogen peroxide is rapidly produced from superoxide resulting in an “entangling” of the effects 
associated with these two ROS. Oxidative stress attributed to O  

2
  −   production is often the result of its 

subsequent conversion to secondary products (i.e., H 
2
 O 

2
  and ONO  

2
  −  ), the reactivity associated with 

these species, and their derived radicals. 
 Although superoxide is generated in the largest quantities within mitochondria, three different 

forms of SOD are expressed in high levels in erythrocytes and cytosol (SOD1), mitochondria 
(SOD2), and the extracellular medium (SOD3)  [  209–  211  ] . Cytosolic SOD1 and the extracellular 
SOD3 are characterized by the requirement for the transition metal ions Cu 1+  and Zn 2+ , whereas 
mitochondrial SOD2 is an Mn 2+  metalloprotein  [  212  ] . SOD2 is transcribed by the mitochondrial 
DNA, whereas the other two are coded by nuclear DNA. Under normal conditions, cytosolic super-
oxide is generated by NADPH dependent oxidases or xanthine oxidase  [  57  ] , which catalyzes the 
catabolic breakdown of xanthine to uric acid in the liver and is implicated in superoxide production 
 [  213  ] . Xanthine oxidase is found in retina, corneal epithelium, skin, milk fat, kidney and other tissues 
 [  53,   63,   64,   201,   213–  216  ] . 

 Dismutation of superoxide ( 4.17 ) is a highly favorable reaction having an equilibrium constant on 
the order of 10 20   [  154  ] . The rate of the uncatalyzed reaction is rapid ( 4.16 ) but because it is second 
order, the half-life is hundredths of seconds at mM concentrations and increases to hours at nM con-
centrations. The SOD-catalyzed reaction has a reported rate constant of ~7 × 10 9  M −1  s −1  and is among 
the fastest of all enzymatic processes, limited only by the collision frequency  [  217  ] . Because its half-
life can be long at low concentrations, in the range of seconds to minutes, superoxide has the potential 
to act at points that are remote from its place of production. This half-life makes its function as a 
signaling molecule possible. It can pass through channels in biological membranes, particularly dam-
aged membranes  [  218  ] . Dismutation of superoxide will generate hydrogen peroxide with its attendant 
oxidative reactivity and an ability to generate hydroxyl radicals. Catalase protects against formation 
of hydroxyl radical from H 

2
 O 

2
 . Although it is reported in the literature that peroxide oxidizes super-

oxide to produce singlet oxygen and hydroxyl radical in the Haber-Weiss reaction, ( 4.28 ), measure-
ments of the reaction rate demonstrate that it cannot compete with the rate of O  

2
  −   reaction with SOD 

or nitric oxide under in vivo conditions  [  165,   187  ] . When  • NO is present, superoxide reacts at diffu-
sion-controlled rates, generating peroxynitrite. 

 Superoxide is a good reducing agent with a comparable strength to that of dithionite,  E ° ¢  = −0.6 v. 
In aqueous environments, superoxide’s properties arise from its rapid dismutation to form peroxide, 
which is a strong oxidant  [  154  ] . The protonation of superoxide produces the uncharged hydrogen 
dioxide radical (HO  

2
  •  , p K  

a
  near 4.7), the conjugate weak acid of superoxide, ( 4.15 ). The protonation 

of superoxide may be of real importance to biological systems  [  219  ] . At physiological pH, this neu-
tral form of superoxide would represent about 0.4 % of the total superoxide. Although a small per-
centage, long-lived neutral HO  

2
  •   might be vastly more soluble in membranes and readily diffuse 

through and across membranes, but evidence is limited. Within lysozomes, where the physiological 
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pH is approximately 5, HO  
2
  •   would represent almost 40 % of superoxide. The ability for lysosomal 

production of superoxide has been reported in the vacuoles of hemocytes of mollusks, renal LLC-PK1 
cells treated with gentamicin, and in the hippocampal neuronal cell line, HT22  [  220–  222  ] . An elec-
tron spin resonance study demonstrated that superoxide can cross natural biological plasma mem-
branes prepared from erythrocyte ghosts but not those prepared from egg-derived phosphatidylcholine 
 [  218  ] . Diffusion of superoxide across membrane boundaries is not suf fi ciently enhanced by the for-
mation of neutral HO  

2
  •   radical at normal cellular pH to be able to be detectable in pure synthetic 

membranes.  

   Hydrogen Peroxide ( t  
1/2

  ~ 4 min) 

 Hydrogen peroxide, a potent oxidant, is produced by the rapid dismutation of superoxide and is a 
substrate for many enzymatic systems including the glutathione peroxidases, cytochrome c peroxi-
dases, catalases, haloperoxidases, thyroid peroxidase, lactoperoxidase, prostaglandin H synthase 
(COX), and myeloperoxidases  [  6,   78,   197,   223–  227  ] . Hydrogen peroxide is an important signaling 
molecule associated with NF- k  B  and mitogen-activated protein (MAP) kinase pathways  [  223  ] . Its 
long lifetime (~4 min) and neutrality enable it to be an effective intercellular signal  [  176  ] . Hydrogen 
peroxide itself reacts relatively slowly with substrates but is readily activated by the transition metal 
ion-catalyzed Fenton reaction, involving either iron (II) or copper (I), ( 4.23a ) and ( 4.23b ), to produce 
the extremely reactive hydroxyl radical, ( • OH)  [  157,   167,   228,   229  ] . Peroxidases produce a range of 
potent oxidizers from H 

2
 O 

2
 . A prime example is formation of hypochlorite by neutrophils during 

respiratory burst  [  230  ] . Because hydrogen peroxide readily diffuses through membranes and many 
membrane lipids are unsaturated, they are readily susceptible to oxidation by hydroxyl radical  [  231  ] . 
The chain reaction of hydroxyl radical with lipids can generate large numbers of lipid hydroperoxides 
within cell membranes, ( 4.26 )–( 4.27b ), disrupting properties and functions  [  231  ] . COX activity is 
triggered by the action of peroxide and results in prostaglandin production  [  78  ] .  

   Peroxy Radical, ROO •  ( t  
1/2

  = ~7 s) 

 Lipid hydroperoxy radicals are generated by reaction of a lipid carbon free radical with oxygen, ( 4.7 ) 
and ( 4.27a ). Although these alkyl peroxy radicals are more stable than the hydroxyl radical, they may 
react by abstracting H from additional lipids, ( 4.27b ), electron transfer from abundant reducing agents 
( Red ), such as glutathione or ascorbate, producing the alkyl peroxide, ( 4.39 ), and direct addition reac-
tions with alkenes ( 4.40 ).

     
−+ → +•LOO Red LOO Ox    (4.39)  

     
• •

2 2LOO H C CH R LOO CH CHR+ = − → − −    (4.40)    

   Hydroxyl Radical ( t  
1/2

  = 1 × 10 −8  s) 

 Once generated, the hydroxyl radical has a lifetime on the order of 10 ns in the aqueous cellular envi-
ronment and its ability to diffuse through cellular media is limited to about 60 Å, approximately the 
width of a bilipid membrane  [  172  ] . The extremely reactive nature of the hydroxyl radical is due to the 
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favorability of the processes in which it participates. The primary diffusion-controlled reactive options 
for hydroxyl radical are: (1) hydrogen abstraction; (2) addition to aromatic rings, including purines 
and pyrimidines in DNA; and (3) oxidation of a variety of abundant species including halide ions, 
carotenoids, and other antioxidants (Scheme  4.3 )  [  232  ] . Hydroxyl radical can also react with protein, 
lipid, and carbohydrates via similar processes.  

 Abstraction of a hydrogen from a carotenoid produces a carbon-centered radical that can be much 
longer lived than the hydroxyl radical  [  180,   181,   233  ] . Lifetimes of carbon-centered free radicals vary 
over a wide range and resonance in aromatic and conjugated radicals is an important contributor to 
stability. The ability of these alkyl radicals to diffuse from their point of generation and react with 
ground-state molecular oxygen to produce peroxy radicals ( 4.7 ) poses a threat to cellular systems that 
are otherwise relatively remote from active oxygen metabolism  [  234,   235  ] . The carotenoid radical is 
not suf fi ciently reactive to add oxygen at physiological partial pressures and thus disrupts the pro-
oxidative mechanism  [  236  ] . Chlorine radicals may be generated by direct reaction of Cl −  with HO • , 
( 4.41 ), and may generate new carbon free radicals by addition to double bonds or abstraction of a 
hydrogen atom  [  237–  239  ] .

     
− −+ → +• •HO Cl Cl OH    (4.41)    

   Nitric Oxide ( t  
1/2

  = 0.002–10 s) 

 The path leading to the discovery that free radical nitric oxide is the endothelium-derived relaxing 
factor was laid by Furtchgott in 1980 and lead to a Nobel Prize in 1998  [  35,   240–  244  ] . Nitric oxide is 
generated from the oxidation of the  l -arginine guanidium group by nitric oxide synthase  [  166  ] . Three 
isoforms of this enzyme are expressed: neuronal or nNOS (NOS1), endothelial or eNOS (NOS2), and 

  Scheme 4.3           
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inducible or iNOS (NOS3)  [  245  ] . The latter is inducible by ROS whereas the other two are constitu-
tive. The iNOS form also appears to be expressed continuously in some cell types, airway epithelium, 
and basal skin keratinocytes  [  246  ] . Some pathogenic bacteria (gram positive) also express a nitric 
oxide synthase, which regulates bacterial SOD transcription and serves an important role in protection 
from phagocytosis and action of antibiotics, many of which result in production of high levels of ROS 
 [  247–  249  ] . In  Staphylococcus aureus,  the presence of the yellow carotenoid pigment confers added 
virulence by protecting the bacteria from oxidative stress  [  250  ] . In humans, the generation of  • NO by 
the endothelial form, NOS3, is important for regulation of vascular dilation  [  251  ] . NOS1 and NOS3 
can be inhibited by the oxidized cholesterol metabolite, secosterol aldehyde, which is produced under 
pathogenic conditions such as atherosclerosis, potentially compromising vascular function in the 
aging brain  [  252  ] . Nitric oxide also plays a critical role in cognitive function of the brain and the 
events involved in the formation of memory  [  253  ] . Although nitric oxide is a free radical, its reaction 
chemistry is surprisingly benign and it can be quite long-lived, as great as 10 s in tissues but lower, as 
short as 0.002 ms, in vascular medium where it rapidly reacts with oxyhemoglobin to form nitrate ion 
preventing it from traveling in the blood stream ( 4.42 )  [  35  ] .  • NO is soluble in water as well as lipids 
and it diffuses readily through cell membranes to effectively act as a signal of local cellular status 
without in fl uencing remote tissues by vascular transport.

     
−+ → +•

2 3NO HbO NO metHb    (4.42)   

 At ambient oxygen partial pressures, nitric oxide rapidly reduces molecular oxygen producing 
NO 

2
 , a reactive secondary free radical, see ( 4.43 )  [  254  ] .

     
• •

2 22 NO O 2 NO+ →    (4.43)    

   Nitrogen Dioxide ( t  
1/2

  ~ 10  m s) 

 Nitrogen dioxide is capable of abstracting a hydrogen from phenols such as tyrosine leading to nitra-
tion, ( 4.38 )  [  255  ] , which can inactivate native enzymatic function and is a critical redox balance sensor. 
In the event of imbalanced radical production, formation of nitro-tyrosine can also be pathogenic  [  35  ] .  

   Peroxynitrite ( t  
1/2

  = 0.05–1 s) 

 Peroxynitrite, formed from superoxide ion and nitric oxide, ( 4.29 )  [  256  ] , owes its toxicity more to the 
formation of secondary ROS/RNS than to its direct action as an oxidizing agent  [  35,   255,   257  ] . As 
much as 50 % of the superoxide produced in the cell will react with  • NO to form peroxynitrite,  [  258  ] , 
which may serve as a protective mechanism against the toxic consequences of superoxide and its by-
products  [  34,   169,   255  ] . Peroxynitrite formation is extremely sensitive to the superoxide concentra-
tion, which is controlled by expression of SOD and sensitive to O 

2
  levels  [  35  ] . Under in fl ammatory 

conditions, concentrations of nitric oxide and superoxide can increase by nearly 1,000-fold and for-
mation of peroxynitrite can be 1,000,000 times greater than under normal resting conditions  [  35  ] . 

 As described earlier, peroxynitrite is a weak base and the protonated form slowly decomposes to 
produce hydroxyl radical and nitrogen dioxide, ( 4.31 ) and ( 4.32 ). In the presence of physiological 
levels of CO 

2
 , ca. 1 mM, a diffusion-controlled reaction occurs between peroxynitrite and CO 

2
  leading 

to the production of the nitrating and oxidizing species,  • NO 
2
  and CO  

3
  •−  , see ( 4.30 )  [  255  ] . At physio-

logical CO 
2
  levels, few biological molecules are able to compete with CO 

2
  to intercept peroxynitrite; 
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thus, it reacts directly with a very limited number of biological molecules.  • NO 
2
  and CO  

3
  •−   are long-

lived radicals, (1,500 ms CO  
3
  •−  ; 10  m s for  • NO 

2
 ) especially when compared to such species as the 

hydroxyl radical  [  255  ] . The carbonate anion radical is an oxy-radical that is resonance-stabilized. 
CO  

3
  •−  and  • NO 

2
  can both behave as oxidants and react with substrates either by direct electron transfer 

or by abstraction of a hydrogen atom, particularly from phenolics. The nitration of tyrosine in the 
presence of CO 

2
  occurs with greater selectivity in product formation than in its absence, producing 

predominantly 3-nitro-tyrosine because CO  
3
  •−   primarily reacts to abstract H and is less prone toward 

direct addition to the ring in contrast to HO •   [  259  ] . Scheme  4.4  illustrates the mechanism of nitration 
of tyrosine by  • NO or  • NO 

2
 , where  • NO 

2
  radical is also a nitrating agent. Oxygen transfer from the 

carbonate anion radical to guanine is also rapid and site-selective  [  260  ] . Nitration can be a step in 
signal transduction but may also be pathogenic  [  35  ] . Elevated concentrations of nitro-tyrosine have 
been identi fi ed and correlated with over 50 human diseases. Nitrosylation of tyrosine affects the p K  

a
  

of the phenolic OH and alters protein interactions and function  [  41,   261  ] .  
 Carotenoid nitration occurs by a similar mechanistic process as seen in Scheme  4.5 .    

   Carotenoids and ROS Regulation 

 Many types of ROS are widely generated within various organelles, cells, and tissues and carotenoids 
may be involved in ROS/RNS regulation. The unifying structural feature shared by carotenoids is the 
extended conjugation of the polyene chain (Fig.  4.2 ). Although carotenoids are often classi fi ed as 
provitamin A or non-provitamin A, an alternative grouping is based on the structural presence of 
oxygen functional groups on the ionone ring system, i.e., xanthophylls. Fucoxanthin and astaxanthin 
consumption and abundance are low but they are commercially signi fi cant and may have unique 
actions  [  123,   262–  268  ] . Provitamin A carotenoids were recognized in the early part of the twentieth 
century  [  269,   270  ] . The signi fi cance of vitamin A to human health served as a motivating factor for 
much of the research directed toward understanding the chemistry of  b -carotene and its structurally 
related provitamin A congenors during the twentieth century.  

 Seventy years passed between the discovery that  b -carotene could be metabolized to produce vita-
min A  [  270  ]  and the characterization of the  b ,  b -carotene-15,15 ¢ -monooxygenase (BCMO1) in mam-
mals responsible for this reaction  [  142  ] . Reports suggesting critical or essential functions for the 
non-provitamin A carotenoids began to appear in the literature during the  fi nal two decades of the 

  Scheme 4.4           
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twentieth century and accelerated into the twenty- fi rst century  [  103,   271–  273  ] . Most prominent 
among these are the demonstrations that lutein and zeaxanthin accumulate at high levels in the retina 
where their role in protection of the retina from age-related macular degeneration appears to be 
signi fi cant as discussed in Chap.   13      [  137,   274–  277  ] . The potential for lycopene and other carotenoids 
to in fl uence carcinogenesis as discussed in Chap.   12    , particularly in prostate, has also stimulated 
intensive investigation of the mechanisms of action for the non-provitamin A carotenoids  [  95,   278, 
  279  ] . Astaxanthin,  b -cryptoxanthin, and fucoxanthin are also current research foci  [  73,   267,   280–
  283  ] . Carotenoids appear to be nonspeci fi cally accumulated in tissues but important exceptions are 
lycopene in prostate  [  121  ]  and lutein and zeaxanthin in retina  [  275,   277,   284  ] . Serum concentrations 
of  b -cryptoxanthin are anomalously high relative to estimates of dietary intake  [  285  ] .  

   Interactions of Carotenoids with ROS/RNS 

 As outlined above, two major sources of ROS involve the generation of singlet oxygen by photo-
chemical sensitization and the production of superoxide by NADPH oxidase and related enzymatic 
processes. Singlet oxygen and superoxide production can ultimately lead to the formation of hydro-
gen peroxide and lipid hydroperoxides that react primarily via formation of hydroxyl and hydroper-
oxyl radicals. These species may trigger in fl ammation through the activation of NF- k B or a related 
mechanism  [  18  ] . 

  Scheme 4.5           

 

http://dx.doi.org/10.1007/978-1-62703-203-2_13
http://dx.doi.org/10.1007/978-1-62703-203-2_12


774 Reactive Oxygen and Nitrogen Species in Biological Systems…

 The mechanism of singlet oxygen generation in tissues exposed to short wavelength light, particu-
larly, cornea, lens, retina, and skin, is favored by high levels of oxygen as well as elevated levels of 
luminance. Upon absorption of light, sensitizers initially populate a short-lived singlet excited state, 
see Scheme  4.2 . Rapid relaxation of the “hot” vibrational states within the singlet electronic level dis-
sipates excess energy and for ef fi cient sensitizers, intersystem-crossing follows in ns. Triplet excited 
states are long-lived with half-lives that range from 10 −3  to 10 −6  s allowing time for energy transfer to 
oxygen. Many naturally abundant sensitizers have measured quantum yields,  F , for the generation of 
singlet oxygen that are in the range of 0.5–1.0, i.e., between 50 and 100 % of the absorbed photons 
generate singlet oxygen by energy transfer  [  286  ] . 

 Mechanistically, the presence of carotenoids may diminish the levels of singlet oxygen and its 
cytotoxic effects in three ways: (1) direct absorption of light decreasing the number of high energy 
triplet excited state sensitizers, (2) ef fi cient quenching of triplet sensitizers prior to their interaction 

  Fig. 4.2    The structural characteristics of the predominant carotenoids observed in human serum vary principally in the 
end-groups. Hydrocarbon carotenes are shown on the  left  and divided between provitamin A ( top left ) and non-provita-
min A ( bottom left ) carotenoids. Xanthophylls possess at least one oxygen functional group and are grouped on the  right  
as pro vitamin A ( top right ) and non-provitamin A ( bottom right ) xanthophylls. Although found in very low concentra-
tions in human serum, zeinoxanthin and  a -cryptoxanthin isomers of  b -cryptoxanthin have been included because there 
exists some confusion in the literature regarding the names of these structures  [  99  ]        
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with oxygen ( 4.44 ), and (3) direct interaction with singlet oxygen, ( 4.45 )  [  113,   287  ] . Carotenoids 
absorb light with an exceptionally large absorption coef fi cient ensuring that they absorb a large frac-
tion of the incident photons relative to other molecules. Carotenoids can only reduce the rate of pro-
duction of excited state sensitizer molecules when the carotenoid concentration is suf fi ciently high 
and mechanically positioned within the light path between the source and the sensitizer. This is the 
arrangement present in the human macula  [  137,   138  ] . Carotenoid excited states are also very ef fi cient 
in their ability to relax to the ground-state by a mechanism involving inter-conversion of excited state 
energy to vibrational kinetic energy and dissipation of heat through collision with the surrounding 
medium ( 4.46 ). In this way, carotenoids can ef fi ciently quench triplet excited states of most sensitiz-
ers via a mechanism of energy transfer.

     + → +1 3 * 3 * 1Car Sens Car Sens Quenching of Sensitizers    (4.44)  

     
− −+ → + =1 * 3 * 3 9 1 1

2 2Car O Car O 10 M s Singlet Oxygen Quenchingk    (4.45)  

     → +3 * 1Car Car heat Non - destructive Relaxation    (4.46)   

 Via this mechanism, carotenoids dissipate the excess energy from the excited state sensitizer or 
singlet oxygen and divert chemical potential available to generate ROS by an ef fi cient, catalytic pro-
cess, ( 4.44 )–( 4.46 ). By-products of photo-oxidation of carotenoids resulting from reaction with sin-
glet oxygen include  apo -carotenals produced by double bond cleavage, as well as epoxides and endo 
peroxides. The photochemical reactions of vitamin A (Scheme  4.6 ) illustrate the products that arise 
from singlet oxygen reaction with double bonds  [  288  ] . Excited state carotenoid energy levels are 
positioned to enable them to effectively quench triplet states of sensitizers reducing the production 
of singlet oxygen  [  287,   289  ] . The carotenoid concentration, at or above 10 −6  M, is a critical factor 
controlling the ef fi ciency of sensitizer quenching.  

  Scheme 4.6           
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  Plants ,  quenching within leaves.  Light-generated singlet oxygen is a source of toxicity in photosyn-
thetic plants and the participation of zeaxanthin in the xanthophyll cycle is a mechanism by which 
toxic ROS generation is moderated at high illumination levels  [  98,   290  ] . Zeaxanthin accumulation in 
organisms lacking a functional xanthophyll cycle demonstrates that it protects against photo-initiated 
oxidative damage by intercepting and quenching singlet oxygen and/or its reactive oxygen by-prod-
ucts protecting the photosynthetic system  [  98,   113  ] . Notably, such plants tolerate higher oxygen levels 
than non-zeaxanthin accumulating plants. 

  Animals and humans, quenching within skin.  Carotenoids at  m M concentrations absorb a small per-
centage of incident light depending on the wavelength and concentration. Average molar concentra-
tions of carotenoids in skin are in the range of 10 −7  to 10 −6  M  [  291  ] . Based on Beer’s law, an (optimistic) 
estimate for light absorption in the skin at 450 nm would be on the order of 0.014 absorbance units, 
assuming a uniform concentration of 10 −6  M  b -carotene and a thickness of 0.1 cm  [  291  ] . The resultant 
transmittance of this tissue would be ~97 %, i.e., only 3 % of the incident light would be intercepted 
prior to potential interaction with intracellular sensitizers residing behind this layer. Although a mea-
surable reduction of light levels can occur in skin, the  fi ltering of the light intensity by carotenoids is 
likely to produce very modest protection from singlet oxygen, <3 %. The threshold intensity using a 
UV lamp needed to produce a detectable erythemal response was reported to be ~0.15 J cm −2  for sub-
jects with low carotenoid levels in skin (~10 −7  M) versus ~0.25 J cm −2  for those with higher concentra-
tions (5–6 × 10 −7  M)  [  291  ] . These differences should not produce a signi fi cant decrease in blue light 
transmission through the dermal layer. Carotenoids interfered with the action of singlet oxygen after 
its generation or reduced the in fl ammatory response via events subsequent to light absorption exerting 
protection against erythema in skin. 

  Humans, macular pigment and light absorption.  Concentrations of lutein and zeaxanthin within the 
inner layers of the retina range between 10 −3  and 10 −4  M  [  137,   292,   293  ] . A typical thickness of the 
inner layers of the macula is close to 50  m m and the effective absorbance at 450 nm ranges between 
0.2 and 0.8 AU. The transmittance of the macular pigment in the retina of a typical individual would 
range from 32 to 63 %. Macular pigment is therefore absorbing about 50 % of the incident blue light 
(  l   = 450 nm) capable of sensitizing the production of singlet oxygen and provides a substantial level 
of protection to retinal tissue against damage due to the photochemical generation of singlet oxygen. 
During supplementation studies, macular pigment optical density in the fovea increased from 0.4 to 
0.65 AU with a corresponding decrease in transmittance from 0.4 to 0.22 and a 45 % reduction in the 
intensity of blue light reaching the underlying outer segments of the photoreceptors and retinal pig-
ment epithelium. Light absorption by the macular pigment clearly provides substantial protection 
against photosensitized  1 O 

2
  production. 

 In resupplementation studies conducted on macaques raised on a carotenoid and omega-3 fatty 
acid free diet, signi fi cant increases of carotenoid levels in the maculae and improved protection 
against photic lesions induced by exposure to laser light at 488 nm were observed. Since optical den-
sity increases were small, ~0.03 AU corresponding to a 7 % reduction in the transmittance of light at 
this wavelength, the authors concluded that the majority of the observed protection against lesion 
formation must be attributed to the photochemical mechanisms, i.e., quenching effects and intercep-
tion of ROS, as opposed to absorption of light  [  150  ] . 

 The lipophilic nature of carotenoids necessitates their localization primarily within membranes 
and lipid vesicles or bound to proteins. Carotenoids are almost certainly carried by both intra- and 
extracellular proteins, which may be speci fi c or nonspeci fi c carriers  [  294  ] . In human serum, carote-
noids are transported by HDL and LDL, which transport different proportions of carotenes and xan-
thophylls likely due to polarity differences  [  96,   107,   295,   296  ] . Speci fi c binding proteins are involved 
in transport and/or localization of ocular xanthophylls, i.e., lutein and zeaxanthin  [  297  ] . The light 
harvesting complex of higher plants speci fi cally binds four carotenoids and evidence supports their 
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functions of antioxidant action, structural stabilization of the protein, regulation of the ef fi ciency of 
energy capture, and ancillary antenna functions  [  111,   298  ] . The importance that carotenoid accumula-
tion within various cellular structures and binding to proteins has in modulating carotenoid antioxi-
dant actions are dif fi cult to assess but are clearly signi fi cant. High levels of carotenoids must exist 
near ROS sources if they are to be functionally relevant. When overall concentrations of carotenoids 
in a tissue or cell are low, as they are in the human lens (~10 −8  M), localization within a smaller com-
partment may have signi fi cant consequences  [  299,   300  ] . The xanthophylls present in the lens may be 
concentrated within the small volume of the living layer of epithelial cells on the anterior surface 
 [  299,   301  ] . Xanthophyll intake has been correlated to a reduction in the risk for extraction of cataract 
 [  90,   91  ] . Risk of cataract is increased by exposure to high light levels that increase the exposure of the 
lens to  1 O 

2
 . 

 The extended conjugation of the polyene system of carotenoids accounts for the low lying pi anti-
bonding molecular orbitals that are populated in the excited state. The separation between the ground 
and singlet excited states varies somewhat between carotenoids with the principal absorption maxima 
varying from ~430 to 480 nm. Photogenerated excited state sensitizers and singlet oxygen are 
ef fi ciently quenched by carotenoids because the energy in these excited state species is modestly 
larger than that of the carotenoid triplet-excited states. Thus quenching is a thermodynamically favored 
process. These overall processes are quantum mechanically spin-allowed and thus the rates are high. 
The ef fi ciency of carotenoid quenching of  1 O 

2
  as measured by comparison of the second order rate 

constants shows that rate generally increases with the extent of conjugation (Fig.  4.3 ).  
 In Fig.  4.3 , the rate constant  k  

q
  initially increases rapidly with the number of conjugated double 

bonds but levels off at larger values, following the trend in energy difference between the ground- and 
excited state  [  303  ] . Although fast, the rates of reactions of unsaturated fatty acids with singlet oxygen 
are relatively slow ( k  ~ 10 5  M −1  s −1 ), see step a in Scheme  4.1 , when compared with the diffusion-
limited rate of quenching  1 O 

2
  by carotenoids, ( 4.45 ) ( k ~10 9  M −1  s −1 )  [  148,   287  ] . Sensitizer quenching 

by both carotenoids and molecular oxygen are of comparable rates. Comparing these rate constants 
might lead to the conclusion that sensitizer quenching by carotenoids should result in signi fi cant 
reduction of singlet oxygen production. Under normal, physiological conditions,  b -carotene quenching 

  Fig. 4.3    The second order rate constant for singlet oxygen quenching by carotenoids increases logarithmically with 
increasing length of conjugation (based on data from  [  233,   302  ] )       
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of the sensitizer cannot compete with molecular oxygen, ( 4.9 ), because the concentration of dissolved 
molecular oxygen is fairly high (~1.4 × 10 −3  M at 150 mmHg, 3.7 × 10 −4  M at 40 mmHg characteristic 
of the partial pressure of O 

2
  at the cellular level) compared to that of carotenoids (~10 −6 )  [  289  ] . 

Therefore, the antioxidant action of  b -carotene is due principally to quenching of the relatively long-
lived  1 O 

2
  prior to its reaction with other substrates.  b -Carotene can quench as many as 2,500 molecules 

of singlet oxygen prior to degradation  [  304  ] . This leads to an estimate that chemical inactivation of 
singlet oxygen (i.e., involving degradation of the carotenoid) occurs in only 0.4–0.04 % of the caro-
tenoid-singlet oxygen interactions  [  289,   304  ] . 

 The competitive opportunity for carotenoids to effectively quench singlet oxygen prior to oxidative 
reaction with lipids is reasonably high. Oxygen’s solubility is greatest in lipophilic membranes. The 
partition coef fi cient of O 

2
 ,  K  

p
  = [O 

2
 ] 

lipid
 /[O 

2
 ] 

water
 , is between 3 and 5 and so  1 O 

2
  concentrates within 

membranes  [  305  ] . Membrane systems also have a greater abundance of unsaturated fatty acids that 
can readily react with  1 O 

2
 . Thus lipid solubility places carotenoids in the environment that is sensitive 

to singlet oxygen damage and has high singlet oxygen concentrations. Within membranes, nonpolar 
carotenoids, e.g.,  b -carotene, tend to be oriented parallel to the surface, whereas xanthophylls with 
polar hydroxyl groups tend to span the membrane exposed to the polar, aqueous media  [  306,   307  ] . 
While  b -carotene is uniformly distributed, xanthophylls are localized in membrane regions with 
greater proportions of unsaturated fatty acids and excluded from lipid rafts dominated by cholesterol 
and saturated fatty acids  [  308  ] . The greater concentration of xanthophylls within those domains results 
in greater protection from singlet oxygen relative to identical concentrations of  b -carotene. The mem-
branes of the photoreceptors are among those most rich in unsaturated fatty acids within the human 
body  [  309  ] . 

   Carotenoid Protection Against Superoxide 

 As described above, superoxide is a major product of oxygen metabolism and has a number of impor-
tant functions (e.g., indicator of oxygen tension regulating vasodilation/contraction). O  

2
  1−   is not excep-

tionally reactive, but it is ef fi ciently transformed into more reactive secondary ROS. To protect against 
secondary ROS, a system of antioxidants is essential. The ability to limit the deleterious actions of 
these ROS enables biological systems to capitalize on the rapid signaling capability and toxicity asso-
ciated with O  

2
  1−  , e.g., in macrophages. Investigation of the direct interaction of carotenoids with super-

oxide indicates that they form a carotenoid-superoxide adduct  [  84,   310,   311  ] . However, recently 
Martinez et al. reported theoretical calculations showing that electron transfer from superoxide to caro-
tenoids may be favored in nonpolar environments but disfavored in aqueous media  [  312,   313  ] . These 
authors reported a difference in the ability of carotenoids to act as electron acceptors for superoxide 
with astaxanthin predicted to be a much better acceptor than lycopene or  b -carotene. Recently, water-
soluble derivatives of astaxanthin were synthesized and reported to effectively scavenge superoxide. 
The mechanism(s) of this reaction and/or the carotenoid by-products were not identi fi ed  [  264,   268  ] . 
Whether these synthetic carotenoids are reacting directly with superoxide or with secondary ROS that 
are rapidly produced from superoxide needs to be resolved. Superoxide participates in an electron 
transfer to hydroxyl radical, ( 4.47 ), a reaction that generates singlet oxygen as a by-product  [  187  ] .

     
− −+ → +• 1 1 1

2 2OH O O OH    (4.47)   

 Free transition-metal ions (Fe 3+ /Cu 2+ ) also contribute to  1 O 
2
  formation, ( 4.20a ) and ( 4.20b ). Iron 

released in lysosomes during degradation of proteins contributes to radical formation and may lead to 
degradation of the lysosomal membrane  [  314  ] . Cellular iron concentrations are normally low, but 
promote increased in fl ammation when bound iron is released exacerbating oxidative stress  [  315  ] . In 
synovial  fl uid of rheumatoid patients and normal cerebrospinal  fl uid, the measured levels of unbound 
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iron can be suf fi ciently high ( m mol L −1 ) and an important contributor to pro-oxidative processes  [  157, 
  316–  321  ] . Markers for ROS production are also associated with temporomandibular joint disease and 
associated with increased iron levels  [  322  ] .  

   Damage to DNA by Oxidative Reactions 

 Many age-related diseases involve damage to DNA and particularly mitochondrial DNA (mt-DNA) 
 [  37  ] . Mt-DNA replication is orchestrated by mt-DNA polymerase-g (POLG). Defective POLG lack-
ing the ability to proofread and correct the replicated sequences leads to high levels of mutations that 
accumulate in mt-DNA and is associated with rapid aging in mice carrying this POLG defect  [  323  ] . 
Lifespans of such mice are greatly reduced and they exhibit many pathological conditions comparable 
to those in aging humans  [  324  ] . Humans with POLG mutations may suffer from Parkinsonism and 
other diseases typical of aging. In mice and  Drosophila,  over-expression of mitochondrial antioxidant 
proteins MnSOD, catalase, and/or methionine sulphoxide reductase are protective against O  

2
  −  , H 

2
 O 

2
 , 

and their by-products and are associated with increased longevity  [  325–  327  ] . Reduced levels of mt-
DNA oxidation were observed in addition to reductions in pathologies including arteriosclerosis and 
cardiac damage. In humans, oxidative damage to DNA has been associated with cognitive decline 
during aging  [  328  ] . G/C-rich promoter sequences, which are uniquely susceptible to oxidation, may 
accumulate unrepaired errors due to oxidation. In experiments on neuroblastoma-derived cells, small 
interfering RNA reduced the expression of F1-ATPase and resulted in damage to promoter DNA, but 
the effect was partly reversed by vitamin E. Collectively, evidence that mt-DNA damage is responsi-
ble for unregulated ROS generation and consequent pathological conditions is compelling  [  37  ] . 

 Lin and Beal state that mitochondrial generation and metabolism of ROS is so complex that thera-
peutic treatment with a single or small selection of antioxidants is too simplistic an approach to pro-
duce more than modest success in the treatment of oxidative stress-induced diseases  [  37  ] . This is not 
an indictment of the role and importance of antioxidants so much as a recognition of the need for a 
multi-pronged approach to the reduction of oxidative stress. As expressed earlier, it is the multilay-
ered nature of the antioxidant protection system, including carotenoids, that makes it dif fi cult to dem-
onstrate the unambiguous actions of carotenoids against ROS in vivo. A single antioxidant will rarely 
be suf fi cient to address any incompetency in the antioxidant system. The build-up of DNA errors 
associated with lowered levels of the antioxidant proteins and rapid ROS production clearly require a 
pro-active, multi-faceted approach. Early and consistent intake of dietary antioxidants may contribute 
to a reduction in the accumulation of DNA errors.  

   Carotenoid Radical Anions 

 The generation of carotenoid radical anions has been explored for selected carotenoids and  apo -
carotenoids  [  84,   311  ] . Carotenoid radical anions are quite stable in acetonitrile but they are rapidly 
protonated in the presence of protic solvents such as water and methanol ( 4.48a ) and ( 4.48b ). Reaction 
of carotenoids with O  

2
  ─   occurs favorably only in lipophilic environments to form the carotenoid radi-

cal anions that are resonance-stabilized  [  84,   233  ] . The product of the carotenoid radical anion is 
unlikely to be a signi fi cant contributor to the oxidation of superoxide.

     
− −+ → +•
2 2Car O Car O    (4.48a)  

     
− ++ →• •Car H CarH    (4.48b)    
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   Carotenoid Cation Radicals 

 The carotenoid cation radical is rapidly generated by transfer of an electron from a carotenoid to a 
variety of radicals and oxidants that are produced by oxidative processes in vivo (Fig.  4.4 ). Particularly, 
hydroxyl, peroxy, and carbonate radicals all readily react with carotenoids via electron transfer to 
produce carotenoid cation radicals, see ( 4.49 ), ( 4.50 ), and ( 4.51a ). Truscott and coworkers have dem-
onstrated that carotenoid cation radicals, once generated, can be subsequently reduced by a host of 
natural reductants (e.g., ascorbate, glutathione)  [  84  ] . Carotenoid cation radicals (CAR •+ ) effectively 
interrupt radical chain reactions because the CAR •+  is very stable with a half-life on the order of min-
utes. Carotenoids are readily regenerated by electron transfer from abundant natural antioxidants, 
including other carotenoids, ascorbate, glutathione (as well as other thiols), and tocopherols  [  89  ] . The 
carotenoid is able to function as a true catalyst enhancing the rate of radical decomposition by gluta-
thione and other cellular reductants. Hydrogen abstraction, as suggested by ( 4.51b ) would lead to 
formation of a neutral carotenoid radical that would be highly delocalized and could readily react with 
either  • NO or  • NO 

2
  leading to nitrated products. 

     
+ −+ → +•Car HO Car HO    (4.49)  

     
+ −+ → + =• •Car ROO Car ROO R H, alkyl    (4.50)  

     
− + −+ → +• • 2

3 3Car CO Car CO electron transfer    (4.51a)  

     
− −+ → + −• • 1

3 2Car CO Car HOCO H abstraction    (4.51b)   

 The measured oxidation potentials for carotenoids differ very little, but oxygen substitution in the 
carotenoid in fl uences the trend in the oxidation potential and carotenoids that are more oxygen-rich, 
such as astaxanthin, are less readily oxidized due to the electron withdrawing action of the oxygen 
atoms  [  329  ] .  

   Reaction of Carotenoids with Peroxynitrite 

 The rapid reaction of nitric oxide with superoxide ensures that peroxynitrite is often present when 
superoxide is generated in signi fi cant quantities in vivo  [  235  ] . The products formed during reaction of 
carotenoids with peroxynitrite (and the peroxynitrite-derived ROS) have been studied in vitro  [  330–
  332  ] . Studies to test the ability of carotenoids to protect LDL against degradation by peroxynitrite 
show that exposure to peroxynitrite results in loss of carotenes carried by LDL. All carotenoids tested, 
ef fi ciently scavenged peroxynitrite preventing the formation of  fl uorescent rhodamine 123 from non-
 fl uorescent dihydrorhodamine 123, an indicator sensitive to peroxynitrite and H 

2
 O 

2
  in vivo  [  333–  335  ] . 

The more polar xanthophylls, i.e., lutein, zeaxanthin, and  b -cryptoxanthin, while effective did not 
scavenge peroxynitrite as ef fi ciently as lycopene,  b -carotene, and  a -carotene. The observed order of 
reactivity of the carotenoids was lycopene >  a -carotene >  b -carotene >  b -cryptoxanthin > zeaxan-
thin > lutein. The authors noted that xanthophylls were as effective in reacting with peroxynitrite as 
biothiols, such as glutathione, cysteine, and thiol groups within proteins  [  336  ] . While the authors did 
not identify the mechanism or products formed in peroxynitrite reactions with carotenoids, they 
clearly observed by HPLC that numerous carotenoid-derived products were present in solution after 
reaction. Carotenoids likely react with ROS derived from ONO  

2
  −   and not peroxynitrite itself. 

 Etoh and coworkers have investigated the reaction of astaxanthin,  b -carotene, fucoxanthin, cap-
santhin, and retinol in the presence of peroxynitrite and have identi fi ed a large number of nitro-
carotenoids, nitro- apo -carotenoids, and degradation products formed in these reactions  [  330–  332  ] . 
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  Fig. 4.4    ( a ) Reduction of carotenoids by superoxide is possible in nonpolar environments producing the carotenoid 
radical anion. Presence of oxygen functional groups, particularly keto groups on the ionone ring, stabilize the resulting 
anion as seen for astaxanthin in this example. Delocalization of both the charge and the unpaired electron contributes to 
the stability of these species. ( b ) Oxidation by radicals (e.g., HO • , CO  

3
  •−   or ROO • ) can produce a long-lived and much 

less reactive carotenoid cation radical that is resonance stabilized         
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Using NMR techniques many of the nitro-carotenoids and nitro- apo -carotenoids were shown to exist as 
  cis - and s- cis  isomers. Substitution by the sterically demanding and strongly electron-withdrawing 
nitro group on the polyene chain alters the relative stability of  cis - relative to  trans -isomers and con-
formers. 14 ¢ -s- cis -15 ¢ -nitro-astaxanthin was the most abundant product formed by the reaction of 
astaxanthin with peroxynitrite  [  330  ] . Cleavage of astaxanthin formed 13- apo -astaxanthinone, 12 ¢ - apo -
astaxanthinal, and 12 ¢ - apo -15 ¢ -nitro-astaxanthinal  [  331  ] . Capsanthin reacts with peroxynitrite to form 
predominantly (14 ¢ Z)-15 ¢ -nitro-capsanthin and 12-nitro-capsanthin but also  apo -capsanthins. 
Similarly, fucoxanthin yields the products (14Z)-15-nitro-fucoxanthin, (11Z)-11-nitro-fucoxanthin, 
and (14Z, 9 ¢ Z)-15-nitro-fucoxanthin  [  332  ] . 

 The stoichiometry of degradation is an important factor in understanding the effectiveness of the 
role of carotenoids in controlling peroxynitrite-induced oxidative stress. Identifying the oxidation 
products observed in vitro provides insight into their possible reactivity in vivo and may help establish 
the extent of reactivity of carotenoids with peroxynitrite and peroxynitrite-derived ROS in natural 
systems. An investigation of the ability of capsanthin and fucoxanthin to inhibit nitration of tyrosine 
in vitro demonstrated that they reduced nitration by about 10 %, almost the same as observed for 
 g -tocopherol  [  332  ] . The mechanism by which the inhibition of tyrosine nitration occurs in the pres-
ence of carotenoids is proposed to involve competition for the nitrating agent and will result in deple-
tion of carotenoids, which contrasts with those processes in which the carotenoid inactivates ROS via 
a catalytic series of events. In additional studies, nitro-capsanthins and nitro-fucoxanthins inhibited 
proliferation of human carcinoma cells in culture and were able to reduce mouse skin carcinogenesis 
in vivo  [  332  ] . This observation may indicate that it is the further degradation of these nitro-carote-
noids by cleavage and consequent signaling action that is involved in antioxidant protection. 
Carotenoids are likely reacting with CO  

3
  •─  ,  • NO 

2
 , and  1 O 

2
  generated from decomposition of ONO  

2
  ─   

( 4.13 ) and ( 4.17 ).  

   Involvement of Carotenoids in Oxidation Signaling Pathways 

 Extensive research has focused on the ability of antioxidants to directly inhibit molecular or cellular 
damage by ROS and RNS. These studies have provided an understanding of the important mecha-
nisms by which the build-up of undesirable, high concentrations of free radicals occurs and how its 
pathogenic consequences can be ameliorated by the presence of carotenoids and other antioxidants. 
Particularly important may be the formation of carotenoid cation radicals  [  233  ] . Recent work has 
provided evidence that ROS/RNS are important physiologically and at low concentrations serve a role 
as cellular messengers  [  39  ] .  • NO serves a critically important role as the endothelium-derived relaxing 
factor. Superoxide, peroxide, and other ROS can trigger the commencement of apoptosis and activate 
protein kinases. ROS are also involved in the regulation of protein phosphatases, transcription factors 
such as NF- k  B , and heat shock protein transcription factor. The involvement of retinal in the regula-
tion of transcription events suggests the possibility that other  apo -carotenals might act in a similar, 
albeit limited way. 

 Carotenoids are able to react directly and thereby modulate ROS/RNS actions, which have a regu-
latory function in a number of pathways  [  18  ] .  

   Nuclear Factor  k B 

 NF- k B is found in many tissues and cell types and plays a key role in the immune system  [  337  ] . It 
may be responsible for pathogenesis in many diseases that involve an in fl ammatory component, 
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including ROS/RNS production  [  39  ] . NF- k B activates transcription of a number of genes associated 
with in fl ammatory processes; these include tumor necrosis factor- a  (TNF- a ), several cytokines, and 
inducible nitric oxide synthase  [  39  ] . In the cytosol, NF- k B is present as a heterodimer composed of 
two subunits, p65 (also known as RelA) and p50 (also known as NF- k B1). Normally, in unstimulated 
cells, an inactivating protein,    I k B is bound to the dimer masking the positively charged nuclear locat-
ing sequence present on p65 and p50. This prevents transport of the dimer into the nucleus where it 
serves a regulatory role in protein transcription. A number of triggers induce ROS production, includ-
ing phorbol esters, cigarette smoke, and in fl ammatory agents, which activate NF- k B  [  18  ] . Potent 
antioxidants, particularly  N -acetylcysteine, inhibit NF- k B activation  [  69,   338  ] . The presence of ROS 
within cells triggers phosphorylation of two serine hydroxyl groups of I k B and subsequently, I k B is 
ubiquitinated and degraded. Once the I k B masking inhibitor is removed, the NF- k B heterodimer 
(p65/p50) is free to bind to the nuclear receptor responsible for its transport into the nucleus. Within 
the nucleus, NF- k B binds to DNA, activating transcription events. This binding event is dependent 
upon reduction, within the nucleus, of cysteine 62 of p50 by thioredoxin. Thioredoxin is itself induced 
by ROS and DNA binding by NF- k B  [  339,   340  ] . Moderately oxidized LDL induces activation of 
NF- k  B , i.e., through I k B degradation  [  338  ] . The resulting cytokines produced following NF- k B 
activation of transcription events in the nucleus act as intercellular signals initiating the more exten-
sive events of the in fl ammatory processes within tissues, i.e., IL-1 and TNF- a  also activate NF- k B 
reinforcing the response in a positive feedback mechanism. TNF- a  speci fi cally initiates the steps of 
apoptotic cell death and cachexia. Upregulation of iNOS by NF- k B results in elevated levels of  • NO 
and potentiates reaction between superoxide and nitric oxide to form peroxynitrite. NF- k B activation 
is associated with AIDS, atherosclerosis, rheumatoid arthritis, osteoporosis, asthma, renal disease, 
Alzheimer’s disease, chronic obstructive pulmonary disease, and ischemic–reperfusion injury  [  39  ] . 
Cancer pathogenesis has also been associated with NF- k B activation  [  39,   72,   341–  343  ] . 

 Palozza has reported that  b -carotene can induce ROS production in cancer cells and that sustained 
elevation of NF- k B accompanied this observation  [  18,   344–  346  ] . In this case, the role of  b -carotene 
was suggested to be that of a pro-oxidant. Carotenoid oxidation products may be involved in signal-
ing, leading to the activation of transcription events as opposed to participation in a pro-oxidant free 
radical chain reaction. In this study, very high concentrations of  b -carotene resulted in increased ROS 
levels and increased NF- k B activation, whereas lowering  b -carotene concentrations restored ROS 
production to more normal levels, and decreased NF- k B activation. In a study of rats supplemented 
with very high levels of  b -carotene (250–500 mg kg −1 ), cytochrome p450 levels were increased 2- to 
3.6-fold and large amounts of ROS were detected by EPR using spin traps. (Note: A comparable dose 
in a 70 kg human would correspond to 17.5–35 g/day and is far beyond any pharmacological dose!) 
This observation is also consistent with the potential role for high doses of  b -carotene to act as an 
inducer of ROS production  [  135  ] . 

 Lycopene treatment of human hepatoma cells, reduced activation of NF- k B and also inhibited 
matrix metalloproteinase-9 levels  [  347  ] . Matrix metalloproteinases are associated with angiogenesis 
and metastasis. In macrophages treated with gliadin (a mitogenic wheat glycoprotein) and the cytokine 
interferon-gamma, lycopene inhibited activation of NF- k B and lowered nitric oxide synthase and 
COX2 levels, suggesting that lycopene may constitute an effective means of reducing pro-in fl ammatory 
responses in celiac disease  [  348  ] . In additional studies of activated macrophages,  b -carotene and 
astaxanthin also inhibited NF- k B  [  349,   350  ] . A partial explanation of the pro-oxidant action of 
 b - carotene might be ascribable to the formation and action of carotenoid cleavage products that are 
sensitive to both carotenoid and total ROS/RNS levels. The authors of these studies have not reported 
the metabolic products generated from the carotenoids in these systems.  
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   Cyclooxygenases (COX1 and COX2) 

 COX1 is a constitutive oxygenase and is responsible for the conversion of arachidonic acid to form 
prostaglandins, which are essential to normal cell activity  [  351  ] . COX1 catalyzes the formation of 
prostacyclin, an anti-thrombogenic cytokine  [  352  ] . COX2 is induced by NF- k B in response to ROS. 
Modulation of ROS levels by carotenoids through activation of NF- k B poses a mechanism for regula-
tion of COX2 upregulation.  

   Activator Protein 1 Transcription Factor, AP-1 

 In mammalian cells, activator protein-1, like NF- k B is induced by ROS and is a heterodimeric tran-
scription factor composed of the proteins, c-Fos and c-Jun. Its functions include regulation of gene 
expression that controls differentiation, proliferation, and apoptosis  [  353  ] . This transcription factor is 
noted to be particularly sensitive to oxidative stress  [  337  ] . It is post-transcriptionally modi fi ed ensur-
ing it is transported to and acts in neighboring cells  [  354  ] . Lycopene and  b -carotene downregulate 
AP-1  [  18  ] . In contrast, ferrets exposed to cigarette smoke and/or pharmacological doses of  b -carotene, 
retinoic acid concentrations in lung tissue were lowered by induction of cytochrome p450 enzymes 
while levels of AP-1 increased  [  355  ] . Induction of cytochrome p450 by  b -carotene is a notable obser-
vation in light of the still common perception that  b -carotene and carotenoids are universally benign 
dietary nutrients, even at elevated levels of consumption. Low doses of  b -carotene reversed the 
decrease of retinoic acid demonstrating a dose dependent relationship of the action of  b -carotene on 
these pathways leading to cytochrome p450 production  [  143  ] . These results are suggestive of a mech-
anism accounting for the observation of increased rates of lung cancer during human trials with high 
doses of  b -carotene in smokers  [  129,   356  ] . 

 The acyclic oxidation products derived from lycopene, either enzymatically or by ROS oxidation, 
may be active as inhibitors of cell growth in human cancer cells  [  357  ] . In an investigation of the 
in fl uence of the lycopene cleavage product,  acyclo -retinoic acid, on cell growth in human mammary 
cancer cells,  acyclo -retinoic acid interacted with retinoic acid receptor weakly, ~100 times less effec-
tive than retinoic acid. Since the ability of lycopene-derived  acyclo -retinoic acid to inhibit cell growth 
was found to be similar to that of retinoic acid,  acyclo -retinoic acid most likely exerts its in fl uence on 
cell growth through a different family of nuclear transcription receptors  [  358  ] .  Acyclo -retinoic acid 
has not been detected in biological tissues and Sharoni has suggested it may not be a signi fi cant active 
metabolite of lycopene in vivo  [  134  ] . Additional lycopene metabolites have been observed in animals, 
i.e.,  apo -10 ¢ -lycopenal in ferrets and  apo -8 ¢ -lycopenal in rats  [  359,   360  ] . These also may be involved 
in the cell regulatory apparatus.  

   Beta-Carotene Monooxygenase 1 and Beta-Carotene Dioxygenase 2 

  b -Carotene dioxygenase 2 (BCDO2) is less substrate speci fi c, cleaving both carotenes and xan-
thophylls, predominantly at the 9,10 position, than BCMO1 which only cleaves carotenoids with a 
 b -ionone ring and exclusively at the 15,15 ¢  double bond. Studies with knockout mice demonstrate that 
the absence of BCMO1 not only removes the ability to metabolize  b -carotene to produce retinal but 
also represses carotenoid absorption through its in fl uence on the expression of SR-B1  [  361  ] . The gene 
for BCDO2 is found in the mitochondrial proteome and immunostaining of BCDO2 shows that it is 
co-localized with cytochrome c oxidase within mitochondria  [  362  ] . In BCDO2-de fi cient mice, large 
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amounts of xanthophyll metabolites produced by lutein and zeaxanthin supplementation accumulated 
in several tissues. These metabolites were identi fi ed as keto- and dehydro-carotenoids and were not 
observed in similarly treated wild-type mice  [  362  ] . The authors noted that BCDO2−/− knockout mice 
and BCDO2+/− heterozygous mice supplemented with xanthophylls develop liver steatosis, whereas 
wild-type mice or unsupplemented BCDO2−/− did not. In the BCDO2−/− knockout mice supple-
mented with xanthophylls, mitochondria exhibited a ninefold increase in MnSOD levels (a marker for 
mitochondrial dysfunction) relative to wild-type animals. BCDO2 may serve a detoxifying role pro-
tecting mitochondria from the ability of high carotenoids to depolarize the mitochondrial membrane.  

   The Antioxidant Response Element 

 The ARE is an essential component of the cellular antioxidant defense system and is activated by the 
transcription factor NrF2 [nuclear transcription factor (erythroid-derived 2)]  [  363  ] . The genes encoded 
by ARE activation include many of the phase II antioxidant enzymes, such as NAD(P)H quinone 
oxidoreductase 1, glutathione  S -transferase, hemeoxygenase-1, peroxiredoxin 1, and thioredoxin. 
This suite of antioxidative defense enzymes blankets a range of ROS generating and interception 
mechanisms. NrF2 is a short-lived protein with a half-life of about 20 min. Under normal, resting 
conditions, NrF2 is bound to the cysteine-rich represser protein, Keap1, within the cytoplasm, which 
targets NrF2 for ubiquitation and proteasomal degradation  [  364  ] . An oxidative stress sensor, Keap1 
functions as an adaptor for Cul3-Based E3 ligase to regulate proteasomal degradation of NrF2  [  364  ] . 
Keap1 is sensitive to ROS production which triggers Keap1 dissociation from NrF2. After release of 
Keap1, NrF2 is transported into the nucleus where it forms a heterodimer with small Maf (small Maf 
proteins confer DNA binding speci fi city to NrF2 and related proteins)  [  365  ] . NrF2:Maf binds to the 
ARE, upregulating the proteins described above, which are transcribed by nuclear DNA. This con-
trasts with the proteins BCDO2 and SOD2, which are mitochondrial in origin  [  141,   327  ] . The 
NrF2:Keap1 complex appears to be tethered to the mitochondrial outer membrane via a mitochondrial 
protein, PGAM5. Localization at the mitochondrial outer membrane makes the NrF2:Keap1 complex 
ideally positioned to detect mitochondrial ROS release  [  208  ] . ROS exposure interferes with NrF2 
degradation and results in upregulation of ARE. 

 Skepticism has been expressed as to the potential of intact hydrophobic carotenoids to interact 
effectively with Keap1 and activate NrF2  [  134  ] . Although inducers of NrF2 action are varied, they can 
function as electrophiles. Sharoni has suggested that the  apo -carotenoids produced by ROS carote-
noid cleavage might function as effective NrF2 activators. Partially oxidized lycopene derivatives 
were able to activate the ARE in human hepatocellular carcinoma cells whereas intact lycopene had a 
negligible effect  [  19  ] . The aldehydes and dialdehydes formed from lycopene, but not the acids, have 
ARE activity. The intact carotenoids phytoene, phyto fl uene,  b -carotene, and astaxanthin did not 
in fl uence ROS in a manner consistent with activation of ARE.  Apo -carotenal cleavage products of 
these carotenoids may be able to upregulate transcription of ARE proteins.   

   Summary and Conclusions 

 The ROS/RNS produced by biological systems originate as a natural consequence of oxygen reduc-
tion during aerobic metabolism  [  1,   2,   4,   5,   113  ] . Radicals such as NO and O  

2
  −   are of critical physio-

logical importance and function as reporters of the metabolic status of cells and cellular systems 
 [  2,   5,   6  ] . The occurrence of excess or unregulated ROS/RNS produces undesirable oxidative stress 
and must be regulated to prevent pathogenesis  [  35–  39  ] . Deactivation of ROS is accomplished by the 
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action of a variety of antioxidants and enzyme systems that are accumulated and localized at effective 
concentrations within the cell and speci fi c cellular compartments where ROS levels are likely to be 
highest and pose the greatest threat  [  38,   39  ] . Dynamic responses within the cell to the production of 
ROS/RNS are essential to physiologic feedback mechanisms designed to regulate levels  [  2,   3,   19,   20, 
  35,   132,   364  ] . Although the number of ROS/RNS produced in vivo is large, those which are princi-
pally and directly responsible for oxidative damage include singlet oxygen, hydroxyl radical, alkyl 
radicals, carbonate radical, hydroperoxy radical, and alkyl peroxy radicals  [  5,   6,   31–  33,   113  ] . These 
are produced from the larger group of longer-lived ROS/RNS including, but not exclusively superox-
ide, hydrogen peroxide, nitric oxide, and peroxynitrite. The ability of hydroxyl and carbonate radicals 
to diffuse within the cell is limited by their extremely high chemical reactivity  [  32,   35–  37,   165,   259  ] . 
The hydroxyl radical as well as most alkyl radicals can diffuse no more than approximately 100 Å 
prior to its reaction with proteins, lipids, or other cellular components  [  31,   161,   164  ] . The more stable 
ROS/RNS as well as cytokines and mitogens, have the ability to diffuse across longer distances and 
activate oxidative processes at locations remote from their generation  [  33  ] . 

 Carotenoids react directly with the most reactive radicals and carotenoid cation radicals are a typi-
cal product with such species as the hydroxyl radical  [  18,   19,   88,   113,   132,   138  ] . Because carotenoids 
are lipophilic, they concentrate principally in membranes and lipophilic structures within the cell 
poised to react with radicals that are generated by redox active proteins. The preferential tendency of 
carotenoids to concentrate in membrane regions having high levels of unsaturated fatty acids can 
provide signi fi cant protection to these essential lipid components  [  306  ] . Carotenoid cation radicals 
are long-lived because of their extensive conjugation and can be regenerated by glutathione, ascor-
bate, and/or tocopherol creating a catalytic cycle whereby a single carotenoid can effectively react 
with hundreds, if not thousands of potentially damaging ROS  [  84,   233,   302  ] . Evidence is strong that 
carotenoids in the skin and retina are protective against light-induced production of singlet oxygen 
and a host of reactive radicals  [  87,   114–  120  ] .  b -Carotene will quench an estimated 2,500 singlet oxygen 
molecules for each one that reacts by chemical addition  [  292,   304  ] . 

 The variety of naturally occurring carotenoids in vivo presents an opportunity for their recruitment 
within the regulatory system as signal molecules  [  18–  20,   88,   89,   113,   141,   142,   149,   361  ] . The most 
widely recognized of these is  b -carotene, which serves as a source of retinal that regulates many cel-
lular events through the retinoic acid receptors  [  18,   93,   361  ] .  b -Carotene and the related provitamin A 
carotenoids are exclusively the substrates for BCMO1 and data indicate that retinoic acid endoge-
nously produced by BCMO1 is functionally distinct in its actions from preformed vitamin A absorbed 
from the diet  [  141,   361  ] . Evidence is now strong, and growing, that other  apo -carotenals formed by 
oxidative cleavage of carotenoids function to in fl uence protein transcription associated with ROS 
production, peroxisomal activity, and synthesis and transport of cytokines and mitogenic proteins 
 [  18–  20  ] . Nonspeci fi c BCDO2, capable of cleaving numerous carotenoids at the 9,10 position, is a 
mitochondrial protein responsible for production of high levels of  apo -carotenals. The lycopene cleav-
age products  acyclo -retinoic acid,  apo -10 ¢ -lycopenal, and  apo -8 ¢ -lycopenal are involved in the cell 
regulatory apparatus  [  139,   358–  360  ] . The ability to inhibit cell cycle progression appears to be a com-
ponent of the involvement of carotenoids in the events of cancer pathogenesis  [  93  ] . 

 The concern that carotenoids may act as pro-oxidants by participating in and propagating free radi-
cal reactions by the addition of oxygen to carotenoid radicals is minimal. Carotenoid radicals react 
very sluggishly to form peroxide except when the partial pressure of O 

2
  and carotenoid concentrations 

are well above physiological conditions  [  124,   126  ] . At least some carotenoid derived  apo -carotenals 
formed by oxidative cleavage can lead to upregulation of proteins and signal molecules responsible 
for increased radical production  [  18  ] . 

 The actions or activity of speci fi c carotenoids and the products formed under oxidative stress needs 
to be better understood. Despite this limitation, during the past decade work has progressed remark-
ably along these lines, particularly in assessing the dynamics of the interplay of ROS and transcrip-
tion. The full extent to which carotenoids are functionally signi fi cant in the maintenance of cellular 
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redox homeostasis, as yet, remains incompletely understood. The involvement of  apo -carotenoids in 
regulation of transcription of the redox-related pathways and the differences that are now being 
observed among dietary carotenoids in producing these species suggest their importance to overall 
health and the prevention or modulation of disease initiation and progression, particularly diseases 
that are in fl ammatory.      
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      Key Points 

    This chapter reviews the recent progress on kinetic studies with carotenoids.  • 
  Through the development of advanced isotopic techniques and HPLC methods, many kinetic stud-• 
ies with carotenoids on humans have been performed. These studies were reviewed and catego-
rized in mass balance kinetics in humans, factors that affect  b -carotene kinetic characters, dynamic 
products from  b -carotene kinetic studies, kinetics with lycopene, xanthophyll kinetics, and interac-
tion of mixtures.  
  These kinetic studies with carotenoids provide detailed physiological information on utilization of • 
these nutrients in humans.  
  This kinetic information facilitates our understanding of the dynamics of these carotenoids in • 
human health.     
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   Introduction 

 Carotenoids, an important group of colorful food components closely related to our diets and health, 
were discovered over 200 years ago. However, kinetic studies with carotenoids in humans were 
reported only recently. Challenges exist in conducting kinetic studies of carotenoids due to low levels 
in human circulation. That is, it is not an easy task to study the absorption and metabolism of a physi-
ological dose of carotenoids. Subjects were administered radioisotopes of carotenoids or near phar-
macological doses of nonradioactive synthetic carotenoids. Recently, physiological doses of 
carotenoids labeled with stable isotopes were used for kinetic studies. 
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 In the 1960s, two radioisotope studies of  b -carotene were conducted to study bioavailability and 
bioconversion to vitamin A  [  1,   2  ] , in which  b -[ 14 C] carotene doses from 6–52  m Ci were administered 
to lymph-cannulated hospitalized patients. In lymph,  b -carotene peaked at 3 and 4 h after the dose and 
8–17% of the dose appeared, of which 1.7–27.9% was intact  b -carotene and 60–70% was in the form 
of retinyl esters. 

 In the late 1980s, with the development of HPLC technology, Brown et al. studied carotenoids 
from foods (broccoli, carrots, or tomato juice) or from puri fi ed  b -carotene in capsules (12 or 30 mg) 
and followed the blood response for 11 days  [  3  ] . A controlled, low-carotenoid diet was fed in a cross-
over design. Maximum plasma concentrations of  b -carotene occurred 24–48 h after dosing with 
 b -carotene (12 or 30 mg) or carrots (29 mg  b -carotene and 9 mg  a -carotene in 270 g carrots). However, 
single intakes of broccoli or tomato juice did not change plasma carotenoids. Furthermore, kinetic 
studies with carotenoids have used high or pharmacologic doses, such as 120 and 126 mg  [  4,   5  ]  of 
synthetic  b -carotene. Later,  b -carotene doses given at levels of 15–40 mg  [  6–  8  ]  were reported. 

 In the 2000s, a sensitive tracer method used  b -[ 14 C]-carotene coupled with accelerator mass spec-
trometry (AMS) detection  [  9  ]  and applied it to a series of kinetic characteristics of  b -carotene in humans 
 [  10,   11  ] . AMS is an isotope ratio instrument that measures  14 C/ 12 C to parts per quadrillion (10 −15 ). The 
extremely low detection limits allowed the use of low radioactive doses, in which radiation exposure 
was comparable to natural cosmic rays in a single day  [  12  ] . AMS is an excellent tool for de fi ning the 
in vivo dynamics of  b -carotene and related compounds at physiological concentrations. 

 Here, recent progress in kinetic studies with carotenoids is reviewed to understand the dynamics of 
carotenoid absorption and metabolism in humans.  

   Blood Response Kinetics 

 From acute dose kinetic studies with  b -carotene in humans,  b -carotene in circulation reached a  fi rst 
peak at 4 h (AMS method,  11  ) , 5 h (stable isotope method,  6  ) , 5.5 h  [  9  ] , 6 h (range 4–12 h,  n  = 8, 
HPLC method,  13  ) , and the maximum peak at 8 h (AMS method,  9  ) . From these studies, more than 
two rises of  b -carotene concentration in the circulation were observed in the  fi rst 24 h following the 
intake of  b -carotene  [  9–  13  ] . The  fi rst rise was due to the direct intestinal uptake of  b -carotene through 
passive diffusion into the enterocyte, where the absorbed  b -carotene was incorporated into chylomi-
crons, then released to circulation. The circulating  b -carotene was delivered to the liver, cleared by 
hepatic tissues, and released to circulation forming the second rise of  b -carotene in plasma. This sec-
ond rise is also called hepatic re-secretion of  b -carotene with VLDL. In addition, the second rise of 
 b -carotene may relate to the further release of  b -carotene from the intestine due to the intake of the 
second meal after the labeled dose of  b -carotene. The long-term plasma kinetics showed that the half-
life of  b -carotene decay was 40 days and the turnover time was 58 days  [  9  ] . 

   Mass Balance Kinetics in Humans 

 Carotenoids go through absorption, conversion, distribution, and further metabolism in various parts 
of the body at different times, making mass balance studies challenging. However, the sensitive, 
robust AMS technique using physiological amounts of radio-isotope labeled carotenoids has simpli fi ed 
this complex kinetic process and made it feasible to study mass balance and metabolism. A study 
using AMS on one male subject found that 42.6% of the labeled  b -carotene dose (0.306 mg, 200 nCi 
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of  14 C- b -carotene puri fi ed from labeled spinach) was absorbed and 57.4% of the dose was recovered 
from the feces and <1% was eliminated from the urine in early (0–6 h) urine collections  [  9  ] . 

 In a test–retest study using AMS, two female subjects absorbed 57% (subject #1) and 52% (subject 
#2) of the labeled  b -carotene dose (1 nmol, 100 nCi of all- trans  [10,10 ¢ ,11,11 ¢ - 14 C]- b -carotene). Urine 
excretion was 31 and 26% of the dose, which was 2.2–2.4 times higher than fecal excretion  [  10  ] . In 
another study in a male subject using AMS and labeled  b -carotene, 65% of administered dose (1.01 nmol, 
100 nCi of all- trans  [10,10 ¢ ,11,11 ¢ - 14 C]- b -carotene) was absorbed, ~35% was recovered from the  fi rst 
feces after the dose, and 1.1% of the dose was eliminated in the urine  [  11  ] . From these studies, about 
60% of a physiological dose of  b -carotene will be absorbed and utilized by the human body.  

   Factors Affect  b -Carotene Kinetic Characters 

 The kinetic characteristics of  b -carotene are variable under different conditions. The absorption and 
metabolism is affected by the intake of dietary vitamin A  [  10  ] . In the test–retest study on two female 
subjects conducted by Lemke et al., they found that vitamin A supplementation (3,000 retinol equiva-
lents/day for 21 days) was associated with increased apparent absorption of the  b -carotene dose, that 
is, test versus retest values rose from 57 to 74% (Subject 1) and from 52 to 75% (Subject 2). Further, 
vitamin A supplements led to a ~10-fold reduction in urinary excretion. As an effect of the increased 
absorption of the labeled  b -carotene dose, the molar vitamin A value of the dose for the retest increased 
from 0.62 mol (Subject 1) to 0.85 mol and from 0.54 mol (Subject 2) to 0.74 mol vitamin A equiva-
lents to 1 mol  b -carotene. 

 High dietary doses of  b -carotene will limit its absorption and conversion to vitamin A. This was 
studied by Novotny et al.  [  7  ] , who conducted a randomized crossover feeding study on seven volun-
teers (four men and three women). The volunteers consumed two doses of deuterium-labeled  b -caro-
tene (20 and 40 mg) on two occasions. The plasma AUC (area under the curve) for  b -carotene-d8 
increased twofold from the 20 to the 40 mg dose. However, the AUC calculations for plasma labeled 
retinol plus retinyl esters did not increase to the same magnitude as the increase in  b -carotene dose. 
That is, plasma AUC for retinol plus retinyl ester increased by only 36% from the 20 to the 40 mg 
dose. Therefore, the sum of the AUC values for  b -carotene plus retinol and retinyl esters increased 
47% from the low to high dose. In other words,  b -carotene conversion to vitamin A decreases as the 
dietary dose increases. This dose-dependent effect of the bioavailability of dietary  b -carotene was in 
accord with previous reports  [  5,   8,   14  ] . 

 These results show that when consuming large amounts of  b -carotene, the ef fi ciency of  b -carotene 
conversion to vitamin A in humans is reduced to avoid possible vitamin A toxicity, implying that 
 b -carotene is a safer source to provide vitamin A.  

   Dynamic Products from Kinetic Characteristics 

 Dietary  b -carotene is a safe and important source of vitamin A. The conversion of  b -carotene to vita-
min A is mainly in the intestine. However, other human tissues or organs can convert  b -carotene to 
vitamin A. The oxygenase in humans to cleave  b -carotene to vitamin A is the  b -carotene monooxy-
genase (BCO1)  [  15–  17  ] . Post-absorptive conversion of  b -carotene to vitamin A has been observed in 
several studies, from 19 to 34%, when intake of  b -carotene is 2.5–6.0 mg  [  18–  20  ] . 

 A related, widely distributed cleavage enzyme (BCO2) that cleaves  b -carotene to  b - apo -carotenals 
was identi fi ed and characterized  [  21,   22  ] . Its cleavage products were identi fi ed using AMS. Ho et al. 
reported  [  11  ]  that on day 3 after a labeled  b -carotene dose (1.01 nmol, 100 nCi of all- trans  
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[10,10 ¢ ,11,11 ¢ - 14 C]- b -carotene), two large  14 C peaks appeared in plasma: one matched the retention 
time of  b - apo -8 ¢ -carotenal and the other did not match any of the reference standards used. Therefore, 
excentral cleavage of ingested  b -carotene occurs in vivo in humans and the delayed appearance of 
 14 C- b - apo -8 ¢ -carotenal in plasma suggested that the excentral cleavage occurred after the  14 C- b -
carotene was absorbed through the small intestine, a post- b -carotene absorption conversion. The bio-
logical signi fi cance of this needs further investigation.  

   Kinetics with Lycopene 

 A physiological pharmacokinetic model was developed for a lycopene study in humans  [  23  ] . Tomato 
beverage formulation in  fi ve graded doses (10, 30, 60, 90, or 120 mg) was used for the study ( n  = 5 per 
dose level). The study data were analyzed using a model that was comprised of seven compartments: 
gastrointestinal tract, enterocytes, chylomicrons, plasma lipoproteins, fast-turnover liver, slow-turn-
over tissues, and a delay compartment before the enterocytes. For all  fi ve dose levels, the percent 
absorption at the 10 mg dose (33.9 ± 8.1%) was signi fi cantly greater than at the higher doses; however, 
the amount of lycopene absorbed (mg) was not statistically different (mean: 4.69 ± 0.55 mg) between 
doses, suggesting a possible saturation of absorptive mechanisms. This kinetic study also showed that 
most individuals may be able to absorb modest quantities of lycopene (2–6 mg) within the dose range 
investigated in this study, but in the majority of the population, lycopene absorption may plateau at 
less than 6 mg, with high accumulators representing only a small fraction. That is, lycopene over the 
same dose range in the present experiment displayed reduced absorption ef fi ciencies with increasing 
dose. The wide range of lycopene absorption observed in this study (1.78–14.28 mg) could also have 
important implications for using lycopene supplements in human health  [  23  ] . 

 A kinetic study using stable isotope labeled lycopene was conducted to compare bioavailability of 
two deuterated sources, synthetic or natural lycopene  [  24  ] . Two subjects (one male and one female) 
consumed hydroponically grown tomatoes containing deuterium-enriched lycopene [80–84 g wet 
weight tomato containing 16.3 (~8.8 mg) and 17.4 (~9.5 mg)  m mol lycopene, respectively] and two 
subjects (one male and one female) consumed 11  m mol (6.0 mg) synthetic  2 H 

10
  lycopene in 6 g corn 

oil. The study results showed that enrichment response of synthetic lycopene reached 
33.9 ± 1.7 nmol day/ m mol lycopene in the dose, whereas that of lycopene from the tomato dose was 
11.8 ± 0.3 nmol day/ m mol lycopene in the dose. This study provided evidence that the bioavailability 
of synthetic lycopene in oil appeared to be about three times higher than that of lycopene from steamed 
and pureed tomatoes.  

   Xanthophyll Kinetics 

 Xanthophylls are oxygenated carotenoids. The xanthophylls lutein and zeaxanthin, have shown a 
protective effect on two common eye diseases of aging, cataract and macular degeneration  [  25  ] . More 
data regarding xanthophyll kinetics are needed. 

 A kinetic study  [  26  ]  using intrinsically labeled spinach (two subjects, 200 g with 18.8 mg lutein) 
and collard greens (two subjects, 193–214 g with 9.8 mg or 15.4 mg lutein) reported that the maxi-
mum levels of enrichment for lutein were 38–67% and peaked at 13 or 24 h after the intake of the 
labeled vegetables. 

 Another study  [  27  ]  used chronic supplementation and a range of lutein doses (2.4–30 mg/day), as 
well as a high zeaxanthin dose (30 mg/day). The serum and macular pigment were analyzed in a series 
of experiments. Serum lutein concentrations reached a plateau that was correlated with dose ( r  = 0.82, 
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 P  < 0.001). Plateau concentrations ranged from 2.8 × 10 −7  to 2.7 × 10 −6  mol/L. Zeaxanthin was less 
well-absorbed than an equal lutein dose, resulting in plateaus of ~5 × 10 −7  mol/L. The rate of increase 
in macular pigment optical density was correlated with the plateau concentration of carotenoids in the 
serum ( r  = 0.58,  P  < 0.001) but not with the pre-supplementation optical density ( r  = 0.13,  P  = 0.21). 
The mean rate of increase was (3.42 ± 0.80) × 10 5  mAU/day per unit concentration (mol/L) of carote-
noids in the serum. 

 Another chronic supplementation study  [  28  ]  used 20 mg lutein ester (equivalent to 10 mg/day 
free lutein) to seven patients with early age-related maculopathy (ARM) and six age-matched con-
trols for 18–20 weeks. No differences were detected between ARM sufferers and controls showing 
that lutein supplementation may help people with established ARM to build up macular pigment 
optical density. 

 Further, an intervention study  [  29  ]  with a crossover design in healthy men ( n  = 10) administered 
one of four lutein doses (lutein supplement, lutein ester supplement, spinach, and lutein-enriched egg) 
for 9 days. All lutein doses provided 6 mg lutein except for the lutein ester, which provided 5.5 mg 
lutein equivalents. Subjects completed all four treatments of the study in random order. Serum sam-
ples were collected from fasting subjects on day -14, 1 (baseline), 2, 3, and 10 and analyzed for 
changes in lutein concentration. The baseline and dose-adjusted lutein response in serum was 
signi fi cantly higher after egg consumption than after lutein, lutein ester, and spinach consumption on 
day 10. Therefore, lutein bioavailability from egg is higher than that from other sources such as lutein 
in oil or lutein ester in oil supplements, and spinach, which did not differ. This  fi nding is important for 
dietary recommendations in that foods with various matrices may have different bioavailability. 

 Another study  [  30  ]  compared the relative serum response during supplementation with free lutein 
(12.2 mg) and lutein esters [27 mg (13.5 mg lutein equivalents)] on 72 volunteers (23–52 years). Subjects 
were matched for gender, age, and BMI and randomized to treatment. Fasting blood was obtained at 
baseline and after 7, 14, 21, and 28 days. Absolute changes in serum lutein, per mg daily dose, were 
signi fi cantly greater from free lutein than esteri fi ed after 21 days ( P  = 0.0012) and remained after 28 days 
( P  = 0.0011), while subject age, gender, BMI, and serum lipids did not affect serum response. 

 A recent study administered 12 mg/day lutein to 11 subjects (60–80 year) for 4 months  [  31  ]  and 
evaluated serum concentrations and macular pigment optical density (MPOD). The supplement 
resulted in an increase in serum lutein from baseline at 2 and 4 months ( P  < 0.001), and MPOD 
increased eccentrically at 3.0° ( P  < 0.01). 

 A study on plasma kinetics of zeaxanthin  [  32  ]  was conducted by giving 20 healthy volunteers 
either 1 mg (1.76  m mol) or 10 mg (17.6  m mol) zeaxanthin per day as beadlets for 42 days. Zeaxanthin 
concentrations increased 4- to 20-fold from 0.048 ± 0.026  m mol/L at baseline to 0.20 ± 0.07 and 
0.92 ± 0.28  m mol/L with 1 and 10 mg zeaxanthin, respectively. The dose-normalized bioavailability 
of zeaxanthin after the 10 mg dose was 40% lower ( P  < 0.001) than after the 1 mg dose. After 
17 days of dosing, >90% of steady-state concentrations were reached, which was compatible with 
an effective half-life for accumulation of 5 days. The terminal elimination half-life was 12 ± 7 days 
( n  = 20). 

 A similar study on plasma kinetics of lutein  [  33  ]  was conducted by giving 19 healthy volunteers 
daily oral doses as beadlets of either 4.1 mg ( n  = 8), 20.5 mg ( n  = 8), or 0 mg ( n  = 3) lutein for 42 days. 
The lutein supplement contained 8.3% zeaxanthin relative to lutein (100%). Plasma lutein concentra-
tions increased from 0.14 to 0.52 ± 0.13 for the group taking 4.1 mg lutein/day and to 1.45 ± 0.69  m mol/L 
for the group taking 20.5 mg lutein per day. Dose-normalized lutein bioavailability in the group taking 
20.5 mg was ~60% of that in the group taking 4.1 mg per day. Kinetic disposition half-life did not 
differ signi fi cantly between groups. On average, dosing for 18 days was required to reach >90% frac-
tion of the steady-state concentration, which is consistent with an effective half-life for accumulation 
of ~5.6 day. Lutein was well-tolerated and did not affect the concentrations of other carotenoids. 

 These kinetic studies demonstrate that the bioavailability of the dose is level dependent and dose 
intakes <20 mg/day will not affect other carotenoids in the circulation.  
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   Interaction of Mixtures of Carotenoids 

 The interaction between pharmacological doses of carotenoids and the consequences of this interaction 
are not equally distributed  [  34  ] . For example, ingestion of a combined dose of  b -carotene and can-
thaxanthin resulted in antagonism between  b -carotene and canthaxanthin, but canthaxanthin did not 
affect  b -carotene in circulation. 

 From food sources, mixtures of carotenoids did not affect overall absorption. An experiment with 
chronic intakes of vegetables and supplements assessed whether vegetable-borne carotenoids (lyco-
pene, lutein, and  b -carotene) compete for intestinal absorption and whether this affects the plasma 
status of carotenoids after a 3-week intervention  [  35  ] . During 3-week periods separated by 3-week 
washouts, 20 women were supplemented with either 96 g tomato purée/day (14.98 mg lyco-
pene + 1.50 mg  b -carotene), 92 g cooked chopped spinach/day (11.93 mg lutein + 7.96 mg  b -carotene), 
96 g tomato purée/day + 92 g chopped spinach/day, 96 g tomato purée/day + 2 lutein pills (12 mg lutein), 
or 92 g chopped spinach/day + 1 lycopene pill (15 mg lycopene). Plasma carotenoids were measured 
before and after each supplementation period. The subjects also participated in postprandial experi-
ments in which they ingested meals containing double amounts of the supplements described above. 
Carotenoids were measured in chylomicrons to assess the interaction of carotenoids on absorption. 

 Adding a second carotenoid to a meal that provided a  fi rst carotenoid diminished the chylomicron 
response to the  fi rst carotenoid. However, cosupplementation with a second carotenoid of a diet sup-
plemented with a  fi rst carotenoid did not diminish the medium-term plasma response to the  fi rst caro-
tenoid. Therefore, consumption of carotenoids from different vegetable sources does not diminish 
plasma carotenoid concentrations in the medium-term, despite the  fi nding in postprandial testing of 
competitive inhibitory interactions among different carotenoids. 

 In summary, kinetic studies with carotenoids provide detailed physiological information on utiliza-
tion of these compounds in humans. This kinetic information facilitates our understanding of the 
dynamics of these carotenoids in human health.       
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      Key Points 

    Consistent with observed nutritive and health promoting roles of dietary carotenoids, interest in • 
factors that impact their bioavailability has grown.  
  The intestinal absorption of carotenoids is a complex, multistep process including (1) release from • 
the food matrix, (2) incorporation into bile salt–lipid micelles, (3) uptake by intestinal epithelial 
cells, and (4) packaging into chylomicrons with secretion into the lymphatic system.  
  Co-consumption of dietary lipids may be one of the most effective stimulators of carotenoid • 
absorption  in vivo  considering their fat-soluble nature and the role of triacylglycerols in several 
steps of carotenoid intestinal absorption.  
  The presence of dietary  fi ber reduces the bioavailability of carotenoids by mechanisms related to • 
sequestration of bile acids and reduction of cholesterol intestinal re-absorption.  
  In light of current dietary guidelines that recommend a reduction of fat and an increase in dietary • 
 fi ber intake, critical evaluation of the impact of these dietary components on carotenoid bioavail-
ability is warranted.     
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   Introduction 

 The role of carotenoids as nutritive and disease preventative plant pigments has stimulated interest in 
these dietary compounds. Consistent with these interests, the 2010 Dietary Guidelines for Americans 
recommends that adults consume at least 4½ cups of carotenoid rich fruits and vegetables per day, as 
part of a balanced diet promoting health  [  1  ] . However, the average American adult consumes only 
about 2.6 cups each day  [  1  ]  and this poor level of consumption is further compounded by the poor 
ef fi ciency of carotenoid absorption from foods  [  2  ] . These  fi ndings have highlighted the need to better 
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understand factors that can positively in fl uence carotenoid absorption from commonly consumed 
fruits and vegetables. 

 Carotenoid absorption is dependent upon many factors including chemical species, nature of the 
food matrices; interactions with macro-, micro-, and phytonutrients; type and extent of food process-
ing and preparation; as well as the nutritional, pathophysiological, and genetic factors of individuals 
 [  2,   3  ] . Considering the fat-soluble nature of carotenoids, it is recognized that co-consumption of lipid 
in the form of triacylglycerols (TAG) is one of the most effective stimulators of carotenoid absorption 
 in vivo . Interestingly, the presence of dietary  fi ber, soluble  fi ber in particular, may reduce the bioavail-
ability of carotenoids by mechanisms related to their lipophilic nature and similar to those involved in 
sequestration of bile acids and reduction of cholesterol intestinal re-absorption. In light of current 
dietary guidelines that recommend a reduction of fat and an increase in dietary  fi ber intake  [  1  ] , critical 
evaluation of the impact of these dietary components on carotenoid bioavailability is warranted. This 
chapter describes current knowledge of the impact of these two critical dietary components (lipid, in 
the form of TAG, and  fi ber) on carotenoid bioavailability in humans.  

   Bioaccessibility and Bioavailability of Carotenoids 

 The intestinal absorption of carotenoids is a complex, multistep process including (1) release from the 
food matrix, (2) incorporation into bile salt–lipid micelles, (3) uptake by intestinal epithelial cells, and 
(4) packaging into chylomicrons with secretion into the lymphatic system  [  2,   3  ]  (Fig.  6.1 ). The term 
 bioaccessibility  is often used to describe the  fi rst two steps, release and micellarization, and thus rep-
resents the fraction of carotenoids from a meal available for subsequent uptake by the intestinal epi-
thelia  [  4,   5  ] .  Bioavailability  is used to describe the proportion of carotenoids from a meal that are 
absorbed, present in circulation and available for utilization, metabolism, or storage by the organism 
 [  6  ] . Both dietary lipid, as TAG, and  fi ber appear to have effects at multiple steps in this process.  

 Step 1—Digestion: Release from the food matrix 
 Prior to intestinal absorption, carotenoids must  fi rst be released from plant tissues and food matri-

ces  [  7,   8  ] . Mechanical breakdown of the food matrix begins during mastication and continues in the 
stomach, where the combination of grinding, gastric churning, and enzymatic hydrolysis of lipids and 
proteins promotes the release of carotenoids  [  9  ] . During these steps, co-consumed dietary fats and oils 
aid in extraction as well as in generation of a crude emulsion favoring the solubilization of carotenoids 
in an otherwise aqueous environment of the gastric chyme  [  5,   9,   10  ] . 

 Step 2—Incorporation into bile salt–lipid micelles 
 As chyme, containing a crude lipid emulsion, is transferred from the stomach to the duodenum, it 

is followed by release of bile from the gall bladder into the small intestinal lumen. Further digestion 
by pancreatic enzymes continues in the small intestine including conversion of TAG to monoglycer-
ides, diglycerides and free fatty acids by pancreatic lipase  [  11  ] . The combination of bile, free fatty 
acids, monoglycerides, and phospholipids facilitates the formation of bile salt–lipid micelles and 
vesicles in which carotenoids, and other fat-soluble compounds are solubilized  [  12  ] . Solubilization of 
carotenoids in mixed micelles is a critical step for absorption, providing a vehicle for carotenoids and 
other fat-soluble compounds to maintain solubility in the aqueous environment of the gut lumen. 
Solubility in micelles facilitates passage through the unstirred water layer prior to uptake by intestinal 
epithelial cells. 

 The concentration of bile salts and products of lipid digestion (e.g., mono- and diglycerides) is a 
critical factor affecting the ef fi ciency of carotenoid transfer from the gastric lipid droplets to the 
micelles in the duodenum. When bile salt concentrations are below the critical micellar concentration 
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(CMC), little to no transfer of carotenoids to mixed micelles is observed  [  13,   14  ] . These  fi ndings sug-
gest that dietary TAGs serve four purposes in facilitating carotenoid bioaccessibility—(1) facilitating 
carotenoid extraction from the food matrix, (2) maintaining carotenoid solubility in crude emulsions 
during the transfer of gastric chyme to the small intestine, (3) promoting bile  fl ow from the gall 
bladder to the small intestine thereby allowing for adequate micelle formation, and (4) serving as 
structural components of mixed micelles in the intestinal lumen  [  9,   15  ] . 

 The ef fi ciency of transfer from gastric chyme to mixed micelles is believed to be impacted by the 
nature of the carotenoid species. For example, the polarity of individual carotenoid species is known 
to in fl uence both the rate of transfer and the location in the mixed micelles. In gastric chyme, apolar 
carotenes are incorporated into the TAG-rich core and cannot be appreciably transferred until TAG 
hydrolysis. In contrast, polar xanthophylls predominate in the phospholipid-rich emulsion surface and 
are therefore more readily transferred to mixed micelles in the duodenum  [  9,   10,   14  ] . Although 

  Fig. 6.1    Schematic of carotenoid absorption. Key steps in the absorption of carotenoids include release from the food 
matrix and association of carotenoids with bulk lipid in a crude emulsion during gastric digestion. Following small 
intestinal digestion of TAG, carotenoids are partitioned into bile salt–lipid micelles (micellarization). These initial steps 
which include release from the food matrix and micellarization are termed  bioaccessibility  and refer to the fraction of 
carotenoids from a food available for subsequent intestinal absorption. Micellarized carotenoids are then absorbed by 
intestinal epithelial cells through active and passive processes. Intracellularly, carotenoids are then packaged into chy-
lomicrons, and secreted into the lymphatic system.  Bioavailability  encompasses all of these processes and de fi nes the 
fraction of carotenoids from a food absorbed by the body and made available for subsequent tissue distribution, metabo-
lism and utilization. Co-consumption of dietary lipids and  fi bers is believed to both positively and negatively impact 
carotenoid absorption, respectively, at both preabsorptive (bioaccessibility) and absorptive stages.  Abbreviations :  CART  
carotenoid,  RE  retinyl-esters,  Apo  apocarotenals       
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 carotenoid hydrophobicity causes differential solubility in the emulsi fi ed lipid droplets, solubility 
within the micelles is believed to be generally similar among all carotenoid species  [  10  ] . 

 Step 3—Uptake by intestinal epithelia 
 Carotenoids incorporated into newly formed micelles must pass diffusively through the unstirred 

water layer prior to uptake by the intestinal epithelia. At the epithelial surface, micelles are disrupted 
and carotenoids are released along with fatty acids, monoglycerides, phospholipids, and other par-
tially hydrolyzed lipids which constitute mixed micelle structure and content  [  16  ] . Once presented to 
the epithelial surface, the mechanism by which carotenoids are transferred into intestinal epithelial 
cells is believed to occur through a combination of passive and facilitated diffusion including involve-
ment of transporters such as the class B-type 1 scavenger receptor (SR-B1)  [  17–  22  ] . 

 Carotenoid structure and the presence of other components may in fl uence the rate and extent of 
uptake by the intestinal epithelia. Apolar carotenoids appear to be more ef fi ciently transferred from 
micelles into epithelial cells compared to polar carotenoid species  [  23  ] . Additionally, phospholipids 
may impact absorption as assessed in rodent and intestinal cell culture models  [  23–  26  ] ; however, the 
extent of impact in humans remains to be explored. 

 Following uptake by the enterocyte, carotenoids are transferred intracellularly through the cytosol 
and to organelles. While the mechanisms of intracellular transport are not fully understood, several 
possibilities exist including involvement of fatty acid binding protein (FABP)  [  18  ] . Additionally, pro-
vitamin A carotenoids ( a -,  b -carotene and  b -cryptoxanthin) are subject to symmetric cleavage by 
cytosolic  b -carotene 15,15 ¢  monooxygenase (BCO1) forming retinal and subsequently retinol  [  27  ] . 
Both pro- and non-provitamin A carotenoids can also be cleaved asymmetrically by  b -carotene 
monooxygenase 2 (BCO2) forming several apocarotenal species  [  28,   29  ] . Therefore, following uptake 
by the intestinal epithelia, both native carotenoid species and their metabolites generated through the 
action of BCO1 and BCO2 are available for subsequent systemic distribution. 

 Step 4—Packaging into chylomicrons and secretion into the lymphatic system 
 Following intestinal uptake, intact carotenoids and their metabolites are subsequently transferred 

to the Golgi apparatus where, along with retinyl esters and other fat-soluble compounds, they are 
assembled into chylomicron particles  [  15  ] . Once formed, chylomicrons are secreted into the intracel-
lular space and subsequently secreted into the lymphatic system to the thoracic duct, emptied into the 
blood stream via the subclavian vein, and transported to the liver for further processing and packaging 
for extrahepatic tissue distribution. Chylomicron secretion can be stimulated more effectively by TAG 
with certain chain lengths and degrees of saturation  [  30,   31  ] , which suggests that lipid source, not just 
the presence of lipid, may play a role in carotenoid absorption.  

   Impact of Dietary Lipid on Bioavailability In Vivo 

 Considering the prominent role of dietary lipid in both pre-absorptive (extraction and micellarization) 
and absorptive events (uptake and chylomicron production), signi fi cant efforts have been made to 
study the in fl uence of both quantitative and qualitative meal lipid pro fi les on carotenoid absorption 
 in vivo . While several human studies have been conducted, results remain dif fi cult to directly compare 
due to differences in food matrices, carotenoid species, and clinical methodologies applied. 

   Methodologies Applied in Assessing Carotenoid Bioavailability In Vivo 

 Methods applied in the investigation of carotenoid bioavailability in humans include: deuterium-
labeled vitamin A, oral-fecal balance, serum or plasma response, chylomicron isolation, and isolation 
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of the triglyceride rich lipoprotein fraction (TRL). However, the most common methods are serum or 
plasma response and chylomicron or TRL response following chronic or acute ingestion of carote-
noid-rich meals or dietary supplements. 

 In the serum or plasma response method, changes in serum or plasma carotenoid concentrations 
are measured at multiple time points following ingestion of a carotenoid containing food or supple-
ment. This method is most often used to measure the response following chronic intake of carotenoid 
rich foods after circulating carotenoids reach steady state (~9–10 days)  [  32  ] . While useful, this 
approach is limited by the requirement for lengthy wash out periods (1–2 weeks) to reduce circulating 
endogenous carotenoid levels in a manner suf fi cient to see effects from a subsequent dietary 
intervention. 

 When assessing the acute response following a single carotenoid dose, chylomicron or TRL response 
is often used. These plasma fractions contain predominantly newly absorbed carotenoids  [  6  ]  with only 
minor presence of hepatic VLDL. In this method, chylomicrons or TRL fractions are isolated from 
fresh plasma via ultracentrifugation at multiple time points following ingestion of a single test meal or 
supplemental dose. Peak absorption of carotenoids occurs between 3 and 6 h after consumption and 
carotenoid levels return to baseline levels typically by 9–12 h after consumption  [  30,   33  ] .  

   Impact of Lipid Quantity on Carotenoid Absorption in Humans 

 Key studies investigating the relationship between dietary lipid quantity and carotenoid absorption are 
summarized in Table  6.1 . Early efforts focused on the impact of fats and oils on the absorption of pro-
vitamin A carotenoids in vitamin A de fi cient or at-risk populations. Jayarajan et al.  [  34  ]  found that 
consumption of spinach with either 5 or 10 g of groundnut oil improved vitamin A concentrations in 
rural Indian preschool aged children relative to the group receiving 0 g oil. Similarly, Takyi  [  35  ]  found 
that addition of 1.3 or 5.1 g shea butter and groundnut oil to stews containing dark green leafy vegeta-
bles signi fi cantly improved serum retinol concentrations in Ghanaian children by 23.4% and 26.5%, 
respectively. Ribaya-Mercado et al.  [  36  ]  also found that serum concentrations of  b -carotene,  a -caro-
tene, and  b -cryptoxanthin from boiled vegetables were similarly improved in Filipino schoolchildren 
when consumed over 9 weeks with either 2.4, 5, or 10 g fat at each meal. These studies support the 
notion that minimal levels of co-consumed lipid are needed for effective carotenoid absorption and 
bioconversion. While interesting, these studies were generally conducted in vitamin A-de fi cient popu-
lations, which may have reduced the potential impact of the higher co-consumed lipid levels  [  37  ] .  

 Several groups subsequently evaluated the effect of dietary lipid quantity on carotenoid bioavail-
ability in healthy subjects with a focus on both provitamin A and non-provitamin A carotenoid spe-
cies. Roodenburg et al.  [  38  ]  compared the absorption of  a - and  b -carotene (8 mg total) or lutein esters 
(8 mg) from supplements consumed with either low-fat (3 g) or high-fat (36 g) spreads. Fasting blood 
samples taken before and after a 7-day intervention period demonstrated that plasma  a - and  b -carotene 
concentrations were not signi fi cantly higher after eating the high-fat spread compared to the low-fat 
spread (Fig.  6.2 ). These results further suggested that as little as 3–5 g fat might be adequate for 
absorption of these carotenoids  [  38  ] . However, plasma lutein concentrations were signi fi cantly higher 
after consuming the high-fat spread, indicating that the amount of fat required for optimal absorption 
differs by carotenoid species and/or form (free vs. esteri fi ed). Similar results were noted following 
consumption of fresh vegetable salads with 0, 12, or 24 g fat from avocados  [  39  ] . In this study, 12 g 
of co-consumed lipid was suf fi cient for the absorption of  a - and  b -carotene, whereas 24 g of lipid was 
required to signi fi cantly enhance plasma lutein levels.  

 Increasing meal lipid amount also improves acute postprandial carotenoid absorption. Brown et al. 
 [  33  ]  evaluated the amount of fat required to optimize absorption of carotenoids from raw vegetables 
by topping salads with fat-free (0 g), low fat (6 g), or high fat (28 g) canola oil-based dressing. While 
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fat-free dressing provided minimal carotenoid absorption, 6 and 28 g salad dressings improved 
carotene and lycopene chylomicron postprandial response in a dose-dependent manner. Most surpris-
ing was the substantial increase in absorption with the high-fat level suggesting additional bene fi t to 
absorption (Fig.  6.3 ). Similarly, Unlu et al.  [  39  ]  demonstrated that adding 12 g oil in the form of 
avocado enhanced carotene and lycopene postprandial TRL response relative to the 0 g control. 
However, no difference was noted between 12 and 24 g fat levels. Recently, the impact of both TAG 
amount (3, 8, and 20 g) and source (butter, canola oil, and soybean oil) on carotenoid bioavailability 
from raw vegetable salads was measured in humans. While source had minor impacts on absorption, 
20 g TAG, regardless of source, promoted signi fi cantly higher absorption of lutein, zeaxanthin,  b -car-
otene, and lycopene compared to 3 and 8 g  [  40  ] . Signi fi cant increases in carotenoid absorption were 
not detected between the low (3 g) and moderate (8 g) doses of lipid suggesting that low to intermedi-
ate levels of fat can greatly improve carotenoid absorption but higher levels can provide additional 
improvement in bioavailability.  

 Although it is dif fi cult to compare studies using different methodologies (i.e., serum/plasma 
response vs chylomicron/TRL isolation), other factors that may have in fl uenced the results from 
these studies should still be evaluated. Supplemental sources are generally more readily absorbed 
than those from whole and raw food systems  [  41  ] . Therefore, more co-consumed lipid may be required 
to improve extraction and micellarization of carotenoids from food matrices relative to presolubilized/
emulsi fi ed supplements as provided by Roodenburg et al.  [  38  ] . Furthermore, the lipid:carotenoid ratio 
present in the gut lumen is likely just as important as overall lipid load. These often vary dramatically 
between studies (Table  6.2 ). For example Brown et al.  [  33  ] , Unlu et al.  [  39  ] , and Goltz et al.  [  40  ]  
provided three times the dose of total carotenoids compared to Roodenburg et al.  [  38  ] . Considering 
that the relative mass fraction of absorbed carotenoids decreases when the carotenoid amount increases 
 [  10  ] , additional fat may be required to improve micellarization and subsequent intestinal absorption/
secretion at higher carotenoid amounts.  

 Considering the complexity in comparing these key studies, de fi ning an optimal dietary lipid 
amount remains challenging. Furthermore, it is unclear if carotenoid absorption continues to increase 

  Fig. 6.2    Low amounts of dietary lipid are adequate for the absorption of puri fi ed  a - and  b -carotene supplements, 
whereas absorption of lutein esters requires larger amounts of lipid. Mean (±SE) plasma  a - and  b -carotene concentrations 
were similar in subjects consuming low-fat (3 g) and high-fat (36 g) meals. Plasma lutein concentrations were 
signi fi cantly higher when consumed with high-fat compared to low-fat meals ( P  < 0.001). Adapted from Roodenburg 
et al.  [  38  ]        
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linearly with higher fat intakes. In human subjects, the highest amount of dietary lipids that has been 
evaluated is 200 g; however, incremental doses of TAG were not provided, making it dif fi cult to deter-
mine if absorption occurs in a dose-dependent manner  [  32  ] . Several animal studies support the notion 
of a direct relationship between meal lipid content and carotenoid bioavailability. Cannulated rats fed 
emulsions of canthaxanthin, a polar carotenoid, with increasing amounts of olive oil (10, 30, 50, 70, 
90 mg/h for 12 h) resulted in a linear increase  [  42  ] . In Mongolian gerbils fed vitamin-A free puri fi ed 
basal diets with added orange- fl eshed sweet potato powder and 3, 6, or 12% fat, a positive linear 
relationship was observed between fat and b-carotene bioef fi cacy  [  43  ] . In a separate study using 
Mongolian gerbils, when dietary fat was increased from 10 to 30% of total energy from fat, conver-
sion of  b -carotene to vitamin A was enhanced  [  44  ] . Taken together with clinical  fi ndings, these results 
suggest that higher levels of co-consumed lipid would enhance carotenoid absorption.  
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  Fig. 6.3    Amount of oil in 
salad dressing impacts 
postprandial absorption of 
 a -carotene,  b -carotene, and 
lycopene from raw vegetables 
compared to baseline content. 
Subjects ingested a fresh 
vegetable salad with dressing 
containing 0 (▼), 6 (�), or 28 
(�) g canola oil. Changes in 
chylomicron content 
(mean ± SE) of each 
carotenoid was greater for 
salads consumed with full-fat 
dressing compared to 
reduced-fat dressing 
( P  = 0.02) and for reduced-fat 
dressing compared to fat-free 
dressing ( P  = 0.04). 
(Reprinted with permission 
from Brown et al.  [  33  ] )       
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   Impact of Qualitative Lipid Pro fi le on Carotenoid Bioavailability 

 The close association between carotenoid and lipid absorption raises the additional possibility that the 
source and qualitative fatty acid pro fi le of dietary lipid may affect carotenoid absorption. Postprandial 
lipemia in animal and human models is dependent on qualitative lipid pro fi le. For example, certain 
saturated fatty acids (SFA) increase postprandial lipemia compared to monounsaturated fatty acids 
(MUFA)  [  45  ]  and polyunsaturated fatty acids (PUFA)  [  46–  48  ] . Slower rates of triacylglycerol clear-
ance after SFA consumption may be responsible for these trends. In contrast, SFAs from butter reduce 
lipemic responses compared with olive and sun fl ower oils, likely due to the abundance of short and 
medium chain fatty acids in this SFA source as well as its reduced digestibility  [  49  ] . Yet, Tholstrup 
et al. showed that even long chain SFAs reduce postprandial lipemia compared to MUFA and PUFA, 
again suggesting that both chain length and degree of saturation in fl uence absorption of fatty acids 
and potentially carotenoids  [  50  ] . 

 The extent to which differences in lipid pro fi les in fl uence carotenoid absorption has been the sub-
ject of several human studies highlighted in Table  6.2 . Additional animal studies have been conducted 
to augment these  fi ndings. Comparison of SFA-, MUFA-, and PUFA-rich lipids on  b -carotene absorp-
tion in Wistar Kyoto rats was completed by Alam et al.  [  51  ] . While no difference was noted in serum 
 b -carotene following 6 weeks of supplemental dosing with coconut oil (SFA-rich), olive oil (MUFA-
rich), or saf fl ower oil (PUFA-rich), hepatic  b -carotene levels were the highest in rats fed olive and 
saf fl ower oils, suggesting that these oils promote  b -carotene absorption  [  51  ] . 

 Additional animal studies support the notion that MUFA-rich lipids promote greater carotenoid 
absorption compared to PUFA-rich lipids overall.  b -Carotene absorption was higher in cannulated 
rats when infused with oleic acid (C 

18:1
 ) compared to linoleic acid (C 

18:2
 ) or linolenic acid (C 

18:3
 )  [  18  ] . 

Similarly, concentrations of polar xanthophylls were elevated in plasma and eyes from rats fed pow-
dered  Commelina benghalensis  L., an Indian green leafy vegetable, with MUFA-rich olive oil com-
pared to PUFA-rich sun fl ower oil  [  52  ] . 

 The impact of lipid source on absorption of more hydrophobic carotenoid species is more compli-
cated. A twofold increase in lycopene absorption was reported when cannulated rats were infused 
with an emulsion containing MUFA-rich olive oil in place of PUFA-rich corn oil  [  53  ] . However, no 
signi fi cant differences were observed in lycopene absorption by human subjects consuming tomato 
products with either MUFA-rich olive oil or PUFA-rich sun fl ower oil  [  54  ]  suggesting minimal differ-
ence in absorption of aploar lycopene with altered meal lipid pro fi le. Similarly, absorption of carote-
noids by human subjects consuming raw vegetable salads was higher when co-consumed with 
MUFA-rich canola oil compared to PUFA-rich soybean oil for lutein, zeaxanthin,  a -carotene, and 
 b -carotene but not lycopene  [  40  ] . Collectively these  fi ndings suggest that MUFA-rich lipids may 
enhance carotenoid absorption to a greater extent than PUFA-rich lipids, especially for the more polar 
carotenoid species. 

 Many theories have been proposed to explain the reduction of carotenoid absorption by PUFA 
compared to MUFA. The  fi rst concerns the fatty acid binding protein (FABP), which has been impli-
cated in the intracellular transfer of  b -carotene as well as fatty acids  [  18  ] . Because FABP binds more 
readily to fatty acids with more unsaturated sites,  b -carotene may be affected by competitive binding 
to FABP when consumed with PUFA-rich soybean oil compared to MUFA-rich canola oil. Therefore, 
a greater degree of fatty acid unsaturation in co-consumed lipid may decrease transport of carotenoids 
to chylomicrons. Another possibility includes potential differences in micelle size when MUFA vs. 
PUFA are consumed. Micelles containing PUFA are larger in size, resulting in slower diffusion 
through the unstirred water layer and decreased rates of absorption  [  53  ] . Finally, carotenoids ingested 
with PUFA may be more susceptible to oxidation and less available for absorption  [  53  ] . 

 The impact of SFA on carotenoid absorption is also complex. Goltz et al.  [  40  ]  reported that 
postprandial carotenoid absorption was lower when salads were co-consumed with SFA-rich butter 
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compared to MUFA-rich canola or PUFA-rich soybean oil. Yet, Hu et al.  [  55  ]  reported that postprandial 
absorption of  b -carotene in humans from supplements was enhanced when co-consumed with 60 g 
SFA-rich beef tallow compared to 60 g PUFA-rich sun fl ower oil. While differences in matrices (raw 
vegetables compared to supplements) may have affected these outcomes, physiochemical differences 
between the SFA sources likely played a larger role. Beef tallow contains a high amount of oleic acid, 
a MUFA, which as discussed, may enhance carotenoid absorption. While butter, an oil-in-water emul-
sion, is poorly emulsi fi ed in the gut and may have limited ability to aid in carotenoid extraction from 
the food matrix and micellarization  [  49  ] . Additionally, butter contains appreciable amounts of short 
and medium chain triglycerides (MCT) which induce a relatively low lipemic response following 
ingestion  [  49  ] . Borel et al.  [  30  ]  demonstrated that a lower lipemic response does translate to a reduc-
tion in postprandial  b -carotene absorption, an effect that was attributed to the distribution of MCTs 
through the portal circulation and little chylomicron secretion. It was also suggested that  b -carotene 
may have lower solubility in micelles composed of MCT than LCT, leading to lower intestinal 
absorption. 

 Overall, the results from these studies suggest that MUFA-rich lipids may enhance carotenoid 
absorption to a greater extent than PUFA-rich lipids but the effect of SFA and MCT requires 
clari fi cation. The potential for a stronger effect of lipid source on polar carotenoid species compared 
to apolar carotenes is apparent. In any case, the con fl icting results suggest that the relationship between 
qualitative lipid pro fi le and carotenoid absorption is complex and remains to be further explored.   

   Mechanisms by Which Dietary Lipid Modulates Carotenoid Bioavailability 

 In addition to clinical investigations, several model systems have been used to dissect speci fi c mecha-
nisms by which co-consumed lipid modulates carotenoid absorption. Of the many systems applied in 
carotenoid research, the  in vitro  digestion and Caco-2 cell culture models are most often applied indi-
vidually or as coupled systems to predict carotenoid bioaccessibility and to draw correlations with 
observations from human trials. These methods are not only used because they are cost and time 
ef fi cient, but they also enhance clinical evaluations by providing the ability to test speci fi c hypotheses 
related to mechanistic aspects of carotenoid release, micellarization, intestinal uptake, and chylomi-
cron packaging and secretion  [  56  ] . 

   Pre-absorptive Impact of Meal Lipid Pro fi le on Carotenoid Release 
and Micellarization 

  In vitro  digestion models, based on the porcine enzyme system, have been applied in the evaluation 
of factors impacting carotenoid digestive stability and ef fi ciency of micellarization. Micellarization, 
as described previously, if considered to be a precursor to absorption and in combination with extrac-
tion/release and stability to digestive conditions, constitutes the concept of bioaccessibility. Good 
correlations have been established between micellarization ef fi ciency  in vitro  and absorption in 
humans  [  57  ] . Other similarities exist as well.  For example, the   presence of TAG and bile salts are both 
required for micellarization of carotenoids  [  56  ] . Additionally, micellarization of xanthophylls includ-
ing lutein and zeaxanthin is consistently more ef fi cient than carotenes or lycopene  [  56,   58,   59  ] . 
However, the amount and source of TAG appears to have modest effects on carotenoid bioaccessibil-
ity  in vitro . Huo et al.  [  59  ]  reported that only small amounts of lipid (0.5–1%) were required to pro-
mote effective micellarization of  a -carotene (14–17%),  b -carotene (10–20%), and lycopene (1–5%) 
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from a mixed salad meal. Further, micellarization appears directly impacted by fatty acyl chain length 
(C 

18:1
  > C 

8:0
  > C 

4:0
 ) but not degree of unsaturation for C18 fatty acids  [  59  ] . Using identical digestion 

conditions, Kohut et al.  [  60  ]  reported modest differences in micellarization ef fi ciency of carotenes, 
lycopene, and xanthophylls from mixed green salads digested with either MUFA-rich canola oil, 
PUFA-rich soybean oil or SFA-rich vegetable shortening. These results suggest that only modest 
amounts of lipid, regardless of source, may be required to potentiate ef fi cient carotenoid micellariza-
tion from food. Therefore, differences observed  in vivo  are more likely a result of absorptive and 
post-absorptive effects.  

   Impact of Meal Lipid Pro fi le on Intestinal Uptake and Transport 

 The Caco-2 cell line is widely applied in the investigation of mechanisms of intestinal transport for 
many bioactive compounds including minerals  [  61–  63  ] ,  fl avonoids  [  64–  66  ] , and drugs  [  67–  69  ] . 
Originated from colonic adenocarcinoma, these cells spontaneously differentiate post-con fl uency to 
exhibit enterocyte-like cells  [  70  ] . This characteristic has made them suitable for investigation of 
mechanisms of carotenoid intestinal transport as well as factors that modulate intestinal absorption. 

 Uptake of micellerized carotenoids by differentiated monolayers of Caco-2 cells is generally pro-
portional to media content and thus factors impacting micellarization have a direct impact on the 
quantity absorbed by Caco-2 cells  [  58  ] . This model has been applied to intestinal uptake of carote-
noids from mixed vegetables digested with different lipid pro fi les. Interestingly, uptake of lutein and 
 b -carotene by Caco-2 cells does not appear to be signi fi cantly impacted by chain length (trioctanoin 
and triolein) of co-digested TAG  [  59  ]  suggesting intestinal uptake is not critically impacted by meal 
lipid pro fi le. 

 More recently, media composition and culture conditions have been established that favor chylo-
micron synthesis and secretion by Caco-2 monolayers. Presence of oleic acid appears to stimulate 
chylomicron synthesis in Caco-2 monolayers  [  21,   31,   71  ]  and suggests that fatty acyl composition of 
mixed micelles may impact post-absorptive packaging and transport of carotenoids through chylomi-
crons to a greater extent than pre-absorptive micellarization and intestinal uptake. Utilizing these 
models, a more detailed investigation of the impact of TAG amount and type on carotenoid transport 
is now underway  [  72  ] . To date, these efforts appear to support the  in vivo  observations that MUFA and 
PUFA are more effective than SFA in promoting carotenoid bioavailability and that differences in 
absorption are occurring at the level of epithelial processing and chylomicron secretion rather than 
through pre-absorptive modulations. Future research is required to systematically evaluate the impact 
of both amount and type of dietary lipid on carotenoid intestinal uptake and transport to better under-
stand factors that may potentiate carotenoid bioavailability  in vivo .   

   Dietary Fiber as a Modulator of Carotenoid Bioavailability 

 In addition to recommendations for a reduction of overall fat as a portion of calories, the 2010 Dietary 
Guidelines have listed dietary  fi ber in their list of, “nutrients of concern” because American adults 
consume only 40% of recommended amounts. Increasing intake of dietary  fi ber is associated with 
reduce risks of cardiovascular disease, diabetes, and obesity, and improved gastrointestinal health  [  1  ] . 
However, evidence exists that increasing certain types of dietary  fi ber may negatively impact carote-
noid bioavailability (Fig  6.4 ).  

 The effect of dietary  fi ber has primarily focused on  b -carotene absorption and conversion in animal 
models. Erdman et al.  [  73  ]  reported that select puri fi ed dietary  fi ber sources reduced bioavailability 
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and bioconversion of this carotenoid in young chicks. Speci fi cally, hemicelluloses, lignin, and citrus 
pectin, but not polygalacturonic acid reduced the percentage of  b -carotene converted to vitamin A in 
the liver compared to controls. Further, the greatest reduction in liver vitamin A was seen with the 
pectin group. A second experiment within the same study indicated that  b -carotene bioavailability and 
utilization was proportional to pectin methoxyl content  [  73  ] . 

 The negative effects of pectin on  b -carotene utilization have subsequently been observed in mam-
malian models. Deming et al.  [  44  ]  reported a reduction in hepatic vitamin A with a corresponding 
increase in hepatic  b -carotene stores in 4–5-week-old Mongolian gerbils fed diets containing citrus 
pectin. These data suggest that pectin may serve to reduce bioconversion rather than absorption. Rock 
and Swendseid  [  74  ]  demonstrated that these  fi ndings were similar to results in humans where co-
consumed pectin was found to reduce bioavailability of acute doses of puri fi ed  b -carotene. In a sepa-
rate study, both soluble  fi bers (pectin, guar, and alginate) and insoluble  fi bers (cellulose and wheat 
bran) at 8–10 g/day signi fi cantly reduced bioavailability of lycopene and lutein, in humans. However, 
only the soluble  fi bers were found to signi fi cantly reduce  b -carotene bioavailability  [  75  ] . 

 While only limited data exist, pectin and other soluble  fi bers appear to affect utilization of carote-
noids, particularly provitamin A conversion, more strongly than absorption. Examining the effect that 
soluble  fi bers have on lipid metabolism may help to explain the mechanisms by which carotenoid 
bioavailability is reduced. Soluble  fi bers are known to bind bile acids resulting in increased fecal 
excretion of bile acids and total fat  [  76–  78  ] . Physical properties of these  fi bers also increase the vis-
cosity and volume of chyme in the gastrointestinal tract while reducing the concentration of phospho-
lipids  [  79–  81  ] . Together, these changes may disturb micelle formation and by extension, reduce the 
bioaccessible carotenoid content available for intestinal absorption and subsequent incorporation into 

  Fig. 6.4    Dietary  fi ber 
negatively impacts the 
bioavailability of carotenoids 
from dietary supplements. 
Mean plasma AUC 

24h
  for 

 b -carotene was reduced in 
subjects who consumed 
dietary supplements 
containing carotenoids along 
with a standard meal and 
water-soluble  fi bers pectin, 
guar, and alginate ( P  < 0.05). 
Water insoluble  fi bers, 
cellulose, and wheat bran, as 
well as the water-soluble 
 fi bers reduced the absorption 
of lycopene and lutein 
( P  < 0.05). Adapted from 
Riedl et al.  [  75  ]        
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chylomicrons  [  80  ] . Therefore, while co-consumed dietary lipids appear to impact carotenoid bioavail-
ability most prominently at the level of chylomicron synthesis and secretion, the in fl uence of dietary 
 fi ber on bioavailability appears to be exerted primarily during pre-absorptive stages. Additional 
research is needed to clarify the exact mechanism and extent of  fi ber effects on carotenoid 
bioavailability.  

   Conclusion 

 Dietary lipids and  fi bers exert direct effects on the absorption of carotenoids from fruits, vegetables, 
and dietary supplements. Considering that dietary guidelines focus on altering both total fat and  fi ber 
consumption, it remains critical to understand the potential in fl uence these changes may have on caro-
tenoid absorption. While lipid is a positive promoter of carotenoid absorption, the  fi ne details on the 
impact of qualitative and quantitative lipid pro fi les continue to be explored. The possibility that a low 
dose of a “heart healthy” MUFA-rich oil as strong potentiator of carotenoid absorption merits further 
investigation. Similarly, many questions remain regarding the impact of  fi ber on carotenoid absorp-
tion. While believed to be a negative effector, the current body of studies has primarily focused on the 
effect of single, puri fi ed  fi ber sources on carotenoid absorption using animal models. Results of ongo-
ing and future clinical investigations focused on lipid,  fi ber, and the interactions between these macro- 
and micronutrients will provide the foundation for assessing the potential impact of the 2010 Dietary 
Guidelines on bioavailability of carotenoids.      
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   Introduction 

 Dietary carotenoids follow the same absorptive pathways as dietary lipids and are transported in the 
bloodstream exclusively by lipoproteins, with the adipose tissue being their main storage site  [  1  ] . 
Several studies have observed the existence of high interindividual variability in carotenoid absorp-
tion and plasma status  [  2–  8  ] . Host-related factors may explain many of the observed differences in 
serum and tissue responses to dietary carotenoids, although other factors such as the food matrix and 
absorption modi fi ers (see Chap.   6    ) can also affect interindividual variations even under strict experi-
mental conditions. 

    Chapter 7   
 Host Factors That Affect Carotenoid Metabolism       

      Georg   Lietz              

  Key Points 

    Host factors can affect the nutrient status by in fl uencing the ability to absorb, convert, and metabolize • 
dietary carotenoids. Factors such as gender, body fat and genetic variation, play an important role 
in this process.  
  The recent discoveries of speci fi c carotenoid binding proteins such as StARD3 and GSTP1, as well • 
as the existence of a diet-responsive regulatory network in fl uencing intestinal carotenoid uptake 
via the gatekeeper ISX, further highlights the complex interaction between nutrient intake and 
nutrient status.  
  The occurrence of the low responder phenotype can partly be explained through genetic variations • 
in key enzymes and proteins involved in carotenoid uptake and metabolism.  
  This chapter explores the importance of host factors affecting absorption, conversion, secretion, • 
and tissue uptake of carotenoids using lutein and  b -carotene as examples of two classes of 
carotenoids.    
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 The pharmacological terms bioavailability, bioconversion, and bioef fi cacy are commonly used in 
carotenoid metabolism. Bioavailability is de fi ned as the fraction of an ingested carotenoid that is 
available for utilization or storage, whereas bioconversion is de fi ned as the fraction of an absorbed 
provitamin A carotenoid which is cleaved to the active metabolite retinol. Bioef fi cacy is de fi ned as the 
combination of bioavailability and bioconversion, therefore representing the fraction of the nutrient 
absorbed and converted to the active metabolite in the body  [  9  ]  (Fig.  7.1 ). Variation in bioavailability 
and bioef fi cacy of dietary carotenoids can be caused by impaired intestinal absorption, impaired con-
version to vitamin A, inef fi cient incorporation into chylomicrons or accelerated clearance due to 
atypical lipoprotein metabolism  [  10  ]  (Fig.  7.2 ). Finally, speci fi c transport proteins for carotenoids 
such as the steroidogenic acute regulatory domain (StARD3) protein for lutein  [  11  ]  and glutathione 
 S -transferase (GSTP1) for zeaxanthin  [  12  ]  as well as tissue-speci fi c uptake  [  13  ]  could potentially 
contribute to the observed large interindividual variation. This chapter elaborates on the importance 
of host factors affecting absorption, conversion, secretion, and tissue uptake of carotenoids using 
lutein and  b -carotene as two examples of an oxygenated and a hydrocarbon carotenoid, respectively.    

   The Low Responder/Low Converter Phenotype 

 Depending on the carotenoid, the de fi nition of the low responder phenotype has been associated with 
different tissue or plasma concentrations leading to some confusion in the literature. For  b -carotene, 
the de fi nition of the low responder phenotype has been used to describe a low or nonincrease in 
plasma  b -carotene concentrations after dosing  [  2–  4,   14  ] , or in relation to provitamin A conversion 
ef fi ciency  [  8,   15  ] . On the other hand, studies investigating provitamin A activity have demonstrated 
that approximately 45% of the Western population have a low conversion ef fi ciency, which has lead 
to the de fi nition of the low converter phenotype  [  6,   8,   15,   16  ] . Controversial earlier studies concluded 
that variations in responses between subjects may be caused by differences in absorption and trans-
port of  b -carotene rather than by differing conversion ef fi ciency  [  2,   4  ] . However, more recent studies 

  Fig. 7.1    Bioavailability, bioconversion, and bioef fi cacy of provitamin A carotenoids       

Food

Micelles
+ β-carotene

SRBI I-FABP
HL,ApoA,
ApoB,ApoE

Liver

VLDL

VLDL

LPL

LDL

Blood

Tissue
uptake

remnant

RE + β-car

Retinol Retinal Retinoic acid

-90% T170M variant allele
-32% A379V variant allele
-69% R267S + A379V variant allele

Reduced conversion efficiency:

Central cleavage : BCMO1

ß -carotene

oxidationreduction

Bioavailability

Bioefficacy

Bioconversion

 



1317 Host Factors That Affect Carotenoid Metabolism

using stable isotopes concluded that both absorption and conversion of ingested  b -carotene to vitamin 
A contributed to the variable plasma response to ingested  b -carotene  [  6,   8,   15,   16  ] . Interestingly, low 
responders and low converters were observed after ingestion of a pharmacological dose of  b -carotene 
with interindividual variations of newly absorbed  b -carotene and retinyl palmitate/ b -carotene ratios 
ranging from 53 to 60%, respectively  [  17  ] . Furthermore, low responders also display a lower conver-
sion ef fi ciency compared to normal responders. 

 For lutein, the low responder phenotype in most studies refers to macular pigment optical density 
(MPOD) measurements before and after lutein supplementation  [  18–  20  ]  and is de fi ned as the “retinal 
responder” phenotype, although one study also refers to plasma lutein nonresponders as “blood non-
responders”  [  19  ] . Retinal nonresponders showed no increases in MPOD after consuming 12 mg lutein 
for 6 months indicating that intestinal malabsorption is not responsible for the lack of macular response 
to lutein supplementation  [  20  ] . Interestingly, retinal responders tended to be female and to have lower 
serum lutein concentrations, lower MPOD, and greater retinal thickness at baseline, whereas age, 
frequency of lighter irises, or smoking was not signi fi cantly different between retinal responders or 
nonresponders  [  18  ] . Furthermore, MPOD is lower in subjects with body fat >27%  [  21  ] . Body fat is of 
particular interest because adipose tissue is a major storage tissue for lutein providing a “sink” for 
lutein, which makes this carotenoid less available to other tissues. Changes in the macular pigment 
density is negatively correlated with lutein concentration of the adipose tissue in women, but posi-
tively in men  [  22–  24  ] . This suggests that factors such as gender, body fat, and low levels of lutein in 
serum and retina may indicate which subject is likely to be classi fi ed as a retinal responder. 

  Fig. 7.2    Key regulatory proteins in fl uencing carotenoid status. This diagram illustrates the in fl uence of key regulatory 
genes on carotenoid absorption, conversion to vitamin A, incorporation into chylomicrons and their subsequent clear-
ance.  ADH  alcohol dehydrogenases,  ARAT  acyl-CoA:retinol acyltransferase,  ER  endoplasmic reticulum,  LPL  lipopro-
tein lipase,  LRAT  lecithin-retinol acyltransferase,  RALDH  retinaldehyde dehydrogenase,  RE retinyl ester.  Reproduced 
from  [  10  ]  with permission       
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   Regulation of Carotenoid Absorption 

 At the intestinal level, carotenoid absorption is dependent on three steps: (1) absorption at the enterocyte 
brush border membrane, (2) enzymatic conversion of a fraction of absorbed  b -carotene into retinal or 
 apo -carotenals, and (3) secretion of chylomicron particles. Although absorption was thought to be a 
passive process with simple diffusion over the brush border membrane following a concentration 
gradient, this process is partly mediated by the scavenger receptor class B type I (SR-BI)  [  25–  28  ] . 
During et al.  [  25  ]  showed that absorption of  b -carotene required the SR-BI intestinal transporter by 
demonstrating a 60% decrease in  b -carotene absorption through inhibition of SR-BI transport. 
Likewise, the SR-BI transporter is involved in the absorption process of lutein  [  27  ] . The functional 
role for SR-BI is consistent with the  fi nding that an SR-BI homolog is essential for cellular uptake of 
carotenoids in  Drosophila , because  fl ies with a genetic ninaD knockout become completely blind due 
to the inability to absorb  b -carotene  [  29  ] . Expressed at high levels in the intestine, the SR-BI trans-
porter is also involved in the process of cholesterol absorption leading to the suggestion that  b -carotene, 
lutein, and cholesterol transport share common transporters such as cluster determinant 36 (CD36), 
ATP binding cassette subfamily G member 5 (ABCG5), ATP-binding cassette transporter A1, and 
Niemann Pick C1-like 1 (NPC1L1)  [  25,   30  ] . Although proteins other than SR-BI affect carotenoid 
absorption (i.e., CD36, ABCG5, and NPC1L1), there is little evidence to date to support their role in 
carotenoid uptake at the enterocyte. For example, only a near signi fi cant association between plasma 
lutein and the Q640E variant in ABCG5 was observed in a human intervention study  [  31  ] , whereas 
the involvement of CD36 in  b -carotene uptake has only been con fi rmed in mouse adipocytes  [  32  ]  and 
no evidence for the role of NPC1L1 in carotenoid uptake exists to date  [  30  ] . 

 Other indications that speci fi c epithelial transporters are involved in carotenoid absorption across 
the brush border membrane come from the observations that  b -carotene isomers are discriminated 
during absorption  [  33  ] . Human studies have consistently reported that all- trans - b -carotene is prefer-
entially accumulated over 9- cis  in total plasma and the postprandial triacylglycerol-rich lipoprotein 
plasma fraction  [  34–  37  ] . The intestinal  cis–trans  isomerization of 9- cis  to all- trans   b -carotene occurs 
in the enterocyte since a signi fi cant accumulation of  13 C-all- trans   b -carotene occurred in plasma of 
subjects who ingested only  13 C-9- cis   b -carotene  [  36  ] . However, the enzyme responsible for this 
isomeration has to date not been identi fi ed. 

 Importantly, humans, but not rodents, absorb signi fi cant amounts of intact  b -carotene  [  38  ]  as 
only a fraction of absorbed  b -carotene is oxidatively cleaved in a centric or eccentric fashion by the 
 b -carotene 15,15 ¢ -monooxygenase (BCMO1) or the  b -carotene 9 ¢ ,10 ¢ -dioxygenase (BCDO2), respec-
tively  [  39,   40  ] . The regulation of this process is described in detail below. 

 In contrast to carotenoids, dietary preformed retinol enters intestinal cells by diffusion  [  41  ] . 
Although both retinyl esters formed from cleavage of carotenoids in the enterocyte and intact 
absorbed carotenoids are transported to the lymph in chylomicrons, recent data show that the ef fl ux 
of preformed retinol is partly facilitated by the basolateral ATP-binding cassette transporter A1, indi-
cating that 19% of preformed retinol could be delivered to the liver via the portal circulation, there-
fore circumventing the apoB-dependent pathway  [  41  ] . Interestingly, carotenoid ef fl ux occurs 
exclusively via their secretion in chylomicrons  [  41  ] . Upon entering the bloodstream chylomicrons 
undergo immediate lipolysis by lipoprotein lipases to produce chylomicron remnants  [  42  ] . Importantly, 
intestinal absorption and release of dietary carotenoid on chylomicra follows the same time-course 
as that of other dietary lipids. However, due to their redistribution into different lipoprotein particles, 
carotenoids seems to reach their maximum plasma concentration slower compared to triacylglycerol 
or retinyl esters after an oral test dose  [  14  ] . This effect differs depending on the carotenoid species, 
since hydrocarbon carotenes (e.g.,  b -carotene) are transported primarily on LDL plus VLDL, whereas 
the xanthophylls (e.g., lutein) are distributed approximately equally between HDL and LDL in human 
serum  [  14  ] .  
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   Potential Causes for the Low Converter Phenotype 

 Several studies have reported high interindividual variation in the ability to convert provitamin A 
carotenoids; 4.5- to 8-fold differences have been reported  [  5  ]  between the highest and lowest con-
verter. The enzyme responsible for provitamin A conversion into two retinal is BCMO1, and approxi-
mately 95% of retinoids arising from  b -carotene are produced by this pathway  in vivo   [  43  ] . Studies 
using BCMO1 knock-out mice have provided evidence for the fundamental role of this enzyme in 
producing vitamin A from dietary  b -carotene  [  44–  46  ] . Between 35 and 88% of absorbed  b -carotene 
is cleaved into all- trans  retinal, with the rest being secreted as intact  b -carotene  [  39  ] . The rate of intact 
 b -carotene absorption is between 3 and 55%  [  6,   8  ] . All- trans  retinal can be oxidized irreversibly to 
retinoic acid by retinal dehydrogenase or reduced reversibly to retinol by a retinal reductase  [  39  ] . 
BCMO1 has high speci fi city towards the double bonds at the 15,15 ¢ -position of carotenoids but quite 
broad speci fi city towards carotenoids containing at least one unsubstituted  b -ionone ring  [  47–  51  ] . 
BCMO1 substrate speci fi city decreases in the order:  b -carotene >  b -cryptoxanthin >  b - apo -8 ¢ -
carotenal >  b - apo -4 ¢ -carotenal >  a -carotene >  g -carotene  [  48  ] . In human tissues, BCMO1 is expressed 
at high levels in intestinal mucosa, liver and kidney  [  51  ] . The expression/activity of BCMO1 in extra-
intestinal tissues has been linked to the capacity of these tissues to directly convert locally stored caro-
tenoids into vitamin A  [  52  ] . Indeed, recent isotope studies indicated that post-intestinal conversion of 
vitamin A accounted for up to 30% of the total converted retinol over the period of 52 days  [  16  ] . Thus, 
observed variations in cleavage ef fi ciency between individual could be caused by two aspects: (a) by 
factors in fl uencing the expression and activity of intestinal BCMO1 and (b) by variations in post-
intestinal conversion of provitamin A carotenoids. 

 Although BCDO2 cleaves  b -carotene at the 9,10 double bond forming  b - apo -10-carotenal and 
 b -ionone, it does not rescue BCMO1 de fi ciency and can therefore not substantially contribute to the 
production of retinoids in mammals  [  40  ] . However, BCDO2 plays an important role in protecting 
against carotenoid-induced mitochondrial dysfunction and has a broader substrate speci fi city than 
BCMO1  [  53,   54  ]  (please see review  [  40  ]  for more details).  

   Tissue Uptake, Distribution, and Metabolic Effects 

 Although relative tissue concentrations in human liver, kidney, and lung are qualitatively similar to 
those in serum, the human macular pigment consists of lutein, zeaxanthin, and meso-zeaxanthin to the 
exclusion of other carotenoids  [  55  ] . In the fovea, the carotenoid concentration approaches 1 mM, and 
decreases more than 100-fold just a few millimeters from the foveal center  [  11,   56  ] . Interestingly, the 
speci fi c uptake of lutein and zeaxanthin to millimolar concentrations into macular retina appears to be 
unique to humans and fellow primates  [  11  ] . Understanding the biochemical mechanisms underlying 
the selective uptakes of lutein and zeaxanthin into the human macula let to the discovery of GSTP1 as 
the macular zeaxanthin-binding protein  [  12  ]  and StARD3 as a lutein-binding protein in the macula of 
the primate retina  [  11  ] . Furthermore, although not implicated in lutein transport in enterocytes, CD36 
was postulated as a potential candidate for a surface receptor and transport protein that could interact 
with StARD3 to mediate lutein uptake from the serum and transfer into the macula  [  11,   57  ] . Thus, 
unraveling the biochemical regulation of xanthophyll uptake into the retina is fundamental in provid-
ing key insights into the role of macular carotenoids in human ocular health and disease. 

 Another tissue-speci fi c uptake for lutein may be mammary cells, because milk carotenoid pro fi le 
changes during lactation from a higher proportion of less polar carotenoids, such as  b -carotene, in 
colostrum to the polar carotenoids, such as lutein, in mature milk  [  58  ] . This may be caused by active 
transport into the mammary cell since lutein is found proportionally more in milk than in plasma, inde-
pendent of whether plasma carotenoid concentrations are changed during  b -carotene supplementation 
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(Fig.  7.3 )  [  13  ] . Although the exact mechanism of transfer remains to be elucidated, a selective uptake 
of HDL might be responsible for the change in carotenoid pattern in breast milk compared with plasma. 
Alternatively, an increase in mammary lipoprotein lipase (LPL) activity may increase catabolism of 
chylomicron particles, which subsequently increases the formation of discoidal HDL that are directly 
catabolized by the endothelial lipase  [  13  ] .  

 Finally, body mass index was found to be inversely correlated with conversion ef fi ciency  [  15  ] , 
suggesting an interrelationship between  b -carotene metabolism and adiposity in humans. Indeed, a 
BCMO1 dependent decrease of PPAR g  was observed during  b -carotene supplementation in inguinal 
white adipose tissue  [  44  ] . Moreover, body fat mass and leptin serum levels were signi fi cantly reduced 
after  b -carotene supplementation in mice with an active BCMO1 enzyme but not in BCMO1 knock-
out mice  [  44  ] . Furthermore, BCMO1 knock-out mice develop liver steatosis independent of their 
vitamin A status, indicating that local  de novo  synthesis of retinal or retinoic acid could be key regula-
tory molecules in the regulation of liver lipid homeostasis  [  46  ] . 

  Fig. 7.3    Proportions of lutein and  b -carotene in samples of plasma and breast milk obtained simultaneously at 1 month 
( a ) and 3 month ( b ) postpartum from Tanzanian women that did (T) or did not (C) receive 2 mg provitamin A/day for 
6 months as supplemental red palm oil. In each graph, the  dashed line  indicates equal proportions of carotenoids in milk 
and plasma. Adapted from  [  13  ]        

 



1357 Host Factors That Affect Carotenoid Metabolism

   Genetic Variations in Key Enzymes 

 High interindividual variability in  b -carotene metabolism could be caused by genetic variability in 
key genes involved in provitamin A absorption and conversion  [  10,   39  ] . Indeed, the T170M missense 
mutation in the BCMO1 gene induces a dramatic decrease in enzyme activity  in vitro , and is associ-
ated to hypercarotenemia and hypovitaminosis A in a heterozygote carrier  [  59  ] . However, given its 
very low frequency, this mutation cannot explain the high frequency of the low converter phenotype 
observed in humans  [  6,   8,   15,   16  ] . Screening of the open reading frame of BCMO1 enabled the detec-
tion of two common non-synonymous single-nucleotide polymorphisms (R267S; rs12934922 and 
A379V; rs7501331) with variant allele frequencies of 42% and 24%, respectively  [  17  ] . Results of the 
functional analysis of these SNPs revealed that the recombinant 267S + 379V double mutant had a 
reduced catalytic activity of 57%  in vitro  and assessment of the responsiveness to a pharmacological 
dose of  b -carotene in female volunteers con fi rmed that carriers of both the 379V and 267S + 379V 
variant alleles had a reduced ability to convert  b -carotene by 32% and 69%, respectively  [  17  ] . Thus, 
the observation of high SNP frequencies combined with altered  b -carotene metabolism provided a 
putative explanation for the poor responder phenotype in  b -carotene metabolism. Further indication 
of how genetic variations in key genes can affect  b -carotene metabolism comes from a genome-wide 
association study investigating the effects of common genetic variations on circulating carotenoid 
levels  [  60  ] . This study identi fi ed four new SNPs upstream of the BCMO1 gene strongly correlating 
with increased  b -carotene concentrations and reduced non-provitamin A carotenoid levels, such as 
lutein  [  60  ] . Although the authors were unable to test if these SNPs also affected  b -carotene conversion 
ef fi ciency, a recent publication indicated that three out of these four polymorphisms (rs6420424, 
rs11645428, and rs6564851) reduce the catalytic activity of BCMO1 in female volunteers by 59%, 51%, 
and 48%, respectively  [  61  ] . A number of other polymorphisms potentially affecting the  b -carotene 
low responder phenotype have been identi fi ed and are listed in Table  7.1   [  10,   30,   62–  64  ] . Polymorphisms 
known to be present in SR-BI signi fi cantly alter fasting plasma  b -carotene concentrations  [  63  ] . SNPs 
in other genes involved in lipoprotein metabolism (apoB and LPL) also modulate plasma  b -carotene 
and lutein concentrations, indicating that chylomicron assembly as well as lipoprotein clearance are 
important factors in determining carotenoid status  [  62–  64  ] . For more information on genetic varia-
tions on carotenoid status, see reviews of Borel  [  30  ]  and Lietz et al.  [  39  ] .   

   Nutrient Status of the Host 

 Conversion ef fi ciency is also dependent on the vitamin A status of the host  [  65  ] , caused by the exis-
tence of a negative feedback of retinoic acid on BCMO1 mRNA expression  [  66,   67  ] . More impor-
tantly, a diet-responsive regulatory network exists at the intestinal level which controls  b -carotene 
absorption and vitamin A production by a negative feedback mechanism  [  68,   69  ] . The intestine-
speci fi c homeodomain transcription factor (ISX) expression is activated by retinoic acid that binds to 
a speci fi c retinoic acid response element (RARE) within the ISX promoter. Once activated, ISX 
represses SR-BI and BCMO1 expression, indicating that intestinal vitamin A uptake and production 
are under negative feedback control via ISX (Fig.  7.4 )  [  68  ] . Because high retinoic acid concentrations 
decrease BCMO1 expression via the ISX-driven regulatory network, a production of excess vitamin 
A and retinoic acid via BCMO1 can be avoided, yet at the same time allows suf fi cient vitamin A bio-
synthesis from  b -carotene at low cellular retinoic acid concentrations  [  39  ] .     
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   Table 7.1    Single-nucleotide polymorphisms in genes associated with the low responder, low converter, 
and retinal nonresponder phenotype   

 Gene and SNP 
identi fi cation 

 Polymorphism and predicted 
change  Evidence for functional effect  References 

 BCMO1 
 R267S (rs12934922)  C/T polymorphism that results 

in Ala→Val substitution 
 No effect on BCMO1 activity 

in vitro and in vivo 
  [  17  ]  

 A379V (rs7501331)  A/T polymorphism that results 
in Arg→Ser substitution 

 32% Reduced conversion of 
 b -carotene after a pharmacologi-
cal dose in female volunteers 

  [  17  ]  

 T170M (rs119478057)  C/T polymorphism that resulted 
in Thr→Met substitution 

 90% Reduced BCMO1 activity 
compared to wild-type in vitro; 
causing hypercarotenemia and 
hypovitaminosis A 

  [  59  ]  

 R267S + A379V  A/T and C/T polymorphisms 
combined with at least one 
heterozygote each 

 57% Reduced BCMO1 activity 
compared to wild-type in vitro 

 69% Reduced conversion of 
 b -carotene after a pharmacologi-
cal dose in female volunteers 

  [  17  ]  

 5 ¢  Intron (rs6420424)  A/G polymorphism upstream of 
BCMO1 

 59% reduced conversion of 
 b -carotene after a pharmacologi-
cal dose in female volunteers; 
Variant modulates  b -carotene 
status 

  [  60,   62  ]  

 5 ¢  Intron (rs8044334)  G/T polymorphism upstream of 
BCMO1 

 Variant modulates  b -carotene status   [  60,   62  ]  

 5 ¢  Intron (rs11645428)  A/G polymorphism upstream of 
BCMO1 

 51% Reduced conversion of 
 b -carotene after a pharmacologi-
cal dose in female volunteers; 
Variant modulates  b -carotene 
status 

  [  60,   62  ]  

 5 ¢  Intron (rs6564851)  G/T polymorphism upstream of 
BCMO1 

 48% Reduced conversion of 
 b -carotene after a pharmacologi-
cal dose in female volunteers; 
Variant modulates  b -carotene 
and lutein status 

  [  60,   62  ]  

 SRBI 
 5 ¢  Intron (C→T)  C/T polymorphism in the 

promoter 
 Variant modulates  b -carotene status, 

with differences between gender 
  [  63  ]  

 ApoB 
 −516C > T (rs934197)  C/T polymorphism in the 

promoter 
 Variant associated with decreased 

plasma levels of  b -carotene 
  [  63  ]  

 CD36 
 5 ¢  Intron (rs1761667)  G/A polymorphism in the 

promoter 
 GG at rs1761667 locus associated 

with higher MPOD 
  [  70  ]  

 LPL 
 S447X (rs328)  C/G polymorphism that results 

in a truncation of the LPL 
protein by two amino acids 
(Ser-Gly) at the carboxyter-
minal end 

 Associated with increased plasma 
HDL cholesterol, reduced plasma 
triacylglycerol, and decreased 
concentrations of lutein and 
 b -carotene 

  [  64  ]  

   BCMO1   b -carotene 15,15 ¢ -monooxygenase,  SRBI  scavenger receptor class B type I,  ApoB  apolipoprotein B,  CD36  
cluster determinant 36,  LPL  lipoprotein lipase,  SNP  single-nucleotide polymorphism  
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   Summary 

 Absorption and bioconversion to vitamin A of ingested  b -carotene contribute to the variable plasma 
response to ingested  b -carotene, leading to the de fi nition of the low responder and the low converter 
phenotypes. Factors such as gender, body fat, and low retina lutein concentrations may indicate which 
subjects are likely to be classi fi ed as a retinal responder after lutein supplementation. Carotenoid 
absorption at physiological concentrations is mediated by SR-BI, whereas 95% of provitamin A con-
version is achieved by the cytosolic BCMO1. Between 35 and 88% of absorbed  b -carotene is cleaved 
into all- trans  retinal, and between 3 and 55% of intact  b -carotene is bioaccessible from dietary sources. 
The discovery of GSTP1 as the macular zeaxanthin-binding protein and StARD3 as a lutein-binding 
protein in the macula of the primate retina is unraveling the biochemical regulation of speci fi c xan-

  Fig. 7.4    Diet-responsive regulatory network involving the intestine-speci fi c homeodomain transcription factor ISX. 
( a ) Vitamin A de fi ciency: ISX expression is reduced due to low retinoic acid (RA) and RAR concentrations. SRBI and 
BCMO1 expression are increased signi fi cantly in the small intestine. Enhanced SRBI activity facilitates the absorption 
of various lipids and carotenoids. ( b ) Vitamin A suf fi ciency: RA derived either from  b -carotene conversion or pre-
formed dietary retinoids promote the binding of RARs, therefore inducing ISX expression. Induction of ISX then leads 
to the repression of intestinal SR-BI and BCMO1 expression.  cR  Co-repressor,  cA  co-activator,  RARE  retinoic acid 
response element,  RAR  retinoic acid receptor,  RXR  retinoid X receptor,  ISX  intestine-speci fi c homeodomain transcrip-
tion factor,  SR-BI  intestinal scavenger receptor class B type 1,  BCMO1   b , b -carotene 15,15-monooxygenase 1. 
Reproduced with permission from  [  39  ]        
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thophyll uptake into the retina. Differential carotenoid distributions have been described for the mam-
mary cell and could imply a special need for certain carotenoids during early development. Recent 
data indicate that provitamin A carotenoids could reduce adiposity in animals with an active BCMO1 
enzyme, whereas a nonfunctional BCMO1 enzyme increases the risk of liver steatosis. 
A range of SNPs were detected with functional signi fi cance in carotenoid metabolism, thus providing 
a putative explanation for the poor responder phenotype in  b -carotene metabolism. Finally, a diet-
responsive regulatory network exists at the intestinal level which controls  b -carotene absorption and 
vitamin A production by a negative feedback mechanism involving retinoic acid and the intestinal 
homeobox ISX.      
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    Introduction 

 Carotenoid intake, absorption, transport, and storage in humans as well as other animals are in fl uenced 
by a wide range of host-related factors. These include, but are certainly not limited to, expression 
levels of metabolic enzymes such as carotenoid monooxygenase 1 and 2, serum lipoprotein homeo-
stasis, and fatty tissue prevalence. Such factors are impacted by environmental modulators including 
the type of diet consumed and individual genetics. Thus, the biological fate of carotenoids is complex 
and multifaceted. 

 The focus of this chapter is on the impact of gender and body composition on carotenoid biopro-
cessing. The discussion is initiated using some dramatic examples of gender-speci fi c utilization of 
carotenoids for coloration in some male birds and  fi sh. Much is known about the mechanisms that 
govern these processes, some of which may be informative when considering the potential gender 
differences in human carotenoid bioprocessing. In addition, gender-speci fi c carotenoid metabolism 
within these species has been useful in deciphering some of the physiological roles of carotenoids, 
notably their impact on the immune system. 

    Chapter 8   
 Host Factors: Gender and Body Composition       

      Joseph   Dever              

  Key Points 

    The intake and biological fate of carotenoids are in fl uenced by a complex array of environmental • 
and genetic factors.  
  This chapter focuses on the impact of gender and body composition on carotenoid bioprocessing.  • 
  Colorful bird and  fi sh species provide the most spectacular examples of gender-speci fi c patterns in • 
carotenoid metabolism and accumulation; such gender differences in humans are more subtle.  
  Women tend to consume more dietary carotenoids and have higher circulating carotenoid concen-• 
trations than men.  
  Some studies suggest that estrogen status may modulate carotenoid utilization in humans, but these • 
observations require further clari fi cation.  
  A higher body mass index has been correlated to lower serum carotenoid concentrations. This • 
effect is probably mediated by several mechanisms.    
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 Next, epidemiological studies in humans are examined that have provided some correlative 
evidence for gender-speci fi c patterns in carotenoid intake, circulating concentrations, tissue distribu-
tion, and utilization. While detailed mechanistic insights into their etiology are lacking, some differ-
ences may be due to the speci fi c biochemical effects of sex hormones as suggested by studies 
demonstrating a modulation of carotenoid levels in women during different phases of the menstrual 
cycle. Finally, the importance of body composition in shaping carotenoid metabolism and biodistribu-
tion patterns in humans is examined.  

   Carotenoids as Gender-Speci fi c Colorants in Birds and Fish 

 The prevalence of carotenoids in nature is nothing short of proli fi c. Their  fi rst biological use probably 
occurred early in evolution by primitive bacteria to stabilize cell membranes  [  1  ] . Upon the emergence 
of photosynthesis, carotenoids became further utilized as both light-harvesting and antioxidant pig-
ments. Within eukaryotes and multicellular animals, carotenoids serve as lipophilic antioxidants but 
are also a key component of the colorful pigmentation found in everything from sponges and crusta-
ceans to many vertebrates including  fi sh, amphibians, reptiles, and birds. Some of these species utilize 
dramatic, gender-speci fi c colorations as a central component of reproductive signaling. Because caro-
tenoids are an essential part of these pigments, distinct gender differences in carotenoid bioprocessing 
have evolved. For example, during mating season, avian males may sequester dietary carotenoids for 
sexual display whereas females and their offspring maintain less conspicuous coloration patterns, 
perhaps to avoid notice by potential predators (Fig.  8.1 ). Thus, birds serve as especially transparent 
examples of gender-speci fi c carotenoid metabolism in the animal kingdom.  

 The underlying mechanisms that govern gender-speci fi c patterns in carotenoid sequestration in 
birds and  fi sh have been extensively examined. The overarching theme that emerges is the crucial role 
of sex hormones, including testosterone and estradiol, in regulating carotenoid utilization by particu-
lar physiological systems and accumulation in speci fi c physiological compartments. In Arctic Char, a 
salmonid  fi sh species, sexual maturation coincides with selective accumulation of carotenoids in the 
skin and gonads  [  2  ] . Implants of 11-ketotestosterone in this species led to a reduction of astaxanthin 
and canthaxanthin concentrations in the plasma and  fi llets and increased levels of these carotenoids in 
liver and skin directly demonstrating the ability of this particular sex hormone to regulate carotenoid 
metabolism  [  3  ] . Similar processes are at work in avian species. Treatment of male and female dia-
mond doves with testosterone and dihydrotestosterone increased the hue and size of their characteris-
tic red eye ring which contains high levels of lutein esters  [  4  ] . Treatment with estradiol had no effect 
but did increase circulating lipoprotein levels. This suggested that carotenoid sequestration in the eye 
ring may be conferred by androgen-dependent upregulation of carotenoid-speci fi c cellular transport-
ers in the eye-ring tissue rather than increased overall circulation of carotenoids by lipoproteins. In 
male zebra  fi nches, testosterone levels were positively linked to increased beak coloration  [  5  ] ; how-
ever, in contrast to diamond doves, testosterone was also associated with lipoprotein upregulation 
concomitant with increased serum levels of carotenoids. Female zebra  fi nches also exhibited increased 
beak color upon testosterone administration but without upregulation of serum lipoproteins sugges-
tive of a mechanism of carotenoid sequestration more similar to diamond doves  [  6  ] . Collectively, 
these studies demonstrate that, while sex hormones play a major role in regulating gender-dependent 
carotenoid pigmentation, the exact interaction is species, gender, age, and tissue speci fi c. 

 Animals with distinct gender differences in carotenoid bioprocessing also serve to illustrate the 
role of carotenoids in certain physiological processes, notably the immune system. In general, higher 
testosterone levels correlate to decreased immune function; however, this trend appears to be some-
what abrogated in species that utilize carotenoids to develop colorful traits. In one study, nonbreeding 
male zebra  fi nches had higher circulating carotenoid levels than females and mounted a stronger 
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humoral immune response when challenged with phytohemagglutinin  [  7  ] . Both male and female 
 fi nches supplemented with dietary carotenoids showed an improved humoral immune response com-
pared with non-supplemented birds. Another study in carotenoid-supplemented nestling great tits 
( Parus major ) noted that the carotenoids commonly used for coloration in that species (lutein and 
zeaxanthin) were not as immunoenhancing as carotenoids not utilized for coloration ( b -carotene) sug-
gesting that individual carotenoids have speci fi c immunological effects  [  8  ] . Thus, while male birds 
with a higher degree of coloration may be more sexually attractive to prospective females, it remains 
unclear if increased coloration correlates to increased immunocompetence.  

   Carotenoid-Related Gender Differences in Humans 

 Gender clearly plays a dramatic role in carotenoid bioprocessing in many species of wildlife; how-
ever, the story is more subtle in humans. Whereas in our own species carotenoid-based coloration is 
not relevant, gender-related differences with regard to carotenoid intake and bioprocessing have been 
detected (Fig.  8.2 ).  

  Fig. 8.1    Gender differences 
in feather carotenoid 
accumulation in the American 
Gold fi nch lead to a much 
brighter yellow hue in males 
compared with females in the 
spring and summer months 
( top  photograph by Leslie 
Morrison, reprinted with 
permission). During winter, 
males and females are nearly 
indistinguishable from each 
other ( bottom  photograph by 
Robert Dever, reprinted with 
permission)       
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 Many epidemiological studies have been undertaken over the past 30 years to clarify the overall 
relationship between carotenoids and health and to develop a more thorough understanding of factors 
that impact carotenoid intake, circulation, and utilization in various subsets of the population. In 
cohorts including men and women, gender comparisons have been extrapolated. Such studies com-
prise the current understanding of carotenoid-related gender differences in humans; however, it is 
important to exercise some caution in interpreting such correlative data. First, total carotenoid intake 
is often measured using dietary questionnaires and thus can be prone to inaccuracies and/or assump-
tions even under the best study circumstances. Second, measurement of serum carotenoids which 
typically include  b -carotene,  a -carotene,  b -cryptoxanthin, lutein, zeaxanthin, and lycopene is notori-
ously dif fi cult due to methodological variation and carotenoid degradation during sample processing, 
even when state-of-the-art analytical technology is utilized. Third, the inherently high level of human 
genetic and environmental diversity can confound results or trends emerging from different carote-
noid-based studies. 

 Finally, while the observed correlations between carotenoids and gender are in some cases compel-
ling, information on the potential mechanisms driving them is generally quite limited. The reported 
modulation of carotenoid levels in women during different phases of the menstrual cycle does hint at 
a possible regulatory role for sex hormones  [  9,   10  ] . In addition, men and women naturally differ in 
their body composition. This, combined with observations that body mass index (BMI) and waist 
circumference impact carotenoid biodistribution patterns, makes it a potentially relevant factor when 
considering the underlying etiology of any carotenoid-based gender difference.  

  Fig. 8.2    Gender-speci fi c trends in human carotenoid intake and metabolism. On average, women consume more 
dietary carotenoids and have higher serum carotenoid concentrations than men. Some evidence suggests that estrogen 
status in women may affect carotenoid utilization and health bene fi ts. There is currently no evidence for the existence 
of gender differences in human carotenoid absorption and clearance       
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   Gender and Carotenoid Intake 

 One consistently reported carotenoid-related gender difference in humans has been that of intake. 
Multiple human studies suggest that women, on average, consume greater amounts of carotenoids 
than men. In one study examining the impact of various physiologic and lifestyle factors on serum 
carotenoid concentrations in a randomized cohort of Americans over the age of 43 years, men reported 
consuming 17% less  b -carotene, 18% less  a -carotene, 30% less  b -cryptoxanthin, and 25% less 
lutein + zeaxanthin compared with women through a National Cancer Institute Diet History 
Questionnaire  [  11  ] . Lycopene consumption was similar between men and women. A nearly identical 
gender trend in carotenoid consumption was detected in a cohort of older Americans (age 67–93 years) 
based on their answers to a Willett 126-item food frequency questionnaire  [  12  ] . In a cohort of nearly 
600 Dutch men and women (age 20–59 years), men reported consuming, on average, 10% less veg-
etables and 20% less fruit compared with women  [  13  ]  via a semiquantitative food frequency question-
naire, and this translated into a lower calculated intake of  b - and  a -carotene for the males. In addition 
to the diversity of dietary questionnaires utilized in studies, each relied on separate databases to esti-
mate the total carotenoid content of the diet. This particular gender trend thus has additional strength 
because of its detection using multiple methodologies. 

 In contrast to the aforementioned investigations, there have been some studies where gender differ-
ences in carotenoid intake were not apparent. While comparing the effectiveness of two types of food 
questionnaires, no difference in carotenoid intake could be detected between 162 healthy men and 
women recruited by the Arizona Cancer Center  [  14  ] . In a comprehensive study comprising over 
36,000 people from ten different European countries, men and women reported consuming similar 
amounts of  b -carotene; however, region-speci fi c analysis of the overall cohort did reveal differences 
in male and female  b -carotene intake in some areas  [  15  ] . 

 In summary, women may consume more dietary carotenoids than men, but variation exists within 
particular population subgroups due to the types of food available and the dietary customs in particu-
lar regions. Regiospeci fi c changes in overall food consumption patterns over time are likely to modu-
late this presumably dynamic carotenoid-related gender trend.  

   Gender and Carotenoid Serum Concentrations 

 Differences in the consumption of carotenoids by men and women also correlate with differences in 
their circulating carotenoid concentrations. In studies where carotenoid intake by men was signi fi cantly 
lower than that of women  [  11–  13  ] , circulating serum levels of the less-ingested carotenoids in men 
were also lower. Fitting with this trend, a recent large-scale investigation in >15,000 US adults 
(>20 years old) found that men comprised only 41% of individuals with serum  a -carotene concentra-
tions of 6–8  m g/dL and 35% of those with >9  m g/dL circulating  a -carotene  [  16  ] . Likewise, in a study 
where no gender differences in carotenoid intake were detected  [  14  ] , similar serum carotenoid con-
centrations in men and women were observed. These results imply that intake is an important predic-
tor of serum carotenoid concentrations. Furthermore, with few notable exceptions, the reported 
correlation coef fi cients between carotenoid intake and circulating concentrations in men and women 
have been similar. This suggests, albeit indirectly, that the overall absorption and clearance of carote-
noids do not signi fi cantly differ between the two genders. This assertion, however, is far from proven 
as, to date, virtually no mechanistic studies have been undertaken to directly investigate the role of 
gender on carotenoid bioavailability and clearance in humans. If such trends are to be detected, it will 
require targeted studies with high statistical power to overcome the wide variability inherent to caro-
tenoid metabolism.  
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   Gender- and Carotenoid-Related Health Bene fi ts 

 It is well known that increased intake of carotenoid-containing fruits and vegetables is associated 
with a lower risk of many age-related diseases. Much research has centered around  b -carotene; 
however, other major carotenoids, notably  a -carotene  [  16  ] , are now being investigated for their 
potential health bene fi ts (see Chap. 11). While such effects apply to both men and women, there is 
evidence that the health-imparting properties of carotenoids may be modulated via gender-speci fi c 
mechanisms. A study of over 2,000 individuals found that low dietary intake of lycopene was asso-
ciated with an increased risk of rectal cancer in women (odds ratio of 1.5–1.7), but not men (odds 
ratio of 0.9)  [  17  ] . Women participants were then further divided into estrogen-positive (premeno-
pausal) and estrogen-negative (postmenopausal with no hormone replacement therapy) groups. In 
the estrogen-negative cohort, lower  b -carotene and lycopene intake were associated with a two- and 
threefold higher risk, respectively, of rectal cancer compared with women in the estrogen-positive 
cohort. Consistent with these results, data collected from a representative sample of >2,500 US 
adults over the age of 65 years revealed a strong association between low total serum carotenoid 
concentrations and all-cause mortality in women, but not men  [  18  ] . These two studies suggest that 
increased carotenoid intake may be especially important in postmenopausal women for disease 
prevention. They also imply a potentially important, but presently unclari fi ed, mechanistic role for 
estrogen in the regulation of carotenoid bioactivity.  

   Carotenoids and the Menstrual Cycle 

 Further evidence that estrogen and other sex hormones modulate carotenoid bioprocessing comes 
from observations that circulating carotenoid concentrations  fl uctuate during different phases of the 
menstrual cycle. In a carefully designed and well-controlled study  [  9  ] , serum carotenoid concentra-
tions were measured at menses, early and late follicular, and midluteal phases in 12 women placed on 
a carotenoid-controlled diet for two complete menstrual cycles. Individual carotenoids were found to 
vary in distinct patterns throughout the cycle, but all were at their lowest concentrations during the 
menses phase.  b -Carotene concentrations increased 10% and peaked during the late-follicular phase, 
while  a -carotene did not  fl uctuate. Lutein/zeaxanthin, anhydrolutein, and lycopene increased 10%, 
30%, and 12%, respectively, and peaked during the luteal phase. Serum retinol concentrations were 
also increased during the luteal phase. In a separate analysis  [  10  ] , carotenoid concentrations within 
each of the major lipoprotein fractions were measured during menstrual phases. All carotenoids were 
found to primarily reside within the LDL fraction. From the early to late-follicular phase,  a - and 
 b -carotene concentrations increased approximately 10% in the LDL fraction, yet were not lower in 
any other fraction. From the late-follicular to the luteal phase, carotenoid concentrations decreased in 
the LDL fraction and increased slightly in the VLDL ± IDL fraction. Some  fl uctuation of carotenoid 
concentrations was also detected in the HDL 

2
  fraction. 

 Collectively, these data suggest that carotenoid transport and distribution are affected or even regu-
lated by the natural  fl uctuations in estradiol, luteinizing hormone, and progesterone associated with 
the menstrual cycle; however, the physiological rami fi cations of these changes remain unclear. 
Carotenoids are known to be absorbed into the reproductive tissue including the ovaries in cats  [  19  ]  
and dogs  [  20  ]  and may have some biological role, perhaps as a source of vitamin A, during particular 
phases of the female reproductive cycle. Further studies will be necessary to verify and decipher the 
implications of these trends.  
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   Carotenoids and Body Composition 

 The body composition of an individual, speci fi cally the amount and distribution of adipose tissue, 
plays a critical role in the distribution and possibly metabolism of carotenoids. Whereas the underly-
ing mechanisms driving gender-related carotenoid trends are mostly unknown, some biochemical and 
physiological details have been identi fi ed that may at least partially explain the effects of body com-
position on carotenoid biological concentrations. It is worth noting that, due to the natural differences 
of the body compositions of men and women, the impacts of gender and body composition on caro-
tenoid bioprocessing are intrinsically linked.  

   Body Composition and Carotenoid Concentrations 

 The most notable and well-documented physiological effect of body composition with regard to caro-
tenoids centers on their physiological concentrations. Multiple observations suggest a strong, inverse 
relationship between adiposity and carotenoid concentrations in both serum and the adipose tissue 
itself. In a population-based sample of 400 individuals, increased BMI was associated with a decrease 
in serum  a -carotene,  b -carotene, and  b -cryptoxanthin  [  11  ] . In a European cohort of over 1,000 mid-
dle-aged and elderly participants, a 5 kg/m 2  increase in BMI and a 10 cm increase in waist circumfer-
ence were predictive of a 15–30% decrease in adipose tissue carotenoid concentrations  [  21  ] . In a 
small cohort of healthy men and women, higher BMI, percent body fat, and fat mass correlated to 
lower plasma carotenoid concentrations in women aged 60–80 years  [  22  ] . BMI, percent body fat, 
waist circumference, and waist-to-hip ratio were correlated to lower serum  b -carotene concentrations 
in 276 women, but the association was less apparent in men  [  23  ] . In a multiracial cohort, serum caro-
tenoids were 22% lower in individuals with a BMI >30 kg/m 2  compared to those with a BMI <22 
 [  24  ] . Two investigations correlated obesity to lower serum concentrations of all carotenoids, except 
lycopene in children and adolescents  [  25,   26  ] . 

 The consistency of these associations among population cohorts that span both age and ethnicity 
adds to their strength. Lower carotenoid concentrations in obese individuals may be a contributing 
factor to increased risk for cardiovascular disease and cancer. Individuals with the lowest serum con-
centrations of  a -carotene, the increased presence of which is linked to a lower risk of death, also have 
the highest BMI  [  16  ] . Decreased  b -carotene concentrations in adipose tissue were also correlated to 
an increased risk of myocardial infarction in a Costa Rican cohort  [  27  ] .  

   Potential Mechanisms 

 Multiple factors likely contribute to the lower carotenoid concentrations present in individuals with 
more body fat (Fig.  8.3 ). First, it is possible that obese individuals simply ingest less carotenoids per 
kg body weight. Two studies in particular found that individuals with a high BMI did not report con-
suming more carotenoids than individuals with a low BMI  [  11,   24  ] . Thus, in obese individuals, the 
physiological carotenoid pool may simply be more dilute.  

 A second explanation for the lower carotenoid concentrations in humans with a higher BMI may 
relate to the increased overall levels of oxidative stress that are associated with obesity, which, in turn, 
could result in carotenoid oxidation and depletion  [  28  ] . Higher serum carotenoid concentrations have 
been associated with lower levels of the oxidative stress markers 8-hydroxy-2 ¢ -deoxyguanosine  [  29  ]  
and malondialdehyde-thiobarbituric acid  [  30  ] , but the biological signi fi cance of carotenoid depletion 
by excessive free radicals in obese individuals is not clear. 
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 Finally, adipocytes not only readily absorb but also utilize and metabolize carotenoids. More body 
fat may thus lead to increased partitioning of carotenoids out of serum and into adipocytes concomi-
tant with a higher rate of carotenoid clearance. Carotenoid metabolism in adipocytes is at least par-
tially accomplished via the carotenoid monooxygenases. For example,  b -carotene metabolism results 
in formation of two molecules of retinal by carotenoid monooxygenase 1, which can be converted to 
retinoic acid  [  31  ] , or multiple asymmetric  b -apocarotenals by carotenoid monooxygenase 2, some of 
which have been shown to regulate adipogenesis  [  32  ] . Other major carotenoids, including  a -carotene 
and  b -cryptoxanthin, are likely to produce additional novel metabolites that may have unique biologi-
cal activities. The characterization of such metabolites and their effects in adipose tissue is an active 
area of research.  

   Conclusions 

 The biological fate of ingested carotenoids is in fl uenced by a wide range of variables, both environ-
mental and genetic. The most dramatic examples of gender-speci fi c carotenoid utilization occur in 
bird and  fi sh species where carotenoid-based coloration patterns serve as sexual attractants. Sex hor-
mones are primarily responsible for regulating these gender-speci fi c effects. 

 In humans, increased dietary consumption of carotenoids by women compared with men has been 
documented. This phenomenon is more pronounced in some regions than others. Gender differences 
in carotenoid intake are likely the major cause of the higher serum carotenoid concentrations typically 
detected in women. The apparent health bene fi ts of carotenoids may be manifested through mecha-
nisms affected by gender-speci fi c hormones. 

 Finally, high BMI and overall adiposity correlate strongly with low carotenoid concentrations in 
the serum and adipose tissue. This may be due to the overall dilution of the physiological carotenoid 
pool in obese individuals, increased clearance of carotenoids via free radical oxidation, or increased 
absorption and metabolism of carotenoids within adipocytes, but other mechanisms are likely 
involved. Future studies may clarify these processes and determine their biological signi fi cance.      
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    Introduction 

 Carotenoids are complex plant-derived compounds known to have important roles in human health, 
as reviewed elsewhere in this book. Carotenoids are best known for their function as antioxidants, 
while some also act as precursors for vitamin A (e.g.,  b -carotene,  a -carotene,  b -cryptoxanthin). Other 
roles for carotenoids are less well-delineated, but include immune-enhancing activity and effects on 
reproductive capacity. These alternative roles may be associated with antioxidant function, provita-
min A activity, or both, or may work independently of these. 

 Reproduction is a process that places enhanced nutritional demands on the maternal body. It is 
also a state in which oxidative stress may be exacerbated and immune function compromised as the 
body adapts to a role in sharing nutritional resources with the growing offspring, stresses of enhanced 
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     Key Points 

    Carotenoids derived entirely from the mother are important sources of provitamin A for the fetus • 
and the young infant, making adequate carotenoid intake in pregnancy and lactation critical.  
  Carotenoids may also be important for maternal health and birth outcomes, but research in humans • 
is limited, especially beyond  b -carotene.  
  Carotenoids in breast milk can confer numerous health bene fi ts beyond providing a good source of • 
vitamin A to replete infant stores.  
  Evidence that carotenoids via diet, supplementation, or other means can impact birth size, fetal • 
health, and maternal or infant survival is limited.  
  Research which examines the function of carotenoids beyond that of provitamin A in pregnancy • 
and lactation is urgently needed.  
  At present, promoting intake of diets rich in carotenoids during pregnancy and lactation can pro-• 
ceed in parallel while research on elucidating the functional importance of carotenoids during 
these life stages is pursued.    
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oxygenation of tissues, and tolerating the development of a fetus with distinct antigenic characteristics 
from the mother. Dietary carotenoids may play a role in protecting mother and offspring during 
reproductive stress, although much remains to be learned about the role of carotenoids during this 
important stage of life. This chapter reviews what is currently known about the role of carotenoids 
in maternal and offspring health during pregnancy and lactation.  

   Overview of Metabolism 

 The details of carotenoid metabolism are described elsewhere in this text, but by way of review, infor-
mation relevant to pregnancy and lactation is provided. The bioavailability of dietary carotenoids is 
dependent on factors ranging from the food matrix in which they are found, to other dietary factors 
such as fat content that enhance absorption through micellar formation, to vitamin A status, such that 
conversion of provitamin A carotenoids like  b -carotene to retinol in the enterocyte is enhanced when 
vitamin A de fi ciency is present  [  1  ] . Carotenoids that are absorbed can also be circulated in lipoprotein 
fractions, stored in tissues such as liver or adipose, and ultimately converted to retinol/retinal in tis-
sues such as the liver  [  2  ] ; although in humans, the majority (60–70%) of carotenoid bioconversion to 
retinol occurs in the enterocyte  [  3  ] . 

 During pregnancy and lactation, additional pathways for the transfer or utilization of carotenoids 
or the retinol that they produce include placenta and breast milk in order to promote preferential trans-
fer of these nutrients to the fetus and the newborn. Additionally, there may be implications for carote-
noid intake that strictly bene fi t the mother over the course of reproduction. The subsequent sections 
explore the potential roles of carotenoids in pregnancy and lactation, respectively, before summariz-
ing the results of population-based trials of carotenoid supplementation during those life stages.  

   Pregnancy 

 Vitamin A, especially its retinoic acid metabolite, has long been known for its critical function during 
gestation in facilitating proper morphogenesis and organogenesis during the embryonic period. The 
embryo and subsequently the fetus rely on adequate transfer of retinol from the mother via the placenta. 
Simple diffusion is known to transfer retinol from the maternal to the fetal compartment, but transfer is 
also enhanced by retinyl esters being incorporated into maternal chylomicrons  [  4  ] . Retinol-binding 
protein (RBP) receptors have been identi fi ed for intracellular transfer of retinol from its complex with 
RBP  [  5  ] . A speci fi c membrane receptor STRA6 which binds to RBP with high af fi nity to transfer vita-
min A from its complex into the cell has been observed to be expressed in the placenta  [  6  ] . 

 Maternal serum  b -carotene correlates with placental retinol, speci fi cally among women with low 
serum retinol concentrations (i.e., <15  m g/dL) suggesting that  b -carotene may be converted to retinol 
in the placenta, and that this conversion is in fl uenced by maternal vitamin A status  [  7  ] . The cleavage 
enzyme,  b -carotene 15, 15 ¢  monooxygenase, on the fetal side of the amniotic placental membrane can 
convert carotenoids to retinol. Placental concentrations of carotenoids are not associated with mater-
nal vitamin A status whereas both placental retinol and carotenoids are associated with neonatal retinol 
concentrations in cord blood  [  8  ] . This suggests that preferential transfer of carotenoids to the placenta 
may occur, although low maternal carotenoid status may still in fl uence neonatal status at birth. 

 Maternal dietary intake of carotenoid-rich foods and  b -carotene supplements are correlated with 
plasma levels of  b -carotene in early pregnancy, at delivery, and in cord blood indicating that maternal 
diet directly in fl uences the transfer of  b -carotene via the placenta to the fetus and the newborn  [  9  ] . 



1559 Carotenoid Metabolism and Health in Pregnancy and Lactation

At delivery, maternal plasma concentration of  b -carotene was higher than in the cord blood suggesting 
that the transfer is well-controlled when maternal intake is high. In this study, maternal  b -carotene 
supplement use was high  [  9  ] . In an observational study in Brazil, concentrations of  b -carotene were 
also found to be higher in maternal vs. cord blood, both of which were compromised by tobacco use 
in the women re fl ecting an oxidative impact  [  10  ] . In rural Nepal, circulating concentrations of carote-
noids assessed in pregnancy among women participating in a randomized controlled trial of vitamin A 
and  b -carotene supplementation were found to be low  [  11  ] . Among women who were in the  b -carotene 
arm, serum  b -carotene,  g -tocopherol,  b -cryptoxanthin, and lutein + zeazanthin concentrations were 
signi fi cantly higher post supplementation in pregnancy and at 3 months postpartum relative to women 
who received a placebo suggesting a sparing of carotenoids due to supplementation. 

   Carotenoids and Vitamin A Status During Pregnancy 

 Serum retinol concentration changes in pregnancy vary between well- and undernourished populations. 
Generally, hemodilution causes declines in concentration during gestation, although this may not 
represent de fi ciency. The vitamin A requirement of pregnancy is increased slightly over nonpregnant/
non-lactating women from 700 to 770  m g/d  [  12  ]  and largely con fi ned to the third trimester. In contrast, 
the requirement is increased to 1,300  m g/d for lactating women. At birth, livers of normal infants 
generally contain low concentrations of vitamin A, although stores accumulate rapidly over the course 
of the third trimester. In this respect, birth weight can in fl uence fetal stores and lactation is considered 
the period for enhancement of infant stores starting with a bolus of carotenoids that a newborn receives 
at birth via colostrum to boost their low liver stores. 

 While the small increase in requirement during pregnancy may be of little consequence for healthy 
populations, for de fi cient populations subsisting on chronically poor diets this is not the case. 
Populations “habitually” consuming basal amounts or less of vitamin A are likely to have very poor 
reserves and, with no improvement in the diets during pregnancy, probably fail to meet the additional 
vitamin A requirements of pregnancy. Thus, maternal night blindness is common in many de fi cient 
populations. Based on low serum retinol concentrations (<0.7  m mol/L), the World Health Organization 
has estimated that 19 million (15.3%) pregnant women in the world’s poorest countries are vitamin A 
de fi cient. Moreover, according to Demographic Health Surveys, about 10 million (7.8%) pregnant 
women are night-blind  [  13  ] . Night blindness is a condition generally manifested in later gestation 
caused by vitamin A de fi ciency and is associated with an increased risk of anemia, wasting, and 
increased morbidity  [  14  ]  and mortality  [  15  ] . 

 Little is known about changes in provitamin A carotenoids during pregnancy. Plasma carotenoids, in 
contrast to vitamin A, are reported to increase in the third trimester even after adjusting for hematocrit, 
similar to the increase seen with vitamin E. In many populations,  b -carotene serves as an important 
provitamin A source despite its lower bioavailability and bioef fi cacy  [  16  ] . In Nepal, for instance, dark 
green leafy vegetable and mango consumption in the previous week using a food frequency recall was 
strongly associated with a lowered odds of night blindness during pregnancy in a matched case–
control study  [  14  ] . However, in the larger randomized controlled trial in which this study was under-
taken, maternal weekly  b -carotene supplementation, unlike vitamin A, failed to signi fi cantly reduce 
the risk of night blindness during pregnancy (RR = 0.83, 95% CI: 0.63–1.11)  [  17  ] . This was not sur-
prising as in the same trial vitamin A supplementation reduced the prevalence of low serum retinol 
(<0.7  m mol/L) among pregnant women from 19% in the placebo group to 3%, but  b -carotene had only 
a small impact (14%) (both  p  < 0.05)  [  18  ] . Maternal weekly  b -carotene supplementation, which was 
continued during lactation, signi fi cantly reduced vitamin A de fi ciency in infants at 3 months of age by 
20%, but this reduction was lower than that achieved with weekly vitamin A (36%)  [  19  ] . The weekly 
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dose was 7,000  m g preformed vitamin A (as retinyl palmitate) or 42 mg  b -carotene, suggesting that 
bioconversion of  b -carotene to retinol was inef fi cient despite being in a supplement form. In the same 
trial, on the other hand,  b -carotene supplementation reduced low serum  b -carotene concentration 
(<0.09  m mol/L) from 43% to 27%  [  18  ] . 

 In a recent randomized controlled trial in rural northern Bangladesh with a similar design and dos-
age,  b -carotene supplementation modestly reduced the prevalence of low serum retinol (<0.7  m mol/L) 
in the third trimester of pregnancy from 14.2% to 10.6% compared to the placebo, whereas preformed 
vitamin A supplementation virtually eliminated its prevalence (1.2%)  [  20  ] . However, unlike in Nepal, 
the difference in the prevalence of low serum  b -carotene (<0.09  m mol/L) between the  b -carotene and 
placebo groups was modest, albeit signi fi cant (52.4% vs. 45.9%)  [  20  ] .  

   Bene fi ts of Carotenoids in Pregnancy 

 Limited bene fi ts of carotenoid intake have been observed on reproductive health and pregnancy out-
come. Outcomes such as birth weight and hypertensive disorders have been examined in some stud-
ies, but not systematically. Data on birth weight largely from observational studies have shown mixed 
results. In a study among 504 women recruited from a clinic in New Zealand, birth weight was lower 
among those consuming higher levels of  b -carotene in their diet after adjusting for other factors  [  21  ] . 
Similarly, in another study, high serum retinol concentrations in late pregnancy were signi fi cantly 
associated with lower birth and placental weights  [  22  ] . 

 Several studies have examined maternal carotenoid status during pregnancy and the risk of preec-
lampsia and hypertension and found equivocal results. In one study, maternal serum carotenoids, 
including  a - and  b -carotene, lycopene, and lutein, were assessed three times during pregnancy among 
diabetic women with and without preeclampsia  [  23  ] . In those with preeclampsia,  a - and  b -carotene 
were signi fi cantly lower during the third trimester and prior to the onset of preeclampsia; although 
after adjustment, only the  b -carotene difference was statistically signi fi cant  [  23  ] . In a small observa-
tional study in the USA, levels of placental  b -carotene, lycopene, and canthaxanthin and maternal 
serum concentrations of  b -carotene and lycopene were signi fi cantly lower among preeclamptic vs. 
normal women whereas cord blood levels of these carotenoids were not different between the two 
groups  [  24  ] . Two double-blind, placebo-controlled randomized trials of lycopene supplementation, 
both conducted in small samples of women recruited from clinics in New Delhi, found contradictory 
results. One ( n  = 159) used daily lycopene at 2 mg and found no difference in the risk of preeclampsia 
(~18% in both groups) but showed unexpectedly higher rates of preterm labor and low birth weight in 
the lycopene vs. placebo group  [  25  ] . In direct contrast to this trial, the second randomized control trial 
of lycopene supplementation (2 mg twice a day) among primigravidae ( n  = 251) signi fi cantly reduced 
the risk of developing preeclampsia (8.6% vs. 17.7%,  p  = 0.043) and intrauterine growth restriction 
   (12% vs. 23.7%,  p  = 0.033)  [  26  ] . 

 Outcomes in the infants in relation to maternal carotenoid status or intake during pregnancy have 
also been examined. For example, maternal intake of green and yellow vegetables and  b -carotene 
supplement use in pregnancy were linked to a lower risk of eczema in the offspring (odds ratio, ORs, 
of 0.41, 95% CI: 0.24–0.71 and ORs of 0.52, 95% CI: 0.30–0.89, respectively in the highest vs. lowest 
intake group), but not wheeze  [  27  ] . Smoking may in fl uence oxidative risk in women during preg-
nancy and has also been linked with increased risk of wheeze and other allergic conditions in the 
offspring. Among smoking mothers, plasma as well as breast milk levels of  b -carotene were lower 
compared to those not exposed to smoking perhaps as a result of  b -carotene being utilized as an anti-
oxidant  [  28  ] . Several cohort studies in Europe have failed to  fi nd a link between fruit and vegetable 
and carotenoid intake during pregnancy and the risk of eczema or wheeze in the offspring  [  29–  31  ] .   



1579 Carotenoid Metabolism and Health in Pregnancy and Lactation

   Lactation 

   Maternal Plasma and Milk Carotenoid Content 

 Milk carotenoid content varies by time of lactation as well as dietary carotenoid status. Over 30 
carotenoids, including isomers and metabolic products, have been identi fi ed in human milk  [  32  ] , 
although 6 (i.e.,  a - and  b -carotene,  b -cryptoxanthin, lutein, zeaxanthin, and lycopene) are most com-
monly assessed and reported. In humans and experimental animals, carotenoids are highest in colostrum 
(i.e., during the  fi rst week of lactation) and total breast milk carotenoid content declines as much as 
 fi vefold as lactation progresses  [  33  ] , even as total lipid content of breast milk increases  [  34  ] . Evidence 
also suggests that colostrum carotenoid content may be in fl uenced by parity, with higher concentra-
tions typical among multiparous mothers  [  35  ] . To support the transfer of carotenoids into colostrum, 
maternal plasma carotenoids may decline in late pregnancy and early lactation, suggesting a speci fi c 
active mechanism for provision of carotenoids to the mammary gland in early lactation  [  36  ] . 

 The carotenoid pro fi le of milk, and its relationship to circulating carotenoids, also changes over the 
course of lactation. In general, milk carotenoids occur at concentrations 1/3rd to 1/20th that of plasma 
 [  32,   36  ] . Milk concentrations of less polar carotenoids like  a - and  b -carotene,  b -cryptoxanthin, and 
lycopene are lower relative to maternal plasma than those of polar carotenoids such as lutein and 
zeaxanthin  [  36,   37  ] . Lutein and zeaxanthin concentrations tend to persist over the course of lactation 
while other carotenoid concentrations decline  [  36–  38  ] . The mechanism by which carotenoids are 
transferred into milk is not well-known, although the lower concentrations in milk compared to 
plasma suggest a mechanism more akin to that of the tocopherols than retinol  [  2,   39  ] . The majority of 
retinol is transferred into breast milk via circulating RBP to maintain breast milk concentrations 
 similar to those of plasma, with an additional variable contribution from chylomicrons in response to 
dietary vitamin A. Tocopherols and, likely carotenoids, are transferred into milk via the action of 
lipoprotein lipase on chylomicron and lipid fractions in the mammary gland, releasing some amount 
into the milk. Lutein and zeaxanthin are associated with both HDL and VLDL/LDL lipid fractions, 
while less polar carotenoids like  a - and  b -carotene are primarily associated with the VLDL/LDL frac-
tions. Preferential uptake of HDL at the mammary tissue may be one explanation for the relatively 
increased breast milk lutein and zeaxanthin concentrations  [  36  ] . 

 The responsiveness of plasma and milk carotenoids to doses of  b -carotene has been shown in a 
series of studies. A single 60 mg  b -carotene dose given to well-nourished lactating women resulted in 
a rapid (24 h) threefold (~1.2  m mol/L) increase in plasma  b -carotene, declining to near-baseline values 
by 1 week, while milk  b -carotene showed a more delayed (by 2 days) ~threefold (~1.2 nmol/g lipid) 
increase. A 210 mg dose did not produce a greater effect on either plasma or breast milk  b -carotene, 
however, suggesting absorptive inef fi ciency above a threshold of intake  [  40  ] . Daily 30 mg doses of 
 b -carotene showed no effect on milk  b -carotene in women consuming carotenoid-rich diets in early 
lactation  [  38  ] , but showed a sustained sixfold increase with a month of supplementation during mature 
lactation in well-nourished women  [  41  ]  and a sevenfold increase after just 3 days of supplementation 
among women with low circulating carotenoids  [  42  ] . Doses used in these initial studies were consid-
erably higher than usual dietary intakes  [  40  ] , but results demonstrated the responsiveness of plasma 
and milk to carotenoid intake, particularly during mature lactation and with the greatest impact in 
women with low habitual intake. 

 Given the link between carotenoid ingestion and plasma and milk carotenoids, it is not surprising 
that around the world carotenoid content of plasma and breast milk varies, re fl ecting regional and 
even seasonal dietary practices. Studies have shown direct correlations between dietary intake of 
lutein  [  43  ]  and lycopene  [  44  ]  and breast milk concentrations. Plasma and breast milk carotenoids are 
also highly correlated, as shown in a variety of studies and settings  [  36,   45  ] . Plasma carotenoid con-
centrations in lactating women vary dramatically by season, despite relatively stable circulating retinol 
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concentrations, in accordance with the availability of locally produced carotenoid-containing foods 
 [  46  ] . Despite variation in milk carotenoids, a study that compared carotenoid type and content from 
breast milk samples collected at sites around the world showed that ~60% of human milk carotenoids 
were provitamin A sources  [  47  ] , suggesting the potential of breast milk carotenoids to support vita-
min A status of infants.  

   Carotenoids and Vitamin A Status During Lactation 

 Because provitamin A carotenoids are the most abundant and inexpensive food sources available to 
support vitamin A status among women in underdeveloped countries, considerable work has gone 
into examining the potential for interventions of carotenoid-rich foods or supplements to improve 
vitamin A status of nursing women, and, potentially, their infants. The burden of lactation to the 
mother’s vitamin A status is substantial, in that an estimated 60 times the amount of vitamin A trans-
ferred to the fetus during pregnancy is transferred via breast milk in the  fi rst 6 months of lactation 
 [  48  ] . Where maternal vitamin A status is poor, breast milk retinol concentrations are lower, and infants 
of women who are unable to sustain breast milk concentrations of at least 1  m mol/L will be unable to 
accumulate adequate vitamin A stores during infancy  [  48  ] . Despite an observed association of mater-
nal carotenoid intake with vitamin A status during lactation  [  49  ] , women who rely predominantly on 
provitamin A carotenoids to maintain vitamin A status may be at higher risk for vitamin A de fi ciency 
 [  50  ] . To determine the impact of carotenoid-rich food and supplement sources on vitamin A status 
during lactation, intervention studies have been conducted examining the effects of red palm oil as a 
natural source of  a - and  b -carotene; enhanced intakes of  b -carotene and other provitamin-rich food 
sources to improve maternal vitamin A status, enhance breast milk retinol content, and improve infant 
vitamin A status; or supplementation with puri fi ed  b -carotene as a potentially safer alternative to a 
bolus dose of retinyl esters to improve vitamin A status among postpartum women. 

 Two small studies of red palm oil provided during lactation demonstrated the ability that a carote-
noid source has to increase maternal circulating and breast milk  a - and  b -carotene among women in 
Tanzania and Honduras  [  51,   52  ] . The impact on vitamin A status was less clear, with breast milk 
retinol concentrations preserved among women provided either red palm oil (~3.5 mg/d total carote-
noids) or sun fl ower oil (0 mg/d carotenoids) for cooking for 6 months compared to women who did 
not receive cooking oil, in whom milk retinol concentrations declined  [  51  ] . The sun fl ower oil may 
have provided fat that enhanced the absorption of carotenoids from other sources, and the study also 
provided information on food preparation that may have made carotenoids from other food sources 
more bioavailable. The other study was 10 days long, and no change in maternal or infant retinol was 
observed after women received a total of 90 mg  b -carotene as red palm oil  [  52  ] . 

 Studies designed to determine the impact of enhancing the diet with carotenoid-rich food sources 
have not always demonstrated improved vitamin A status among lactating women. In Indonesian 
women, after a 12-week daily intervention of 3.5 mg  b -carotene as either dark green leafy vegetables 
or a forti fi ed wafer, only women receiving the wafer showed increases in serum and breast milk 
retinol  [  53  ] . Other studies have shown that provitamin A carotenoids (5–6 mg/d) in a fruit matrix were 
more ef fi cient at improving vitamin A status of lactating women than vegetable matrices, although 
puri fi ed  b -carotene or retinol elicited the greatest response to supplementation  [  54,   55  ] . In women in 
Thailand, no difference among intervention groups was observed in maternal serum retinol at the end 
of a 12-week dietary intervention comparing pure  b -carotene in juice (3.6 mg/d) with a low (<0.5 mg/d) 
or a high (4.7 mg/d) carotenoid diet, although the puri fi ed  b -carotene seemed to be protective of vitamin 
A stores compared to the vegetable diets, as assessed by the deuterated retinol dilution method  [  56  ] . 
These data all suggest that the form in which carotenoids are consumed is an important determinant 
of their ef fi cacy in improving or sustaining vitamin A status during lactation. 
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 Because of the implications for maintaining vitamin A status among lactating women for the good 
of mother and infant, a trial examining the supplementation of women from 1 to 3 weeks through 
9 months postpartum with daily doses of 7.8 mg puri fi ed  b -carotene in comparison with a single 
200,000 IU dose of retinyl palmitate or placebo was conducted in Bangladesh  [  57  ] . The 200,000 IU 
dose represented the recommendation that women be supplemented within 2 months postpartum to 
enhance vitamin A status during lactation while limiting the possibility that a subsequent pregnancy 
could be exposed to potential teratogenic effects of high doses of preformed vitamin A  [  58  ] . The 
 b -carotene supplementation had only a modest effect on maternal status, with an improved modi fi ed 
relative dose–response test at 6 months postpartum and retinol at 9 months postpartum compared to 
placebo. However, even the 200,000 IU dose only moderately improved maternal status by these 
measures, perhaps in part because overt vitamin A de fi ciency among the women was uncommon and 
retinol concentrations were typically in the homeostatically controlled range. The persistent  b -caro-
tene supplementation improved breast milk retinol compared to the placebo at the end of the study, 
and suggested a bene fi t to the infants as assessed by the modi fi ed relative dose–response test; even so, 
over half the infants were vitamin A de fi cient at the end of the trial by that measure. 

 Of note, the content of carotenoids provided to mothers in the interventions above, with the excep-
tion of the short-term red palm oil study, was in line with usual diets and recommendations for retinol 
equivalents, as opposed to the higher concentrations used in the dosing studies. Thus, while evidence 
supports the notion that carotenoids can improve or sustain vitamin A status of mothers during lacta-
tion, to date, studies suggest that carotenoids would have to be consumed in greater amounts for a 
considerable duration of time to adequately maintain the vitamin A status of mothers and infants in 
populations where vitamin A status is low or marginal.  

   Other Bene fi ts of Breast Milk Carotenoids 

 Although previous studies showed modest effects of enhanced carotenoid exposure to the mother on 
vitamin A status of their infants, breast milk compared to infant formulas offers infants exposure to a 
greater diversity of carotenoids. Beyond  b -carotene, carotenoids have not reliably been identi fi ed in a 
variety of infant formula preparations  [  33  ] , although lutein and zeaxanthin are in some  [  59  ] . These caro-
tenoids may be from adventitious sources, as they were not claimed as constituents of the formulas  [  59  ] . 
Serum lutein concentrations of infants were higher among infants consuming breast milk than those 
consuming lutein-forti fi ed formulas, with results suggesting that formulas would need to be forti fi ed 
with 4 times the content of lutein compared to human milk to achieve the same status in infants  [  60  ] . 

 The potential health implications of carotenoid exposure to mothers and infants during lactation 
remain virtually unexplored. Exposure to high concentrations of carotenoids via colostrum may help 
compensate for low placental transfer of fat-soluble components during pregnancy. This may estab-
lish stores, promote immune development, and help infants adjust to the oxidative stress of their new 
external environment  [  37  ] . 

 Lutein and zeaxanthin may have roles in protecting vision, which may have particular relevance for 
premature infants. These carotenoids are concentrated in the macula lutea and the retina, and may 
protect the retina from oxidative damage and exposure to short-wavelength light through a  fi ltering 
effect  [  61  ] . While most studies have concentrated on the role of lutein and zeaxanthin in prevention 
of macular degeneration in the elderly, the potential role of these carotenoids in promoting eye health 
and proper development in early life is gaining attention  [  59,   61  ] . 

 While provitamin A carotenoids and those without provitamin A activity impact immune function 
in a variety of experimental settings and animal models  [  62  ] , including lymphocyte proliferation and 
incident mammary infections in cattle  [  63  ] , no changes in lymphocyte mitogenic activity were found 
among either lactating or non-lactating women in a study of 30 mg/d  b -carotene supplementation  [  38  ] . 
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In a mouse model, supplemental  b -carotene increased the number of IgA antibody-secreting cells in 
mammary and gut tissue and in the stomach contents of the offspring, suggesting enhanced maternal-to-
offspring IgA transfer  [  64  ] . Conversely, a study in 7-day-old nursing mouse pups demonstrated no 
impact of milk lycopene enhanced through dietary supplementation on immunization response or 
neutrophil response to enteropathogen exposure  [  65  ] . Speci fi c roles for carotenoids in enhancing 
immune function of the lactating mother or infant thus remain to be elucidated; although, challenges 
of using animal models exist due to the differential utilization of carotenoids across species and the 
choice of biologically relevant doses  [  39,   65  ] . 

 Carotenoid exposure during lactation may exclusively bene fi t the mother. Carotenoid (e.g., lutein 
and  a -carotene) content is inversely related to epithelial cell content, a risk factor for breast cancer, in 
breast nipple aspirates  [  66  ] , and is also responsive to dietary intervention with enhanced fruit and 
vegetable intake  [  67  ] . Having experienced lactation is also protective against breast cancer, and there 
is speculation that the enhanced exposure of the breast tissue to carotenoids during lactation and 
beyond breast involution may be protective against later development of breast cancer  [  68  ] . More 
work in this area could support this intriguing hypothesis.   

   Randomized Controlled Trials of  b -Carotene Over a Reproductive Cycle 

 Two randomized controlled trials with a  b -carotene-only arm have been conducted among women 
over the course of a reproductive event. The  fi rst was conducted in the terai of Nepal, motivated by 
the  fi ndings of a ~25% reduction in childhood mortality with vitamin A supplementation, high rates 
of maternal night blindness during pregnancy  [  69  ] , and an interest in examining the comparability of 
 b -carotene with retinyl palmitate to improve status and outcomes  [  18  ] . This cluster-randomized pla-
cebo-controlled trial found signi fi cant 40% and 49% reductions in pregnancy-related mortality with 
weekly vitamin A and  b -carotene supplementation, respectively. The higher effect of the  b -carotene 
intervention on mortality despite the lower impacts on maternal serum retinol concentration and night 
blindness incidence has led to speculations regarding the potential antioxidant potential of  b -carotene 
beyond its provitamin activity  [  18  ] . In a strati fi ed analysis,  b -carotene supplementation, but not vita-
min A, bene fi tted the smokers (RR = 0.31, 95% CI: 0.11–0.89) who appeared to experience a higher risk 
of mortality than the nonsmokers (RR = 1.57, 95% CI: 0.80–3.08)  [  70  ] . This suggests that  b -carotene 
may have had some antioxidative effect. 

 In the same trial on a subsample,  b -carotene concentrations were assessed in serum and breast milk 
of the participating women and serum of their infants (Fig.  9.1 , West KP Jr, personal communication). 
These data reveal correlations between maternal serum and breast milk  b -carotene concentrations 
during pregnancy and postpartum and that  b -carotene concentrations differ by treatment group. 
However, breast milk  b -carotene and infant  b -carotene status is the most strongly correlated, with the 
correlation being highest in the  b -carotene group, whereas maternal serum concentration during mid-
pregnancy and infant status appeared to be uncorrelated irrespective of intervention group. This sug-
gests that infant  b -carotene status is largely in fl uenced by maternal transfer via breast milk.  

 Recently, a replicate trial conducted in northern rural Bangladesh which tested the same dosage of 
weekly vitamin A and  b -carotene supplementation during pregnancy found no impact of either inter-
vention on pregnancy-related mortality  [  20  ] . A generally better nutritional status, lower risk of mater-
nal mortality, less severe vitamin A de fi ciency re fl ected by higher serum retinol concentrations, lower 
risk of maternal night blindness, and other differences in diet and antenatal care in Bangladesh com-
pared with Nepal may explain the differences, suggesting that context is critical in properly interpret-
ing study  fi ndings and their implications. In these same trials, pregnancy and infant outcomes were 
examined. In Nepal, neither intervention, including  b -carotene, had an impact on early neonatal birth 
size including weight and length  [  71  ] . Additionally  b -carotene and vitamin A also did not impact fetal 
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loss, and early infant mortality in either Nepal  [  19  ]  or Bangladesh  [  20  ] . These studies are congruent 
with the  fi ndings of a randomized controlled trial from Indonesia in which  b -carotene supplementa-
tion during pregnancy in addition to iron-folic acid vs. iron-folic acid alone showed no effect on infant 
morbidity due to diarrhea or cough  [  72  ] . The trial in Nepal, on the other hand, examined treatment 
effects on self-reported morbidity in women during pregnancy and the postpartum period.  b -Carotene 
(in addition to vitamin A) supplementation reduced the postpartum prevalence of symptoms of diar-
rhea and night blindness as well as symptoms of high fever  [  73  ] . Recently, a longitudinal follow-up 
of offspring who participated in the maternal vitamin A and  b -carotene supplementation trial at 9–13 
years of age showed signi fi cant improvements in lung function with vitamin A but not with  b -carotene 
 [  74  ] , although neither supplement reduced the risk of childhood asthma  [  75  ] .  

   Conclusions 

 In conclusion, while observational studies appear to link dietary intake of carotenoids to improve-
ments in health outcomes, data from randomized controlled trials that have examined carotenoids 
beyond  b -carotene are limited. For the infant, breast milk is an important source of carotenoids, espe-
cially  b -carotene, for providing adequate amounts of vitamin A to support growth and immune func-
tion. However, adequate maternal intake of carotenoids during pregnancy, and more importantly 
during lactation, is essential to meet the requirements of the newborn and the young infant. In preg-
nancy, inadequate dietary intake of carotenoids, the major source of vitamin A in many regions of the 
world, and other preformed vitamin A foods can lead to night blindness during pregnancy that is 
associated with an increased risk of morbidity, mortality, and anemia. During lactation, although pref-
erential transfer of carotenoids in breast milk may occur to provide an adequate supply to the infant, 
maternal status is likely to in fl uence the supply and in undernourished populations, carotenoid and 
vitamin A de fi ciency in infants may exist. Carotenoids in breast milk may confer numerous bene fi ts 
both to the infant and the woman, but the understanding of this is limited at present.  

  Fig. 9.1    Correlations between maternal serum  b -carotene concentrations during pregnancy and the postpartum period, 
breast milk and infant serum  b -carotene at 3 months of age by maternal intervention groups in Nepal. * p  < 0.05, 
 b C =  b -carotene       
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   Future Directions 

 Carotenoids may have an important antioxidant function in pregnancy and lactation but this role has 
not been adequately elucidated. A majority of focus on their function during these two physiologic 
states relates to meeting the vitamin A requirement of the fetus via placental transfer and the young 
infant via breast milk. In addition, much of the research in this area has been limited to populations 
from industrialized countries where diets are suf fi cient in carotenoids and vitamin A supplementation 
and food forti fi cation are common. Future studies, preferably randomized controlled trials, are needed 
to examine the effects of food-based or supplementary intakes of carotenoids on reproductive health 
outcomes, especially the risk of preeclampsia, preterm, premature rupture of membranes, and other 
conditions of pregnancy. Future research is also needed to better elucidate the impact of carotenoids 
in pregnancy for enhancing fetal growth and gestational duration using adequately designed experi-
mental studies in human populations. In lactation, it is important to better understand functions of 
carotenoids, both with regard to their provitamin A activity and their antioxidant properties, in poten-
tially impacting infant health and immune function. Such research is likely to be most relevant in 
populations whose consumption of fruits and vegetables is inadequate and which harbor a high bur-
den of poor maternal and infant health outcomes. Presently, however, promotion of diets rich in caro-
tenoids during pregnancy and lactation can proceed in parallel alongside the research on elucidating 
the functional importance of carotenoids during these life stages.      
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    Introduction 

 Dietary carotenoids and retinoids are essential factors in human health and development. Speci fi cally, 
they function in a wide range of biological processes, including reproduction, embryonic development, 
growth, cellular differentiation, immunity, vision, and metabolic control  [  1,   2  ] . Adequate or inadequate 
exposure to these compounds modulates the interplay between heredity and environment from concep-
tion through postnatal life and may have long-term effects on child and adult health  [  3–  5  ] . De fi ciencies 
or low blood and tissue carotenoid levels are associated with the risk of human diseases, including 

    Chapter 10   
 Carotenoids in Early Life       
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  Key Points 

    This chapter summarizes the effects of carotenoids in reproduction and provides epidemiological • 
and experimental evidence on decreasing health risks during pregnancy and early postnatal life.  
  Retinoic acid, the active derivative of vitamin A, regulates reproduction and embryogenesis. Severe • 
vitamin A de fi ciency results in infertility impaired reproduction (mostly due to fetal resorption), 
and may cause congenital malformations.  
  A healthy diet that contains suf fi cient retinoids, carotenoids, and antioxidants protects semen qual-• 
ity and fertility. Low carotenoid status during the periconceptional period or early pregnancy in 
women is associated with preeclampsia.  
  Carotenoids are transferred to the fetus transplacentally and maternal and umbilical cord blood • 
carotenoids are correlated.  
  Fetal and early postnatal programming for adult disease risk sheds light on the importance of envi-• 
ronment and nutrition on long-term health including the importance of carotenoid and retinoid 
status during pregnancy and lactation.    
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reproductive health and fetal life, ranging from infertility to fetal structural defects and long-term 
diseases  [  3–  5  ] . 

 Carotenoids are primarily plant-derived polyisoprenoid lipophilic pigments. More than 600 natu-
rally occurring carotenoid compounds have been characterized  [  1  ] . Approximately 50–60 of these 
routinely are consumed in human diets, including lycopene,  a -carotene,  b -carotene,  b -cryptoxanthin, 
lutein, and zeaxanthin. Correspondingly, carotenoid concentrations are measurable in human plasma 
and tissues. A critical function for several dietary carotenoids is as precursors to vitamin A (retinol) 
formation, that is, as provitamin A carotenoids. Other physiological functions ascribed to speci fi c com-
pounds have been associated with their antioxidant properties in lipophilic environments, blue light 
 fi ltering properties in the retina, and novel effects on gene expression. In these and other instances, 
carotenoid cleavage products, e.g.,  apo -carotenoids, may account for biological actions. 

 Carotenoid metabolism is catalyzed by a family of carotenoid cleavage monooxygenases (CMOs). 
Oxidative cleavage of carotenoids results in a structurally diverse class of compounds known as 
retinoids and  apo -carotenoids. The major central cleavage pathway, catalyzed by  b -carotene 
15,15 ¢ -monooxygenase, or CMO1, generates retinoids from provitamin A carotenoids  [  6–  9  ]  such as 
 a -carotene,  b -carotene, and  b -cryptoxanthin. A second “excentric” pathway for carotenoid metabo-
lism is catalyzed by  b -carotene 9 ¢ ,10 ¢ -monooxygenase, or CMO2  [  10,   11  ] . Carotenoid metabolism 
and some intracellular pathways are summarized in Fig.  10.1 .  
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  Fig. 10.1    Metabolism and intracellular pathways of carotenoids and retinoids. Carotenoids are obtained from the diet 
and converted to retinoids or  apo -carotenoids through carotenoid mono-oxygenases, CMO1 or CMO2. Upon oxidative 
cleavage, all- trans  retinal can undergo catalytic reduction/oxidation to form either all- trans  retinol or all- trans  retinoic 
acid (ATRA). All- trans  retinol can also be obtained from the diet and transported in the blood as a complex with retinol-
binding protein (RBP) and transthyretin (TTR). In the liver, retinol is esteri fi ed to retinyl esters and stored in stellate 
cells. In other tissues, all- trans  retinol is converted to all- trans  retinal via retinol dehydrogenases (RDH) or short-chain 
dehydrogenase/reductase (SDR). All- trans  retinal is metabolized into ATRA in an irreversible reaction catalyzed by 
retinaldehyde dehydrogenases (RALDHs). ATRA or the 9- cis  RA isomer activates RAR-RXR heterodimers that 
speci fi cally bind retinoic acid response elements on DNA for regulation of gene expression. RA, produced in certain 
cell types, can be released from cells for paracrine and/or autocrine action. RA is further catabolized into 4-oxo- or 
hydroxyl-RA by the enzymes CYP26 for degradation       

 



16910 Carotenoids in Early Life

 In this review of carotenoids in early life, we discuss the effects of carotenoids in reproduction and 
summarize epidemiological and experimental evidence on potential carotenoid effects in decreasing 
health risks in pregnancy and early postnatal life.  

   Nutrition in Reproductive Health 

 A coordinated series of genetic, epigenetic, and cellular processes directs mammalian germ cell dif-
ferentiation, gametogenesis, ovulation, fertilization, preimplantation, embryo development, implanta-
tion, placentation, and parturition. Various stages require the presence of vitamin A and lipid-soluble 
regulators of oxidative stress. In instances of maternal nutritional insult, timing impacts pregnancy 
outcomes and developmental programming of health risks in postnatal life. 

 Maternal nutritional stresses increase glucocorticoid transfer to the conceptus, worsen oxidant 
stress, and compromise growth. In a classical example of this principle, offspring of women who were 
exposed to the Dutch Winter Famine of 1944–1945 had different fetal outcomes depending on when 
starvation occurred in pregnancy. Food restriction in the  fi rst trimester of pregnancy was associated 
with an increased offspring prevalence of coronary heart disease, hyperlipidemia, and obesity decades 
later  [  12,   13  ] , whereas famine occurring during late gestation led to decreased glucose tolerance and 
diabetes mellitus in adult life  [  14  ] . Similarly, maternal energy and micronutrient abnormalities 
increased the risk for several pregnancy-related disorders (e.g., fetal loss, miscarriage, intrauterine 
growth restriction, preterm birth, and preeclampsia) and congenital anomalies, including congenital 
diaphragmatic hernia  [  15  ] . Furthermore, strong associations between low birth weight and increased 
risk of adult diseases, including cardiovascular disease, type 2 diabetes, central adiposity, abnormal 
lipid metabolism, and hypertension, are well-documented  [  16  ] . Poor postnatal growth in infancy is 
also a robust predictor of later adult disease  [  17  ] . 

 The  b -carotene metabolite, vitamin A, regulates reproduction and embryogenesis through its active 
derivative, retinoic acid (RA). Severe de fi ciency of vitamin A results in infertility or impaired repro-
duction, mostly due to fetal resorption, and causes congenital malformations  [  18  ] . 

   Fertility 

 Mammalian sex is determined genetically, but sex-speci fi c germ cell differentiation is triggered by 
cues provided in the gonadal microenvironment. During embryogenesis, presumptive ovarian germ 
cells enter meiosis, thereby committing to oogenesis. In contrast, germ cells in a testicular environ-
ment do not enter meiosis until puberty. A key to this sex-speci fi c timing of meiosis entry is the pres-
ence or absence of retinoic acid, a bioactive form of vitamin A  [  19  ] . Vitamin A is required for normal 
spermatogenesis  [  20  ] ; when male rodents are made vitamin A de fi cient, spermatogenesis ceases. 
Testes obtained from vitamin A-de fi cient male mice show only undifferentiated spermatogonia and 
Sertoli cells within the seminiferous epithelium  [  21–  25  ] , indicating that a lack of vitamin A can pre-
vent further spermatozoa differentiation from this stage. Testes of vitamin A-de fi cient rats, in contrast, 
display some preleptotene spermatocytes, suggesting that the severity of the vitamin A-de fi ciency 
block in spermatogonial differentiation may be species speci fi c. RA also induces spermatogonial dif-
ferentiation  in vitro   [  26  ] . These  fi ndings implicate the important role for provitamin A carotenoids, as 
herbivorous mammals obtain vitamin A from metabolism of these dietary carotenoids. 

 Based on experimental data, a healthy diet that contains suf fi cient retinoids, carotenoids, and anti-
oxidants protects semen quality and fertility  [  27  ] . As is the case for numerous carotenoid-associated 
effects in development, the fertility effects of certain carotenoids are not restricted to provitamin A 
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activity. A pilot randomized clinical supplementation trial to improve male infertility with astaxanthin, 
a principal carotenoid in  fi sh and shell fi sh, showed that this xanthophyll signi fi cantly decreased reactive 
oxygen species (ROS) and secretion of inhibin B by Sertoli cells, indicating potential positive effects 
on sperm parameters and fertility  [  28  ] . Astaxanthin also signi fi cantly improved testes weight, sperm 
count, and sperm head morphology, mitigating cyclophosphamide-induced germ cell chemotoxicity in 
mice  [  29  ] . It is uncertain whether these xanthophyll effects are entirely due to antioxidant action.  

   Pregnancy, Placenta, and Stress 

 Maternal nutrition impacts embryo implantation and placental development  [  30  ] . The placenta nour-
ishes the fetus throughout pregnancy and regulates fetal growth, metabolism, and redox status. The 
presence of measurable hepatic vitamin A stores in the newborn indicates that  b -carotene or vitamin 
A is placentally transported during pregnancy  [  31  ] . Human placenta expresses CMO1, CMO2, and 
other enzymes and mediators required for vitamin A metabolism  [  32–  34  ] ; placenta produces retinoids 
from maternally derived carotenoid precursors  [  35  ]  and newborn RA levels are associated with vari-
ants of genes in the retinol metabolism pathway  [  36  ] . A  b -carotene-rich diet during pregnancy 
improves the vitamin A status of women and their infants  [  37  ] . Weekly oral supplementation of 
 b -carotene reduced maternal mortality during pregnancy by 49 % in a large trial in Nepal  [  38  ] . 

 Placental dysfunction resulting from poor maternal nutrition can lead to intrauterine growth restric-
tion (IUGR) and programming of adult cardiovascular and metabolic disease  [  39  ] . Alterations in pla-
cental transport functions are associated with pregnancy disorders, including IUGR and preeclampsia 
 [  40  ] . Preeclampsia is a defect of placental trophoblast invasion into the uterine lining that results in 
maternal hypertension, kidney dysfunction, and poor uteroplacental perfusion. Maternal antioxidants 
including carotenoids lessen the  fi rst trimester placental damage that underlies preeclampsia  [  41  ] . Not 
surprisingly, risk factors for preeclampsia and atherosclerosis are similar and include oxidant stress-
inducible endothelial dysfunction. The pathogenesis of preeclampsia involves reduced placental per-
fusion leading to free radical generation and systemic oxidative damage. This pathway is supported by 
 fi ndings of oxidative stress in blood and tissues of preeclamptic women and elevated serum lipid per-
oxide levels; in preeclampsia, serum and placental carotenoid levels are decreased compared to sam-
ples from women having normal pregnancies  [  42,   43  ] . The reductions in maternal and placental 
antioxidant defenses in preeclampsia result, at least in part, from excessive depletion of antioxidants 
through the increased generation of oxygen free radicals  [  44,   45  ] . The abnormal establishment of the 
uteroplacental vascular bed in the  fi rst trimester leads to increased levels of placental lipid peroxida-
tion, partially via activated placental NADPH oxidase production of superoxide radicals  [  46  ] . 

 The importance of carotenoids during pregnancy is highlighted by associations with this major 
ischemic pregnancy complication. Several studies have assessed carotenoid status during the pericon-
ceptional period or early pregnancy in women who later developed preeclampsia  [  45,   47,   48  ] . For 
example, lower placental and maternal circulating  b -carotene, lycopene, and canthanxanthin were 
found in women with preeclampsia  [  42,   49  ] . In pregnant women who have type 1 diabetes, low serum 
 a - and  b -carotene were associated with subsequent development of preeclampsia  [  50  ] . Furthermore, 
lycopene may prevent preeclampsia as suggested by a prospective cohort study  [  49  ] . Oxidant stress 
and poor uteroplacental perfusion, possibly related to genetic factors, result in preeclampsia in some 
pregnancies, fetal growth restriction in others, or both conditions. Maternal retinol and lycopene lev-
els have been inversely associated with placental weight at birth  [  51,   52  ] . 

 In summary, the antioxidant functions of total carotenoid and several speci fi c (non-provitamin A) 
carotenoids in pregnancy have been best studied to date. Carotenoids lower oxidative stress by alter-
ing free radical production and by ROS scavenging. Moreover, these molecules modify the 
in fl ammatory response during placentation.  
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   Embryogenesis and Morphogenesis 

 Several  b -carotene metabolites and enzyme systems that regulate the metabolism of  b -carotene, 
 vitamin A, and non-provitamin A carotenoids have been demonstrated in embryos and developing 
tissues in several species  [  18,   53,   54  ] . RA is essential for development of tissues and organs including 
the hindbrain, spinal cord, heart, eye, skeleton, forelimb buds, lung, pancreas, and genitourinary tract 
 [  18,   55  ] .  b -Carotene or vitamin A derivatives (retinoids) are also essential for maintenance of differ-
entiation  [  18  ] . The molecular basis for the profound effects of vitamin A on development is largely 
mediated by the binding of retinoic acid to ligand-activated transcription factors and consequent alter-
ations in gene expression  [  56  ] . Not surprisingly, CMO1 activity maintains normal embryonic devel-
opment when maternal vitamin A supply is limited. Studies in vitamin A-de fi cient CMO1 null mice 
indicate that CMO1 is important in embryonic retinoid metabolism,  b -carotene serving as the alterna-
tive vitamin A source for  in situ  synthesis of retinoids in developing tissues  [  53  ] . The critical function 
of this pathway is highlighted by observations that the absence of CMO1 expression in developing 
tissues produces a more severe embryonic malformed phenotype when the mice are additionally null 
for retinol-binding protein (RBP)  [  53  ] . More recently, expression of retinaldehyde dehydrogenase 
(RALDH) mutations that completely eliminate RA synthesis in speci fi c tissues at early stages of 
development have made it possible to examine the mechanism of RA action in detail  [  55  ] . These stud-
ies show that RA provides instructive signals for posterior neuroectoderm (hindbrain, spinal cord) and 
posterior foregut endoderm (pancreas, lung) and a permissive signal for trunk mesoderm (somites, 
heart, forelimb). At later developmental stages, RA contributes to the development of the eye and 
other organs. Defects in the forelimb bud, lung, and pancreas appear to be defects in induction of these 
tissues, as the absence of RA inhibits organogenesis. In contrast, defects in hindbrain, spinal cord, 
heart, somites, and eye occur after organogenesis has been induced and result from defects in pattern-
ing or morphogenesis of these tissues  [  55  ] . Several embryonic neurological anomalies are prominent 
in vitamin A-de fi cient quail embryos  [  57  ] .   

   Carotenoids in Early Life 

 Carotenoids, in addition to retinoids  [  58  ] , are transferred to the fetus transplacentally  [  59  ] . Umbilical 
cord blood carotenoid levels obtained at birth re fl ect the fetoplacental circulation at that time, i.e., caro-
tenoids transferred or metabolized from the maternal circulation. Generally, maternal and umbilical 
cord blood carotenoids are correlated, albeit lower in the cord  [  59,   60  ] . Factors that decrease carote-
noid concentrations in nonpregnant adults, such as tobacco smoke, also lower maternal and cord caro-
tenoids, including  b -carotene  [  61  ] . Daily supplementation with zinc and  b -carotene during pregnancy 
improved plasma retinol concentrations in newborns and in breast milk in a trial in Indonesia  [  62  ] . 

 Vitamin A de fi ciency is associated with defective lung development and decreased immunity and 
vision after birth. This is because vitamin A metabolites serve as ligands for nuclear receptors (RARs 
and RXRs) that regulate expression of numerous genes. Clinical trial meta-analyses of vitamin A 
supplementation in neonates, infants 1–6 months, and children aged 6–59 months indicate a reduction 
of total and diarrhea-speci fi c mortality in children 6–59 months of age  [  63,   64  ] . 

   Carotenoids and Retinoids in Lung Development 

 Retinoids are critical for lung development and pulmonary alveolar formation  [  65  ] . Partially vitamin 
A-depleted rodent models, in which the fetuses survive longer and later gestational windows can be 
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examined, show that vitamin A is speci fi cally required during midgestation for fetal lung development 
and neonatal survival  [  66–  69  ] . All- trans  RA administration in rodents promotes septation and 
increases the number of pulmonary alveoli  [  70–  73  ] . Moreover, RA prevents the inhibition of septation 
caused by glucocorticoid exposure during alveolization  [  74  ] . Although the lung serves as a storage 
location for retinyl esters  [  75  ] , levels decrease at birth as retinoids are mobilized  [  67  ] . Lipid intersti-
tial cells of the alveolar wall store retinol and also synthesize and secrete RA, thereby suggesting an 
endogenous source of retinoids for alveolar formation  [  76  ] . These lung cells occupy a similar niche 
and function as the stellate cells in the liver, especially for storage and mobilization of lipids and 
lipophilic substances  [  77  ] . RA also promotes alveolar development via regulation of vascular endothe-
lial growth factor and its receptor-2  [  71,   78  ] . 

 Defects in pulmonary development associated with prenatal vitamin A de fi ciency in animals can 
be reversed with early postnatal vitamin A supplementation  [  79  ] . Premature infants are susceptible to 
acute, subacute, and chronic lung injury  [  80  ] , neonatal chronic lung disease, or bronchopulmonary 
dysplasia (BPD). Preterm newborns can be retinoid and carotenoid de fi cient because they have missed 
the bulk of maternal-fetal transfer that occurs during the third trimester. In the absence of an adequate 
intake of vitamin A or carotenoids in the postnatal period, these infants often become vitamin A 
de fi cient. Two randomized, blinded, placebo-controlled clinical trials  [  81,   82  ]  showed that vitamin 
A supplementation from early postnatal life in this population improves vitamin A status and decreases 
incidence of BPD with its associated morbidities. A recent preliminary report suggests that lutein 
supplementation in these high-risk newborns also may decrease BPD incidence (Manzoni, P. PAS 
2011; 3535.6A, abstract). The potential roles of various carotenoids in protection from lung injury or 
in lung healing have not yet been thoroughly investigated.  

   Carotenoids and Retinoids in Immune Development 

 Vitamin A de fi ciency affects ~250 million people worldwide and increases the likelihood of childhood 
mortality due to common respiratory and gastrointestinal infection  [  83  ] . Increased disease susceptibili-
ties are, in part, attributable to infection, impaired epithelial barrier function  [  84,   85  ] , and immunologi-
cal defects. Responses to mucosal pathogens are impaired when vitamin A stores are low; in experimental 
systems, vitamin A metabolites support functional maturation of innate immune cells as discussed in 
Chap.   16      [  84,   86  ] . Immune development in early life involves three retinoid-dependent processes, 
namely, differentiation of immune-competent cells, thymic selection, and lymphocyte proliferation 
and expansion. Importantly, recent evidence from a variety of experimental systems and human studies 
indicates that several non-provitamin A carotenoids also modulate developmental immunity. 

 Vitamin A-de fi cient animals exhibit abnormalities in blood and splenic lymphocyte numbers; 
T cell and, occasionally, B cell populations are reduced and, in general, myeloid lineage cells, espe-
cially granulocytes, are increased  [  87,   88  ] . The latter observation is consistent with the  fi ndings that 
RA inhibits granulocyte-macrophage colony-stimulating factor production and granulocyte develop-
ment  [  89  ]  and reverses the effects of a vitamin A-de fi cient state  in vivo   [  88  ] . RA signaling also plays 
a critical role in B lymphoid development. B cells mediate the humoral immune response. After lin-
eage development in bone marrow, naïve B cells enter the circulation and reside in the secondary 
lymphoid organs, such as lymph nodes, tonsils, and spleen, and become follicular and marginal zone 
B cells, depending on location, or they recirculate to the bone marrow to reside in sinuses, where they 
may receive signals from T cells and/or provide surveillance against blood-borne antigens. Vitamin A 
and RA regulate the maturation and differentiation of B cells, which regulate and often potentiate 
antibody production. Vitamin A de fi ciency reduces the number of fetal B cell progenitors, while the 
pan-RAR antagonist, LE540, inhibits both fetal and adult B lymphopoiesis  in vitro      [  90  ] . RA at physi-
ological concentrations inhibited the proliferation of normal B cell progenitors of both mice and 
humans  [  91  ]  and affected multiple stages of B lymphopoiesis and accelerated the generation of B 
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cells  [  92  ] . These results suggest that RA provides a microenvironment to sustain B-cell development 
and maintain a pool for antigen response. 

    During thymic selection, T cells develop in the thymus through a series of stages de fi ned by the 
expression of the cell surface markers CD4 and CD8. The development of the human thymus starts 
before birth and ceases during puberty with involution of the thymus  [  93  ] . Vitamin A de fi ciency is 
known to be accompanied by immune de fi ciency and a susceptibility to a wide range of infectious 
diseases  [  94,   95  ] . In vitamin A-de fi cient animals, a marked atrophy of the thymus and spleen has been 
observed  [  96  ] ; on the other hand, retinoids at higher concentrations are toxic and cause involution of 
lymphoid organs, in particular the thymus  [  97  ] . A recent study has shown that retinoic acid-synthesizing 
enzymes peak at the same time as the RAR response, when thymic cellularity is highest and the T cell 
selection process, as indicated by a high rate of apoptosis, is most effective     [  98  ] . Thymic selection is 
a direct target of retinoic acid during thymocyte development, and it may be postulated that high 
maternal dietary intake of vitamin A or provitamin A carotenoids may modify thymic selection pro-
cesses. To date, effects of carotenoids on thymic selection remain unknown. 

 A second important process in which retinoids are involved is the proliferation of lymphocyte 
populations and their response to mitogens  [  99–  101  ] . In a study of pregnant mice fed control or dif-
ferent retinoid- and carotenoid-enriched (4,500 retinol equivalents/kg) diets from day 1 (conception), 
increases in the percentage and total number of splenic mononuclear cells were observed on days 
3 and 5 with vitamin A (retinyl palmitate) supplementation, while  b -carotene supplementation 
increased CD3 +  cell numbers from days 5 to 14. At day 7, increases were found in CD4:CD8 ratios 
after vitamin A supplementation and T cell:B cell ratios after vitamin A and  b -carotene supplementa-
tion. In general, IgG levels were not altered by the different diets  [  102  ] . These results con fi rm that 
supplementation with vitamin A and  b -carotene affects immune cell functions during ontogenesis. 
However, maternal vitamin A supplementation via intraperitoneal injections increases serum IgM and 
Th2-speci fi c IgG1 levels in the progeny  [  103  ] . Furthermore, in a human supplementation study  [  104  ] , 
which investigated the effects of  b -carotene supplementation during early lactation (days 4–32 post-
partum), neither lactation nor  b -carotene supplementation affected T-cell proliferation. 

 T helper cells include the Th1 (cellular immune stimulator via macrophages), Th2 (humoral 
immune stimulator via B cells), Th17 (immunoregulatory), and Treg (suppressor T cell) subtypes. 
The Th1:Th2 switch is affected by vitamin A during postnatal development, helping to regulate immu-
nity and response to in fl ammation  [  103,   105  ] . Whether these outcomes are mediated by lymphocyte-
mediated effects, or via antigen-presenting cell-mediated effects, is not certain. 

 The effects of carotenoids are dif fi cult to investigate because of the pronounced differences in 
carotenoid absorption, kinetics, and metabolism between humans and laboratory rodents  [  106  ] . 
Nevertheless, several presumably non-provitamin A carotenoids also affect T cell polarization. 
Examples include Treg induction and Th17 inhibition  [  107  ] , resulting in suppression of in fl ammation 
and autoimmunity.  

   Carotenoids and Retinoids in Visual Development 

 The retina is the light-sensitive tissue lining the inner surface of the eye. In humans, ocular and neuronal 
aspects of the visual system are incompletely developed at birth. Postnatal visual development includes 
maturation of the retina, especially the fovea and macular area, and eyeball growth  [  108,   109  ] . At birth, 
the peripheral retina is more developed than the central retinal structures. The fovea is responsible for 
central vision and visual acuity; the macula retinal layers mediate color and contrast, visual acuity, and 
stereoscopic vision. As the central retina matures, photoreceptor number and function increase with the 
result that central vision sharpens. Functional differentiation starts by 6 weeks and continues up to 
about 8 months of age  [  108,   110  ] . Impaired visual input can lead to abnormal ocular and neural process-
ing (e.g., developmental disorders including anisometropic or strabismic amblyopia). 
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 The xanthophylls lutein and zeaxanthin are highly concentrated in the human eye  [  111  ] , especially 
in the macular pigment of the retina and in the lens. The roles of these carotenoids in protection from 
degenerative eye diseases such as cataracts and retinopathies, especially macular degeneration, are 
described in Chap.   13    . Retinal lutein and zeaxanthin impact the development of the visual system by 
altering input during a critical/sensitive period of visual development, in fl uencing maturation, and 
protecting the retina from photo- and oxidant stress. 

 In fetal, neonatal, and infant development, lutein is the dominant retinal carotenoid, which differs 
from the adult central retina, in which zeaxanthin-to-lutein ratios across the retina are reversed  [  112  ] . 
Studies from nonhuman primates raised on normal or xanthophyll-free diets  [  113  ]  demonstrate that, 
in addition to simply lacking macular pigment, xanthophyll-free monkeys have more drusen-like bod-
ies (indicative of retinal degeneration) within their retinal pigment epithelium (RPE), increased macu-
lar hyper- fl uorescence, and retinal abnormalities  [  114  ] . Some of these  fi ndings may be partially 
attributable to other dietary differences between the groups  [  115  ] , but one follow-up study  [  116  ]  on 
macaques that speci fi cally were deprived of lutein and zeaxanthin (and omega-3 fatty acids in some 
monkeys) localized the pathological effects to the RPE. The RPE lies between the underlying choroid 
vasculature and the photoreceptor cell layer, which it nourishes. Some of these retinal changes pro-
duced by xanthophyll-depleted diets in monkeys can be reversed if xanthophylls are supplemented 
later in life  [  116  ] . The consequences of carotenoid depletion in young nonhuman primates has some 
similarities to the human situation of prematurity  [  117  ] . 

 The rapid maturation and increased metabolic activity of the developing retina increase tissue 
susceptibility to hypoxic/oxidant and photo-stress. In animal models  [  118  ] , poor autoregulation of 
choroidal blood  fl ow, like the human condition of neonatal retinopathy of prematurity, leads to hyper-
oxygenation and excess lipid peroxidation. Restricted blood  fl ow (ischemia) induces retinal cellular 
degeneration. Choi et al. used high intraocular pressure to induce ischemia in rat retinas  [  119  ] , which 
stimulated increased production of neuronal nitric oxide synthase (nNOS) which, in turn, generates 
the oxidative stress mediator, nitric oxide. Lutein reduced the production of nNOS in a dose-depen-
dent manner. Similarly, in rat models, zeaxanthin supplementation inhibited retinal oxidative damage 
caused by experimental diabetes  [  120  ] . 

 Biomarkers of retinal stress, like lipofuscin, show rapid increases in the RPE during the  fi rst few 
years of life suggesting that a large portion of lifetime accumulation of damage may occur early  [  121, 
  122  ] . This retinal damage is elevated when a clearer crystalline lens cannot restrict high energy pho-
ton (e.g., blue light) access to the retina and when the retina has lesser antioxidant and photo-stress 
protection. In humans, lutein and zeaxanthin accumulation in the lens and retina are critical visual 
protectants. The infant retina and RPE “age” rapidly from increased oxidative and actinic stress and 
may be more susceptible to blue light damage due to the relative clarity of the young crystalline lens 
 [  123  ] . As crystalline proteins oxidize, the aging lens becomes increasingly yellowed and blocks short-
wave light. In contrast, the relatively transparent infant lens transmits more blue light. Perhaps 
re fl ecting these needs, human milk contains many antioxidants including lutein  [  124  ] . Carotenoid 
supplementation to preterm infants raised plasma concentrations to the levels observed in mother’s 
milk-fed term infants and decreased in fl ammation in these preterm infants  [  60  ] . 

 One recent area of interest is the potential role of lutein in preventing or lessening severity of neo-
natal and congenital retinopathies. The major cause of acquired blindness in childhood in developed 
countries is retinopathy of prematurity (ROP), the pathogenesis of which is hypoxic ischemic injury 
to the immature retina leading to a proliferative vascular response. Secondary (postnatal) prevention 
for this retinopathy aims to suppress the retinal oxidant stress and in fl ammatory responses. Four stud-
ies have investigated the relationship between xanthophylls and ROP  [  60,   125,   126  ]  (Manzoni, P. PAS 
2011; 3535.6A, abstract). However, no trial has been adequately designed speci fi cally to test the 
hypothesis that lutein affects ROP outcomes. Only one study  [  126  ]  performed a power analysis to test 
a lutein effect on ROP, but the study ended early; it also assumed that an effect might be maximal with 
less severe ROP. Intriguingly, the three multicenter trials all showed a trend of decreased ROP severity 
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in the lutein-supplemented groups. Consequently, it remains undetermined whether lutein supplemen-
tation can decrease the incidence or severity of ROP in at-risk preterm infants. A reasonable hypoth-
esis is that lutein more likely prevents severe retinopathy. The  fi ndings above and experimental data 
provide a rationale for clinical trials of lutein supplementation in extremely preterm infants targeting 
multiple eye and visual outcomes. 

 In embryonic development, the retina and the optic nerve originate as outgrowths of the develop-
ing brain. Recent evidence indicates that lutein is by far the most abundant carotenoid found during 
the  fi rst year of life in brain specimens, accounting for nearly 60 % of total brain carotenoids. Overall, 
xanthophylls are found at greater concentrations in brain tissue than carotenes (Vishwanathan, R. 
2011, the 16th international symposium on carotenoids).   

   Conclusions and Future Directions 

 Despite considerable progress, further investigations are needed to understand the mechanisms and 
functions of carotenoids, and especially the non-provitamin A carotenoids, in reproductive health and 
early life. Discovery of fetal and early postnatal programming for adult disease risk sheds light on the 
importance of environment and nutrition on long-term health. From early development, an organism’s 
future physiological and even psychological phenotype is informed by the conditions in which it 
grows. Early blastocyst cell division, implantation, trophoblastic invasion, and subsequent patterning 
are all orchestrated, in part, by nutritional quantity and quality accessed by the conceptus from the 
mother via the placenta. Early postnatal micronutrients including carotenoids can be important deter-
minants of antioxidant and antistress protection, organ development, and developmental physiology, 
especially for vitamin A economy, immunity, vision, and neurodevelopment.      

   References 

    1.    Olson JA, Krinsky NI. Introduction: the colorful, fascinating world of the carotenoids: important physiologic 
modulators. FASEB J. 1995;9:1547–50.  

    2.    De Luca LM. Retinoids and their receptors in differentiation, embryogenesis, and neoplasia. FASEB J. 1991;5:
2924–33.  

    3.    McArdle HJ, Ashworth CJ. Micronutrients in fetal growth and development. Br Med Bull. 1999;55:499–510.  
    4.    Ashworth CJ, Antipatis C. Micronutrient programming of development throughout gestation. Reproduction. 

2001;122:527–35.  
    5.    Andersen HS, Gambling L, Holtrop G, McArdle HJ. Maternal iron de fi ciency identi fi es critical windows for 

growth and cardiovascular development in the rat postimplantation embryo. J Nutr. 2006;136:1171–7.  
    6.    von Lintig J, Vogt K. Filling the gap in vitamin A research. Molecular identi fi cation of an enzyme cleaving beta-

carotene to retinal. J Biol Chem. 2000;275:11915–20.  
    7.    Wyss A, Wirtz G, Woggon W, Brugger R, Wyss M, Friedlein A, Bachmann H, Hunziker W. Cloning and expres-

sion of beta, beta-carotene 15,15 ¢ -dioxygenase. Biochem Biophys Res Commun. 2000;271:334–6.  
    8.    Redmond TM, Gentleman S, Duncan T, Yu S, Wiggert B, Gantt E, Cunningham Jr FX. Identi fi cation, expression, 

and substrate speci fi city of a mammalian beta-carotene 15,15 ¢ -dioxygenase. J Biol Chem. 2001;276:6560–5.  
    9.    von Lintig J, Dreher A, Kiefer C, Wernet MF, Vogt K. Analysis of the blind Drosophila mutant ninaB identi fi es 

the gene encoding the key enzyme for vitamin A formation in vivo. Proc Natl Acad Sci U S A. 2001;98:1130–5.  
    10.    Kiefer C, Hessel S, Lampert JM, Vogt K, Lederer MO, Breithaupt DE, von Lintig J. Identi fi cation and characterization 

of a mammalian enzyme catalyzing the asymmetric oxidative cleavage of provitamin A. J Biol Chem. 
2001;276:14110–6.  

    11.    Mein JR, Dolnikowski GG, Ernst H, Russell RM, Wang XD. Enzymatic formation of  apo -carotenoids from the 
xanthophyll carotenoids lutein, zeaxanthin and beta-cryptoxanthin by ferret carotene-9 ¢ ,10 ¢ -monooxygenase. 
Arch Biochem Biophys. 2011;506:109–21.  

    12.    Ravelli AC, van Der Meulen JH, Osmond C, Barker DJ, Bleker OP. Obesity at the age of 50 y in men and women 
exposed to famine prenatally. Am J Clin Nutr. 1999;70:811–6.  



176 X. Gong and L.P. Rubin

    13.    Roseboom TJ, van der Meulen JH, Osmond C, Barker DJ, Ravelli AC, Schroeder-Tanka JM, van Montfrans GA, 
Michels RP, Bleker OP. Coronary heart disease after prenatal exposure to the Dutch famine, 1944–45. Heart. 
2000;84:595–8.  

    14.    Ravelli AC, van der Meulen JH, Michels RP, Osmond C, Barker DJ, Hales CN, Bleker OP. Glucose tolerance in 
adults after prenatal exposure to famine. Lancet. 1998;351:173–7.  

    15.    Beurskens LW, Tibboel D, Lindemans J, Duvekot JJ, Cohen-Overbeek TE, Veenma DC, de Klein A, Greer JJ, 
Steegers-Theunissen RP. Retinol status of newborn infants is associated with congenital diaphragmatic hernia. 
Pediatrics. 2010;126:712–20.  

    16.    Gluckman PD, Hanson MA, Cooper C, Thornburg KL. Effect of in utero and early-life conditions on adult health 
and disease. N Engl J Med. 2008;359:61–73.  

    17.    Singhal A, Lucas A. Early origins of cardiovascular disease: is there a unifying hypothesis? Lancet. 2004;363:
1642–5.  

    18.    Clagett-Dame M, DeLuca HF. The role of vitamin A in mammalian reproduction and embryonic development. 
Annu Rev Nutr. 2002;22:347–81.  

    19.    Bowles J, Koopman P. Retinoic acid, meiosis and germ cell fate in mammals. Development. 
2007;134:3401–11.  

    20.    Livera G, Rouiller-Fabre V, Pairault C, Levacher C, Habert R. Regulation and perturbation of testicular functions 
by vitamin A. Reproduction. 2002;124:173–80.  

    21.    Wang Z, Kim KH. Vitamin A-de fi cient testis germ cells are arrested at the end of S phase of the cell cycle: a 
molecular study of the origin of synchronous spermatogenesis in regenerated seminiferous tubules. Biol Reprod. 
1993;48:1157–65.  

    22.    Morales A, Cavicchia JC. Spermatogenesis and blood-testis barrier in rats after long-term vitamin A deprivation. 
Tissue Cell. 2002;34:349–55.  

    23.    van Pelt AM, de Rooij DG. Synchronization of the seminiferous epithelium after vitamin A replacement in 
vitamin A-de fi cient mice. Biol Reprod. 1990;43:363–7.  

    24.    Griswold MD, Bishop PD, Kim KH, Ping R, Siiteri JE, Morales C. Function of vitamin A in normal and synchro-
nized seminiferous tubules. Ann N Y Acad Sci. 1989;564:154–72.  

    25.    Hirota Y, Kurohmaru M, Matsumoto M, Hayashi Y. Stage-synchronization of the seminiferous tubules after 
vitamin A replacement in vitamin A de fi cient golden hamsters. J Vet Med Sci. 1994;56:439–42.  

    26.    Zhou Q, Li Y, Nie R, Friel P, Mitchell D, Evanoff RM, Pouchnik D, Banasik B, McCarrey JR, Small C, Griswold 
MD. Expression of stimulated by retinoic acid gene 8 (Stra8) and maturation of murine gonocytes and sper-
matogonia induced by retinoic acid  in vitro . Biol Reprod. 2008;78:537–45.  

    27.    Eskenazi B, Kidd SA, Marks AR, Sloter E, Block G, Wyrobek AJ. Antioxidant intake is associated with semen 
quality in healthy men. Hum Reprod. 2005;20:1006–12.  

    28.    Comhaire FH, El Garem Y, Mahmoud A, Eertmans F, Schoonjans F. Combined conventional/antioxidant 
“Astaxanthin” treatment for male infertility: a double blind, randomized trial. Asian J Androl. 2005;7:257–62.  

    29.    Tripathi DN, Jena GB. Astaxanthin inhibits cytotoxic and genotoxic effects of cyclophosphamide in mice germ 
cells. Toxicology. 2008;248:96–103.  

    30.    Cross JC, Mickelson L. Nutritional in fl uences on implantation and placental development. Nutr Rev. 
2006;64:S12–8. discussion S72–91.  

    31.    Ross AC, Gardner EM. The function of vitamin A in cellular growth and differentiation, and its roles during 
pregnancy and lactation. Adv Exp Med Biol. 1994;352:187–200.  

    32.    Lindqvist A, He YG, Andersson S. Cell type-speci fi c expression of beta-carotene 9 ¢ ,10 ¢ -monooxygenase in 
human tissues. J Histochem Cytochem. 2005;53:1403–12.  

    33.    Marceau G, Gallot D, Lemery D, Sapin V. Metabolism of retinol during mammalian placental and embryonic 
development. Vitam Horm. 2007;75:97–115.  

    34.    Quadro L, Hamberger L, Gottesman ME, Colantuoni V, Ramakrishnan R, Blaner WS. Transplacental delivery of 
retinoid: the role of retinol-binding protein and lipoprotein retinyl ester. Am J Physiol Endocrinol Metab. 
2004;286:E844–51.  

    35.    Dimenstein R, Trugo NM, Donangelo CM, Trugo LC, Anastacio AS. Effect of subadequate maternal vitamin-A 
status on placental transfer of retinol and beta-carotene to the human fetus. Biol Neonate. 1996;69:230–4.  

    36.    Manolescu DC, El-Kares R, Lakhal-Chaieb L, Montpetit A, Bhat PV, Goodyer P. Newborn serum retinoic acid 
level is associated with variants of genes in the retinol metabolism pathway. Pediatr Res. 2010;67:598–602.  

    37.    Radhika MS, Bhaskaram P, Balakrishna N, Ramalakshmi BA. Red palm oil supplementation: a feasible diet-
based approach to improve the vitamin A status of pregnant women and their infants. Food Nutr Bull. 
2003;24:208–17.  

    38.    West Jr KP, Katz J, Khatry SK, LeClerq SC, Pradhan EK, Shrestha SR, Connor PB, Dali SM, Christian P, Pokhrel 
RP, Sommer A. Double blind, cluster randomised trial of low dose supplementation with vitamin A or beta caro-
tene on mortality related to pregnancy in Nepal. The NNIPS-2 Study Group. BMJ. 1999;318:570–5.  

    39.    Jansson T, Myatt L, Powell TL. The role of trophoblast nutrient and ion transporters in the development of preg-
nancy complications and adult disease. Curr Vasc Pharmacol. 2009;7:521–33.  



17710 Carotenoids in Early Life

    40.    Jansson N, Pettersson J, Haa fi z A, Ericsson A, Palmberg I, Tranberg M, Ganapathy V, Powell TL, Jansson T. 
Down-regulation of placental transport of amino acids precedes the development of intrauterine growth restriction 
in rats fed a low protein diet. J Physiol. 2006;576:935–46.  

    41.    Eason E. The use of  fi rst trimester ultrasound. J Obstet Gynaecol Can. 2004;26:17–8. Author reply 18.  
    42.    Palan PR, Mikhail MS, Romney SL. Placental and serum levels of carotenoids in preeclampsia. Obstet Gynecol. 

2001;98:459–62.  
    43.    Williams MA, Woelk GB, King IB, Jenkins L, Mahomed K. Plasma carotenoids, retinol, tocopherols, and lipo-

proteins in preeclamptic and normotensive pregnant Zimbabwean women. Am J Hypertens. 2003;16:665–72.  
    44.    Jauniaux E, Poston L, Burton GJ. Placental-related diseases of pregnancy: involvement of oxidative stress and 

implications in human evolution. Hum Reprod Update. 2006;12:747–55.  
    45.    Mikhail MS, Anyaegbunam A, Gar fi nkel D, Palan PR, Basu J, Romney SL. Preeclampsia and antioxidant nutri-

ents: decreased plasma levels of reduced ascorbic acid, alpha-tocopherol, and beta-carotene in women with 
preeclampsia. Am J Obstet Gynecol. 1994;171:150–7.  

    46.    Agarwal A, Gupta S, Sekhon L, Shah R. Redox considerations in female reproductive function and assisted 
reproduction: from molecular mechanisms to health implications. Antioxid Redox Signal. 2008;10:1375–403.  

    47.    Ziari SA, Mireles VL, Cantu CG, Cervantes III M, Idrisa A, Bobsom D, Tsin AT, Glew RH. Serum vitamin A, 
vitamin E, and beta-carotene levels in preeclamptic women in northern Nigeria. Am J Perinatol. 1996;13:287–91.  

    48.    Zhang C, Williams MA, Sanchez SE, King IB, Ware-Jauregui S, Larrabure G, Bazul V, Leisenring WM. Plasma 
concentrations of carotenoids, retinol, and tocopherols in preeclamptic and normotensive pregnant women. Am J 
Epidemiol. 2001;153:572–80.  

    49.    Sharma JB, Kumar A, Malhotra M, Arora R, Prasad S, Batra S. Effect of lycopene on pre-eclampsia and intra-
uterine growth retardation in primigravidas. Int J Gynaecol Obstet. 2003;81:257–62.  

    50.    Azar M, Basu A, Jenkins AJ, Nankervis AJ, Hanssen KF, Scholz H, Henriksen T, Garg SK, Hammad SM, Scardo 
JA, Aston CE, Lyons TJ. Serum carotenoids and fat-soluble vitamins in women with type 1 diabetes and preec-
lampsia: a longitudinal study. Diabetes Care. 2011;34:1258–64.  

    51.    Banerjee S, Jeyaseelan S, Guleria R. Trial of lycopene to prevent pre-eclampsia in healthy primigravidas: results 
show some adverse effects. J Obstet Gynaecol Res. 2009;35:477–82.  

    52.    Ortega-Senovilla H, Alvino G, Taricco E, Cetin I, Herrera E. Enhanced circulating retinol and non-esteri fi ed fatty 
acids in pregnancies complicated with intrauterine growth restriction. Clin Sci (Lond). 2010;118:351–8.  

    53.    Kim YK, Wassef L, Chung S, Jiang H, Wyss A, Blaner WS, Quadro L. beta-Carotene and its cleavage enzyme 
beta-carotene-15,15 ¢ -oxygenase (CMOI) affect retinoid metabolism in developing tissues. FASEB J. 
2011;25:1641–52.  

    54.    Lampert JM, Holzschuh J, Hessel S, Driever W, Vogt K, von Lintig J. Provitamin A conversion to retinal via the 
beta, beta-carotene-15,15 ¢ -oxygenase (bcox) is essential for pattern formation and differentiation during zebra fi sh 
embryogenesis. Development. 2003;130:2173–86.  

    55.    Duester G. Retinoic acid synthesis and signaling during early organogenesis. Cell. 2008;134:921–31.  
    56.    Ross SA, McCaffery PJ, Drager UC, De Luca LM. Retinoids in embryonal development. Physiol Rev. 

2000;80:1021–54.  
    57.    Maden M, Gale E, Kostetskii I, Zile M. Vitamin A-de fi cient quail embryos have half a hindbrain and other neural 

defects. Curr Biol. 1996;6:417–26.  
    58.    Spiegler E, Kim YK, Wassef L, Shete V, Quadro L. Maternal-fetal transfer and metabolism of vitamin A and its 

precursor beta-carotene in the developing tissues. Biochim Biophys Acta. 2012;1821:88–98.  
    59.    Yeum KJ, Ferland G, Patry J, Russell RM. Relationship of plasma carotenoids, retinol and tocopherols in mothers 

and newborn infants. J Am Coll Nutr. 1998;17:442–7.  
    60.    Rubin LP, Chan GM, Barrett-Reis BM, Fulton AB, Hansen RM, Ashmeade TL, Oliver JS, Mackey AD, Dimmit 

RA, Hartmann EE, Adamkin DH. Effect of carotenoid supplementation on plasma carotenoids, in fl ammation and 
visual development in preterm infants. J Perinatol. 2012;32(6):418–24.  

    61.    de Barros Silva SS, Rondo PH, Erzinger GS. Beta-carotene concentrations in maternal and cord blood of smokers 
and non-smokers. Early Hum Dev. 2005;81:313–7.  

    62.    Dijkhuizen MA, Wieringa FT, West CE, Muhilal. Zinc plus beta-carotene supplementation of pregnant women is 
superior to beta-carotene supplementation alone in improving vitamin A status in both mothers and infants. Am J 
Clin Nutr. 2004;80:1299–307.  

    63.    Imdad A, Yakoob MY, Sudfeld C, Haider BA, Black RE, Bhutta ZA. Impact of vitamin A supplementation on 
infant and childhood mortality. BMC Public Health. 2011;11 Suppl 3:S20.  

    64.    Mayo-Wilson E, Imdad A, Herzer K, Yakoob MY, Bhutta ZA. Vitamin A supplements for preventing mortality, 
illness, and blindness in children aged under 5: systematic review and meta-analysis. BMJ. 2011;343:d5094.  

    65.    Malpel S, Mendelsohn C, Cardoso WV. Regulation of retinoic acid signaling during lung morphogenesis. 
Development. 2000;127:3057–67.  

    66.    Biesalski HK. The signi fi cance of vitamin A for the development and function of the lung. Forum Nutr. 2003;56:
37–40.  

    67.    Zachman RD. Role of vitamin A in lung development. J Nutr. 1995;125:1634S–8.  



178 X. Gong and L.P. Rubin

    68.    Biesalski HK, Nohr D. Importance of vitamin-A for lung function and development. Mol Aspects Med. 
2003;24:431–40.  

    69.    Zachman RD. Vitamin A supplementation for extremely-low-birth-weight infants. J Pediatr. 2000;136:124–5.  
    70.    Maden M, Hind M. Retinoic acid in alveolar development, maintenance and regeneration. Philos Trans R Soc 

Lond B Biol Sci. 2004;359:799–808.  
    71.    Cho SJ, George CL, Snyder JM, Acarregui MJ. Retinoic acid and erythropoietin maintain alveolar development 

in mice treated with an angiogenesis inhibitor. Am J Respir Cell Mol Biol. 2005;33:622–8.  
    72.    Massaro GD, Massaro D. Postnatal treatment with retinoic acid increases the number of pulmonary alveoli in rats. 

Am J Physiol. 1996;270:L305–10.  
    73.    Massaro GD, Massaro D, Chan WY, Clerch LB, Ghyselinck N, Chambon P, Chandraratna RA. Retinoic acid 

receptor-beta: an endogenous inhibitor of the perinatal formation of pulmonary alveoli. Physiol Genomics. 
2000;4:51–7.  

    74.    Massaro D, Massaro GD. Dexamethasone accelerates postnatal alveolar wall thinning and alters wall composi-
tion. Am J Physiol. 1986;251:R218–24.  

    75.    Zachman RD, Kakkad B, Chytil F. Perinatal rat lung retinol (vitamin A) and retinyl palmitate. Pediatr Res. 
1984;18:1297–9.  

    76.    Dirami G, Massaro GD, Clerch LB, Ryan US, Reczek PR, Massaro D. Lung retinol storing cells synthesize and 
secrete retinoic acid, an inducer of alveolus formation. Am J Physiol Lung Cell Mol Physiol. 2004;286:L249–56.  

    77.    Shmarakov I, Fleshman MK, D’Ambrosio DN, Piantedosi R, Riedl KM, Schwartz SJ, Curley Jr RW, von Lintig 
J, Rubin LP, Harrison EH, Blaner WS. Hepatic stellate cells are an important cellular site for beta-carotene con-
version to retinoid. Arch Biochem Biophys. 2010;504:3–10.  

    78.    Pinto Mde L, Rodrigues P, Coelho AC, Pires Mdos A, dos Santos DL, Goncalves C, Bairos VA. Prenatal admin-
istration of vitamin A alters pulmonary and plasma levels of vascular endothelial growth factor in the developing 
mouse. Int J Exp Pathol. 2007;88:393–401.  

    79.    Wei H, Huang HM, Li TY, Qu P, Liu YX, Chen J. Marginal vitamin A de fi ciency affects lung maturation in rats 
from prenatal to adult stage. J Nutr Sci Vitaminol (Tokyo). 2009;55:208–14.  

    80.    Northway Jr WH, Rosan RC, Porter DY. Pulmonary disease following respirator therapy of hyaline-membrane 
disease. Bronchopulmonary dysplasia. N Engl J Med. 1967;276:357–68.  

    81.    Shenai JP, Kennedy KA, Chytil F, Stahlman MT. Clinical trial of vitamin A supplementation in infants susceptible 
to bronchopulmonary dysplasia. J Pediatr. 1987;111:269–77.  

    82.    Papagaroufalis C, Megreli C, Hagjigeorgi C, Xanthou M. A trial of vitamin A supplementation for the prevention 
of intraventricular hemorrhage in very low birth weight neonates. J Perinat Med. 1991;19 Suppl 1:382–7.  

    83.    Sommer A. Vitamin A de fi ciency and clinical disease: an historical overview. J Nutr. 2008;138:1835–9.  
    84.    Stephensen CB. Vitamin A, infection, and immune function. Annu Rev Nutr. 2001;21:167–92.  
    85.    Biesalski HK, Nohr D. New aspects in vitamin A metabolism: the role of retinyl esters as systemic and local 

sources for retinol in mucous epithelia. J Nutr. 2004;134:3453S–7.  
    86.    Cerwenka A, Bakker AB, McClanahan T, Wagner J, Wu J, Phillips JH, Lanier LL. Retinoic acid early inducible 

genes de fi ne a ligand family for the activating NKG2D receptor in mice. Immunity. 2000;12:721–7.  
    87.    Kuwata T, Wang IM, Tamura T, Ponnamperuma RM, Levine R, Holmes KL, Morse HC, De Luca LM, Ozato K. 

Vitamin A de fi ciency in mice causes a systemic expansion of myeloid cells. Blood. 2000;95:3349–56.  
    88.    Zhao Z, Ross AC. Retinoic acid repletion restores the number of leukocytes and their subsets and stimulates natu-

ral cytotoxicity in vitamin A-de fi cient rats. J Nutr. 1995;125:2064–73.  
    89.    Smeland EB, Rusten L, Jacobsen SE, Skrede B, Blomhoff R, Wang MY, Funderud S, Kvalheim G, Blomhoff HK. 

All- trans  retinoic acid directly inhibits granulocyte colony-stimulating factor-induced proliferation of CD34+ 
human hematopoietic progenitor cells. Blood. 1994;84:2940–5.  

    90.    Chen X, Welner RS, Kincade PW. A possible contribution of retinoids to regulation of fetal B lymphopoiesis. Eur 
J Immunol. 2009;39:2515–24.  

    91.    Fahlman C, Jacobsen SE, Smeland EB, Lomo J, Naess CE, Funderud S, Blomhoff HK. All- trans - and 9- cis -
retinoic acid inhibit growth of normal human and murine B cell precursors. J Immunol. 1995;155:58–65.  

    92.    Chen X, Esplin BL, Garrett KP, Welner RS, Webb CF, Kincade PW. Retinoids accelerate B lineage lymphoid 
differentiation. J Immunol. 2008;180:138–45.  

    93.    Sen J. Signal transduction in thymus development. Cell Mol Biol (Noisy-le-Grand). 2001;47:197–215.  
    94.    Reifen R. Vitamin A as an anti-in fl ammatory agent. Proc Nutr Soc. 2002;61:397–400.  
    95.    Semba RD. Vitamin A, immunity, and infection. Clin Infect Dis. 1994;19:489–99.  
    96.    West Jr KP, Howard GR, Sommer A. Vitamin A and infection: public health implications. Annu Rev Nutr. 

1989;9:63–86.  
    97.    Makori N, Peterson PE, Lantz K, Hendrickx AG. Exposure of cynomolgus monkey embryos to retinoic acid 

causes thymic defects: effects on peripheral lymphoid organ development. J Med Primatol. 2002;31:91–7.  
    98.    Kiss I, Ruhl R, Szegezdi E, Fritzsche B, Toth B, Pongracz J, Perlmann T, Fesus L, Szondy Z. Retinoid receptor-

activating ligands are produced within the mouse thymus during postnatal development. Eur J Immunol. 
2008;38:147–55.  



17910 Carotenoids in Early Life

    99.    Wang W, Ballow M. The effects of retinoic acid on  in vitro  immunoglobulin synthesis by cord blood and adult 
peripheral blood mononuclear cells. Cell Immunol. 1993;148:291–300.  

    100.    Ballow M, Wang W, Xiang S. Modulation of B-cell immunoglobulin synthesis by retinoic acid. Clin Immunol 
Immunopathol. 1996;80:S73–81.  

    101.    Ballow M, Xiang S, Wang W, Brodsky L. The effects of retinoic acid on immunoglobulin synthesis: role of inter-
leukin 6. J Clin Immunol. 1996;16:171–9.  

    102.    Garcia AL, Ruhl R, Herz U, Koebnick C, Schweigert FJ, Worm M. Retinoid- and carotenoid-enriched diets 
in fl uence the ontogenesis of the immune system in mice. Immunology. 2003;110:180–7.  

    103.    Guzman JJ, Caren LD. Effects of prenatal and postnatal exposure to vitamin A on the development of the murine 
immune system. Life Sci. 1991;49:1455–62.  

    104.    Gossage C, Deyhim M, Moser-Veillon PB, Douglas LW, Kramer TR. Effect of beta-carotene supplementation and 
lactation on carotenoid metabolism and mitogenic T lymphocyte proliferation. Am J Clin Nutr. 2000;71:950–5.  

    105.    Ruhl R, Hanel A, Garcia AL, Dahten A, Herz U, Schweigert FJ, Worm M. Role of vitamin A elimination or 
supplementation diets during postnatal development on the allergic sensitisation in mice. Mol Nutr Food Res. 
2007;51:1173–81.  

    106.    Lee CM, Boileau AC, Boileau TW, Williams AW, Swanson KS, Heintz KA, Erdman Jr JW. Review of animal 
models in carotenoid research. J Nutr. 1999;129:2271–7.  

    107.    Kawashima T. A marine carotenoid, fucoxanthin, induces regulatory T cells and inhibits Th17 cell differentiation 
 in vitro . Biosci Biotechnol Biochem. 2011;75:2066–9.  

    108.    Garey LJ. Structural development of the visual system of man. Hum Neurobiol. 1984;3:75–80.  
    109.    Packer O, Hartmann EE, Teller DY. Infant color vision: the effect of test  fi eld size on Rayleigh discriminations. 

Vision Res. 1984;24:1247–60.  
    110.    Yuodelis C, Hendrickson A. A qualitative and quantitative analysis of the human fovea during development. 

Vision Res. 1986;26:847–55.  
    111.    Bone RA, Landrum JT, Fernandez L, Tarsis SL. Analysis of the macular pigment by HPLC: retinal distribution 

and age study. Invest Ophthalmol Vis Sci. 1988;29:843–9.  
    112.    Bone RA, Landrum JT, Friedes LM, Gomez CM, Kilburn MD, Menendez E, Vidal I, Wang W. Distribution of 

lutein and zeaxanthin stereoisomers in the human retina. Exp Eye Res. 1997;64:211–8.  
    113.    Malinow MR, Feeney-Burns L, Peterson LH, Klein ML, Neuringer M. Diet-related macular anomalies in monkeys. 

Invest Ophthalmol Vis Sci. 1980;19:857–63.  
    114.    Feeney-Burns L, Neuringer M, Gao CL. Macular pathology in monkeys fed semipuri fi ed diets. Prog Clin Biol 

Res. 1989;314:601–22.  
    115.    Snodderly DM. Evidence for protection against age-related macular degeneration by carotenoids and antioxidant 

vitamins. Am J Clin Nutr. 1995;62:1448S–61.  
    116.    Leung IY, Sandstrom MM, Zucker CL, Neuringer M, Snodderly DM. Nutritional manipulation of primate retinas, 

II: effects of age, n-3 fatty acids, lutein, and zeaxanthin on retinal pigment epithelium. Invest Ophthalmol Vis Sci. 
2004;45:3244–56.  

    117.    Bettler J, Zimmer JP, Neuringer M, DeRusso PA. Serum lutein concentrations in healthy term infants fed human 
milk or infant formula with lutein. Eur J Nutr. 2010;49:45–51.  

    118.    Hardy P, Dumont I, Bhattacharya M, Hou X, Lachapelle P, Varma DR, Chemtob S. Oxidants, nitric oxide and pros-
tanoids in the developing ocular vasculature: a basis for ischemic retinopathy. Cardiovasc Res. 2000;47:489–509.  

    119.    Choi JS, Kim D, Hong YM, Mizuno S, Joo CK. Inhibition of nNOS and COX-2 expression by lutein in acute retinal 
ischemia. Nutrition. 2006;22:668–71.  

    120.    Kowluru RA, Menon B, Gierhart DL. Bene fi cial effect of zeaxanthin on retinal metabolic abnormalities in dia-
betic rats. Invest Ophthalmol Vis Sci. 2008;49:1645–51.  

    121.    Wing GL, Blanchard GC, Weiter JJ. The topography and age relationship of lipofuscin concentration in the retinal 
pigment epithelium. Invest Ophthalmol Vis Sci. 1978;17:601–7.  

    122.    Feeney-Burns L, Hilderbrand ES, Eldridge S. Aging human RPE: morphometric analysis of macular, equatorial, 
and peripheral cells. Invest Ophthalmol Vis Sci. 1984;25:195–200.  

    123.    Dillon J, Zheng L, Merriam JC, Gaillard ER. Transmission of light to the aging human retina: possible implica-
tions for age related macular degeneration. Exp Eye Res. 2004;79:753–9.  

    124.    Hammond Jr BR, Wenzel AJ, Luther MS, Rivera RO, King SJ, Choate ML. Scotopic sensitivity: relation to age, 
dietary patterns, and smoking status. Optom Vis Sci. 1998;75:867–72.  

    125.    Romagnoli C, Giannantonio C, Cota F, Papacci P, Vento G, Valente E, Purcaro V, Costa S. A prospective, random-
ized, double blind study comparing lutein to placebo for reducing occurrence and severity of retinopathy of pre-
maturity. J Matern Fetal Neonatal Med. 2011;24 Suppl 1:147–50.  

    126.    Dani C, Lori I, Favelli F, Frosini S, Messner H, Wanker P, De Marini S, Oretti C, Boldrini A, Massimiliano C, 
Bragetti P, Germini C. Lutein and zeaxanthin supplementation in preterm infants to prevent retinopathy of 
prematurity: a randomized controlled study. J Matern Fetal Neonatal Med. 2012;25(5):523–7.    



181S.A. Tanumihardjo (ed.), Carotenoids and Human Health, Nutrition and Health,
DOI 10.1007/978-1-62703-203-2_11, © Springer Science+Business Media New York 2013

    B.   Miao ,  Ph.D.   •     X.-D.   Wang ,  M.D., Ph.D.   (*)
     Nutrition and Cancer Biology Laboratory ,  Jean Mayer USDA Human Nutrition Research Center 
on Aging at Tufts University ,   711 Washington Street ,  Boston ,  MA   02111 ,  USA  
  e-mail: xiang-dong.wang@tufts.edu    

    Chapter 11   
 Provitamin A Carotenoids and Cancer Prevention       

      Benchun   Miao     and    Xiang-Dong   Wang              

  Key Points 

    Clinical intervention trials conducted to determine the chemoprotective effect of large doses of • 
b-carotene as a potential chemopreventive agent on the incidence of lung cancer in smokers found 
either no protective effect or a harmful effect. However, evidence for a protective role of whole 
fruits and vegetables rich in provitamin A carotenoids ( b -carotene,  a -carotene, and  b -cryptoxan-
thin) in the prevention of certain cancers and other chronic diseases (e.g., atherosclerosis, diabet-
ics, age-related macular degeneration, UV damage in skin) continues to be reported in human 
epidemiological studies and small intervention trials, as well as in mechanistic studies using cell 
culture and animal models.  
  These  fi ndings have led to an increased effort to better understand the role of carotenoids and their • 
derivatives in the process of these chronic diseases, with special attention to their metabolism and 
biological actions, dose effects, organ-speci fi c effects, and the oxidative environment especially in 
smokers and alcohol drinkers.  
  Greater knowledge has been gained in the biological effects of provitamin A carotenoid derivatives • 
on the potential for bene fi cial effects of small quantities or harmful effects of large quantities of the 
resulting metabolic products. Provitamin A carotenoids may have certain unique bene fi cial effects 
against cancer risks.  
  The molecular biological properties of provitamin A carotenoids, such as  • b -cryptoxanthin, and 
their metabolites remain to be determined through further more detailed research.    

  Keywords   Provitamin A carotenoids  •  Metabolism  •  Molecular mechanisms  •  Cancer prevention    
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    Introduction 

 More than 700 carotenoids have been identi fi ed but only 40–50 of them are present in the typical 
human diet and can be absorbed, metabolized, and utilized by the body  [  1  ] . All carotenoids possess a 
polyisoprenoid structure, a long conjugated chain of double bonds with a near bilateral symmetry 
around the central double bond  [  2  ] . The conjugated double bond makes carotenoids susceptible 
to oxidative cleavage and geometric ( trans / cis ) conversion. Some carotenoids such as  a -carotene, 
 b - carotene, and  b -cryptoxanthin can be cleaved to form vitamin A; therefore, they are called provita-
min A carotenoids (Fig.  11.1 ). Provitamin A carotenoids have at least one  b -ionone ring.  b -Carotene, 
a strongly colored red-orange pigment, is one of the most well-known and well-studied provitamin A 
carotenoids. Much research on carotenoids to date has concentrated on  b -carotene.  b -Cryptoxanthin 
is another provitamin A carotenoid which has drawn more attention of researchers in recent years. 
Some carotenoids such as lutein, zeaxanthin, and lycopene cannot form vitamin A, so they are called 
non-provitamin A carotenoids.  

 The richest dietary sources of  b -carotene are yellow, orange, and leafy green fruits and vegetables, 
such as carrots, spinach, sweet potatoes, and cantaloupe.  b -Cryptoxanthin is closely related to  b -car-
otene in structure, with only the addition of a hydroxyl group. It is a member of the class of carote-
noids known as xanthophylls. In a pure form, cryptoxanthin is a red crystalline solid with a metallic 
luster.  b -Cryptoxanthin is mainly derived from orange fruits like tangerine and papaya.  a -Carotene is 
a form of carotene with a  b -ring at one end and an  e -ring at the other. It is the second most common 
form of carotene. The following vegetables are rich in  a -carotene: carrots, sweet potatoes, pumpkin, 
winter squash, and broccoli. 

  Fig. 11.1    Chemical structures of provitamin A carotenoids ( b -carotene,  a -carotene, and  b -cryptoxanthin) and meta-
bolic pathway of  b -carotene. Figure adapted from Mernitz H, Wang XD. The bioconversion of carotenoids into retin-
oids: implications for cancer prevention. In: Vitamin A: New Research, editors, Loessing: KARGER press; 2007. 
p. 39–57       
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 Epidemiological studies show that a high dietary intake of carotenoids may offer protective effects 
against the development of certain cancers  [  3  ] . However, other reports show that  b -carotene alone or 
in combination with vitamin A could increase the risk of lung cancer in smokers  [  4,   5  ] . These observa-
tions have led to extensive research efforts to better understand the mechanisms involved in the action 
of carotenoids on carcinogenic processes. This chapter will focus on the roles of  b -carotene speci fi cally 
and other provitamin A carotenoids, especially  b -cryptoxanthin, in cancer prevention as well as illus-
trate the potential mechanisms (Fig.  11.2 ).   

  Fig. 11.2    Schematic illustration of bene fi cial and harmful effects of carotenoids on human health, including possible 
mechanisms related to carotenoid dose and oxidative metabolite formation. The biological activities of carotenoids 
could be related to the function of intact carotenoids or their metabolic products, which can possess either more or less 
activity than their parent compounds, or have entirely different functions. It appears that while small quantities of caro-
tenoids can offer protection against certain cancers and chronic diseases related to free radical oxidation, larger amounts 
of carotenoid metabolites may actually be harmful, especially when coupled with a highly oxidative environment, such 
as the lungs of a cigarette smoker or liver of an excessive alcohol drinker. Oxidative destruction of  b -carotene results in 
the formation of metabolites that may facilitate the carcinogenic process. Strong interactions among  b -carotene, vitamin 
E, and vitamin C, and the capability of these compounds to “recycle” each other or antioxidant “network,” regenerating 
ef fi cient antioxidants from their radical cations, have led researchers to speculate about the potential utility of combined 
antioxidant therapy  in vivo . It is possible that this additional protection against oxidative degradation may increase the 
utility of nutritional interventions targeting lung cancer in smoke-exposed models, surpassing effects seen in single-
agent intervention studies. The combination of carotenoids and other antioxidants, such as vitamins E and C, which 
provide complementary or synergistic protective effects, would be a valuable strategy against cancer risk. Figure 
adapted from Wang XD. Carotenoid oxidative/degradative products and their biological activities. In: Krinsky NI, 
Mayne ST, Sies H, editors. Carotenoids in health and disease. New York: Marcel Dekker, Inc. press. 2004. p. 313–335       
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   Bioavailability and Metabolism of Provitamin A Carotenoids 

 The bioavailability of  b -carotene from vegetables and fruits is generally not high  [  6  ]  and is covered 
extensively in Section I of this book. The half-life of plasma carotenoids is 12 days and under for 
 b -carotene,  a -carotene, and  b -cryptoxanthin. Food processing and cooking cause breakdown of the 
food matrix and release of embedded carotenoids increasing absorption and bioavailability  [  7,   8  ] . 
After release from the food matrix, ingested carotenoids must be emulsi fi ed and solubilized into 
micelles before they are absorbed into the intestinal mucosa. The ef fi ciency of absorption of a moder-
ate dose of  b -carotene in oil is about 9–22%, so dietary fat promotes  b -carotene absorption  [  9  ] . Both 
the cellular uptake and secretion of  b -carotene are saturable, concentration-dependent processes. 
After  b -carotene is taken up by the mucosa of the small intestine, it is either cleaved by  b -carotene 
15,15 ¢ -monooxygenase (CMO1 or BCO1) or  b -carotene 9 ¢ ,10 ¢ -monooxygenase (CMO2 or BCO1) 
into vitamin A and other metabolites, or packaged into chylomicrons and secreted into the lymphatic 
system for transport to the liver and other peripheral tissues. 

 The two metabolic pathways for  b -carotene to convert to vitamin A include central and excentric 
cleavage (Fig.  11.1 ). For provitamin A carotenoids, central cleavage is the main pathway to form 
vitamin A.  b -Carotene,  a -carotene, and  b -cryptoxanthin are cleaved symmetrically at their central 
double bond by CMO1. The excentric cleavage pathway  [  10,   11  ]  was con fi rmed by the molecular 
identi fi cation of an excentric cleavage enzyme, CMO2, in mice, humans, zebra fi sh, and ferrets  [  12, 
  13  ] . CMO2 has been demonstrated to have the ability to catalyze the asymmetric cleavage of  b -caro-
tene to produce  b - apo -10 ¢ -carotenal and  b -ionone  [  12  ] . Although the contribution of CMO2 in vita-
min A biosynthesis remains controversial, a quantitative trait locus associated with yellow adipose 
and milk color was identi fi ed to contain a premature stop codon mutation in the bovine CMO2 
gene. This results in increased adipose, serum, and milk  b -carotene concentrations and decreased 
liver retinol compared to wild types, yet no developmental or physiologic abnormalities in CMO2 
mutants were observed  [  14  ] .  b - Apo -carotenals can be cleaved further by CMO1 to produce retinol 
and retinoic acid  [  15  ] , or oxidized to their corresponding  apo - b -carotenoic acids.  b - Apo -carotenoic 
acids may then undergo a process similar to  b -oxidation of fatty acids, until further oxidation is 
blocked by the methyl group at the C13 position  [  16  ] . Recently, utilizing HPLC, LC-MS, and GC-MS, 
we have identi fi ed both volatile and non-volatile  apo -carotenoid products including 3-OH- b -ionone, 
 b -ionone, 3-OH- b - apo -10 ¢ -carotenal, and  b - apo -10 ¢ -carotenal, indicating cleavage at both the 9,10 
and 9 ¢ ,10 ¢  carbon–carbon double bond of  b -cryptoxanthin  [  17  ] . Furthermore, in the presence of NAD + , 
 in vitro  incubation of 3-OH- b - apo -10 ¢ -carotenal with ferret hepatic homogenates resulted in dose-
dependent formation of 3-OH- b - apo -10 ¢ -carotenoic acid. Since  apo -carotenoids serve as important 
signaling molecules in a variety of biological processes, enzymatic cleavage of  b -cryptoxanthin by 
mammalian CMO2 represents a new avenue of research regarding vertebrate provitamin A carotenoid 
metabolism and biological function.  

   Biological Activity of  b -Carotene on Cancer 

   Bene fi cial Effects and Potential Mechanisms 

   Regulation of Transcriptional Receptors 

 Provitamin A carotenoids can produce all- trans -retinoic acid and 9- cis -retinoic acid  [  18  ] , the ligands for 
retinoic acid receptors (RARs) and retinoid X receptors (RXRs), respectively.  b -Carotene and its oxida-
tive metabolite,  apo -14 ¢ -carotenoic acid, can reverse the downregulation of RAR b  by smoke-borne 
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carcinogens in normal bronchial epithelial cells  [  19  ] , and the transactivation of the RAR b 2 promoter 
induced by  b - apo -14 ¢ -carotenoic acid is through its metabolism to all- trans -retinoic acid  [  19  ] . So the 
bioactivities of  b -carotene may be mediated through transcriptional activation of a series of genes 
associated with antiproliferative or proapoptotic activities.  

   Antioxidant Function 

 In the early 1980s, two key publications  [  20,   21  ]  revealed that  b -carotene could be an antioxidant 
and anti-cancer agent. This greatly stimulated the  fi eld of carotenoid research. Cancer development 
has been linked to DNA damage, which could result from an increased level of oxidative stress. 
Provitamin A carotenoids are scavengers of singlet oxygen and other reactive oxygen species  [  22  ] . 
Therefore the antioxidant activities of provitamin A carotenoids may be one mechanism underlying 
their bene fi cial effects against carcinogenesis.  b -Carotene is able to neutralize singlet oxygen ( 1 O 

2
 ) 

and interrupt lipid peroxidation chain reactions (see Chap. 4). Based on that activity,  b -carotene 
can reduce the harmful effects of solar radiation on photosensitive individuals  [  23  ] , decrease DNA 
oxidative damage in lymphocytes  [  24  ] , and reduce the MDA level in human plasma  [  25  ] . In rats, 
 b -carotene also exhibited antioxidant and anti-apoptotic properties to prevent ethanol-induced 
cytotoxicity in isolated hepatocytes by decreasing oxidative stress and inhibiting caspase-9 and 
caspase-3 expression  [  26  ] .  

    b -Carotene and Antioxidant Combinations 

 The interactions among  b -carotene,  a -tocopherol (vitamin E), and ascorbic acid and the capability of 
these compounds to “recycle” each other, led researchers to characterize their combined antioxidant 
activities.  a -Tocopherol enhances lymphatic transport of  b -carotene and central cleavage of  b - carotene 
to form vitamin A (rather than oxidative by-products)  in vivo   [  27  ] . Further,  a -tocopherol and ascorbic 
acid were able to decrease the production of undesirable oxidative metabolites and increase the forma-
tion of retinoids from  b -carotene in lung tissues of smoke-exposed ferrets  in vitro   [  28  ] . The formation 
of excentric cleavage products in ferret lung post-nuclear fractions after incubation with  b -carotene 
was greatly increased while the formation of retinoic acid was decreased in animals that had been 
exposed to cigarette smoke. Retinoic acid reduction was reversed by addition of  a -tocopherol or 
ascorbic acid both  in vitro   [  29  ]  and  in vivo   [  30  ] . These studies suggest that  a -tocopherol and ascorbic 
acid act synergistically to prevent the oxidative excentric cleavage of  b -carotene induced by exposure 
to cigarette smoke and enhance vitamin A formation. 

 Combined antioxidant (i.e.,  b -carotene,  a -tocopherol, and ascorbic acid) supplementation reversed 
smoke-induced changes of lung protein levels related to cellular proliferation and apoptosis  [  30,   31  ]  
and reversed the increased labeling of proliferating cellular nuclear antigen observed in smoke-
exposed, carcinogen-injected ferrets. Supplementation also reversed smoke- and carcinogen-induced 
phosphorylation of mitogen-activated protein kinase (MAPK), c-jun N-terminal kinase (JNK), and 
extracellular signal-regulated kinase (ERK), which subsequently induced phosphorylation of p53 
tumor suppressor protein and activated its downstream apoptotic protein Bax. In addition, the com-
bined antioxidants also suppressed smoke-induced oxidative stress  [  31  ] . A human study showed that 
the bene fi cial effects of combined  b -carotene, vitamin E, and selenium supplementation on mortality 
were still evident up to 10 years after the cessation of supplementation  [  32  ] . These data provide 
 in vivo  evidence of the utility of combined nutrients as a chemopreventive strategy to reduce the risk 
of lung cancer in smokers.  
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   Inhibition of Proliferation and Induction of Apoptosis 

  b -Carotene was able to inhibit the activation of MAPK pathways, cell proliferation, and phospho-
rylation of p53  [  31  ] .  b -Carotene suppressed proliferation of some cancer cells, such as human 
squamous cells (SK-MES lung carcinoma or Scc-25 oral carcinoma)  [  33  ] , and this inhibitory effect 
was accompanied by a rapid appearance of a unique 70 kDa protein, analogue to heat shock proteins. 
Moreover,  b -carotene suppressed the growth of prostate tumor cells xenografted in nude mice  [  34  ] . 
 b -Carotene inhibited cyclin D1-associated cdk4 kinase activity, along with a decrease in the levels of 
the hyperphosphorylated form of retinoblastoma protein in human  fi broblasts  [  35  ] , which may par-
tially explain the inhibitory effect of  b -carotene on cancer cell proliferation. 

 Genetic loss or functional aberration of cellular control mechanisms of apoptosis is considered to 
be a critical event in the initiation, promotion, or progression of cancer  [  36  ] . Apoptosis represents a 
protective mechanism against neoplastic transformation and development of tumors by eliminating 
genetically damaged cells or cells that may have been inappropriately induced to divide by mitogenic 
and proliferative stimuli.  b -Carotene exhibits potential roles in the induction of apoptosis of human 
cervical cancer cells  [  37  ] , colon adenocarcinoma  [  38,   39  ] , gastric cancer cells  [  40  ] , and leukemic cells 
 [  41  ] . One possible underlying mechanism for the proapoptotic effect of  b -carotene could be its poten-
tial regulation on caspase cascade activation in tumor cells. For example,  b -carotene induced apopto-
sis by the activation of caspase-8, caspase-9, and caspase-3 via cytochrome c release from mitochondria. 
Concomitantly, a dose-dependent decrease of B-cell lymphoma 2 and increase of BID protein cleavage 
were also observed  [  42  ] .  

   Inhibition of Malignant Transformation 

 The potential tumor preventive effects of provitamin A carotenoids might associate with the inhibition 
of malignant transformation. For example,  b -carotene can inhibit malignant transformation induced 
by 3-methylcholanthrene or X-ray treatment in a  fi broblast cell line  [  43  ] . All- trans - b -carotene is con-
sistently more active in suppressing neoplastic transformation in both murine and human keratino-
cytes as compared with 9- cis - b -carotene  [  44  ] .   

   Harmful Effects and Potential Mechanisms 

 During 1994–1996, the human trials with  b -carotene concluded no evidence of bene fi cial effect and 
actually showed an increased risk of lung cancer in heavy smokers and asbestos workers  [  4,   5,   18,   45  ] . 
These unexpected  fi ndings brought carotenoid researchers back to experimental research in animal 
and cell culture models in an attempt to  fi nd insight into this contradiction. The effects of dose 
responses, the antioxidant/pro-oxidant effect, and the coexistence of the central and excentric cleav-
age pathways reveal the complexity of carotenoid metabolism in organisms and raise questions 
regarding the potential effects of interaction between exogenous factors (e.g., tobacco smoking and 
chronic alcohol consumption) with carotenoids and their metabolites (Fig.  11.2 )  [  46  ] . 

   Dosage 

 Small quantities of  b -carotene can offer protection against certain cancers related to free radical oxi-
dation, while larger amounts might be harmful, especially when coupled with a highly oxidative 
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environment. The dosages of  b -carotene used in two human intervention studies mentioned above 
were 20–30 mg per day for 2–8 years. This is tenfold higher than the intake of  b -carotene in the typi-
cal American diet (~2 mg per day) and resulted in accumulation of relatively high levels of  b -carotene 
and its oxidative excentric cleavage metabolites in lung tissue. Research in animal and cell culture 
models suggest that  b -carotene is unstable in the free radical-rich environment of lungs exposed to 
cigarette smoke, which will alter  b -carotene metabolism to produce undesirable excentric cleavage 
metabolites (Fig.  11.2 ). These metabolites facilitate a number of changes associated with the carcino-
genic process, including induction of carcinogen-activating enzymes, binding of carcinogen metabo-
lites to DNA, interference with vitamin A metabolism, downregulation of tumor suppressor genes, 
upregulation of oncogenes, induction of oxidative stress, and enhanced induction of cell transforma-
tion by carcinogens  [  46  ] . Given that  b -carotene in the diet is less bioavailable than supplemental 
 b -carotene, no harmful effects have been associated with high levels of dietary  b -carotene from natu-
ral food sources, aside from the occasional appearance of carotenodermia.  

   Pro-oxidant Effect 

 Some evidence indicates that carotenoids might behave as pro-oxidants in certain circumstances. At 
higher oxygen concentrations, carotenoid peroxy radicals such as Car-OO •  or ROO-Car-OO •  could be 
formed, which could act as pro-oxidants, promote hydrogen abstraction and oxidation of unsaturated 
lipids, and hence exacerbate membrane damage.  b -Carotene at a concentration of 0.2  m M augmented 
UVA-induced heme oxygenase-1 expression  [  47  ] . In another study,  b -carotene at a concentration of 
10  m M increased the production of reactive oxygen species and the levels of cellular oxidized gluta-
thione in leukemia and colon adenocarcinoma cell lines  in vitro   [  48  ] . Lowe et al. demonstrated that 
 b -carotene can protect HT29 cells against oxidative DNA damage at relatively low concentrations 
(1–3  m M), but lose this capacity at higher concentrations (4–10  m M)  [  49  ] . Based on the evidence 
obtained from the clinical trials of  b -carotene supplementation in lung cancer, it appears that  b -caro-
tene may act as a protective antioxidant against cancer at physiological levels, but may lose its effec-
tiveness or even exert pro-oxidant effects at pharmacological levels, especially in highly oxidative 
compartments of the body. The interactions among  b -carotene,  a -tocopherol, and ascorbic acid 
 in vitro  and their potential capability to transform each other, led researchers to their combination 
studies to eliminate potential pro-oxidant effects by a single agent. In animal studies,  a -tocopherol 
and ascorbic acid decreased the production of undesirable oxidative metabolites and increased the 
formation of retinoids from  b -carotene in lung tissue of smoke-exposed ferrets  in vitro  and  in vivo .  

   Induction of Phase I Enzymes 

 In laboratory studies, tobacco smoking and chronic, excessive alcohol consumption, especially when 
coupled with a high dose of carotenoids, induced the expression of cytochrome P450 enzymes  [  29, 
  50  ] . These enzymes may activate procarcinogens present in alcoholic beverages, tobacco smoke, 
and diet, leading to increased formation of carcinogen-DNA adducts. If not repaired or repaired 
incorrectly, these adducts may eventually lead to mutations and ultimately cancer, especially, if the 
adducts are located in tumor suppressor genes. In addition, these same cytochrome P450 enzymes 
can break down retinoic acid and lead to signi fi cantly decreased tissue retinoic acid levels  [  29  ] . 
These studies provide possible mechanistic explanations for the discordance between the results of 
observational epidemiological studies and intervention trials using carotenoids as a potential 
bene fi cial agent.    
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   Other Provitamin A Carotenoids and Their Cancer-Preventive Effects 

    b -Cryptoxanthin 

 Recently, several epidemiological studies have brought attention to  b -cryptoxanthin for its poten-
tial bene fi ts against lung cancer  [  51–  53  ] . In two cohort studies involving Chinese populations, 
among all carotenoids examined, only serum levels of  b -cryptoxanthin or the dietary intake of 
 b -cryptoxanthin were signi fi cantly associated with a reduced risk of lung cancer  [  51,   52  ] . Similarly, 
in a pooled analysis of data from seven large cohorts in North America and Europe involving 3,155 
incident cases of lung cancer,  b -cryptoxanthin was the only dietary carotenoid signi fi cantly associated 
with a reduction of lung cancer risk (RR = 0.76; 95% con fi dence interval, 0.67–0.86; highest versus 
lowest quintile)  [  53  ] . Data from our lab showed that  b -cryptoxanthin inhibited the proliferation of 
premalignant human bronchial epithelial cells, which was associated with a decrease of cells in S 
phase, lowered protein levels of cyclin D and E, and increased levels of the cell cycle inhibitor p21, 
without inducing apoptosis  [  54  ] .  b -Cryptoxanthin signi fi cantly increased RAR b  mRNA in these 
cells. The effect of  b -cryptoxanthin is, in part, due to the transactivation of RARs, supported by 
further observation that  b -cryptoxanthin dramatically increased RARE-dependent promoter activity 
in cells co-transfected with RAR expression vector  [  54  ] . 

 Recently, studies indicated that  b -cryptoxanthin provides a bene fi cial effect against cigarette 
smoke-induced in fl ammation, oxidative DNA damage, and squamous metaplasia in the lungs of fer-
rets  [  55  ] . The effects of  b -cryptoxanthin supplementation were evaluated on cigarette smoke-induced 
squamous metaplasia, in fl ammation, and changes in protein levels of pro-in fl ammatory cytokine 
tumor necrosis factor alpha (TNF a ) and transcription factors nuclear factor kappa B (NF- k  B) and 
activator protein-1 (AP-1), as well as on smoke-induced oxidative DNA damage [8-hydroxy-2 ¢ -
deoxyguanosine (8-OHdG)] in the lung tissue of ferrets.  b -Cryptoxanthin supplementation dose-
dependently increased plasma and lung  b -cryptoxanthin levels. Both low-dose (7.5  m g/kg body 
weight per day) and high-dose (37.5  m g/kg body weight per day)  b -cryptoxanthin lowered cigarette 
smoke-induced lung squamous metaplasia in ferrets. Lung squamous metaplastic lesions were 
observed in all ferrets in the smoke-exposed group, but only in two of the six ferrets in the low-dose 
 b -cryptoxanthin group with smoke exposure and only in one of the six ferrets in the high-dose 
 b -cryptoxanthin group with smoke exposure. No lung squamous metaplasia was found in the control 
group, the low-dose or high-dose  b -cryptoxanthin alone groups. Cigarette smoke signi fi cantly 
increased in fl ammation in ferret lungs with the median grade of 3, and both low- and high-dose 
 b -cryptoxanthin signi fi cantly lowered smoke-induced in fl ammation with the median grade of 2 
(range: from 1 to 3).  b -Cryptoxanthin substantially reduced smoke-elevated TNF a   levels in alveo-
lar, bronchial, bronchiolar, and bronchial serous/mucous gland epithelial cells and in lung mac-
rophages. Moreover,  b -cryptoxanthin decreased smoke-induced activation of NF- k B, expression of 
AP-1, c-Jun, and c-Fos, and levels of 8-OHdG in the same epithelial cells. The bene fi cial effects of 
 b -cryptoxanthin were stronger by high-dose  b -cryptoxanthin than those by low-dose  b -cryptoxan-
thin  [  55  ] . 

 Recent studies demonstrated that cancer-preventive effects of  b -cryptoxanthin may depend on the 
enhancement of DNA repair as well as antioxidant protection against damage  [  56  ] . At low concentra-
tions, close to those found in plasma,  b -cryptoxanthin protects transformed human cells (HeLa and 
Caco-2) from damage induced by H 

2
 O 

2
  or by visible light in the presence of a photosensitizer. In addi-

tion, it has a striking effect on two kinds of DNA repair—SB rejoining and excision repair of oxidized 
bases  [  56  ] . 
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 Several recent studies indicate that  b -cryptoxanthin could suppress  a 7-nicotinic acetylcholine 
receptor ( a 7-nAChR) expression and its mediated PI3K signaling pathways in human immortalized 
lung cells and lung cancer cells  [  57  ] . The nicotinic acetylcholine receptors (nAChRs) were initially 
believed to exist only in the nervous system. However, emerging studies showed that nAChRs, their 
physiological agonist acetylcholine, and its synthesizing enzyme choline acetyltransferase are widely 
expressed in mammalian cells, including cancer cells  [  58–  60  ] . Some tobacco components like nico-
tine and nicotine-derived nitrosamino ketone (NNK) are high-af fi nity nAChR agonists. The  a 7-
nAChR is the main subunit of nAChRs in lung cancer cells, and numerous studies have reported that 
 a 7-nAChR plays critical roles in lung carcinogenesis and lung cancer development by regulation of 
multiple cellular signaling pathways  [  60,   61  ] . Nicotine and NNK can enhance lung cancer cell prolif-
eration and motility through stimulation of  a 7-nAChR as well as upregulation of  a 7-nAChR expres-
sion  [  61,   62  ] . Therefore,  a 7-nAChR represents a valuable molecular target for prevention or therapy 
of tobacco-related lung cancers  [  60,   63  ] . The suppression of  a 7-nAChR expression and its down-
stream signaling, especially PI3K signaling pathways, by  b -cryptoxanthin might provide mechanical 
explanation to the inhibitory effect of  b -cryptoxanthin on lung cancer cell proliferation and survival 
 in vitro , and the chemopreventive effects of  b -cryptoxanthin among current smokers in human epide-
miologic studies. Moreover, we found that  b -cryptoxanthin is effective at inhibiting migration and 
invasion of  a 7-nAChR positive lung cancer cells by suppressing actin remodeling, ruf fl ing/lamelli-
podia formation, but not in  a 7-nAChR negative cells. In addition,  b -cryptoxanthin could suppress 
angiogenesis through inhibiting endothelial cell migration, invasion, tube formation, and microvessel 
outgrowth in aortic ring sprouting experiments. These results provided additional mechanical support 
for the anti-proliferation and anti-motility activities of  b -cryptoxanthin.  

    a -Carotene 

 Several studies showed that  a -carotene possesses higher activity than  b -carotene to suppress tumori-
genesis in skin, lung, liver, and colon  [  64,   65  ] . In the skin tumorigenesis experiment  [  64  ] , the percent-
age of tumor-bearing mice in the control group was 69%, whereas the percentages of tumor-bearing 
mice in the groups treated with  a - and  b -carotene were 25% and 31%, respectively. The average num-
ber of tumors per mouse in the control group was 3.7, whereas the  a -carotene-treated group had 0.3 
tumors per mouse ( p  < 0.01).  b -Carotene treatment also decreased the average number of tumors per 
mouse (2.9 tumors per mouse), but the difference from the control group was not signi fi cant. The 
higher potency of  a -carotene than  b -carotene in the suppression of tumor promotion was further 
con fi rmed in this study. For example, in a 4-nitroquinoline 1-oxide (4NQO)-initiated and glycerol-
promoted mouse lung carcinogenesis model, the average number of tumors per mouse in the control 
group was 4.1, whereas the  a -carotene-treated group had 1.3 tumors per mouse ( p  < 0.001).  b -Carotene 
treatment did not show any suppressive effect on the average number of tumors per mouse, but rather 
induced a slight increase (4.9 tumors per mouse). In a liver carcinogenesis experiment  [  64  ] , C3H/He 
mice, which have a high incidence of spontaneous liver tumor development, were treated for 40 weeks 
with  a - and  b -carotene with a 0.05% emulsion in drinking water or vehicle control. The mean number 
of hepatomas was signi fi cantly decreased by  a -carotene treatment as compared with that in the control 
group; the control group developed 6.3 tumors per mouse, whereas the  a -carotene-treated group had 
3.0 tumors per mouse ( p  < 0.001). On the other hand, the  b -carotene-treated group only showed a ten-
dency toward a decrease of tumors, as compared with the control group  [  64  ] .   
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   Conclusion and Future Directions 

 Many epidemiological studies show the bene fi t of provitamin A carotenoid-rich fruits and vegetables 
on the risk of chronic diseases; however, clinical supplementation trials have returned null  fi ndings or 
evidence of harm in certain populations. Based on these results, high-dose carotenoid supplementa-
tion is not recommended for the general population, and smokers and consumers of alcohol are warned 
to avoid high-dose carotenoid supplements. However, the metabolism and molecular biological prop-
erties of many carotenoids remain to be determined through further research. Recent studies indicated 
that provitamin A carotenoids other than  b -carotene may be active in several important cellular signal-
ing pathways in lung carcinogenesis, and excentric cleavage carotenoid metabolites could have greater 
biological roles than their parent compounds in several molecular targets. In particular, studies from 
seven large well-implemented cohort studies consistently show that among all of the speci fi c carote-
noids examined, increased dietary intake or elevated blood levels of  b -cryptoxanthin is strongly asso-
ciated with a reduced risk of lung cancer. The experimental evidence shows that  b -cryptoxanthin 
inhibits the growth of both premalignant and malignant lung cell lines, and decreased dose-depend-
ently the tobacco smoke-induced lung in fl ammation, TNF a   levels, and squamous metaplasia in ani-
mal studies. These studies indicate that each of the provitamin A carotenoids has certain unique 
bene fi cial effects against cancer risks. In particular, whether there are great differences between 
 b -carotene and  b -cryptoxanthin in their biological activities and whether  b -cryptoxanthin is a 
potentially effective chemopreventive agent against the development of lung cancer need further 
studies.      

   References 

    1.    Rao AV, Rao LG. Carotenoids and human health. Pharmacol Res. 2007;55:207–16.  
    2.    Britton G. Structure and properties of carotenoids in relation to function. FASEBJ. 1995;9:1551–8.  
    3.    van Poppel G, Goldbohm RA. Epidemiologic evidence for beta-carotene and cancer prevention. Am J Clin Nutr. 

1995;62:1393S–402.  
    4.    Albanes D, Heinonen OP, Taylor PR, et al. Alpha-tocopherol and beta-carotene supplements and lung cancer inci-

dence in the alpha-tocopherol, beta-carotene cancer prevention study: effects of base-line characteristics and study 
compliance. J Natl Cancer Inst. 1996;88:1560–70.  

    5.    Omenn GS, Goodman GE, Thornquist MD, et al. Effects of a combination of beta carotene and vitamin A on lung 
cancer and cardiovascular disease. N Engl J Med. 1996;334:1150–5.  

    6.    Castenmiller JJ, Lauridsen ST, Dragsted LO, et al. beta-Carotene does not change markers of enzymatic and non-
enzymatic antioxidant activity in human blood. J Nutr. 1999;129:2162–9.  

    7.    Parker RS. Absorption, metabolism, and transport of carotenoids. FASEB J. 1996;10:542–51.  
    8.    Parker RS. Bioavailability of carotenoids. Eur J Clin Nutr. 1997;51 Suppl 1:S86–90.  
    9.    Wang XD. Review: absorption and metabolism of beta-carotene. J Am Coll Nutr. 1994;13:314–25.  
    10.    Wang XD, Tang GW, Fox JG, et al. Enzymatic conversion of beta-carotene into beta- apo -carotenals and retinoids 

by human, monkey, ferret, and rat tissues. Arch Biochem Biophys. 1991;285:8–16.  
    11.    Wang XD, Krinsky NI, Tang GW, et al. Retinoic acid can be produced from excentric cleavage of beta-carotene in 

human intestinal mucosa. Arch Biochem Biophys. 1992;293:298–304.  
    12.    Kiefer C, Hessel S, Lampert JM, et al. Identi fi cation and characterization of a mammalian enzyme catalyzing the 

asymmetric oxidative cleavage of provitamin A. J Biol Chem. 2001;276:14110–6.  
    13.    Hu KQ, Liu C, Ernst H, et al. The biochemical characterization of ferret carotene-9 ¢ ,10 ¢ -monooxygenase catalyzing 

cleavage of carotenoids  in vitro  and  in vivo . J Biol Chem. 2006;281:19327–38.  
    14.    Hessel S, Eichinger A, Isken A, et al. CMO1 de fi ciency abolishes vitamin A production from beta-carotene and 

alters lipid metabolism in mice. J Biol Chem. 2007;282:33553–61.  
    15.    Lakshmanan MR, Pope JL, Olson JA. The speci fi city of a partially puri fi ed carotenoid cleavage enzyme of rabbit 

intestine. Biochem Biophys Res Commun. 1968;33:347–52.  
    16.    Wang XD, Russell RM, Liu C, et al. Beta-oxidation in rabbit liver  in vitro  and in the perfused ferret liver contributes 

to retinoic acid biosynthesis from beta-apocarotenoic acids. J Biol Chem. 1996;271:26490–8.  



19111 Provitamin A Carotenoids and Cancer Prevention

    17.    Mein JR, Dolnikowski GG, Ernst H, et al. Enzymatic formation of  apo -carotenoids from the xanthophyll carote-
noids lutein, zeaxanthin and beta-cryptoxanthin by ferret carotene-9 ¢ ,10 ¢ -monooxygenase. Arch Biochem Biophys. 
2011;506:109–21.  

    18.    Lee IM, Cook NR, Manson JE, et al. Beta-carotene supplementation and incidence of cancer and cardiovascular 
disease: the Women’s Health Study. J Natl Cancer Inst. 1999;91:2102–6.  

    19.    Prakash P, Liu C, Hu KQ, et al. Beta-carotene and beta- apo -14 ¢ -carotenoic acid prevent the reduction of retinoic 
acid receptor beta in benzo[a]pyrene-treated normal human bronchial epithelial cells. J Nutr. 2004;134:667–73.  

    20.    Peto R, Doll R, Buckley JD, et al. Can dietary beta-carotene materially reduce human cancer rates? Nature. 
1981;290:201–8.  

    21.    Burton GW, Ingold KU. beta-Carotene: an unusual type of lipid antioxidant. Science. 1984;224:569–73.  
    22.    Krinsky NI. The antioxidant and biological properties of the carotenoids. Ann N Y Acad Sci. 1998;854:443–7.  
    23.    Krinsky NI. Effects of carotenoids in cellular and animal systems. Am J Clin Nutr. 1991;53:238S–46.  
    24.    Fabiani R, De Bartolomeo A, Rosignoli P, et al. Antioxidants prevent the lymphocyte DNA damage induced by 

PMA-stimulated monocytes. Nutr Cancer. 2001;39:284–91.  
    25.    Meraji S, Ziouzenkova O, Resch U, et al. Enhanced plasma level of lipid peroxidation in Iranians could be 

improved by antioxidants supplementation. Eur J Clin Nutr. 1997;51:318–25.  
    26.    Peng HC, Chen JR, Chen YL, et al. beta-Carotene exhibits antioxidant and anti-apoptotic properties to prevent 

ethanol-induced cytotoxicity in isolated rat hepatocytes. Phytother Res. 2010;24 Suppl 2:S183–9.  
    27.    Wang XD, Marini RP, Hebuterne X, et al. Vitamin E enhances the lymphatic transport of beta-carotene and its 

conversion to vitamin A in the ferret. Gastroenterology. 1995;108:719–26.  
    28.    Liu C, Lian F, Smith DE, et al. Lycopene supplementation inhibits lung squamous metaplasia and induces apopto-

sis via up-regulating insulin-like growth factor-binding protein 3 in cigarette smoke-exposed ferrets. Cancer Res. 
2003;63:3138–44.  

    29.    Liu C, Russell RM, Wang XD. Exposing ferrets to cigarette smoke and a pharmacological dose of beta-carotene 
supplementation enhance  in vitro  retinoic acid catabolism in lungs via induction of cytochrome P450 enzymes. 
J Nutr. 2003;133:173–9.  

    30.    Kim Y, Chongviriyaphan N, Liu C, et al. Combined antioxidant (beta-carotene, alpha-tocopherol and ascorbic acid) 
supplementation increases the levels of lung retinoic acid and inhibits the activation of mitogen-activated protein 
kinase in the ferret lung cancer model. Carcinogenesis. 2006;27:1410–9.  

    31.    Kim Y, Lian F, Yeum KJ, et al. The effects of combined antioxidant (beta-carotene, alpha-tocopherol and ascorbic 
acid) supplementation on antioxidant capacity, DNA single-strand breaks and levels of insulin-like growth factor-1/
IGF-binding protein 3 in the ferret model of lung cancer. Int J Cancer. 2007;120:1847–54.  

    32.    Qiao YL, Dawsey SM, Kamangar F, et al. Total and cancer mortality after supplementation with vitamins and miner-
als: follow-up of the Linxian General Population Nutrition Intervention Trial. J Natl Cancer Inst. 2009;101:507–18.  

    33.    Schwartz JL, Singh RP, Teicher B, et al. Induction of a 70 kD protein associated with the selective cytotoxicity of 
beta-carotene in human epidermal carcinoma. Biochem Biophys Res Commun. 1990;169:941–6.  

    34.    Yang CM, Yen YT, Huang CS, et al. Growth inhibitory ef fi cacy of lycopene and beta-carotene against androgen-
independent prostate tumor cells xenografted in nude mice. Mol Nutr Food Res. 2011;55:606–12.  

    35.    Stivala LA, Savio M, Quarta S, et al. The antiproliferative effect of beta-carotene requires p21waf1/cip1 in normal 
human  fi broblasts. Eur J Biochem. 2000;267:2290–6.  

    36.    Thompson CB. Apoptosis in the pathogenesis and treatment of disease. Science. 1995;267:1456–62.  
    37.    Muto Y, Fujii J, Shidoji Y, et al. Growth retardation in human cervical dysplasia-derived cell lines by beta-carotene 

through down-regulation of epidermal growth factor receptor. Am J Clin Nutr. 1995;62:1535S–40.  
    38.    Palozza P, Calviello G, Serini S, et al. beta-Carotene at high concentrations induces apoptosis by enhancing oxy-

radical production in human adenocarcinoma cells. Free Radic Biol Med. 2001;30:1000–7.  
    39.    Palozza P, Serini S, Maggiano N, et al. Induction of cell cycle arrest and apoptosis in human colon adenocarcinoma 

cell lines by beta-carotene through down-regulation of cyclin A and Bcl-2 family proteins. Carcinogenesis. 
2002;23:11–8.  

    40.    Jang SH, Lim JW, Kim H. Mechanism of beta-carotene-induced apoptosis of gastric cancer cells: involvement of 
ataxia-telangiectasia-mutated. Ann N Y Acad Sci. 2009;1171:156–62.  

    41.    Palozza P, Serini S, Torsello A, et al. Regulation of cell cycle progression and apoptosis by beta-carotene in undif-
ferentiated and differentiated HL-60 leukemia cells: possible involvement of a redox mechanism. Int J Cancer. 
2002;97:593–600.  

    42.    Palozza P, Serini S, Torsello A, et al. Mechanism of activation of caspase cascade during beta-carotene-induced 
apoptosis in human tumor cells. Nutr Cancer. 2003;47:76–87.  

    43.    Merriman RL, Bertram JS. Reversible inhibition by retinoids of 3-methylcholanthrene-induced neoplastic trans-
formation in C3H/10T1/2 clone 8 cells. Cancer Res. 1979;39:1661–6.  

    44.    Hieber AD, King TJ, Morioka S, et al. Comparative effects of all- trans  b-carotene vs. 9- cis  beta-carotene on car-
cinogen-induced neoplastic transformation and connexin 43 expression in murine 10T1/2 cells and on the differ-
entiation of human keratinocytes. Nutr Cancer. 2000;37:234–44.  



192 B. Miao and X.-D. Wang

    45.    Hennekens CH, Buring JE, Manson JE, et al. Lack of effect of long-term supplementation with beta carotene on 
the incidence of malignant neoplasms and cardiovascular disease. N Engl J Med. 1996;334:1145–9.  

    46.       Wang XD. Carotenoid oxidative/degradative products and their biological activities. In: Krinsky NI, Mayne ST, 
Sies H, editors. Carotenoids in health and disease. New York: Marcel Dekker; 2004. p. 313–35.  

    47.    Obermuller-Jevic UC, Francz PI, Frank J, et al. Enhancement of the UVA induction of haem oxygenase-1 expression 
by beta-carotene in human skin  fi broblasts. FEBS Lett. 1999;460:212–6.  

    48.    Palozza P, Serini S, Torsello A, et al. Beta-carotene regulates NF-kappaB DNA-binding activity by a redox mecha-
nism in human leukemia and colon adenocarcinoma cells. J Nutr. 2003;133:381–8.  

    49.    Lowe GM, Booth LA, Young AJ, et al. Lycopene and beta-carotene protect against oxidative damage in HT29 cells 
at low concentrations but rapidly lose this capacity at higher doses. Free Radic Res. 1999;30:141–51.  

    50.    Veeramachaneni S, Ausman LM, Choi SW, et al. High dose lycopene supplementation increases hepatic cyto-
chrome P4502E1 protein and in fl ammation in alcohol-fed rats. J Nutr. 2008;138:1329–35.  

    51.    Yuan JM, Ross RK, Chu XD, et al. Prediagnostic levels of serum beta-cryptoxanthin and retinol predict smoking-
related lung cancer risk in Shanghai, China. Cancer Epidemiol Biomarkers Prev. 2001;10:767–73.  

    52.    Yuan JM, Stram DO, Arakawa K, et al. Dietary cryptoxanthin and reduced risk of lung cancer: the Singapore 
Chinese Health Study. Cancer Epidemiol Biomarkers Prev. 2003;12:890–8.  

    53.    Mannisto S, Smith-Warner SA, Spiegelman D, et al. Dietary carotenoids and risk of lung cancer in a pooled analysis 
of seven cohort studies. Cancer Epidemiol Biomarkers Prev. 2004;13:40–8.  

    54.    Lian F, Hu KQ, Russell RM, et al. Beta-cryptoxanthin suppresses the growth of immortalized human bronchial 
epithelial cells and non-small-cell lung cancer cells and up-regulates retinoic acid receptor beta expression. Int J 
Cancer. 2006;119:2084–9.  

    55.    Liu C, Bronson RT, Russell RM, et al. Beta-cryptoxanthin supplementation prevents cigarette smoke-induced lung 
in fl ammation, oxidative damage and squamous metaplasia in ferrets. Cancer Prev Res (Phila). 2011;4(8):
1255–66.  

    56.    Lorenzo Y, Azqueta A, Luna L, et al. The carotenoid beta-cryptoxanthin stimulates the repair of DNA oxidation 
damage in addition to acting as an antioxidant in human cells. Carcinogenesis. 2009;30:308–14.  

    57.   Miao B, Iskandar A, Wang XD. Beta-cryptoxanthin inhibits phosphoinositide 3-kinase (PI3K) signaling and lung 
cancer cell motility. Submitted to Cancer Prev Res (the abstract was presented on AACR annual meeting 2011).  

    58.    Schuller HM. Is cancer triggered by altered signalling of nicotinic acetylcholine receptors? Nat Rev Cancer. 
2009;9:195–205.  

    59.    Wessler I, Kirkpatrick CJ. Acetylcholine beyond neurons: the non-neuronal cholinergic system in humans. Br J 
Pharmacol. 2008;154:1558–71.  

    60.    Egleton RD, Brown KC, Dasgupta P. Nicotinic acetylcholine receptors in cancer: multiple roles in proliferation 
and inhibition of apoptosis. Trends Pharmacol Sci. 2008;29:151–8.  

    61.    Plummer III HK, Dhar M, Schuller HM. Expression of the alpha7 nicotinic acetylcholine receptor in human lung 
cells. Respir Res. 2005;6:29.  

    62.    Catassi A, Servent D, Paleari L, et al. Multiple roles of nicotine on cell proliferation and inhibition of apoptosis: 
implications on lung carcinogenesis. Mutat Res. 2008;659:221–31.  

    63.    Trombino S, Cesario A, Margaritora S, et al. Alpha7-nicotinic acetylcholine receptors affect growth regulation of 
human mesothelioma cells: role of mitogen-activated protein kinase pathway. Cancer Res. 2004;64:135–45.  

    64.    Murakoshi M, Nishino H, Satomi Y, et al. Potent preventive action of alpha-carotene against carcinogenesis: spon-
taneous liver carcinogenesis and promoting stage of lung and skin carcinogenesis in mice are suppressed more 
effectively by alpha-carotene than by beta-carotene. Cancer Res. 1992;52:6583–7.  

    65.    Narisawa T, Fukaura Y, Hasebe M, et al. Inhibitory effects of natural carotenoids, alpha-carotene, beta-carotene, 
lycopene and lutein, on colonic aberrant crypt foci formation in rats. Cancer Lett. 1996;107:137–42.    



193S.A. Tanumihardjo (ed.), Carotenoids and Human Health, Nutrition and Health,
DOI 10.1007/978-1-62703-203-2_12, © Springer Science+Business Media New York 2013

    N.   Ford ,  Ph.D.   (*)
     Department of Nutritional Sciences ,  University of Texas at Austin , 
  1400 Barbara Jordan Blvd ,  Austin ,  TX   73723 ,  USA  
  e-mail: nikkiannford@gmail.com    

    J.  W.   Erdman   Jr. ,  Ph.D.  
     Department of Nutritional Sciences ,  University of Illinois at Urbana-Champaign ,
  905 Goodwin Ave, 455 Bevier Hall ,  Urbana ,  IL   61801 ,  USA    

  Keywords   Cancer  •  Lycopene  •  Tomato  •  Carotenoid  •  Growth factor  •  Apoptosis  •  Proliferation  
•  Angiogenesis    

    Introduction 

 The red pigment lycopene is the most abundant carotenoid in tomatoes. Lycopene can also be found 
in lesser amounts in guava, pink grapefruit, papaya, and watermelon. Upon consumption, lycopene 
accumulates predominantly in the liver, adrenals, testes, and prostate  [  1  ] . Comprised of 40 carbons, 
lycopene is an acyclic, open chain polyisoprenoid carotenoid with 11 conjugated double bonds  [  2  ] . 

    Chapter 12   
 Lycopene and Cancer       

      Nikki   Ford        and    John   W.   Erdman   Jr.          

  Key Points 

    Epidemiological and human clinical trials suggest that dietary intake of tomatoes or lycopene • 
protects against cancers of the prostate, breast, cervix, ovary, endometrium, lung, bladder, oral 
cavity, esophagus, stomach, colon, and pancreas.  
  Tomatoes contain numerous bioactives that may work additively or synergistically to reduce can-• 
cer risk.  
  The effects of lycopene cannot easily be distinguished from the effects of tomato products on can-• 
cer risk in epidemiological or human clinical trials.  
  Lycopene or tomato intake may reduce cancer risk through modulation of growth factors, increased • 
apoptosis and cell–cell communication, and reduction in cell proliferation, angiogenesis, and cell 
migration.  
  More than ten independent epidemiological or clinical studies have examined the chemopreventa-• 
tive effects of lycopene on cancers of the prostate, breast, lung, and stomach.    
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Two primary forms of lycopene exist: the linear all -trans  form and a variety of chain kinked  cis -isomer 
forms. All -trans  lycopene is the predominant isomer found in plants, but  cis  isomers are the form 
most commonly found in human tissues suggesting preferential absorption of  cis  isomers  [  3  ] . 

 Tomatoes also contain a variety of carotenoids in addition to lycopene. While lycopene comprises 
approximately 60% of the total carotenoids found in red tomato products; phytoene, phyto fl uene, 
neurosporene, and  g -carotene are the next most abundant carotenoids (Fig.  12.1 ). The concentration 
of lycopene in tomatoes or tomato products also varies widely depending upon variety, ripeness of the 
fruit, and processing methods  [  4  ] .  

 Dietary intake of tomatoes is inversely associated with numerous chronic diseases including car-
diovascular disease and cancer. Both diseases share some common attributes including increased 
in fl ammation and oxidation and altered metabolism. Most research has been dedicated to investigat-
ing the effects of only lycopene on chronic disease risk. This review will focus on cancer risk and also 
will suggest that lycopene may not be wholly responsible for the anti-carcinogenic properties of 
tomato products.  

   Lycopene Modulates Cancer Pathways 

 Cells must be self-suf fi cient and versatile to withstand endogenous and exogenous stresses. The body 
comprises many autonomous controls to replace cells damaged by typical human exposures such as 
UV light, toxins, and stomach acid. These controls place each cell at risk for corruption of pathways 
which inevitably can lead to carcinogenesis. Mutations in DNA, genes, or cellular pathways can 
modify growth and differentiation, recruitment of nutrients, and migration or metastasis of cells. 
Lycopene has been reported to modulate many of these pathways resulting in reduced cellular carci-
nogenic properties (Fig.  12.2 ).  

 Balancing oxidants and antioxidants within the cellular environment is essential for optimal cell 
health. While necessary for energy production, cellular metabolism also produces reactive oxygen spe-
cies (ROS) and reactive nitrogen species (RNS) that can damage lipids, proteins, and DNA. In properly 
maintained systems, our bodies counteract excess ROS or RNS through an antioxidant network thereby 

  Fig. 12.1    Tomato carotenoid 
content (modi fi ed from 
previous publication  [  78  ] )       
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protecting us from an imbalance of excess oxidants. Early studies suggested that the antioxidant effect 
of lycopene may reduce chronic diseases such as cancer.  In vitro , lycopene is the most pro fi cient caro-
tenoid singlet oxygen quencher in nature  [  5  ] . However, it is questionable whether lycopene is an 
important  in vivo  antioxidant because this fat-soluble compound circulates in the body in very low 
concentrations compared to other antioxidants, such as vitamin E  [  6  ] . Additionally, due to the physical 
nature of the molecule, lycopene may not be able to access the sites of highest ROS production. Lastly, 
little  in vivo  evidence supports the idea that lycopene works primarily through an antioxidant mecha-
nism  [  6  ] . So, although lycopene is a potent antioxidant, it is unlikely that lycopene reduces cancer risk 
through a direct antioxidant mechanism. 

 Growth factors are key regulators of cell growth. Through target-speci fi c receptors, cells receive 
extracellular signals such as hormones and cytokines which regulate their growth or differentiation. 
Studies demonstrate that lycopene plays a role in controlling proliferation pathways. Numerous stud-
ies suggest that lycopene decreases cell proliferation  [  7  ] . More speci fi cally, animal and clinical stud-
ies show that lycopene inhibits the expression of insulin-like growth factor (IGF-1) or its receptor or 
increases IGF-1 binding proteins  [  8–  13  ] . IGF-1 mimics many of the physiological traits of insulin to 
regulate growth and metabolism. Epidemiological studies indicate that circulating IGF-1 is related to 
increased risk for several types of cancers  [  14  ] . Lycopene also positively modulates in fl ammatory 
cytokine-driven pathways  [  12,   15–  18  ] , although lycopene may not be able to overcome the effects of 
certain stressors, such as obesity  [  19  ] . 

 Some cancers strongly depend on sex steroids to promote growth and differentiation. For example, 
circulating androgens are tightly correlated with prostate cancer risk. Lycopene reduces testosterone, 
regulates androgen metabolizing pathways  [  8,   20  ] , reduces serum estrogen and estrogenic activity 
 [  21–  23  ] . Circulating estrogens are positively correlated with breast and other female reproductive 
cancers  [  24  ] . 

  Fig. 12.2    Lycopene alters cancer pathways (for review see  [  6  ] ).  Abbreviations :  IGF-1R  insulin-like growth factor 1 
receptor,  ROS  radical oxygen species       
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 Another hallmark of cancer is the loss of intracellular signaling between cells. Cell growth is balanced 
through cell–cell communication through an intracellular exchange of small circulating signaling 
molecules. On the cell wall, gap junction proteins form channels between neighboring cells within a 
tissue. Some evidence suggests that lycopene enhances the expression of these gap junction proteins 
 [  25,   26  ] , although we recently report no effect in a rodent model and  in vitro   [  7  ] . Proper cell–cell com-
munication allows cells to sense neighboring cells and possibly prevent uncontrolled cellular growth. 

 Cancer prevention therapies often target two common mechanisms, the normal cell cycle and 
apoptosis. Evidence suggests that lycopene may regulate cell growth by direct control of the cell cycle 
 [  27,   28  ] . By controlling a cell’s progression through the cell cycle, lycopene can inhibit cell division 
and replication. To avoid replication of damaged cells which could promote carcinogenesis, the cells 
induce apoptosis which is a process whereby a cell undergoes morphological changes resulting in 
controlled cell death. This process allows for macrophages and other surrounding cells to remove cell 
debris without damaging neighboring tissues. Studies in humans and animals suggest that lycopene 
induces apoptosis  [  9,   28–  36  ] . By inducing apoptosis in tissues, lycopene may modify risk for cancer 
by removing damaged cells from the DNA pool. 

 An essential component of tumor growth is recruitment and development of capillary networks to 
provide energy to the tumor cells. In 2008, Huang  fi rst reported that lycopene supplementation 
signi fi cantly reduced the expression of a key protein (VEGF) in angiogenesis  [  37  ] . Since that time, 
two more studies demonstrated that lycopene inhibits angiogenesis  [  38,   39  ] . A small body of evidence 
suggests that lycopene reduces cancer progression by limiting nutrient delivery through increased 
tumor capillary networks. In contrast, lycopene supplementation increased VEGF expression in mice 
that were exposed to smoke  [  40  ] . Again, this study suggests that the bene fi cial effects of lycopene 
may not overcome certain environmental or physiological stressors. 

 Primary tumors can metastasize to form proliferating colonies in distal tissues. Treatment is often 
more dif fi cult after tumor metastasis and therefore preventing migration of tumor cells through the 
body improves an individual’s cancer treatment success. In separate studies, lycopene treatment 
signi fi cantly reduced cell migration in hepatoma cells, hepatocarcinoma cells, and  fi broblasts  [  41–  44  ] . 
Future epidemiological studies of secondary tumor incidence in relation to lycopene intake could bet-
ter identify whether reduced  in vitro  cell migration translates to fewer metastases of human cancers.  

   Cancers 

   Prostate Cancer 

 As a component of the male reproductive system, the prostate is a small walnut-shaped gland respon-
sible for producing some of the  fl uid components of sperm. According to the National Cancer 
Institute, more than 215,000 new cases of prostate cancer were diagnosed and 32,050 men died from 
the disease in 2010 in the USA  [  45  ] . Prostate cancer typically occurs in older men and af fl icts African-
American men more than men of other races  [  45  ] . 

 As men age, the prostate often swells to constrict the urethra. Although the swelling, also known 
as benign prostatic hyperplasia (BPH), is not cancerous it can cause in fl ammation that may promote 
prostate cancer if left untreated  [  46  ] . Prostate cancer is usually diagnosed by a digital rectal exam or 
by changes in blood prostate speci fi c antigen (PSA) over time. 

 Surgery, radiation therapy, and active surveillance are the most common prostate cancer therapeu-
tics. Active surveillance is de fi ned as close monitoring to identify changes or growth of the cancer. 
Nutritionists have used the period of active surveillance to investigate the effects of dietary 
modi fi cations on cancer progression. Additionally, there is generally a small window of time before 
clinical treatment (elective prostate removal), which provides nutritionists the opportunity to further 
investigate dietary modulations on prostate cancer progression. 
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 A small clinical trial by Kucuk and colleagues opted to give men with newly diagnosed, but clinically 
localized, prostate cancer either a 15 mg lycopene supplement twice daily or no supplement for 
3 weeks prior to prostatectomy  [  47  ] . The lycopene treatment signi fi cantly reduced the aggressiveness 
of the cancer as determined by reduced involvement of surgical margins and reduction in the areas 
determined to be high grade prostatic intraepithelial neoplasia (PIN). The lycopene treatment also 
reduced the in fl ammatory marker, IGF-1, which has been linked to prostate cancer incidence. Not 
only has lycopene shown promising results to reduce the progression of prostate cancer but also large 
epidemiological studies suggest that consumption of tomatoes, or blood lycopene levels, is inversely 
associated with prostate cancer incidence. A study published from the Harvard School of Public 
Health  fi rst drew attention to this relationship  [  48  ] . Using data from the Health Professionals Follow-up 
Study in 1986, Giovannucci and colleagues report that of the 46 vegetables and fruits investigated, 
only four were signi fi cantly associated with a reduced risk of prostate cancer: tomato sauce, tomatoes, 
pizza, and strawberries. Three of those foods (not strawberries) contain lycopene. The risk of prostate 
cancer was reduced by 21% on average in men with high intakes of lycopene-containing foods com-
pared to low consumers of lycopene. Twenty-six clinical or epidemiological studies have investigated 
the relationship between tomato or lycopene intake and prostate cancer risk. No studies report an 
increased risk with consumption, but ten studies suggest a protective effect. A meta-analysis  [  49  ]  
analyzing published studies up to 2003 reported a 10–20% reduction in prostate cancer risk with high 
tomato or lycopene intake. In conclusion, a large body of human data suggests that tomatoes or 
lycopene-containing foods reduce prostate cancer risk.  

   Breast Cancer 

 Almost 210,000 new cases of breast cancer with nearly 40,000 deaths occurred in the USA in 2010 
 [  45  ] . Breast cancer normally develops in the ducts and lobules in breast tissue of both men and women, 
although male breast cancer is uncommon. Primary breast tumors are detected using mammography 
or magnetic resonance imagining (MRI). If a tumor is detected, further diagnosis is required because 
there are currently  fi ve recognized subtypes of breast cancer with different molecular pro fi les that dif-
ferentiate treatment. Common therapies include mastectomy, hormone therapy, radiation therapy, and 
chemotherapy. Prevention of breast cancer by tomatoes or lycopene was investigated in 24 studies; 18 
found no effect and 6 reported a protective effect of lycopene or tomato dietary intake (see Table  12.1  
for review). Due to lack of knowledge at the time, older human studies often failed to account for 
important mitigating factors that may have washed out further positive effects including: menopause 
status, breast tumor subtype, and race. For example, one recent study suggests that African-American 
women with a low intake of lycopene have a greater risk of developing cancer of the breast compared 
to Caucasian women with low intakes  [  50  ] . Future epidemiological and clinical trials will be better 
equipped to model and interpret dietary in fl uences on breast cancer risk. Additionally, lycopene’s 
mechanism of preventative action within each breast cancer subtype should be identi fi ed.   

   Cancers of the Female Reproductive Tract 

 As a less common cancer of the female reproductive tract, only 12,000 new cases of cervical cancer 
were diagnosed in 2010 according to the National Cancer Institute. Regular screening by a Papanicolaou 
(Pap) Test reduces cervical cancer mortality by at least 80%. Additionally, although cervical cancer is 
generally a slower growing cancer, more than one-third of women diagnosed with cervical cancer die from 
the disease because of late diagnosis suggesting that proper screening is not done in many women  [  45  ] . 
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   Table 12.1    Results of epidemiological trials investigating the relative risk of dietary intake of tomato 
or lycopene or blood lycopene levels on cancer risk by cancer site   

 Cancer site  References  Country  No. of cases  Assessment 
 Relative risk 
(95% CI) 

 Prostate  Mills  [  79  ]   USA  180 (7th DA)  Tomato intake by diet history 
(quartiles) 

 0.60 (0.37–0.97) 

 Giovannucci 
 [  80  ]  

 USA  773  Tomato intake by FFQ (quintiles)  0.65 (0.44–0.95) 

 Schuman  [  81  ]   USA  223  Tomato intake by diet history 
(quartiles) 

 0.70 (NA) 

 Cerhan  [  82  ]   USA  101  Tomato intake by diet history 
(quintiles) 

 0.50 (0.30–0.90) 

 Salem  [  83  ]   Iran  194  Tomato intake by FFQ (tertiles)  0.33 (0.16–0.65) 
 Darlington 

 [  84  ]  
 Canada  752  Tomato intake by FFQ (quartiles)  1.2 (0.9–1.6) 

 Stram  [  85  ]   USA  3,922  Tomato intake by FFQ (quintiles)  1.02 (0.92–1.14) 
 Norrish  [  86  ]   New 

Zealand 
 318  Tomato product intake by FFQ 

(quartiles) 
 0.82 (0.53–1.26) 

 Gallus  [  87  ]   Italy  1,294  Pizza intake by diet history 
(median) 

 1.04 (0.88–1.23) 

 Gann  [  88  ]   USA  581  Blood lycopene (quintiles)  0.56 (0.34–0.91) 
 Jian  [  89  ]   China  130  Lycopene intake by diet history 

(quartiles) 
 0.18 (0.08–0.39) 

 Vogt  [  90  ]   USA  483  Blood lycopene (quartiles)  0.65 (NA) 
 Lu  [  91  ]   USA  65  Blood lycopene (tertiles)  0.24 (0.06–0.90) 
 McCann  [  92  ]   USA  433  Lycopene intake by FFQ 

(quartiles) 
 0.62 (0.42–0.92) 

 Hsing  [  93  ]   USA  103 (7th DA)  Blood lycopene (quartiles)  0.50 (0.20–1.29) 
 Key  [  94  ]   UK  328  Blood lycopene (quartiles)  0.99 (0.68–1.45) 
 Nomura  [  95  ]   USA  142  Blood lycopene (quartiles)  1.10 (0.50–2.20) 
 Norrish  [  86  ]   New 

Zealand 
 317  Lycopene intake by FFQ 

(quartiles) 
 0.76 (0.50–1.17) 

 Gann  [  88  ]   USA  578  Blood lycopene (quintiles)  0.75 (0.54–1.06) 
 Kirsh  [  96  ]   USA  1,338  Lycopene intake by FFQ 

(quintiles) 
 0.95 (0.79, 1.13) 

 Pourmand 
 [  97  ]

Bosetti [98]  

 Iran

Italy 

 130

1294 

 Lycopene intake by diet history 
(quartiles)

Lycopene intake by FFQ (quintiles) 

 0.45 (0.09–2.12)

0.94 (0.72–1.23) 
 Wu  [  99  ]
Huang [100]  

 USA
USA
USA 

 450
182
142 

 Lycopene intake by FFQ (quintiles)
(CLUE I Blood lycopene (quintiles) 
(CLUE II Blood lycopene 

(quintiles)  

 0.66 (0.38–1.13)
0.83 (0.46–1.48)
0.79 (0.41–1.54) 

 Schuurman 
 [  101  ]  

 Netherlands  642  Lycopene intake by FFQ 
(quintiles) 

 0.98 (0.71–1.34) 

 Le Marchand 
 [  102  ]  

 USA  452  Lycopene intake by diet history 
(quartiles) 

 0.9 (NA) 

 Breast  Do  [  103  ]   Korea  359  Tomato intake by FFQ (quartiles)  0.59 (0.38–0.89) 
 Gallus  [  87  ]   Italy  2,569  Pizza intake by diet history 

(median) 
 0.97 (0.86–1.10) 

 Ewertz  [  104  ]   Denmark  1,486  Tomato intake by FFQ (quartiles)  1.04 (0.79–1.31) 
 Levi  [  105  ]   Switzerland  107  Tomato intake by diet history 

(tertiles) 
 0.9 (NA) 

 Levi  [  105  ]   Switzerland  289  Lycopene intake by FFQ 
(tertiles) 

 0.43 (0.35–0.71) 

 Zhang  [  106  ]   USA  46  Breast adipose lycopene  0.32 (0.11–0.94) 
 Dorjgochoo 

 [  107  ]  
 China  365  Blood lycopene (quartiles)  0.56 (0.32–0.97) 

(continued)
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Table 12.1 (continued)

 Cancer site  References  Country  No. of cases  Assessment 
 Relative risk 
(95% CI) 

 Huang  [  108  ]   China  122  Lycopene intake by diet history 
(quartiles) 

 0.38 (0.21–0.71) 

 Gaudet  [  23  ]   USA  770 (post) 
 367 (pre) 

 Lycopene intake by FFQ 
(quintiles) 

 0.66 (0.48–0.90) 
 1.53 (0.92–2.52) 

 Tamimi  [  109  ]   USA  604  Blood lycopene (quintiles)  1.0 (0.7–1.4) 
 Kabat  [  110  ]   USA  190  Blood lycopene (tertiles)  1.47 (0.98–2.22) 
 Freudenheim 

 [  111  ]  
 USA  297  Lycopene intake by diet history 

(quartiles) 
 0.87 (0.55–1.39) 

 Wang  [  112  ]   USA  157  Lycopene intake by diet history 
(quartiles) 

 0.90 (0.74–1.11) 

 Cui  [  21  ]   USA  462  Lycopene intake by FFQ 
(quintiles) 

 0.85 (0.73–1.00) 

 Sesso  [  113  ]   USA  1,076  Blood lycopene (quartiles)  0.93 (0.56–1.52) 
 Tamimi  [  114  ]   USA  969  Blood lycopene (quintiles)  1.01 (0.73–1.39) 
 Terry  [  115  ]   Canada  1,452  Lycopene intake by FFQ 

(quintiles) 
 1.01 (0.8, 1.22) 

 Sato  [  116  ]   USA  295  Blood lycopene (quintiles)  0.55 (0.29–1.06) 
 Hulten  [  117  ]   Sweden  201  Blood lycopene (quartiles)  1.0 (0.60–1.80) 
 La Vecchia 

 [  118  ]  
 Italy  1,953  Lycopene intake by FFQ 

(quintiles) 
 1.2 (1.0–1.4) 

 Potischman 
 [  119  ]  

 USA  83  Blood lycopene (quartiles)  0.62 (0.19–2.0) 

 London  [  120  ]   USA  377  Blood lycopene (quintiles)  1.0 (0.70–1.70) 
 Dorgan  [  121  ]   USA  105  Blood lycopene (quartiles)  0.5 (0.20–1.20) 

 Cervix  VanEenwyk 
 [  122  ]  

 USA  102  Blood lycopene (quartiles)  0.26 (0.08–0.9) 

 VanEenwyk 
 [  122  ]  

 USA  102  Lycopene intake by diet history 
(quartiles) 

 0.19 (0.04–0.77) 

 Batieha  [  123  ]   USA  50  Blood lycopene (tertiles)  0.40 (0.15–1.04) 
 Potischman 

 [  124  ]  
 Latin 

America 
 387  Blood lycopene (quartiles)  1.14 (0.8–2.1) 

 Kanetsky 
 [  125  ]  

 USA  32 (Black F)  Blood lycopene (tertiles)  0.32 (0.8–1.3) 

 Goodman 
 [  126  ]  

 USA  147  Blood lycopene (quartiles)  0.60 (0.20–1.40) 

 Nagata  [  127  ]   Japan  152  Lycopene intake by diet history 
(quartiles) 

 0.28 (0.08–1.01) 

 Schiff  [  128  ]   USA  81 (Am Ind)  Blood lycopene (tertiles)  0.80 (0.40–1.90) 
 Ovary  Cramer  [  53  ]   USA  549  Lycopene intake by diet history 

(quintiles) 
 0.53 (0.35–0.82) 

 Jeong  [  52  ]   Korea  45  Blood lycopene (tertiles)  0.09 (0.03–0.32) 
 Zhang  [  129  ]   China  254  Lycopene intake by FFQ 

(quartiles) 
 1.01 (0.62–1.64) 

 Koushik 
 [  130  ]  

 Many  2,012  Lycopene intake by FFQ  1.01 (0.97–1.05) 

 La Vecchia 
 [  118  ]  

 Italy  1,030  Lycopene intake by FFQ 
(quintiles) 

 1.1 (0.9–1.5) 

 Helzlsouer 
 [  131  ]  

 USA  35  Blood lycopene (tertiles)  1.36 (0.4–4.3) 

(continued)
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Table 12.1 (continued)

 Cancer site  References  Country  No. of cases  Assessment 
 Relative risk 
(95% CI) 

 Endometrium  Jeong  [  52  ]   Korea  28  Blood lycopene (tertiles)  0.85 (0.04–0.61) 
 Jain  [  132  ]   Canada  221  Lycopene intake by diet history 

(quartiles) 
 0.63 (0.43–0.94) 

 Pelucchi 
 [  133  ]  

 Italy  454  Lycopene intake by FFQ 
(quartiles) 

 0.95 (0.68–1.34) 

 McCann  [  54  ]   USA  232  Lycopene intake by diet 
(quartiles) 

 0.6 (0.4–1.0) 

 Lung  Agudo  [  134  ]   Spain  103  Tomato intake by FFQ (tertiles)  0.45 (0.22–0.91) 
 Brennan 

 [  135  ]  
 EU  506  Tomato intake by FFQ (tertiles)  0.5 (0.4–0.6) 

 Darby  [  136  ]   UK  982  Tomato intake by FFQ (quartiles)  0.74 (0.57–0.96) 
 Forman  [  137  ]   China  183 (TM)  Tomato intake by FFQ (quartiles)  0.42 (NA) 
 Goodman 

 [  138  ]  
 USA  463 (M) 

 212 (F) 
 Tomato intake by diet history 

(quartiles) 
 0.77 (NA) M 
 0.50 (NA) F 

 Le Marchand 
 [  139  ]  

 USA  597 (M) 
 268 (F) 

 Tomato intake by diet history 
(quartiles) 

 0.63 (NA) M 
 0.42 (NA) F 

 Ziegler  [  140  ]   USA  11,084  Tomato intake by FFQ (quartiles)  0.93 (0.58–1.49) 
 Garcia-Closas 

 [  141  ]  
 Spain  103  Tomato intake by FFQ (tertiles)  0.56 (0.26–1.24) 

 Smith-Warner 
 [  57  ]  

 EU & NA  3,206  Tomato intake (quartiles) 
meta-analysis 

 0.83 (0.74–1.02) 

 Fraser  [  142  ]   USA  61 (7th DA)  Tomato intake by FFQ (median)  1.24 (0.51–2.99) 
 Knekt  [  143  ]   Finland  138  Tomato intake by diet history 

(median) 
 1.00 (0.67–1.50) 

 Mayne  [  144  ]   USA  413  Tomato intake by FFQ (quartiles)  0.79 (NA) 
 Kvale  [  145  ]   Norway  168  Tomato intake by diet history 

(median) 
 0.87 (NA) 

 Axelsson 
 [  146  ]  

 Sweden  308  Tomato intake by FFQ (tertiles)  0.67 (0.43–1.05) 

 Bond  [  147  ]   USA  308  Tomato intake by FFQ (median)  0.42 (0.14–1.33) 
 De Stefani 

 [  148  ]  
 Uruguay  541  Tomato intake by FFQ (tertiles)  0.76 (0.49–1.16) 

 Muscat  [  149  ]   USA  94  Tomato intake by FFQ (quartiles)  0.40 (0.2–1.9) 
 Mannisto 

 [  58  ]  
 EU & NA  3,155  Lycopene intake (quintiles) 

meta-analysis 
 0.77 (0.68–0.88) 

 Yuan  [  150  ]   China  209  Blood lycopene (quintiles)  0.46 (0.27–0.79) 
 Holick  [  151  ]   Finland  1,644  Lycopene intake by FFQ 

(quintiles) 
 0.72 (0.61–0.84) 

 Michaud 
 [  152  ]  

 USA  519  Lycopene intake by FFQ 
(quintiles) 

 0.8 (0.64–0.99) 

 Le Marchand 
 [  153  ]  

 USA  230 (M) 
 102 (F) 

 Lycopene intake by diet history 
(quartiles) 

 0.67 (NA) M 
 0.77 (NA) F 

 Speizer  [  154  ]   USA  593 (F)  Lycopene intake by FFQ 
(quintiles) 

 0.80 (0.60–1.10) 

 Voorrips 
 [  155  ]  

 Netherlands  939 (M)  Lycopene intake by FFQ 
(quintiles) 

 1.05 (0.75–1.46) 

 Wright  [  156  ]   USA  587  Lycopene intake by FFQ 
(quartiles) 

 0.73 (0.48–1.1) 

 Ito  [  157  ]   Japan  147  Blood lycopene (quartiles)  0.46 (0.21–1.04) 

(continued)
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 Cancer site  References  Country  No. of cases  Assessment 
 Relative risk 
(95% CI) 

 Yuan  [  158  ]   Singapore  482  Blood lycopene (quintiles)  0.89 (0.65–1.21) 
 Rohan  [  159  ]   Canada  155  Lycopene intake by FFQ 

(quartiles) 
 1.04 (0.61–1.76) 

 Steinmetz 
 [  160  ]  

 USA  138  Lycopene intake by FFQ 
(quintiles) 

 1.21 (0.69–2.10) 

 Candelora 
 [  161  ]  

 USA  124 (F)  Lycopene intake by FFQ 
(quartiles) 

 0.60 (0.30–1.20) 

 Comstock 
 [  162  ]  

 USA  258  Blood lycopene (quintiles)  1.01 (NA) 

 Bladder  Castelao  [  61  ]   USA  771  Tomato intake by diet history 
(quintiles) 

 0.73 (0.57–0.93) 

 Bruemmer 
 [  163  ]  

 USA  262  Tomato intake by diet history 
(median) 

 0.71 (0.39–1.29) 

 Helzlsouer 
 [  164  ]  

 USA  135  Blood lycopene (tertiles)  0.5 (NA) 

 Nomura 
 [  165  ]  

 USA  195 (M) 
 66 (F) 

 Lycopene intake by diet history 
(quintiles) 

 0.7 (NA) M 
 0.9 (NA) F 

 Hung  [  166  ]   USA  84  Blood lycopene (quartiles)  0.90 (0.81–1.00) 
 Nomura 

 [  167  ]  
 USA  111 (Japan)  Blood lycopene (quartiles)  0.60 (0.28–1.29) 

 Michaud 
 [  168  ]  

 Finland  344  Lycopene intake by FFQ 
(quintiles) 

 1.32 (0.95–1.83) 

 Zeegers  [  169  ]   Netherlands  569  Lycopene intake by FFQ 
(quintiles) 

 1.08 (0.77–1.51) 

 Oral  Franceschi 
 [  170  ]  

 Italy  314  Tomato intake by diet history 
(quartiles) 

 0.5 (NA) 

 Zheng  [  171  ]   China  404  Tomato intake by diet history 
(median) 

 0.49 (0.26–0.94) 

 Zheng  [  172  ]   China  177 (M) 
 24 (F) 

 Tomato intake by diet history 
(tertiles) 

 1.2 (NA) M 
 1.1 (0.4–3.1) F 

 Sapkota  [  173  ]   Europe  378  Tomato intake by diet history 
(tertiles) 

 0.70 (0.31–1.58) 

 La Vecchia 
 [  118  ]  

 Italy  754  Lycopene intake by FFQ 
(quintiles) 

 0.9 (0.8–1.0) 

 Esophagus  Cook-
Mozaffari 
 [  174  ]  

 Iran  217 (M) 
 127 (F) 

 Tomato intake by diet history 
(median) 

 0.61 (0.43–0.86) 
M 1.08 
(0.69–1.67) F 

 Lagiou  [  175  ]   Europe  2,304  Fresh tomato intake by FFQ 
(tertiles) 

 0.84 (0.77–0.91) 

 Sapkota  [  173  ]   Europe  187  Tomato intake by diet history 
(tertiles) 

 0.42 (0.18–0.95) 

 Brown  [  176  ]   USA  207 (M)  Tomato intake by FFQ (quartiles)  0.70 (0.4–1.4) 
 De Stefani 

 [  177  ]  
 Uruguay  234  Lycopene intake by diet history 

(quartiles) 
 0.70 (0.6–0.9) 

 La Vecchia 
 [  118  ]  

 Italy  304  Lycopene intake by FFQ 
(quintiles) 

 0.80 (0.7–1.0) 

(continued)
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 Cancer site  References  Country  No. of cases  Assessment 
 Relative risk 
(95% CI) 

 Stomach  Haenszel 
 [  178  ]  

 USA  223 (Japan)  Tomato intake by FFQ (tertiles)  0.39 (NA) 

 Modan  [  179  ]   Israel  406  Tomato intake by diet history 
(median) 

 0.55 (NA) 

 Correa  [  180  ]   USA  391  Tomato intake by diet history 
(median) 

 0.56 (0.34–0.90) 

 Tuyns  [  181  ]   Belgium  449  Tomato intake by diet history 
(median) 

 0.12 (NA) 

 Franceschi 
 [  170  ]  

 Italy  723  Tomato intake by FFQ (quartile)  0.43 (0.33–0.55) 

 Buiatti  [  65  ]   Italy  1,016  Tomato intake by diet history 
(tertiles) 

 0.70 (NA) 

 Boeing  [  182  ]   Poland  741  Tomato intake by FFQ (tertile)  0.77 (NA) 
 Ramon  [  64  ]   Spain  177  Tomato intake by diet history 

(tertiles) 
 1.03 (NA) 

 Gonzalez 
 [  183  ]  

 Spain  354  Tomato intake by diet history 
(quartiles) 

 0.90 (0.50–1.50) 

 Tajima  [  184  ]   Japan  93  Tomato intake by diet history 
(tertiles) 

 1.24 (NA) 

 Ekstrom 
 [  185  ]  

 Sweden  74  Tomato intake by diet history 
(tertiles) 

 0.60 (0.30–1.10) 

 Pelucchi 
 [  186  ]  

 Italy  230  Tomato intake by FFQ (quartiles)  0.70 (0.41–1.17) 

 De Stefani 
 [  187  ]  

 Uruguay  120  Lycopene intake by diet history 
(tertiles) 

 0.37 (0.19–0.73) 

 Nouraie  [  188  ]   Finland  126  Lycopene intake by FFQ 
(quartiles) 

 0.67 (0.47–0.95) 

 Lissowska 
 [  189  ]  

 Poland  274  Lycopene intake by diet history 
(quartiles) 

 1.19 (0.77–1.82) 

 Garcia-Closas 
 [  190  ]  

 Spain  354  Lycopene intake by FFQ 
(quartiles) 

 1.55 (0.91–2.64) 

 Yuan  [  191  ]   China  191  Blood lycopene (quartiles)  0.63 (0.34–1.15) 
 Jenab  [  192  ]   Europe  244  Blood lycopene (quartiles)  0.63 (0.36–1.09) 
 Botterweck 

 [  193  ]  
 Netherlands  282  Lycopene intake by FFQ 

(quartiles) 
 1.0 (0.7–1.5) 

 Larsson  [  194  ]   Sweden  139  Lycopene intake by FFQ 
(quartiles) 

 0.92 (0.53–1.58) 

 Colon  Franceschi 
 [  170  ]  

 Italy  955  Tomato intake by FFQ (quartiles)  0.39 (0.31–0.49) 

 Hu  [  67  ]   China  111  Tomato intake by diet history 
(tertiles) 

 0.4 (0.17–0.94) M 
0.26 (0.12–
0.55) F 

 Malila  [  195  ]   Finland  184  Tomato intake by FFQ (quartiles)  1.06 (0.68–1.66) 
 Centonze 

 [  196  ]  
 Italy  132  Pizza intake by FFQ (median)  0.89 (0.51–1.53) 

 Tuyns  [  197  ]   Belgium  453  Tomato intake by diet history 
(median) 

 1.15 (NA) 

 La Vecchia 
 [  118  ]  

 Italy  1,953  Lycopene intake by FFQ 
(quintiles) 

 1.0 (0.80–1.2) 

 Mannisto 
 [  198  ]  

 Numerous  7,885  Tomato intake by FFQ (quintiles)  1.02 (0.93–1.11) 

Table 12.1 (continued)
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 Cancer site  References  Country  No. of cases  Assessment 
 Relative risk 
(95% CI) 

 Pancreas  Mesquita 
 [  199  ]  

 Netherlands  164  Tomato intake by diet history 
(quintiles) 

 0.23 (NA) 

 Nkondjock 
 [  200  ]  

 Canada  462  Tomato intake by FFQ (quartiles)  0.69 (0.46–0.96) 

 Nothlings 
 [  201  ]  

 USA  429  Tomato intake by FFQ (quintiles)  0.83 (0.62–1.10) 

 Burney  [  202  ]   USA  22  Lycopene intake by diet history 
(tertiles) 

 0.16 (0.04–0.57) 

   Abbreviations :  7th DA  7th Day Adventists,  FFQ  food frequency questionnaire,  NA  not available,  CI  con fi dence inter-
vals,  pre  pre-menopausal,  post  post-menopausal,  EU & NA  Europe and North America,  Japan  Japanese Americans, 
 Black F  African-American females,  Am Ind  American Indian,  TM  tin miners,  F  female,  M  male  

Table 12.1 (continued)

The standard treatments for cancer of the cervix include radiation therapy, surgery, and chemotherapy. 
Like many other cancers, dietary and lifestyle modi fi cations may prevent cervical cancer  [  51  ] . 
Speci fi cally, in relation to this chapter, eight studies have investigated the relationship between tomato 
or lycopene dietary intake and cervical cancer. Two studies reported a protective effect of lycopene 
and six studies demonstrated no effect on cervical cancer incidence (see Table  12.1  for review). 
Currently, there are no reports of the effects of dietary tomato intake on cervical cancer risk. Because 
cervical cancer is most commonly caused by human papillomavirus (HPV) infection, adopting life-
style modi fi cations to prevent infection would most reduce incidence of cervical cancer  [  45  ] . 

 Cancer of the ovary claimed almost 14,000 lives in 2010 with an average annual diagnosis rate of 
nearly 22,000 new cases in the USA  [  45  ] . There are two primary ovarian cancer types; epithelial car-
cinomas and malignant germ cell tumors. The three current screening tests are pelvic exam, transvagi-
nal ultrasound, and serum protein levels (CA-125). Once diagnosed, patients have three primary 
therapy options: surgery, radiation therapy, and chemotherapy  [  45  ] . Evidence suggests that dietary 
factors, including high fruit, vegetable, and antioxidant intake, reduce risk of gynecological cancers 
including ovarian cancer  [  51  ] . Six epidemiological or clinical trials report the relationship between 
lycopene intake or blood levels on ovarian cancer risk (see Table  12.1  for review). Two of these studies 
report a protective effect, although one study  [  52  ]  only included 45 Korean subjects which may not 
demonstrate a true effect at the US population level. A study by Cramer and colleagues reported that 
serum lycopene levels most predicted ovarian cancer risk in pre-menopausal women suggesting that 
lycopene may modulate estrogen levels  [  53  ] . Additionally, they hypothesized that lycopene may 
reduce circulating IGF-1 levels, which ultimately results in reduced ovarian gonadotropin production. 

 Very few epidemiological or clinical trials investigated the effects of dietary tomato or lycopene 
intake on endometrial cancer. Two of four total studies suggest that dietary lycopene reduces endome-
trial cancer risk (see Table  12.1  for review). Additionally, a study by McCann and colleagues found 
that relative risk of endometrial cancer was reduced to 0.6, but the 95% con fi dence intervals (0.4–1.0) 
do not consider this to be a signi fi cant effect  [  54  ] . Early research appears promising, but further stud-
ies should investigate the relationship between lycopene intake and cancer of the endometrium with 
emphasis on mechanisms of action.  

   Lung Cancer 

 The two main types of lung cancer are small cell and non-small cell which are distinguished morpho-
logically under a microscope. More than 220,000 new cases of lung cancer were diagnosed and nearly 
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160,000 individuals died from the disease in the USA in 2010  [  45  ] . The overall 5-year relative 
survival from the 1999–2006 Surveillance Epidemiology and End Results (SEER) data was only 
15.8%  [  55  ] . There is currently no regular screening for lung cancer, although once symptoms are 
detected it can be diagnosed by chest X-ray or sputum cytology. Although nine types of standard treat-
ment are used to combat lung cancer, prognosis remains poor  [  45  ] . 

 Lung cancer is strongly impacted by lifestyle. Cigarette smoking is the primary risk factor for 
development of lung carcinoma. Therefore, many dietary trials are conducted in populations of smok-
ers. Six out of 31 epidemiological or clinical trials report that dietary intake of tomatoes or lycopene 
reduces incidence of lung cancer (see Table  12.1  for review). Although very high intakes of supple-
mental  b -carotene may increase risk in smokers (for further discussion, see  [  56  ] ), no studies suggest 
that dietary lycopene increases lung cancer risk. 

 Two meta-analyses conducted with subjects from the European Union and North America also 
examined the relationship between lycopene or tomato intake with lung cancer. The analysis by 
Smith-Warner and colleagues suggests that tomato intake is not signi fi cantly associated with lung 
cancer incidence in a population of 3,206 individuals  [  57  ] . In contrast, the analysis by Mannisto and 
colleagues suggests that increased dietary lycopene reduced lung cancer risk in a population of 3,155 
individuals  [  58  ] . It is possible that due to the radical and sometimes irreversible changes caused by 
smoking, dietary modi fi cation may not signi fi cantly improve health outcomes in populations of smok-
ers. In a recent review, Drs. Lian and Wang suggest that studying the metabolism and mechanistic 
basis of lycopene chemoprevention will help to elucidate optimal dosing, the production of bioactive 
metabolites, and possible interactions with other dietary components  in vivo   [  59  ] .  

   Bladder Cancer 

 Bladder cancer is the third most prevalent cancer in the USA and, one of the most expensive cancers 
to treat due to long courses of treatment and frequent follow-up surveillance  [  60  ] . There is currently 
no standard or routine screening for bladder cancer but instead discovery relies upon symptoms 
including blood in the urine and pain during urination. Once diagnosed, treatment options include 
surgery, radiation therapy, and chemotherapy  [  45  ] . Dietary components may reduce the incidence of 
bladder cancer including carrots, selenium, cruciferous vegetables, and fruits  [  60  ] . The relationship 
between tomato or lycopene intake with bladder cancer incidence has also been investigated. Eight 
studies investigated this relationship and three report an inverse association suggesting that dietary 
tomatoes or lycopene reduces incidence of bladder cancer (see Table  12.1  for review). Individuals 
with high exposures to environmental arylamines often arising from industrial dyes are at an increased 
risk of developing bladder cancer  [  61  ] . The case–control study by Castelao and colleagues reports that 
lycopene intake increased arylamine detoxi fi cation  [  61  ] . Studies in high risk populations are neces-
sary to elucidate a clear relationship between dietary lycopene and bladder cancer  [  62  ] .  

   Cancers of the Digestive Tract 

 Food is passed from the oral cavity through the esophagus to the stomach. According to the National 
Cancer Institute, more than 36,000 new cases of oral cancer, 16,000 new cases of esophageal, and 
21,000 new cases of stomach cancer were diagnosed in 2010  [  45  ] . There is no standard screening 
method for any of these cancer types. Once diagnosed, patients have the option of surgery or radiation 
therapy. Additionally, for esophageal cancer patients, chemotherapy, laser therapy, and electrocoagu-
lation are accepted therapies. Stomach cancer patients may also receive chemoradiation therapy. 
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Smoke and tobacco use is the primary risk factor for oral–esophageal cancers  [  45  ] . Incidence of oral, 
esophageal, and stomach cancer is highest in Asia and linked to nutritional de fi ciencies and contami-
nated food and water  [  63  ] . It appears diet and lifestyle modi fi cations strongly modulate risk for these 
cancers. In relation to this chapter, epidemiological and clinical studies examined the relationship 
between dietary intake of tomatoes or lycopene and cancers of the digestive tract. Five studies inves-
tigated the relationship with oral cancer, 6 with esophageal, and 20 studies examined stomach cancer. 
Two studies reported that intake of tomatoes reduced oral cancer risk, four reported that dietary tomatoes 
or lycopene reduced esophageal cancer risk, and eight studies reported that dietary tomatoes or lyco-
pene provided protection against stomach cancer (see Table  12.1  for review). Stomach cancer risk is 
strongly associated with increased consumption of smoked meats due to the nitrosation process. Two 
of the stomach cancer studies hypothesized that tomato or lycopene intake inhibits intragastric forma-
tion of nitrosamines  [  64,   65  ] . 

 In 2010, nearly 103,000 new colon cancer cases were diagnosed thanks to numerous screening 
techniques including: fecal occult blood test, sigmoidoscopy, barium enema, colonoscopy, and digital 
rectal exam  [  45  ] . Once diagnosed with colon cancer, a patient has the option of surgery, chemother-
apy, radiation, or targeted therapies. Prevention of the disease may include dietary and lifestyle 
modi fi cations. Calorie restriction, increased intake of omega-3 fatty acids, sulforaphane from broc-
coli,  fi ber, folate, calcium, vitamin D, and curcumin from the spice turmeric were reported to reduce 
colon cancer risk  [  59,   66  ] . Additionally, case–control studies have reported a reduced risk of colon 
cancer with increased intake of fruits and vegetables  [  59  ] . Seven studies explored a relationship 
between dietary tomatoes or lycopene and colon cancer risk. Two reports suggest that increased 
tomato intake reduces colon cancer risk (see Table  12.1  for review). One of these studies examined 
males and females separately and reported that although both sexes bene fi t from tomato intake, 
females received the greatest bene fi t from tomato consumption  [  67  ] .  In vitro  and  in vivo  animal stud-
ies attribute lycopene’s antioxidant properties, enhancement of cell–cell communication, modi fi cation 
of IGF-1 signaling, and induction of detoxi fi cation enzymes to reduce colon cancer risk (for further 
review, see  [  59  ] ) although thorough understanding of lycopene’s mechanisms of action needs to be 
elucidated. 

 The pancreas is an organ of the digestive tract that connects to the small intestine through the com-
mon bile duct. The pancreas is responsible for making digestive enzymes and hormones, including 
insulin. There are currently no common screening methods for pancreatic cancer, even though more 
than 43,000 new cases were diagnosed in 2010  [  45  ] . For those unfortunate enough to develop pancre-
atic cancer, the 5-year survival rate is around 5% with surgery, radiation, and chemotherapy as the 
currently accepted therapies  [  55  ] . Because of the rapid mortality, data are limited regarding diet and 
lifestyle as modi fi ers of pancreatic cancer risk. Four epidemiological or clinical trials examined the 
relationship between dietary intake of tomatoes or lycopene and pancreatic cancer risk (see Table  12.1  
for review). Three of those studies found that intake of tomatoes or lycopene resulted in reduced inci-
dence of pancreatic cancer. Although ¾ of the studies support lycopene as a chemopreventative, more 
studies are required in high risk populations to clarify this relationship and de fi ne the mechanisms by 
which lycopene might modify pancreatic cancer risk.   

   Lycopene Versus Tomato 

 Epidemiological evidence provides data sets which are used to de fi ne associations between food 
intake and disease. Because of the broad nature of data collection such as food frequency question-
naires or serum analysis, epidemiological data often cannot distinguish between the protective effects 
of foods versus food bioactive components. In these large studies, serum lycopene can only be used 
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as a biomarker of tomato intake, but its effects on disease cannot be distinguished from those of tomatoes. 
As discussed earlier, serum lycopene or consumption of tomato products is associated with reduced 
risk of many cancers. These data may suggest that lycopene is responsible, but only supplementation 
trials, animal work, or  in vitro  studies can demonstrate a cause and effect relationship. 

 Lycopene, at high concentrations  in vitro , reduces cancer growth and modulates associated bio-
markers  [  7  ] . Few  in vitro  or animal studies demonstrate that lower levels of lycopene intake, closer to 
what could be physiologically attained through the diet, signi fi cantly reduce cancer progression  [  68, 
  69  ] . This suggests that lycopene is bioactive, but may not be consumed in high enough concentrations 
in the diet to have a signi fi cant physiological effect suggesting that other components of tomatoes 
may affect cancer risk. 

 Tomato products are good sources of vitamins A, C, E, potassium, and folate  [  70  ] . Tomatoes also 
contain other phytochemicals including the carotenoids, b-carotene, phytoene, and phyto fl uene  [  70  ] . 
Additionally, the skin of the tomato contains the  fl avonols, quercetin, and kaempferol. Animal studies 
from our laboratory comparing the effects of diets containing lycopene or dried tomato powder sug-
gest that the whole food more effectively reduces prostate tumor growth than lycopene alone  [  31,   71  ] . 
Animal and  in vitro  studies also suggest that combinations of lycopene with other tomato components 
modulate cancer biomarkers more effectively than lycopene alone  [  72–  76  ] . Together these data sug-
gest that bioactive components of tomatoes, including lycopene, work additively or synergistically to 
reduce growth of cancer cells. Incorporating tomato products into the diet ensures consumption of 
multiple cancer  fi ghting phytochemicals in one food.  

   Conclusion 

 No reports suggest that lycopene or tomato products increase cancer risk in any cancer type while 
a number show signi fi cant reduction in a variety of cancers (Fig.  12.3 ). Epidemiological and clini-
cal trials indicate that dietary intake of tomatoes or lycopene protects against cancers of the pros-
tate, breast, cervix, ovary, endometrium, lung, bladder, oral cavity, esophagus, stomach, colon, and 
pancreas. More than ten independent epidemiological or clinical studies have examined the chemo-
preventative effects of lycopene on cancers of the prostate, breast, lung, and stomach.  

 Numerous mechanisms of action have been proposed for lycopene’s effect on cancer risk including 
modulation of growth factors and sex steroids, inhibition of normal cell proliferation, and antioxidant 
effects (see Fig.  12.2 ). Animal and  in vitro  studies suggest that lycopene is bioactive in high concen-
trations, but requires additive or synergistic effects of other tomato bioactive components to reduce 
prostate cancer  [  6,   77  ] . Because tomatoes contain other important vitamins and minerals, consump-
tion of tomato products, as opposed to lycopene alone, is likely to reduce cancer risk as indicated by 
epidemiological and clinical trials of tomato intake.  

   Future Directions 

 As the scienti fi c community better de fi nes cancer subtypes and their risk factors, human trials can be 
designed to obtain the maximum bene fi ts from dietary and lifestyle modi fi cations. With the emer-
gence of epigenetics and personalized medicine, speci fi c dietary components may modulate cancer 
risk of subsets of the human population. Future studies should focus on the variance within popula-
tion-based studies to de fi ne mitigating factors that in fl uence the chemopreventative effects of toma-
toes or lycopene.      
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  Fig. 12.3    Tomato intake or lycopene levels in relation to relative risk (RR) of cancer by site.  Closed shapes  represent 
studies with statistically signi fi cant outcomes;  open center shapes  represent studies with non-signi fi cant outcomes. See 
Table  12.1  for references       
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    Chapter 13   
 Lutein and Zeaxanthin and Eye Disease       

      Rohini   Vishwanathan     and    Elizabeth   J.   Johnson              

  Key Points 

    The xanthophylls lutein and zeaxanthin are oxygenated carotenoids that preferentially accumulate • 
in the macular region of the retina. Lutein, zeaxanthin, and  meso -zeaxanthin (a conversion product 
of lutein formed in the macula) are referred to as macular pigment. Lutein and zeaxanthin are also 
present in all other ocular structures except the vitreous, cornea, and sclera; although, their concen-
trations are much lower than in the macular region. Lutein and zeaxanthin protect the ocular tissues 
by their ability to  fi lter damaging blue light and their antioxidant potential.  
  Eye diseases that have been associated with low lutein and zeaxanthin include age-related macular • 
degeneration (AMD)—due to the exclusive location of lutein and zeaxanthin in the macula, which 
is the sight of AMD insult; cataract—due to the presence of lutein and zeaxanthin in the lens, 
which is constantly exposed to light and oxygen; and retinitis pigmentosa—due to the presence of 
lutein and zeaxanthin in the rod outer segments and in the macula.  
  The etiology of each eye disease will be discussed brie fl y followed by a review of epidemiological • 
evidence and  fi ndings from intervention studies with lutein and zeaxanthin, alone and in combina-
tion with other nutrients.  
  The role of lutein and zeaxanthin in improving visual function will also be examined.  • 
  The chapter will close with a brief summary of conclusions and future directions.    • 



216 R. Vishwanathan and E.J. Johnson

    Introduction 

   Structure and Tissue Distribution of Lutein and Zeaxanthin 

 Lutein and zeaxanthin are known as oxygenated carotenoids or xanthophylls due to the presence of 
two hydroxyl groups, one on each of the two ionone rings (Fig.  13.1 ). They are 40 carbon polyiso-
prenoid compounds with nine conjugated double bonds in the polyene chain  [  1  ] . Lutein and zeaxan-
thin are stereoisomers of one another but are not interchangeable wherever they have a functional role 
 [  2  ] . Lutein has both  b  and  e  type ionone rings, while zeaxanthin has two  b  type ionone rings  [  2  ] . 
The hydroxyl groups make lutein and zeaxanthin more polar in nature compared with lycopene, 
 a -carotene, and  b -carotene, which are pure hydrocarbons. The relative orientation of the hydroxyl 
groups dictates the observed speci fi city in tissue accumulation and orientation within the cell mem-
branes. The structure is also important in the speci fi c recognition of lutein and zeaxanthin by binding 
proteins  [  3  ] .  

 Of the 700 carotenoids identi fi ed in nature, only 13 carotenoids and their 12 isomers are found in 
the serum and only two, lutein and zeaxanthin, exclusively accumulate in the macula of the human 
eye. The macula lutea is a yellowish region 5–6 mm in diameter in the posterior pole of the human 
retina responsible for the central 15–20° of vision  [  4,   5  ] . Lutein, zeaxanthin, and  meso -zeaxanthin, a 
conversion product of lutein formed in the macula  [  6  ] , are collectively referred to as macular pigment 
(MP). The macular region has a central depression, a region called the fovea (Fig.  13.2 ), an area so 
rich in cone receptors that permits maximal visual acuity  [  2  ] . The concentration of xanthophylls in the 
central macula is about 1 mM, which corresponds to more than 3 orders of their concentration in 
normal serum  [  7,   8  ] . However, in regions just a few millimeters from the central fovea the concentra-
tion of xanthophylls drops more than 100-fold  [  5  ] . The ratio of lutein to zeaxanthin increases from 
about 1:2.4 in the central 0–0.25 mm of the macula to greater than 2:1 in the periphery, distances 
exceeding 6 mm from the fovea  [  7,   9,   10  ] .  Meso -zeaxanthin was shown to be present in the macular 
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  Fig. 13.1    Illustration of the structures of lutein, zeaxanthin, and  meso -zeaxanthin (conversion product of lutein in the 
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region (not 8 mm and peripheral retina) of xanthophyll-free rhesus monkeys that were fed a pure 
lutein diet and not those that were fed a pure zeaxanthin diet demonstrating that lutein isomerizes to 
 meso -zeaxanthin via migration of a double bond  [  6  ] . This partially explains the disparity between the 
3:1 ratio of lutein to zeaxanthin in the blood and the 1:2 in the macula and also the lower lutein to 
zeaxanthin ratio in the fovea compared to the periphery  [  5  ] . The lutein:zeaxanthin: meso -zeaxanthin 
ratio in the macula is 1:1:1  [  6,   7  ] .  

 Knowing that these xanthophylls are present in the fovea and peripheral regions of the retina, the 
question arises to their precise location within the cellular and subcellular structures. Lutein and zeaxan-
thin are said to be asymmetrically distributed across the depth of the retina (Fig.  13.3 ), with highest 
concentrations in the inner retinal layers  [  7,   11,   12  ] . In 1984, Snodderly et al. described MP distribution 
patterns that hypothesized the cone axons (outer plexiform layer) to contain the highest densities of MP 
due to the high density of cone photoreceptors in the fovea  [  12  ] . Others have also shown the majority of 
the pigments to be concentrated in the outer plexiform layers of the fovea as well as the outer and inner 
plexiform layers of the adjacent areas  [  7,   12–  14  ] . There is strong evidence showing the presence of 
lutein and zeaxanthin in the photoreceptor rod outer segments (ROS), where they were shown to repre-
sent 10–15% and 25% of total retinal lutein and zeaxanthin in two separate studies  [  15,   16  ] . Within the 
ROS, the highest density of lutein and zeaxanthin exists in the perifoveal region (Fig.  13.2 ), where the 
concentration of pigments was 2.5-times greater than in the peripheral regions of the retina  [  15  ] . Lutein 
and zeaxanthin were also detected in the retinal pigment epithelium (RPE), but their concentrations were 
less than half of that found in ROS  [  15  ] . The high selectivity and distribution of lutein and zeaxanthin in 
these retinal layers suggests the presence of speci fi c binding proteins. Bernstein et al. have shown the 
presence of carotenoid binding proteins in the retina, which speci fi cally bind lutein and zeaxanthin. 

  Fig. 13.2    An illustration of the structure of the eye showing the different regions including the macular regions where 
lutein and zeaxanthin exclusively accumulate. Credit for the eye image: Webvision (  http://webvision.med.utah.edu/
sretina.html    ), with permission       
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Tubulin was shown to bind lutein and zeaxanthin in the photoreceptor axon layer, glutathione  S -transferase 
P1 (GSTP1) concentrated in the outer and inner plexiform layers of the fovea and in the photoreceptor 
inner segment ellipsoid region speci fi cally bound to zeaxanthin, and the steroidogenic acute regulatory 
domain protein 3 (StARD3) speci fi cally bound to lutein (Fig.  13.3 )  [  3,   17  ] .  

 Lutein and zeaxanthin are present in all other ocular structures with the exception of the vitreous, 
cornea, and sclera  [  5  ] . Approximately 30% of the ocular lutein and zeaxanthin are present in the uveal 
structures (i.e., iris, ciliary body, and RPE/choroid)  [  5  ] . Long-term supplementation with high doses 
of lutein can increase lutein concentration in ocular tissues such as the lens and peripheral retina that 
generally contain low levels of lutein and zeaxanthin  [  18  ] . In the lens, 75% of the lutein and zeaxan-
thin are present in the epithelium and cortex  [  19  ] . Other than the ocular tissues, lutein and zeaxanthin 
are found in the adipose tissue, ovaries, testes, liver, skin, human milk, and more recently have been 
detected in the brain  [  20–  25  ] .  

   Role of Lutein and Zeaxanthin in the Eye 

 Unlike  a -carotene,  b -carotene, and  b -cryptoxanthin, lutein and zeaxanthin do not have provitamin A 
activity  [  26  ] . The presence of hydroxyl groups in the ionone rings prevents enzymatic cleavage at the 
15-15 ¢  bond which is involved in the formation of vitamin A aldehyde  [  27  ] . 
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 Lutein and zeaxanthin are believed to function in ocular health through their ability to absorb 
damaging blue radiation of light and their strong antioxidant potential. The cornea and lens  fi lter UV 
radiation of light allowing visible blue light to reach the retina. MP has an absorption maximum of 
about 450 nm and acts as an effective  fi lter diminishing the intensity of blue light reaching the photo-
receptors  [  28  ] . Lutein and zeaxanthin as MP attenuate as much as 40% of the blue light from reaching 
the retina  [  29  ] . Lutein has a greater  fi ltering ef fi ciency compared to zeaxanthin  [  28  ]  due to the differ-
ence in position of the double bond within the ionone ring. Lutein is able to orient itself both parallel 
and perpendicular to the plane of the membrane, while zeaxanthin can only lie perpendicular to the 
membrane  [  28,   30  ] . The two orientations of the lutein molecule allow for blue light absorption from 
all directions, which is not the case with zeaxanthin  [  5  ] . Even though  b -carotene and lycopene have 
absorption maxima around 450 nm, the absence of hydrophilic groups causes them to remain within 
the hydrophobic core of the membrane making them unable to ef fi ciently  fi lter blue light  [  1  ] . 
Furthermore, these carotenes are not present in signi fi cant concentrations in ocular tissue  [  31  ] . 
Evidence for MP providing protection from light damage comes from observations in older adults in 
whom an increased loss of sensitivity of the short wavelength-sensitive-cones (S-cone) was observed 
across the retina compared to younger adults, with more loss of sensitivity at the nonfoveal locations 
compared to the fovea, an area where MP is at its peak  [  32  ] . 

 Because of their slightly hydrophilic nature, lutein and zeaxanthin are able to quench singlet oxy-
gen more effectively in the water phase compared to the completely hydrophobic hydrocarbon caro-
tenoids  [  33  ] . Lutein and zeaxanthin have the ability to scavenge reactive oxygen species and limit 
peroxidation of membrane phospholipids. Under conditions of prolonged UV exposure, zeaxanthin is 
more effective than lutein in diminishing UV-induced lipid oxidation  [  30  ] . The retina is particularly 
susceptible to oxidative damage because of its high consumption of oxygen, its high concentration 
of polyunsaturated fatty acids, such as docosahexaenoic acid (DHA), and its exposure to visible light 
 [  34  ] . The photoreceptor cells are constantly exposed to light which could lead to generation of elec-
trically excited species. These could react with molecular oxygen to produce reactive oxygen species 
and cause lipid peroxidation and cellular damage  [  5  ] . Furthermore, the presence of oxidative metab-
olites of lutein and zeaxanthin in the retina, such as 3-hydroxy-beta, epsilon-caroten-3 ¢ -one, and 
3 ¢ -epilutein, which are not of dietary origin, is evidence for the antioxidative role of lutein and zeax-
anthin in the retina  [  31  ] . 

 In the iris, lutein and zeaxanthin most likely act as blue light  fi lters, while in the ciliary body, an 
area of high metabolic activity, they most likely act as antioxidants  [  35  ] . In the lens as well, lutein and 
zeaxanthin most likely have an antioxidant function, with the constant exposure to oxygen and UV 
radiation. Due to their presence in the eye, lutein and zeaxanthin have been extensively researched in 
the prevention and treatment of eye diseases. The focus of this chapter is to discuss the most current 
 fi ndings on lutein and zeaxanthin in the treatment and prevention of age-related macular degenera-
tion, cataract, and retinitis pigmentosa. The role of these macular carotenoids in visual function will 
also be discussed.   

   Eye Diseases 

   Age-Related Macular Degeneration 

 Age-related macular degeneration (AMD) is the leading cause of blindness in adults aged 60 years 
and over in industrialized countries. The prevalence of AMD increases dramatically with age. Nearly 
30% of Americans >75 years have early signs of AMD and 7% have advanced AMD, whereas the 
respective prevalence is 8% and 0.1% in adults aged 43–54 years  [  36  ] . None of the current treatment 
options can reverse the damage caused by AMD. 
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 AMD is a disease that affects the macular region of the retina causing loss of central vision 
(Fig.  13.4 ) and as the disease advances can lead to complete blindness. Posterior to the photoreceptors 
lies the RPE, part of the blood-ocular barrier, which has several functions including phagocytosis of 
the photoreceptors  [  37  ] . The clinical hallmark and usually the  fi rst clinical signs of AMD is the pres-
ence of drusen. Drusen are extracellular deposits that accumulate between the RPE and inner layer of 
the Bruch’s membrane and appear as pale yellow spots on the retina  [  38  ] . They are formed due to 
inability of the RPE to adequately perform its function of phagocytosis. Drusen can also be present in 
the normal aging eye. AMD can be classi fi ed into the following types based on the Age-Related Eye 
Disease Study (AREDS) classi fi cation system: (1) Early AMD—presence of few (<20) medium-sized 
drusen or retinal pigmentary abnormalities, (2) Intermediate AMD—presence of at least one large 
drusen, numerous medium-sized drusen, or geographic atrophy that does not extend to the center of the 
macula, (3) Advanced or late AMD—can either be neovascular (wet, exudative) or non-neovascular 
(dry, atrophic, non-exudative)  [  39  ] . Neovascular non-exudative is characterized by drusen and geo-
graphic atrophy that extends to the macula  [  37  ] . Neovascular exudative is characterized by the growth 
of new blood vessels under the RPE and sometimes into the sub-retinal space. The early stages of 
AMD are generally asymptomatic. In the later stages there may be distortion of vision or complete 
loss of visual function, especially central vision  [  40  ] . The pathogenesis of AMD is complex; however, 
the mechanisms of importance are chemical and light-induced oxidative stress, blue light induced 

  Fig. 13.4    A scene viewed by a person with ( a ) normal vision, ( b ) age-related macular degeneration, ( c ) cataract, and 
( d ) retinitis pigmentosa. Credit: National Eye Institute, National Institutes of Health       
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damage to the RPE and photoreceptor rod cells, RPE dysfunction, hemodynamic processes, and also 
genetic factors. Age, family history, race, and female gender are considered to be non-modi fi able risk 
factors of AMD. The modi fi able risk factors include smoking, hypertension, raised serum cholesterol, 
excessive alcohol consumption, lifetime exposure to visible blue light, low MP levels, and possibly 
low intake of vitamins, minerals, and carotenoids in the diet  [  34,   41,   42  ] .  

   Macular Pigment 

 Lutein and zeaxanthin are uniquely located in the fovea, which is the site of AMD insult. The associa-
tion of MP density with AMD is biologically plausible given the ability of lutein and zeaxanthin to 
 fi lter blue light and act as antioxidants protecting the retina from oxidative stress. Evidence shows that 
MP density decreases with AMD. Concentrations of lutein and zeaxanthin in the retinas from AMD 
donors were lower than in controls suggesting that low MP density could be a risk factor for AMD 
 [  43  ] . Subjects with advanced AMD in one eye had signi fi cantly lower MP density in the other eye 
compared to healthy eyes of subjects without AMD  [  44  ] . MP density was found to be 32% lower in 
the eyes of AMD patients compared to normal disease-free eyes  [  45  ] . However, in a cross-sectional 
study of women participating in the Carotenoids in Age-related Eye Disease Study (CAREDS) MP 
density was not related to intermediate AMD. After an exploratory analysis, the authors suggested 
that the observations may have been biased in older women, whose diets improved with age. The 
authors also suggested the possibility that low MP density could be the result, rather than the cause, 
of damage to the retina with AMD  [  46  ] . A similar observation was reported in a subset of the Rotterdam 
Eye Study, another cross-sectional study that examined MP density in subjects  ³ 55 years with or 
without AMD  [  47  ] . The reason for these con fl icting observations may be the cross-sectional nature of 
the studies, as data from a prospective study found MP density to be reduced in subjects with late 
AMD  [  48  ] . Evidence that MP density is reduced in AMD suggests that higher dietary intake of lutein 
and zeaxanthin could increase their accumulation in the macula and thus protect against AMD.  

   Epidemiological Evidence 

 A number of studies have looked at the relationship between dietary intake of lutein and zeaxanthin 
and the risk of AMD. Three case–control studies showed high dietary intakes or plasma levels of 
lutein and zeaxanthin were related to reduced risk of advanced neovascular AMD  [  49–  51  ] . In the Eye 
Disease Case–Control Study, subjects in the highest quintile of spinach consumption, a rich source 
of lutein and zeaxanthin had 86% lower odds of advanced AMD  [  50  ] . Case–control analysis of the 
AREDS population found that subjects in the highest quintile of lutein and zeaxanthin intake had 
lower odds of neovascular AMD and large or extensive intermediate drusen compared to the lowest 
quintile. Cross-sectional data from CAREDS showed that high lutein and zeaxanthin intakes (~3 mg/
day) were related to a decreased risk of intermediate AMD compared to low intakes (792  m g/day) in 
women <75 years, who are at risk of diet changes, but not in women  ³ 75 years  [  52  ] . In this popula-
tion of women <75 years of age, a strong inverse relationship was observed between prevalence of 
intermediate AMD and high intake of green vegetables (12 servings/day of cooked greens, lettuce, 
spinach salad, broccoli, peas, and zucchini squash). Prospective data from the Blue Mountains Eye 
Study (BMES) showed that high intake of lutein/zeaxanthin (>942  m g/day) reduced the risk of inci-
dent neovascular AMD and subjects with above median intakes (>743  m g/day) had a reduced risk of 
indistinct soft or reticular drusen during a 5–10-year follow-up  [  42  ] . Again, subjects in the highest 
quintile of vegetable intake in the BMES also had reduced odds of developing any AMD. However, 
the observations reported by Robman et al. were exactly the opposite. In this study, higher dietary 
intakes of lutein and zeaxanthin were related to increased rate of progression of AMD  [  53  ] . The study 
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included subjects who had either participated in the Melbourne Visual Impairment Project (MVIP), 
a population-based study that evaluated the association of cataract and dietary intake of lutein and 
zeaxanthin or in the Vitamin E, Cataract, and Age-related Macular Degeneration Trial (VECAT), a 
randomized controlled trial that showed no effect of intake of 500 IU/day of vitamin E for 4 years on 
cataract. One of the possible reasons for greater AMD risk could be that these subjects started eating 
a diet high in lutein and zeaxanthin based on the knowledge of the bene fi cial effects of these xan-
thophylls gained by participating in the MVIP and VECAT. Also, high intake may not translate to 
higher retinal uptake as these AMD- and cataract-affected eyes may have impaired uptake mecha-
nisms. Intake levels of 0.88–1 mg/day of lutein and zeaxanthin combined were associated with higher 
odds of AMD. In other studies, the levels of 1–3 mg/day of lutein alone or up to 6 mg/day of lutein 
and zeaxanthin combined were associated with reduced risk of AMD. Thus, it appears that the levels 
may have been too low to see a bene fi cial effect in eyes already affected with AMD and cataract. 

 In a case–control study in China, serum lutein and zeaxanthin concentrations were lower in sub-
jects with exudative AMD compared to controls  [  54  ] . In a cross-sectional study, Gale et al. found that 
subjects with the lowest plasma zeaxanthin concentration (<0.03  m M), not plasma lutein or lutein plus 
zeaxanthin, had a twofold greater risk of AMD compared to subjects with high plasma zeaxanthin 
(>0.05  m M)  [  55  ] . Cross-sectional examination of the baseline data from the POLA study revealed 
similar associations of high plasma zeaxanthin concentrations (>0.09  m M) with reduced risk of AMD 
compared to low plasma zeaxanthin (<0.04  m M). They also reported an association with plasma lutein 
and zeaxanthin combined  [  56  ] . However, in the POLA study population, the high plasma zeaxanthin 
concentrations were much greater than in the Gale et al. study. The authors attributed this to a higher 
dietary intake of these xanthophylls. Contrary to these protective inverse associations, a nested case–
control study of the Beaver Dam Eye Study cohort found no difference in serum lutein and zeaxanthin 
concentrations between early AMD and age, sex, and smoking matched controls  [  57  ] . Serum concen-
trations, unlike tissue concentration, are not a good measure of long-term dietary intake, which may 
have caused the null  fi ndings. Indeed, high retinal levels of lutein and zeaxanthin were associated with 
an 82% lower risk of AMD compared with low levels  [  43  ] .  

   Intervention Studies 

 Epidemiological evidence listed earlier suggests that low MP density could increase the risk of AMD. 
The most apparent prevention and treatment strategy would thus be to increase MP density via increasing 
lutein and zeaxanthin intake in the diet through foods and/or supplements. Consumption of lutein- and 
zeaxanthin-rich foods such as spinach, corn, and eggs for periods ranging from 5 to 15 weeks has 
signi fi cantly increased MP density in a population aged 24–60 years and also in a population >60 years, 
who are at an increased risk of AMD  [  58–  60  ] . However, in an ancillary study of the Women’s Health 
Initiative, a low-fat, high fruit and vegetable diet for about 8 years did not alter MP density in post-
menopausal women  [  61  ] . The increase in fruit and vegetable intake (approximately 1.5 servings/day) 
was possibly of insuf fi cient magnitude to raise MP density. Additionally, subjects in the intervention 
group also appeared to have similar lutein and zeaxanthin intake (2.5 mg/day) as the comparison 
group (2 mg/day), indicating that the increase in consumption of fruits and vegetables was not neces-
sarily from lutein- and zeaxanthin-rich foods  [  61  ] . 

 In addition, MP density has been shown to signi fi cantly increase through intake of supplements 
containing lutein and zeaxanthin in adults without and with AMD  [  8,   62–  69  ] . Bone et al. were the  fi rst 
to show that  meso -zeaxanthin is absorbed by the body. They observed increases in serum  meso -
zeaxanthin and also MP density following 120 days of supplementation with 15 mg  meso -zeaxanthin, 
5.5 mg lutein, and 1.4 mg zeaxanthin  [  70  ] . Following this, in a recent exploratory study, improve-
ments in MP density and MP spatial pro fi le were reported after 2 weeks of supplementation with a 
formulation containing 3.7 mg lutein, 0.8 mg zeaxanthin, and 7.3 mg  meso -zeaxanthin  [  71  ] . 
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 Change in MP density post-supplementation appears to be related to baseline MP density levels 
with supplementation being most bene fi cial in a population with low baseline MP density  [  59,   60,   72  ] . 
Zeimer et al. suggested that long-term supplementation with high doses of lutein may be necessary to 
cause a signi fi cant improvement in MP density, but lutein and zeaxanthin levels in foods are suf fi cient 
to maintain high MP density  [  63  ] . MP enrichment can also be achieved through intake of foods that 
are rich in lutein and zeaxanthin, such as spinach, corn, and eggs  [  58–  60  ] . All studies listed above, 
with the exception of one, evaluated high doses of lutein supplementation (6, 10, 12, 20, or 30 mg/
day), while zeaxanthin doses were lower (1–3 mg/day). The Lutein Xanthophyll Eye Accumulation 
Study (LUXEA) evaluated the effects of supplementation with lutein (11 mg/day) or zeaxanthin 
(13 mg/day) for 6 months on MP density. Increases in MP density in the fovea were similar to the 
parafovea for the zeaxanthin-supplemented group. This confounded MP density measurements 
because parafoveal measures are used as a reference measure. Therefore, a correction was needed to 
determine MP increases with zeaxanthin supplementation. This was not the case with lutein supple-
mentation, which caused MP density increase in the fovea only  [  67  ] . These  fi ndings suggest zeaxan-
thin is deposited more widely in the retina during supplementation, while lutein accumulates more in 
the fovea. Normal distribution in unsupplemented individuals is the reverse, zeaxanthin is dominant 
in the fovea and lutein in the periphery  [  9  ] . The authors speculated that higher amounts of zeaxanthin 
in the fovea compared to lutein at baseline possibly caused greater zeaxanthin deposition in the para-
foveal regions during supplementation. Similarly, the normally high lutein levels in the peripheral 
regions of the retina compared to zeaxanthin possibly caused greater deposition of lutein in the fovea 
during lutein supplementation. 

 Supplementation with lutein and zeaxanthin as well as  meso -zeaxanthin can signi fi cantly improve 
MP density in populations without and with AMD. The ability of supplementation with these xan-
thophylls to slow the progression of AMD and/or in fl uence other visual function parameters will now 
be discussed. In the Lutein Antioxidant Supplementation Trial (LAST), a double-blinded, placebo-
controlled, randomized trial, 10 mg/day lutein alone or in combination with antioxidants, vitamins, 
and minerals for 1 year improved visual function and subjective results of Amsler grid testing in 
patients with atrophic AMD  [  66  ] . Improvements were also reported in glare recovery and contrast 
sensitivity in this study. In the Age-related Maculopathy Italian Study, nonadvanced AMD patients 
supplemented with 10 mg lutein, 1 mg zeaxanthin, and 4 mg astaxanthin together with vitamins C and 
E, zinc, and copper daily for 12 months showed improvements in a selective dysfunction that affects 
the central retina (0°–5°) but no functional changes were reported in the more peripheral (5°–20°) 
regions of the retina  [  73  ] . However, supplementation with 6 mg lutein in combination with vitamins 
C and E, retinol, zinc, and copper for 9 months did not affect contrast sensitivity in atrophic AMD 
patients when compared to controls  [  74  ] . The 6 mg lutein used in this study was in an ester form, 
which would be equivalent to only about 3 mg of lutein  [  75  ] . Also, the authors suggested that the 
change in contrast sensitivity was clinically important. The authors provided plausible explanations 
for their counterintuitive results, which include genetic factors that affect lutein binding proteins in the 
retina, lower dosage of lutein, and bioavailability of lutein esters. However, free lutein and lutein 
esters had comparable bioavailability  [  75  ] . Supplementation with 12 mg lutein and 1 mg zeaxanthin 
together with vitamins C and E, zinc, and selenium for 6 months signi fi cantly increased MP density 
in an older adult population, 90% of whom exhibited some clinical features of AMD  [  76  ] . The AREDS 
intervention of vitamin C (500 mg), vitamin E (400 IU),  b -carotene (15 mg), zinc (as zinc oxide, 
80 mg), and copper (as copper oxide, 2 mg), but not lutein or zeaxanthin, was found to lower the risk 
of AMD by 25% in individuals who had intermediate or advanced AMD in one eye but not the other 
eye  [  77  ] . The ongoing AREDS 2 intervention is evaluating the effect of lutein, zeaxanthin, and 
omega-3 fatty acids on progression to advanced AMD  [  78  ] . 

 On a slightly different note, cataract surgery, where the natural crystalline lens is replaced with a 
clear arti fi cial intraocular lens, is an independent risk factor of AMD  [  79,   80  ] . There is increased 
transmission of short wavelength light to the retina after cataract surgery and an induced intraocular 



224 R. Vishwanathan and E.J. Johnson

in fl ammatory response; either or both of these could enhance AMD risk  [  81,   82  ] . Interestingly, 
implantation of a blue light  fi ltering intraocular lens, not a standard intraocular lens, during cataract 
surgery increased MP density 3 months post-surgery in the absence of raised serum lutein and zeax-
anthin concentrations  [  83  ] . The authors did not hypothesize an increase in MP density with blue light 
 fi ltering lens, but only a stabilization of MP density. They speculate that there is enhanced retinal 
capture of lutein and zeaxanthin following cataract surgery to offset the increased photo-oxidative 
damage from the increased visible light irradiation of the retina, but the photo-oxidative damage does 
not occur with blue light  fi ltering lens causing an increase in MP density.   

   Cataract 

 Age-related cataract is one of the major causes of visual impairment and blindness in the aging US 
population. Approximately 50% of the 30–50 million cases of worldwide blindness result from unop-
erated cataract  [  84,   85  ] . A clinically signi fi cant cataract is present in about 5% of Caucasian Americans 
aged 52–64 years and rises to 46% in those aged 75–85 years  [  36  ] . In the USA, cataract extraction 
accompanied by ocular lens implant is the most common surgical procedure of the eye  [  86  ] . Lens 
implantation enables many to have reduced dependence on glasses. However, the procedure is costly, 
accounting for 12% of the Medicare budget and more than $3 billion in annual health expenditures 
 [  86,   87  ] . For these reasons, the prevention of cataract is a preferred alternative to surgery. 

 Three types of cataract are de fi ned by their location in the lens. Nuclear cataract occurs in the cen-
ter or nucleus of the lens and is the most common type  [  36  ] , which interferes with a person’s ability 
to see distant objects and is usually the result of advancing age. Cortical cataract begins at the outer 
rim of the lens (the cortex) and progresses towards the center, and is most common in diabetics. 
Posterior subcapsular cataract (PSC) occurs in the central posterior cortex, just under the posterior 
capsule, the membrane that envelops the lens. PSC can occur in younger individuals progressing rap-
idly and resulting in glare and blurriness  [  88  ] . This type of cataract is usually seen in patients who use 
steroids, are diabetic, or have extreme nearsightedness. Figure  13.4  shows a scene viewed by a person 
affected with cataract. 

 Various factors are involved in the development of cataracts, such as long-term light exposure, 
diabetes, smoking, alcohol use, and advancing age  [  88  ] . Such factors can lead to aggregation of the 
lens proteins and osmotic damage resulting in increased scattering of light and loss of lens transpar-
ency. Protein aggregation mainly occurs in the lens nucleus and osmotic damage occurs in the lens 
cortex  [  89  ] . Free radicals are generated in the lens during normal metabolic activities and as a result 
of photo-oxidative reactions due to increased UVB exposure (related to cortical and PSC). These free 
radicals can also cause electrolyte imbalance and protein aggregation. Lutein and zeaxanthin are ide-
ally located in the lens to provide protection against free radical damage. Other innate antioxidant 
defense mechanisms, which include enzymes such as superoxide dismutase and glutathione and non-
enzymatic molecules such as vitamins C and E also protect the lens from oxidative stress. 

   Epidemiological Studies 

 A number of studies have investigated the relationship between dietary intake of lutein and zeaxanthin 
and the incidence of cataract. In prospective data from the Nurses’ Health Study population, a 
signi fi cant reduction in the incidence of cataract extraction was observed with high dietary intake of 
dark green vegetables such as spinach, which are rich in lutein, but not with vegetables such as car-
rots, sweet potatoes, and squash, which are rich in carotenes  [  90  ] . The risk of cataract extraction was 
19% lower in the US male health professionals who had the highest lutein and zeaxanthin intake 
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compared to those with the lowest intake  [  91  ] . Again, broccoli and spinach were more consistently 
associated with reduced risk compared to iceberg and romaine lettuce and corn indicating a protective 
effect of lutein-rich foods. A similar inverse association was observed in a case–control study con-
ducted in Northern Italy. In this study, reduced odds of cataract extraction were reported in subjects 
with the highest intake of cruciferous vegetables and spinach  [  92  ] . The evidence of a bene fi cial asso-
ciation between lutein and zeaxanthin intake and nuclear cataract seems promising. Higher dietary 
intake of lutein and zeaxanthin was associated with a reduced risk of nuclear cataract compared to low 
intakes  [  93,   94  ] . When examining speci fi c foods, Christen et al. found a borderline signi fi cant inverse 
relation with green leafy vegetables and raw spinach. The MVIP found an inverse association between 
high dietary intake of lutein and zeaxanthin and prevalence of nuclear cataract, but not cortical and 
PSC in an Australian population aged 40 years and older  [  95  ] . Also, CAREDS found that women in 
the highest quintile of dietary intake or serum lutein and zeaxanthin were 32% less likely to have 
nuclear cataract compared to those in the lowest quintile  [  96  ] . In the prospective POLA study, plasma 
zeaxanthin, and not lutein, was associated with a 75% reduced risk of nuclear cataract in residents of 
Southern France  [  56  ] . Similarly, high zeaxanthin intake was protective against cataract in institution-
alized men aged 65 years and older  [  97  ] . In the same study, men and women who consumed >3.29 mg/
day of lutein were less likely to have cataracts than those whose consumption was <0.26 mg/day. 
Neither dietary intake nor plasma lutein and zeaxanthin were found to be related to cortical cataract 
risk  [  98–  100  ] . Risk of PSC was 50% lower in women with the highest vs. lowest lutein/zeaxanthin 
intake and also in individuals with high plasma lutein/zeaxanthin concentrations  [  99,   101  ] . Among 
the epidemiological studies mentioned above, lutein and zeaxanthin intake in only one study included 
intake from both diet and supplements  [  98  ] ; in the other studies, dietary intake represents lutein and 
zeaxanthin from food sources alone. Unlike the protective effects reported by other studies, the Beaver 
Dam Eye study reported an increased risk of nuclear cataract in women with high serum lutein levels 
 [  102  ] . This inconsistent  fi nding may be due to the cross-sectional nature of the study or the fact that 
serum lutein may not re fl ect lutein levels in the lens  [  103  ] .  

   Intervention Studies 

 Two intervention studies to date have evaluated the effect of lutein supplementation on subjects diag-
nosed with cataract. In these two separate long-term intervention studies, supplementation with 7 mg/
day of lutein (equivalent to lutein in ~100 g of spinach  [  104  ] ) and 12 mg of lutein three times a week 
was shown to improve visual acuity and glare sensitivity in cataract patients  [  105,   106  ] . Several ran-
domized controlled trials have evaluated a combination of vitamins and micronutrients; the most 
frequently studied were vitamins C and E and  b -carotene. The AREDS, the Antioxidants in the 
Prevention of Cataract (APC) study done in southern India, the Roche European American Cataract 
Trial (REACT), and the Alpha-tocopherol Beta-carotene (ATBC) study did not demonstrate bene fi cial 
effects of supplementation  [  107–  110  ] . Reduction in lens opacity or nuclear cataract incidence with 
supplementation was observed in the US population of the REACT study, the Linxian study done in 
rural China, and the Italian Clinical Trial of Nutritional Supplements and Age-related cataract study 
 [  109,   111,   112  ] . However, the interventions used in these studies were a combination of multivita-
mins and minerals, which included  b -carotene but not lutein and zeaxanthin. The ability of lutein and 
zeaxanthin to retard the development or progression of cataract or lens opacity has not been 
evaluated. 

 In conclusion, epidemiological studies provide strong evidence to suggest that long-term intake of 
dietary lutein and zeaxanthin may provide protection against the incidence of nuclear cataract, to a 
lesser extent PSC, but not cortical cataract. Most noteworthy is the fact that pharmacological doses are 
not necessary, because an adequate amount is found in foods such as spinach, kale, and broccoli.   
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   Retinitis Pigmentosa 

 Retinitis pigmentosa (RP) is the leading cause of inherited blindness in the developed world, affecting 
50,000–100,000 people in the USA and an estimated 1.5 million people worldwide  [  113,   114  ] . RP 
refers to a group of inherited retinal disorders that result in the degeneration of rod and cone photore-
ceptors  [  115  ] . Clinically, rod cell death translates to night blindness which generally precedes defects 
in peripheral visual  fi eld, i.e., tunnel vision (Fig.  13.4 ), by years or even decades. Cones are seldom 
directly affected by identi fi ed mutations. They degenerate secondarily to the rods as the disease pro-
gresses, which results in loss of central vision and complete blindness  [  113  ] . Many individuals with 
RP are not legally blind until their 40s or 50s and some RP patients even retain partial sight through-
out life. On the other hand, some RP patients go completely blind during childhood. 

 RP can be inherited as an autosomal-dominant (30–40% of cases), autosomal-recessive (50–60%), 
or X-linked (5–15%) trait  [  115  ] . Mutations in the rhodopsin gene account for ~25% of dominant RP. 
Mutations in the USH2A gene may be the cause of ~20% of the recessive RP  [  116  ] . The USH2A 
gene encodes for the protein usherin and may be important for retinal development and maintaining 
homeostasis. Mutations in the GTPase regulator gene may account for ~70% of X-linked RP  [  115  ] . 
These mutations cause ~30% of all cases of RP. Mutations identi fi ed in other genes include: 
enzymes of the phototransduction cascade [transducin  a -subunit, guanylate cyclase, cGMP-dependent 
phosphodiesterase, and arrestin]; structural or traf fi cking proteins [peripherin/RD, ABCR]; more 
rarely genes encoding proteins involved in vitamin A metabolism [CRALBP, RPE 65] and phagocy-
tosis of photoreceptor outer segments  [  117–  125  ] . Mutations affecting proteins involved in speci fi c 
biochemical pathways that transduce light can cause hyperpolarization and apoptosis of the rod pho-
toreceptor cells. 

 The high concentration of lutein and zeaxanthin in the ROS and also in the macula warrants their 
investigation in the treatment of RP. In a small, uncontrolled study of 13 RP patients and 3 patients 
with other retinal diseases, supplementation with 40 mg lutein/day for 9 weeks improved visual acu-
ity and visual  fi eld area  [  126  ] . Lutein supplementation (10 mg/day for 12 weeks followed by 30 mg/
day for 12 weeks) also improved central visual  fi eld in 34 RP patients in a randomized, cross-over, 
placebo-controlled, double-blinded study  [  127  ] . In another double-blinded, randomized control trial 
(RCT), nonsmoking RP patients supplemented with 12 mg/day of lutein along with 15,000 IU/day 
of vitamin A for 4 years had a slower decline in midperipheral visual  fi eld sensitivity compared to 
controls who were taking 15,000 IU/day of vitamin A  [  128  ] . Maximum slowing of midperipheral 
sensitivity also occurred among those with the highest serum lutein concentration and greatest 
increase in MP density and was not limited to those with milder disease. Unlike the previous two 
studies, no signi fi cant effect of this intervention was observed on central  fi eld sensitivity. The detect-
able bene fi t of lutein supplementation in preserving midperipheral function but not central function 
may re fl ect an increased requirement for antioxidants in the photoreceptor outer segments, where 
cells are most impaired. No toxic effects of lutein supplementation were observed in this study. No 
bene fi cial effect on central vision was observed in a small group of patients ( n  = 23) with RP and 
Usher’s syndrome who were supplemented with 20 mg lutein/day for 6 months  [  129  ] . MP density 
pro fi le was not signi fi cantly different between controls and RP patients. MP density was related to 
foveal structure in RP patients compared with controls. MP density was lower in patients with 
reduced inner retinal thickness, suggesting that loss of inner retinal tissue is known to occur with 
outer retinal degenerations. Similar observations were made in a cross-sectional study that showed 
decreased MP density in eyes with more photoreceptor cell loss and in eyes with cystoid macular 
edema, which occurs in more than 25% of RP patients  [  130  ] . MP density increased in only half the 
subjects post-lutein supplementation of 20 mg/day for 6 months despite increases in serum lutein 
concentration  [  129  ] . The nonresponse in MP density may have been due to loss of photoreceptor 
cells or disruption of lutein uptake mechanisms in the macula  [  130  ] . Supplementation may have also 
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caused increases in lutein levels in peripheral regions of the retina, which cannot be detected by 
heterochromatic  fl icker photometry. This is a noninvasive, psychophysical technique that can mea-
sure pigment density in the macular region only. 

 The evidence to date indicates that short-term lutein supplementation at doses of  ³ 30 mg/day or 
long-term supplementation at doses of 10–20 mg/day in combination with 15,000 IU/day of vitamin 
A may bene fi t central or midperipheral visual  fi elds, respectively. Larger-scale placebo-controlled 
dose–response clinical studies are needed to derive more conclusive evidence of the bene fi ts of lutein 
supplementation in speci fi c types of RP. Preservation of central vision is necessary for preventing 
complete blindness in RP patients. Vitamins A and E and omega-3 fatty acids bene fi t RP patients 
 [  131–  136  ] . More studies are needed to determine if lutein in combination with vitamin A and omega-3 
fatty acids can help preserve central vision and also improve peripheral vision in RP patients.   

   Visual Function 

 The role of lutein and zeaxanthin as MP and also their importance in the retina and lens is now well-
established. Data are also accumulating that suggest lutein and zeaxanthin as MP can improve visual 
function. There are two hypotheses that explain the mechanism by which MP improves visual func-
tion  [  137  ] . The acuity hypothesis states that MP reduces the effect of chromatic aberration. The visi-
bility hypothesis states that MP may improve vision through the atmosphere by preferentially 
absorbing blue haze (short-wave dominant air light that produces a veiling luminance when viewing 
objects at a distance). MP may improve glare disability and photostress recovery because of its light 
 fi ltering properties  [  138  ] . Some biological mechanisms, such as improvement in neuronal signaling 
ef fi ciency in the eye, have also been suggested by which lutein and zeaxanthin may improve visual 
function  [  139  ] . 

 High lutein and zeaxanthin intake improves MP density; therefore, it may improve visual function 
measures. Subjects from the LUXEA study, described in the AMD section, showed improved contrast 
acuity thresholds at high mesopic levels, which means better visual performance when ambient illu-
mination is low  [  140  ] . Although increases in MP density were not related to contrast acuity thresh-
olds, the results of this study suggest that lutein and zeaxanthin supplementation may bene fi t activities 
such as driving at night. Six months of supplementation with 12 mg/day of lutein was shown to 
increase MP density in healthy subjects with a mean age of 23 years and improve visual performance 
in glare function tests  [  141  ] . Lutein has been reported to protect against the detrimental effects of 
long-term computer display light exposure in healthy subjects aged 22–30 years of age  [  142  ] . In this 
study, 12 weeks of supplementation with 12 mg/day of lutein also improved contrast sensitivity. 
Lutein supplementation (5 mg) in combination with zeaxanthin (1 mg) and blackcurrant extract 
(200 mg) was also shown to reduce symptoms of visual fatigue associated with visual proof-reading 
tasks in healthy subjects aged 22–45 years  [  143  ] . 

 The effect of lutein supplementation on visual performance was evaluated in patients with eye 
disease. In a double-blind, placebo-controlled study involving cataract patients ( n  = 17), supplementa-
tion with 15 mg lutein three times a week resulted in improved visual acuity and glare sensitivity 
 [  105  ] . In patients with retinal degeneration, lutein supplementation (20–40 mg/day, 26 weeks) 
improved visual acuity and mean visual  fi eld area, which began 2–4 weeks after the intervention but 
plateaued at 6–14 weeks  [  126  ] . RCTs involving AMD patients have shown that lutein supplementa-
tion, ranging in dose from 8 to 15 mg, improved dark adaptation, visual acuity, foveal sensitivity, 
contrast sensitivity, and glare recovery  [  66,   144,   145  ] . Evidence suggests that high MP density can 
improve visual function measures.  
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   Conclusions 

 Epidemiological evidence suggests that high dietary intake of lutein and zeaxanthin is related to 
reduced risk of AMD. The majority of these studies evaluated neovascular or advanced AMD risk. 
Lower AMD risk was associated with higher consumption of lutein-rich dark green vegetables, such 
as spinach, broccoli, and lettuce, indicating supraphysiological doses may not be necessary for pre-
vention. The lutein amounts in the high intake groups of epidemiological studies were 1–3 mg/day, 
while the lutein and zeaxanthin combined amount was ~6 mg/day. MP density can be augmented by 
consumption of lutein- and zeaxanthin-rich foods, such as spinach, eggs, and corn. Also, intake of 
high doses of lutein and  meso -zeaxanthin supplements increases MP density. High dose zeaxanthin 
supplementation, however, may increase pigment levels in the peripheral regions of the retina and not 
necessarily in the macular region. Evidence suggests that increased MP density can be maintained by 
consumption of lutein- and zeaxanthin-rich foods. MP density can also be increased in AMD affected 
eyes. Long-term lutein supplementation at doses of 10 mg/day with or without supplementation with 
other antioxidants may improve visual function measures in AMD patients. Lutein and zeaxanthin 
have potential impact in the prevention and treatment of AMD. 

 Despite the limitations associated with evaluating dietary intakes, epidemiological studies have 
consistently shown high dietary intake of lutein and zeaxanthin to be protective against the incidence 
of nuclear cataract and cataract extraction. The most noteworthy is that among the different food 
groups evaluated, high intake of lutein-rich dark green vegetables, such as spinach and broccoli, was 
related to decreased cataract risk  [  90–  94  ] . In the reviewed studies, high lutein and zeaxanthin amounts 
were 6 mg/day  [  91,   94  ] , >3.2 mg/day  [  96,   97  ] , and >1 mg/day  [  93,   95  ]  and the corresponding low 
doses were 1 mg/day and 250–600  m g/day. The evidence of a bene fi cial effect of high lutein and zeax-
anthin intake on PSC is very scarce and no associations have been observed with cortical cataract. 
More lutein and zeaxanthin intervention studies are necessary to provide convincing evidence that 
lutein and zeaxanthin can improve visual function in cataract patients. 

 Supplementation with high doses of lutein preserved central visual acuity in small RCTs on RP 
patients. Lutein in combination with 15,000 IU/day of vitamin A preserved midperipheral visual function. 
Both these  fi ndings indicate that lutein may play a role in preventing complete blindness in RP patients. 

 In 2006, the Food and Drug Administration reviewed all the epidemiological and clinical interven-
tion studies on AMD and cataract and concluded that there is no credible evidence for a health claim 
about the intake of lutein or zeaxanthin (or both) on the risk of AMD and cataract  [  146  ] . In observa-
tional studies, lutein and zeaxanthin intake was calculated using food frequency questionnaires, diet 
recalls, or diet records, in which the type and amount of foods consumed was recorded. Lutein and 
zeaxanthin intake was then estimated from the USDA’s database on carotenoid composition of foods. 
The limitations of these dietary assessment tools include subject’s poor memory, overestimation or 
underestimation of portion sizes, the variation in lutein and zeaxanthin levels in the foods, the effect 
of consumption method (i.e., cooked vs. raw), type and amount of fat or  fi ber consumed with the lutein 
and zeaxanthin source, and other factors that affect bioavailability. Dietary assessments do not allow 
nutrients or food components to be studied in isolation, which may not yield the same  fi ndings. Thus, 
the  fi ndings of observational studies presented in this chapter must be interpreted with caution.  

   Future Directions 

 The evidence to date suggests that lutein and zeaxanthin can have a signi fi cant impact on AMD and 
cataract risk. Of note is that these are the only two carotenoids that are preferentially taken up into the 
retina and the lens. More randomized, controlled clinical trials are necessary to determine the dosage 
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at which lutein and zeaxanthin interventions are most effective. In the case of AMD, it is evident that 
low MP density is one of the modi fi able pre-disposing risk factors. MP density can be measured with 
ease using techniques such as heterochromatic  fl icker photometry, motion detection photometry, fun-
dus re fl ectance spectroscopy, Raman spectrometry, and auto fl uorescence spectrometry  [  147  ] . 

 Clinical models of these MP measurement devices are now available that could be potentially used 
by ophthalmologists to assess an individual’s MP density as part of a routine eye examination. If low 
MP density is detected early in life, consumption of lutein- and zeaxanthin-rich foods can increase 
pigment levels and possibly prevent AMD development later in life. Future studies should focus on 
standardizing the clinical devices used for MP assessment and comparing measurements to other 
established techniques. Thus, there is scope of prevention of AMD through early identi fi cation of 
depleted MP levels in the retina. The majority of studies have focused on effects of lutein supplemen-
tation on MP enrichment. Supplementation with lutein or zeaxanthin alone seems to increase pigment 
density in different regions of the macula. One study showed supplementation with a high dose of 
zeaxanthin increased pigment levels more in the peripheral regions, which normally contain higher 
lutein levels. Future studies need to delve deeper into the differential effects of lutein and zeaxanthin 
supplementation on pigment enrichment and also functional effects. Studies should also be designed 
to evaluate different doses of lutein and zeaxanthin and also the impact of supplementation on differ-
ent stages of AMD. 

 There is an urgent need to evaluate the effect of lutein and zeaxanthin intervention on progression 
of cataract, especially because epidemiological evidence showed a positive effect of high lutein and 
zeaxanthin intake on nuclear cataract. Nuclear cataract is the result of advancing age; thus, consuming 
a lutein- and zeaxanthin-rich diet early in life may possibly prevent incidence. Large-scale studies are 
required to evaluate the effect of lutein intervention in the preservation of vision in RP patients to 
prevent the incidence of blindness. 

 Other than their role in eye disease prevention and visual function, lutein and zeaxanthin may 
in fl uence neural functions within the retina and enhance gap junctional communication, which in the 
retina is crucial for light processing and may be important for the development of neural circuitry 
within the visual system  [  148  ] . High MP density has been associated with improved visual processing 
speed, which is measured as critical  fl icker fusion threshold  [  149,   150  ] . MP density was shown to be 
inversely related to scotopic noise; lutein and zeaxanthin may thus improve ef fi ciency of rod cell 
functioning  [  151,   152  ] . The exclusive accumulation of lutein and zeaxanthin in the neural retina war-
rants further investigation of their role in modifying neural functions.      
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    Chapter 14   
 Carotenoids and Bone Health       

      Sherry   A.   Tanumihardjo        and    Neil   Binkley       

  Key Points 

    The role of vitamin A in bone health remains controversial. Some human studies associate higher • 
concentrations of speci fi c carotenoids with improved bone health.  
   • In vitro  and animal studies suggest that carotenoids, in particular  b -cryptoxanthin, have favorable 
effects on bone remodeling parameters.  
  Population-based studies associate high dietary intake of preformed vitamin A with greater osteo-• 
porosis and hip fracture risk.  
  Practitioners need to be aware of the regulatory mechanisms controlling provitamin A carotenoid • 
bioconversion to retinol to alleviate concern in regard to seemingly “high” dietary vitamin A 
intakes that are associated with healthy diets at recommended fruit and vegetable intakes.  
  Future studies are needed to clarify the associations between speci fi c carotenoids, total body stores • 
of vitamin A, and bone health.  
  This chapter reviews the associations of various carotenoids with bene fi cial and adverse bone • 
health consequences and suggests future work that should be accomplished to clarify the role of 
carotenoids in bone.    

    Introduction 

 Osteoporosis is a common disease characterized by low bone mass and deterioration of bone micro-
architecture leading to an increased risk of fragility fracture. Approximately 40–50 % of postmeno-
pausal women and ~25 % of older men sustain osteoporosis-related fractures in their lifetime  [  1,   2  ] . 
These fractures reduce quality and quantity of life and cause major healthcare costs  [  3,   4  ] . Given 
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 current population demographics  [  5  ] , the number of osteoporosis-related fractures will increase for 
the foreseeable future. Nutritional de fi ciencies, or excesses, may be causally related to bone loss with 
advancing age. As such, determining optimal nutritional approaches to reduce the impact of this dev-
astating disease is an active area of research. 

 Ultimately, osteoporosis results from disordered bone remodeling in which osteoclastic bone 
resorption exceeds osteoblastic bone formation. One consequence of such unbalanced bone remodel-
ing is a reduction in bone mass. As such, measurement of bone mineral density (BMD) by dual-energy 
X-ray absorptiometry (DXA) is commonly used as part of the fragility fracture risk assessment pro-
cess  [  6  ] . In fact, the World Health Organization  [  7  ]  identi fi ed criteria for bone health classi fi cation 
(i.e., osteoporosis/osteopenia/normal) based on BMD measurement (Table  14.1 ).  

 Bone remodeling is a normal physiologic process in which a quantum of bone is removed by 
osteoclasts and, ideally, an equal amount is replaced by osteoblasts. The control of bone remodeling 
is extremely complex, but a central role for nuclear factor- k B (NF- k B) in osteoclastogenesis and 
osteoclast activity has recently been appreciated  [  8  ] . Brie fl y, osteoblasts produce the receptor acti-
vator of NF- k B ligand (RANKL), which, upon binding to its receptor (RANK), stimulates both 
development of new osteoclasts and activity of mature osteoclasts  [  9  ] . Importantly, RANKL is 
upregulated upon estrogen withdrawal, which occurs during menopause, leading to rapid trans-
menopausal bone loss. RANKL is naturally regulated by a decoy receptor called osteoprotegerin 
 [  10  ] , which is overwhelmed at menopause leading to increased osteoclast number/activity and thus, 
to rapid bone loss. 

 The process of bone remodeling is essential in maintaining bone strength, in part by repair of 
microfractures. A number of markers have been identi fi ed to assist in assessing bone remodeling  [  6  ] . 
Examples of commonly utilized bone turnover markers include serum or urine N-Telopeptide of type 
1 collagen (NTX), serum bone speci fi c alkaline phosphatase (BSAP), serum C-Telopeptide (CTX), 
osteocalcin, and serum procollagen type 1 N-terminal propeptide (P1NP). These serum and/or urinary 
measures are commonly quanti fi ed in studies of bone health and increasingly being utilized in clinical 
care. These markers, among others, have been reviewed in Brown et al.  [  6  ] . 

 Some literature suggests that carotenoids are important in bone remodeling regulation (Fig.  14.1 ). 
It is possible that carotenoids might reduce fragility fracture risk either by reducing osteoclastic bone 
resorption or by enhancing osteoblastic bone formation. Dietary interventions that could slow or halt 
bone loss are obviously appealing in that low cost, population-based preventive approaches would be 
feasible. Moreover, such a diet-based approach would likely be embraced by those people who do not 
like to utilize prescription drugs to maintain their health. This chapter reviews the associations of 
carotenoids to various indices of bone health, discusses hypervitaminosis A, and suggests future work 
that should be accomplished to clarify the role of carotenoids in bone health.   

   Table 14.1    World Health Organization criteria for diagnosing osteopenia and osteoporosis a    

 Category  Criteria based on bone mineral density (BMD) 

 Normal  BMD within 1 SD b  of the young adult mean 
 Low bone mass (osteopenia)  BMD between 1 and 2.5 SD below the young adult mean 
 Osteoporosis  BMD  ³ 2.5 SD below the young adult mean 
 Severe osteoporosis  Fragility fractures plus BMD  ³ 2.5 SD below the young adult mean 

   a Adapted from  [  7  ] . This classi fi cation applies only to BMD as measured by dual-energy X-ray absorptiometry at the 
lumbar spine, femoral neck, total proximal femur, and one-third radius sites 
  b Standard deviation (SD)  
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   Potential Mechanisms of Carotenoids in Osteoporosis 

 It is possible that carotenoids might produce a bene fi cial bone bene fi t via their antioxidant properties, 
which are discussed in Chap.   4    . Increases in oxidative stress caused by reactive oxygen species may 
be involved in bone resorption  [  11,   12  ]  and also adversely modulate osteoblastic differentiation  [  13  ] . 
Either of these effects could negatively impact bone balance at the remodeling site, thereby ultimately 
adversely affecting bone mass. An increased presence of free radicals activates the oxidative stress-
responsive transcription factor, NF- k B  [  14,   15  ] . Carotenoids as antioxidants  [  16  ]  can quench singlet 
oxygen and trap peroxyl radicals  [  17  ] , thus potentially reducing bone resorption. Consistent with this, 
in epidemiologic studies, high antioxidant intake is associated with lower fracture risk. For example, 
a population-based study in which  b -carotene intake was assessed by food frequency questionnaire 
and included supplement usage found an odds ratio of 0.39 for  b -carotene intake in relation to hip 
fracture risk in past and present smokers for the extreme quintiles of intake  [  18  ] . Cigarette smoke 
contains many prooxidants. Moreover, a similar association was not found among those who had 
never smoked. 

 In Italian women with osteoporosis, lower plasma levels of zeaxanthin,  b -cryptoxanthin, lycopene, 
and  a - and  b -carotene were found  [  19  ] . A similar  fi nding was noted in US women in regards to lyco-
pene and  b -cryptoxanthin serum concentrations  [  20  ] . Both of these cohorts also reported lower serum 
vitamin A concentrations in women with osteoporosis  [  21,   22  ] . These results are somewhat counter-
intuitive because supplementation or forti fi cation with preformed vitamin A is associated with greater 
age-related bone loss  [  23–  25  ] . It is plausible that plant sources of vitamin A are protective to bone or 
alternatively that the carotenoids are acting as biomarkers for other phytochemicals in fruits and 
 vegetables that protect bone  [  26  ] , or that high vitamin A intake is a marker of a generally healthy 
lifestyle. 

 Of the major carotenoids found in human serum, lycopene has the greatest antioxidant potential with 
twice the activity of  b -carotene for quenching singlet oxygen  [  27  ] . Higher dietary lycopene intake alone 
has been associated with lower hip fracture risk. In the Framingham Osteoporosis Study, the relative risk 
for an osteoporotic fracture was 0.66 for the highest versus lowest lycopene intake tertile as assessed by 
food frequency questionnaire  [  28  ] . The protective effect was most pronounced when lycopene-containing 

  Fig. 14.1    Speculative roles of carotenoids in bone remodeling. The regulation of bone remodeling is extremely complex. 
Some of the factors affecting this process include sex steroids (e.g., estrogen/testosterone), cytokines (e.g., IL-1, IL-6, 
RANK/RANKL), growth factors (e.g., IGF-1), mechanical loading, toxins (e.g., chemotherapeutic agents, glucocorticoids, 
alcohol, tobacco), and nutrition (e.g., calcium, vitamin D, carotenoids). Carotenoids may favorably or adversely affect 
the bone remodeling cycle as indicated here. Speci fi cally,  b -cryptoxanthin (b-CTX) may inhibit both differentiation of 
pre-osteoclasts to osteoclasts and also inhibit mature osteoclast activity. Lycopene and  b -carotene may inhibit function 
of mature osteoclasts, whereas retinol may stimulate their activity. b-CTX may blunt the osteoblast-induced activation 
of osteoclasts and also stimulate osteoblastic activity       
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foods exceeded 4.4 servings/week. Furthermore, higher lycopene intake was associated with less bone 
loss over time at the lumbar spine in women and the trochanter in men  [  29  ] . 

 Supplementing postmenopausal women with lycopene derived from tomato products decreased the 
bone resorption serum marker NTX  [  30  ] . Restricting dietary lycopene in a small number of postmeno-
pausal women resulted in a signi fi cant increase in serum NTX  [  31  ] , leading the authors to conclude 
that lycopene is important in maintaining bone health. As discussed in Section I of this book, dietary 
lycopene is predominantly in tomatoes and readily available in a variety of processed forms through-
out the world. Future studies need to tease out whether the bene fi cial bone effects are truly associated 
with isolated lycopene or products from the whole tomato. 

 In addition to the human  in vivo  studies noted above,  in vitro  studies found effects of carotenoids 
on bone. For example, in tissue culture,  b -cryptoxanthin has a direct stimulatory effect on bone for-
mation and an inhibitory effect on bone resorption  [  32–  35  ] . Speci fi cally,  b -cryptoxanthin inhibits 
osteoclast-like cell formation induced by RANKL  in vitro   [  32  ] . In this mouse marrow culture model, 
the effect of  b -cryptoxanthin to inhibit osteoclast formation was blocked by protein synthesis inhibi-
tion. This led the authors to speculate that the inhibitory action of  b -cryptoxanthin may involve a 
protein component related to RANKL stimulation of osteoclastogenesis  [  32  ] . Furthermore, in this 
 in vitro  system,  b -cryptoxanthin inhibition of osteoclast-like cell formation was equal to that pro-
duced by estradiol  [  32  ] . Supporting a role of this carotenoid in postmenopausal women,  b -cryptoxanthin 
was lower in women with osteoporosis than those without  [  20  ] . 

 In addition to an anti-resorptive effect, potentially mediated via RANKL inhibition,  in vitro  work 
suggests that  b -cryptoxanthin may have direct effects to stimulate osteoblastic bone formation. For 
example,  b -cryptoxanthin stimulates osteoblast-like cell proliferation and increases insulin-like growth 
factor-1 mRNA  [  33  ] . Additionally,  b -cryptoxanthin enhanced mineralization in osteoblast-like cell 
culture  [  33  ] . Consistent with this, increased calcium content has been observed in cultured rat femur 
tissue cultures exposed to  b -cryptoxanthin  [  34,   35  ] . Thus,  in vitro  work suggests that  b -cryptoxanthin 
may possess bone formation stimulating effects. 

 Limited  in vivo  work supports the  in vitro  studies noted above. For example,  b -cryptoxanthin 
increased bone calcium content in young  [  36  ]  and old  [  37  ]  rats. Moreover,  b -cryptoxanthin reduced 
bone loss induced by ovariectomy in rats  [  38  ] . Small studies of men and women receiving juice forti fi ed 
with  b -cryptoxanthin appear to be consistent with the  in vitro  and animal data with increases in markers 
of bone formation and reduction in bone resorption markers reported  [  39–  41  ] . However, existing human 
data are quite limited due to small study size and inclusion of both men and women across a wide age 
range. In summary,  in vitro , animal, and limited human data suggest that  b -cryptoxanthin has potential 
to stimulate bone formation and inhibit bone resorption  [  42  ] . These observations with  b -cryptoxanthin 
are of direct clinical relevance given the projected increase in osteoporotic fractures in the foreseeable 
future. Further investigations are needed to elucidate the action of  b -cryptoxanthin on bone health. 
Dietary sources of  b -cryptoxanthin are limited but do include citrus fruits, which are quite popular and 
have wide-reaching global distribution. 

 Most of the evidence for bene fi cial effects of carotenoids on bone health has been associated 
with the hydrocarbon carotenes and  b -cryptoxanthin. In addition, lutein and zeaxanthin intakes were 
positively correlated with bone mass in Australian premenopausal women  [  43  ]  and a 4-year change 
in BMD measured by DXA in US men  [  29  ] .  

   Other Bone-Related Associations 

 In US case–control studies, higher circulating concentrations of lutein and  b -cryptoxanthin have been 
associated with lower risk of knee osteoarthritis  [  44  ] . Another study implicated a bene fi cial effect of 
fruit intake on factors associated with the pathogenesis of knee osteoarthritis and the number of bone 
marrow lesions as assessed by magnetic resonance imaging  [  45  ] . This conclusion was based on a food 
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frequency questionnaire that showed a positive association of the carotenoids lutein, zeaxanthin, and 
 b -cryptoxanthin to healthy knee structure  [  45  ] . In contrast, no association was found with any carote-
noid and knee osteoarthritis in a cohort of Japanese subjects  [  46  ] . Thus, although a link of fruit or 
other dietary factors with osteoarthritis may exist, such a relationship requires further evaluation and 
bene fi ts may not result from a single carotenoid. 

 Osteoarthritis, with its commonly observed osteophyte (i.e., bone spur) formation, is a common 
accompaniment of advancing age. Although higher serum concentrations for many carotenoids were 
associated with a lower incidence of lumbar spine osteophytes, only lower serum  b -carotene was 
associated with a higher incidence of bone spurs in a group of Japanese volunteers after multivariate 
analysis  [  47  ] . As osteoarthritis is virtually ubiquitous in older adults, randomized controlled trials are 
needed to determine if dietary modi fi cation or  b -carotene supplementation may reduce the overall risk 
of developing this common disease.  

   Hypervitaminosis A 

 Provitamin A carotenoids are converted by the human body to vitamin A; however, this process is 
highly regulated as discussed in Chap.   3    . Considering current dietary intakes and regulation, it seems 
unlikely that hypervitaminosis A can occur from provitamin A carotenoid intake alone  [  48  ] . 
Nonetheless, as dietary recommendations to increase fruit and vegetable intake are promoted, calcu-
lated vitamin A intakes could increase if humans ate the recommended 4.5 cups/day of fruit and 
vegetables for the typical 2,000-cal eating plan  [  49  ] . For example, if a person ate a combination of 1 
cup raw carrots, 1 cup cooked spinach, and 1/2 cup raw tomatoes for their 2.5 cups recommended 
vegetables in 1 day and entered these amounts into the USDA nutrient database  [  50  ] , a value of 
2,050  m g retinol activity equivalents (RAE) would be obtained. This is about three times the vitamin 
A recommended intake for a 19–30-year-old women, which is 700  m g RAE  [  51  ] , which may cause 
concern to the consumer. However, it is unlikely that the person would make this amount of vitamin 
A from this continued level of provitamin A intake due to the many factors that affect carotenoid 
bioavailability and bioconversion  [  48,   52  ] . Nonetheless, considering the widespread use of preformed 
vitamin A supplements and forti fi ed foods, the topic of excessive dietary vitamin A and bone health 
will be reviewed here brie fl y. 

 Excessive dietary preformed vitamin A leading to hypervitaminosis A is associated with osteopo-
rosis  [  53  ]  and fragility fractures  [  54  ] . Association studies relate chronic high preformed vitamin A 
intake with low bone mass, potentially leading to osteoporosis  [  23–  25,   55,   56  ] . However, this does not 
seem to be the case for the dietary provitamin A carotenoids  [  21  ] . Considering that most people in 
developed countries get more vitamin A than recommended  [  57  ]  and most studies that have been done 
are observational, more questions are currently raised than answered in regard to the association of 
preformed vitamin A to bone health. Interpretation of epidemiological studies must be done with cau-
tion until these associations are further evaluated by research that links actual vitamin A status mea-
sured by total body stores with bone mass and fracture incidence. Re fl ecting this current uncertainty, 
the Expert Group on Vitamins and Minerals concluded that the risk of hip fracture is a continuous 
graded response that includes exposure levels within dietary vitamin A intakes, and thus, a Safe Upper 
Limit could not be established because of overlap with reasonable dietary intakes  [  58  ] . 

 Historically, hypervitaminosis A has been associated with bone alterations in human remains  [  59, 
  60  ] , reports of toxicity in Arctic people  [  61  ] , and in children with excessive vitamin A intakes  [  62–
  67  ] . Case studies linking abnormal bone parameters and excessive vitamin A intake continue to appear 
in the literature  [  68  ] . The hypothesis that skeletal toxicities may occur with retinoid use is supported 
by observations of myalgias, arthralgias, decreases in BMD, and hyperostoses (e.g., bone spurs) with 
systemic retinoid treatment for acne  [  69  ] . However to date, no population studies directly linking 
excessive or hypervitaminotic vitamin A status to bone health at the population level using sensitive 
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biomarkers of vitamin A status have been performed  [  70  ] . Moreover, in captive nonhuman primates 
with long-term hypervitaminosis A, bone health appeared to be normal  [  71,   72  ] . 

 Prospective, observational studies conducted in countries where the incidence of osteoporosis is 
high  [  5  ] , found associations between preformed vitamin A intake and hip fracture or osteoporosis  [  24, 
  25,   55,   56  ] . The amount of dietary vitamin A associated with this effect was approximately two times 
the RDA at 1,500  m g retinol equivalents. In comparison, the Tolerable Upper Intake Level is 3,000  m g 
preformed vitamin A, which is the highest level thought to pose no risk of adverse health effects in the 
general population  [  51  ] . Other studies reviewed in Myhre et al.  [  73  ]  have not linked vitamin A intake 
to osteoporosis. In summary, associational studies suggest that high dietary intake of preformed vita-
min A may have adverse bone consequences including bone loss and fracture. However, it is axiom-
atic that association does not prove causation and randomized controlled trials of retinol supplementation 
and/or retinoid treatment are necessary to further evaluate the effect on bone health.  

   Other Things in Fruits and Vegetables 

 While this chapter reviews the association of carotenoids and vitamin A with bone health, both 
bene fi cial and adverse, it is possible that such reported associations simply re fl ect carotenoids acting 
as a biomarker for other components in fruit and vegetables that affect skeletal status. For example, 
calcium from vegetable intake was positively associated with BMD in Korean women  [  26  ] . Furthermore 
in the same study, potassium, vitamins C and E, and  b -carotene were positively associated with BMD. 
Additionally, vegetables are an important source of dietary potassium, which is associated with higher 
bone density. However, adjusting a large data set for potassium intake did not change the bene fi cial 
association of carotenoid intake and hip fracture  [  29  ]  suggesting that carotenoids do play a bene fi cial role 
in optimal bone health. Moreover, other dietary minerals (e.g., magnesium, strontium, selenium) may 
have skeletal effects. 

 Fruits also contain other phytochemicals, in addition to carotenoids, which may explain improved 
bone health. For example in citrus fruits, a natural occurring  fl avonoid called naringin was found to 
perturb osteoclast formation and bone resorption  [  74  ] . Furthermore, other plant-derived  fl avonoids 
are associated with bone-building properties  [  75  ] . Eating whole foods, especially fruits and vegeta-
bles, seems to promote optimal health rather than any one single component serving as the “magic 
bullet.” Studies of whole foods must appreciate and acknowledge the complexity of these diet/bone 
interactions rather than assuming that the single nutrient being studied is causally related to the out-
come observed.  

   Conclusions 

 The bene fi cial associations reported between carotenoids and bone health, notably for  b -cryptoxanthin, 
could be causally related, or alternatively, merely be an indicator for the intake of other antioxidants, 
other nutrients and minerals, or potentially re fl ect an overall healthy lifestyle that is more common in 
people with high dietary intakes of carotenoids, i.e., fruits and vegetables. Further research is essential 
to clarify whether the currently observed associations are causally related to bone health, perhaps with 
foods that have enhanced concentrations of  b -cryptoxanthin or other carotenoids. If bene fi cial bone 
effects are con fi rmed, such nutritional approaches could potentially offer safe, inexpensive approaches 
to reduce bone loss with advancing age with resultant reduction in fragility fracture risk and conse-
quently major bene fi cial personal and societal bene fi ts. Conversely, the potential negative impact of 
preformed vitamin A on bone needs to be further investigated to determine if vitamin A status per se 
or other synergistic nutritional or non-nutritional interactions negatively impact bone health.      
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    Introduction 

 Vitamin A de fi ciency (VAD) is an important public health problem that affects low-income populations 
in developing countries throughout the world. VAD tends to occur in populations with chronic low dietary 
intake of vitamin A and frequent infections and can have serious adverse effects on human health  [  1  ] . 
Intervention programs to increase vitamin A status in vulnerable populations exist in many countries. 

    Chapter 15   
 Provitamin A Carotenoids as a Dietary 
Source of Vitamin A       

      Marjorie   J.   Haskell              

  Key Points 

    Vitamin A de fi ciency (VAD) is an important public health problem that affects low-income populations • 
in developing countries throughout the world.  
  VAD tends to occur in populations with chronic low dietary intake of vitamin A and frequent infec-• 
tions and can have serious adverse effects on human health.  
  Populations in developing countries rely on dietary provitamin A (PVA) carotenoids to a greater • 
extent to meet their vitamin A needs. Nationally representative data on dietary intakes of pre-
formed vitamin A and PVA carotenoids do not exist in most developing countries.  
  Dietary surveys have been conducted in populations at risk of VAD, and insuf fi cient dietary intake • 
of vitamin A has been reported for women of reproductive age and for preschool-age children.  
  Food-based interventions that aim to increase dietary intake of PVA carotenoids have been imple-• 
mented to increase vitamin A status in populations at risk of de fi ciency.  
  The vitamin A equivalency of PVA carotenoids from plant source foods is highly variable and can • 
be affected by many factors, as discussed in previous chapters.  
  This chapter is focused on the public health signi fi cance of VAD and the importance of PVA caro-• 
tenoids as a dietary source of vitamin A. Evidence on the ef fi cacy of dietary interventions for 
increasing vitamin A status in populations at risk of VAD is also discussed.    
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The World Health Organization (WHO) recommends providing high-dose vitamin A capsules 
(200,000 IU) to children 6–59 months of age, every 4–6 months, and a single high-dose vitamin A cap-
sule (200,000 IU) to women within the  fi rst 6 weeks of giving birth in areas where VAD is endemic  [  2  ] . 
Food-based interventions that aim to increase dietary intake of provitamin A carotenoids are also a strategy 
for increasing vitamin A status in populations at risk of de fi ciency. However, the vitamin A equivalency 
of provitamin A carotenoids from plant source foods is highly variable and can be affected by many fac-
tors, as discussed in Section I of this book. Thus, the potential of food-based interventions for increasing 
vitamin A status in populations at risk of VAD is not yet well-understood. This chapter is focused on the 
public health signi fi cance of VAD and the importance of provitamin A carotenoids as a dietary source of 
vitamin A. Evidence on the ef fi cacy of dietary interventions for increasing vitamin A status in populations 
at risk of VAD is also discussed.  

   Public Health Importance of VAD 

 The global prevalence of VAD is based on estimates of the numbers of preschool-age children and 
pregnant women who have serum retinol concentrations <0.70  m mol/L or a history of night blindness, 
which is a functional indicator of VAD. The most recent estimates were reported by the World Health 
Organization in 2009 and are based on prevalence data on VAD in countries with a gross domestic 
product (GDP) of <US $15,000 in 2005; populations in countries with a GDP >US $15,000 in 2005 
are not considered to be at risk of VAD  [  1  ] . For countries for which there are no survey data available, 
the prevalence of VAD in preschool-age children and pregnant women is estimated using regression 
equations that are based on indicators of population health status, such as the human development 
index, under 5 mortality, adult female mortality, stunting, wasting, and population growth rates  [  1  ] . It 
is currently estimated that 190 million preschool-age children and 19.1 million pregnant women have 
low serum retinol concentrations; this represents 33.3% of preschool-age children and 15.3% of preg-
nant women in populations that are considered to be at risk of VAD  [  1  ] . Approximately 5.2 million 
preschool-age children and 9.8 million pregnant women are affected by night blindness; this repre-
sents 0.9 and 7.8% of preschool-age children and pregnant women in populations that are considered 
to be at risk of VAD. The global prevalence of VAD is shown in Figs.  15.1 ,  15.2 ,  15.3 , and  15.4 . The 
greatest estimated numbers of children with low serum retinol concentration are in South and South 
East Asia (91.5 million) and Africa (56.4 million). The greatest numbers of pregnant women with low 
serum retinol are in South and South East Asia (6.7 million), the Western Paci fi c (4.9 million), and 
Africa (4.2 million)  [  1  ] .     

 The main causes of VAD in low-income populations in developing countries are chronic low 
dietary vitamin A intake and frequent infections  [  1  ] . Populations at risk of de fi ciency tend to consume 
monotonous diets that consist mainly of staple crops, small amounts of vegetables and fruits, and 
occasionally animal source foods. Most of their dietary vitamin A is obtained from plant sources of 
provitamin A carotenoids, such as dark green leafy vegetables and orange vegetables and fruits. 
Animal sources of preformed vitamin A, such as dairy products, egg yolk, and animal liver, are rela-
tively expensive and are often not available. Preschool-age children and pregnant and lactating women 
are particularly vulnerable to developing VAD because of their increased nutritional demands and 
because of frequent diarrheal and respiratory infections, which can adversely affect vitamin A status. 
Diarrheal infections can reduce intestinal absorption of vitamin A, and fever can result in increased 
utilization and excretion of vitamin A  [  3–  5  ] . Food intake can also decline during infection because of 
poor appetite  [  1  ] . 

 VAD can have serious health consequences for preschool-age children and pregnant women. VAD 
is the leading cause of childhood blindness and is associated with reduced immune function and 
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  Fig. 15.1    Public health signi fi cance of vitamin A de fi ciency based on serum retinol <0.70  m mol/L in preschool-age 
children.  Source : World Health Organization, 2009  [  1  ] , with permission       

Countries and areas with survey data and regression-based estimates: Preschool-age children

Category of public health
significance (prevalence of
serum retinol < 0.70 mmol/l)

None (<2%)
Mild (≥2% − <10%)

Moderate (≥10% − <20%)

Severe (≥20%)

GDP≥US$ 15 000
(countries assumed
to be free of vitamin A
deficiency of public
health significance)
No data

  Fig. 15.2    Public health signi fi cance of vitamin A de fi ciency based on serum retinol <0.70  m mol/L in pregnant women. 
 Source : World Health Organization, 2009  [  1  ] , with permission       

Countries and areas with survey data and regression-based estimates: Pregnant women

Category of public health
significance (prevalence of
serum retinol < 0.70 mmol/l)

None (<2%)
Mild (≥2% − <10%)

Moderate (≥10% − <20%)

Severe (≥20%)
GDP ≥US$ 15 000
(countries assumed
to be free of vitamin A
deficiency of public
health significance)
No data
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  Fig. 15.3    Public health signi fi cance of vitamin A de fi ciency based on reported nightblindness in preschool-age children. 
 Source : World Health Organization, 2009  [  1  ] , with permission       

Countries and areas with survey data and regression-based estimates: Preschool-age children

Category of public health
significance (prevalence of
night blindness)

None
Mild (>0% − <1%)
Moderate (≥1% − <5%)
Severe (>5%)
GDP ≥US$ 15 000
(countries assumed
to be free of vitamin A
deficiency of public
health significance)
No data

  Fig. 15.4    Public health signi fi cance of vitamin A de fi ciency based on reported nightblindness in pregnant women. 
 Source : World Health Organization, 2009  [  1  ] , with permission       

Countries and areas with survey data and regression-based estimates: Pregnant women

Category of public health
significance (prevalence of
night blindness)

No public health
problem(<5%)
Public health
problem(≥5%)
GDP ≥US$ 15 000
(countries assumed
to be free of vitamin A
deficiency of public
health significance)
No data
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increased risk of mortality from diarrheal diseases and measles in preschool-age children  [  1,   6  ] . 
Similarly, night blind pregnant women are  fi ve times more likely to die of infection during or shortly 
after pregnancy than non-night blind women  [  7  ] . 

 Supplementation with vitamin A reduces childhood and maternal mortality. Supplementation of 
6–59 month-old children with high-dose vitamin A capsules (200,000 IU) reduces childhood mortal-
ity by 23–30%, based on meta-analyses of randomized controlled intervention trials  [  6,   8  ] . Weekly 
supplementation of pregnant women with smaller doses of vitamin A or  b -carotene (7 mg retinol 
equivalents (RE)/week) reduced maternal mortality by 44% in Nepal  [  9  ] . However, in a recent study, 
weekly vitamin A supplementation (25,000 IU/week) of pregnant Ghanaian women had no effect on 
maternal mortality  [  10  ] . These con fl icting results may be related to differences in the vitamin A status 
of the Ghanaian and Nepali women. Night blindness was rare among the Ghanaian women, but was 
prevalent among the Nepali women, and the reduction in mortality in the Nepali women was greatest 
among night-blind women  [  11  ] .  

   Importance of Provitamin A Carotenoids as a Dietary Source of Vitamin A 

 Provitamin A carotenoids are an important source of dietary vitamin A and are found in dark green 
leafy vegetables, such as spinach and kale, and in orange and yellow vegetables and fruits, such 
as carrot, mango, and papaya.  b -Carotene,  b -cryptoxanthin, and  a -carotene are the provitamin A 
carotenoids that are commonly found in foods in human diets  [  12  ] . The vitamin A equivalency of 
provitamin A carotenoids is controversial and can be affected by many food and diet-related fac-
tors, as well as by health, nutritional, and genetic characteristics of human populations  [  12  ] . In the 
USA, a vitamin A equivalency ratio of 12:1, by weight, (12  m g  b -carotene = 1  m g retinol = 1 retinol 
activity equivalent (RAE)) is recommended for  b -carotene from mixed diets containing vegeta-
bles and fruits  [  13  ] . This is based on an absorption ef fi ciency of ~16% for  b -carotene from a 
mixed diet (6  m g plant  b -carotene = 1  m g pure  b -carotene) and an intestinal conversion ratio of 2:1, 
by weight, for pure  b -carotene to vitamin A (2  m g  b -carotene = 1  m g retinol). The other provita-
min A carotenoids are assumed to have half the vitamin A activity of  b -carotene based on differ-
ences in their chemical structures; thus, a vitamin A equivalency ratio of 24:1 is recommended for 
 a -carotene and  b -cryptoxanthin  [  13  ] . 

 The vitamin A activities of  a -carotene and  b -cryptoxanthin have not been determined experimen-
tally in humans. Recent data suggest that the vitamin A activity of  b -cryptoxanthin may be greater 
than is currently assumed. In human volunteers who consumed similar amounts of  a -carotene, 
 b -cryptoxanthin, or  b -carotene, plasma concentrations of  a -carotene and  b -cryptoxanthin were ~53% 
and ~725% higher, respectively, than plasma  b -carotene concentrations, suggesting that  a -carotene 
and  b -cryptoxanthin may be more ef fi ciently absorbed than  b -carotene  [  14  ] . However, the greater 
apparent absorption of intact  a -carotene and  b -cryptoxanthin, compared to  b -carotene, may be related 
to differences in intestinal conversion of these provitamin A carotenoids to vitamin A. The extent to 
which  a -carotene and  b -cryptoxanthin are converted to vitamin A in the human intestine is not known. 
In Mongolian gerbils that were fed pure  a -carotene or  b -carotene, 5.5  m g  a -carotene was equivalent 
to 1  m g retinol, whereas 2.8  m g  b -carotene was equivalent to 1  m g retinol; con fi rming that  a -carotene 
has approximately half the vitamin A activity of  b -carotene  [  15  ] . In contrast, in Mongolian gerbils that 
were fed pure  b -cryptoxanthin or  b -carotene, 2.7  m g  b -cryptoxanthin was equivalent to 1  m g retinol, 
whereas 2.5  m g  b -carotene was equivalent to 1  m g retinol, indicating that  b -cryptoxanthin has ~92% 
of the vitamin A activity of  b -carotene. As stated above, it is currently assumed that  b -cryptoxanthin 
has ~50% of the vitamin A activity of  b -carotene  [  16  ] . Thus, these data suggest that  b -cryptoxanthin 
may have greater vitamin A activity and that food sources of  b -cryptoxanthin such as citrus fruits, 
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papaya, and yellow and orange maize may be better sources of dietary vitamin A than is currently 
assumed. 

 It is important to note that the vitamin A equivalency ratios for provitamin A carotenoids that are rec-
ommended by the Food and Agricultural Organization (FAO) and the World Health Organization (WHO) 
differ from those recommended by the Institute of Medicine in the USA. A vitamin A equivalency ratio 
of 6:1, by weight, for  b -carotene from a mixed diet (6  m g  b -carotene = 1  m g retinol = 1 retinol equivalent 
(RE)) is recommended by FAO/WHO, and a ratio of 12:1, by weight, is recommended for the other 
provitamin A carotenoids based on the assumption that their vitamin A activities are approximately 
half that of  b -carotene because of differences in their chemical structures  [  17  ] .  

   Safety of  b -Carotene as a Dietary Source of Vitamin A 

 The safety of dietary provitamin A carotenoids as a vitamin A source is based on data for  b -carotene. 
 b -Carotene is considered a safe source of vitamin A because intestinal conversion of  b -carotene to 
vitamin A decreases as an oral dose of  b -carotene increases, which prevents formation of excessive 
vitamin A  [  18  ] . Also, expression of the BCMO1 gene is regulated by vitamin A status; thus, expres-
sion of the intestinal BCMO1 enzyme is upregulated in VAD, favoring greater intestinal conversion 
of  b -carotene to vitamin A when vitamin A status is low, and downregulated when vitamin A status is 
adequate  [  19  ] . In contrast, preformed dietary vitamin A is easily absorbed from the diet  [  3  ]  and has 
been associated with adverse health effects if consumed in excessive amounts. High intakes of pre-
formed vitamin A ( ³ 3,000  m g RE/day) were associated with an increased risk of hip fracture in post-
menopausal women  [  20  ] . Also, because preformed vitamin A is potentially teratogenic, pregnant 
women are advised to avoid consuming large amounts of preformed vitamin A, and dietary  b -carotene 
is considered to be a safer source of vitamin A during pregnancy  [  12  ] . 

 However, there is concern that large doses of supplemental  b -carotene may have adverse effects on 
human health. In early intervention trials, participants were supplemented with large doses of syn-
thetic  b -carotene (20 mg/day or 30 mg/day) to assess the effect of  b -carotene on the incidence of lung 
cancer or cardiovascular disease. The results of these trials indicated that supplementation with large 
daily doses of  b -carotene was not associated with a reduced risk of cancer or cardiovascular disease 
and may be harmful to smokers or to workers exposed to asbestos  [  21–  23  ] . The amounts of supple-
mental  b -carotene that were given to participants are much higher than the amounts that are com-
monly consumed in the diet. Dietary intake of  b -carotene in the USA and UK is ~1–2 mg/day for most 
people and ~4–9 mg/day for vegans and vegetarians  [  12  ] . There are no known adverse health effects 
associated with usual dietary intakes of provitamin A carotenoids. However, in some individuals, 
chronic high intakes of carotenoids can result in a yellow discoloration of the skin, which is consid-
ered a benign condition  [  24  ] .  

   Food Supply of Vitamin A 

 The global food supply of vitamin A is based on food balance sheets that are compiled by the FAO. 
As shown in Table  15.1 , in Europe and The Americas, 37% of vitamin A in the food supply is provided 
by preformed vitamin A from animal sources, and 64% is provided by provitamin A carotenoids from 
plant sources. In contrast, in Africa and South and South East Asia, animal sources provide only 12% 
and 16% of preformed vitamin A in the food supply, respectively, and plant sources provide 84% and 
88%, respectively. This is an important difference because preformed vitamin A from animal sources 
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is easily absorbed and utilized in the body, whereas provitamin A carotenoids are less well-absorbed 
and must be converted to vitamin A in intestinal cells.  

 Estimates of the global food supply of vitamin A are based on the retinol equivalent (RE); thus, a 
vitamin A equivalency ratio of 6:1 was used to estimate the vitamin A content of plant sources of 
 b -carotene. Figure  15.5  compares estimates of the food supply of vitamin A based on the retinol equiv-
alent (RE) and RAE, in relation to the FAO/WHO estimated vitamin A requirement and recommended 
safe intake of vitamin A for non-pregnant, non-lactating women  [  17,   25  ] . The adequacy of the global 
daily food supply of vitamin A is greatly affected by the vitamin A equivalency ratio that is used to 
estimate the vitamin A content of plant sources of vitamin A. Based on the RE (vitamin A equivalency 
ratio of 6:1), the per capita daily food supply of vitamin A exceeds the daily vitamin A requirement of 
non-pregnant, non-lactating women (270  m g/day) and recommended safe level of intake (500  m g/day). 
However, based on the RAE (vitamin A equivalency ratio of 12:1) the per capita daily food supply 
exceeds the daily vitamin A requirement of non-pregnant, non-lactating women, but falls short of the 

   Table 15.1    Available food supply of vitamin A, by WHO region   

 Region 
 Animal sources 
( m g RE/day) 

 Vegetable sources 
( m g RE/day) 

 Total ( m g RE/day) 

 Africa  122 (16%)  654 (84%)  776 
 The Americas  295 (36%)  519 (64%)  814 
 South East Asia  53 (12%)  378 (88%)  431 
 Europe  271 (37%)  467 (63%)  738 
 Eastern Mediterranean  345 (37%)  591 (63%)  936 
 Western Paci fi c  216 (22%)  781 (78%)  997 
 Total  212 (27%)  565 (73%)  777 

  Numbers in parentheses indicate the percentage of total retinol equivalents (RE) from carotenoid food sources 
 WHO (2004), with permission  

  Fig. 15.5    Estimated global food supply of vitamin A based on the retinol equivalent (RE) or retinol activity equivalent 
(RAE). Based on data from West, 2002 (adapted). The  dashed line  represents the average vitamin A requirement for 
non-pregnant, non-lactating women of reproductive age (270  m g/day); the  solid line  represents the recommended safe 
level of intake of vitamin A for non-pregnant, non-lactating women of reproductive age (500  m g/day) (FAO/WHO, 
2004). RE = 1  m g retinol = 6  m g  b -carotene = 12  m g other PVA carotenoids; RAE = 1  m g retinol = 12  m g  b -carotene = 24  m g 
other PVA carotenoids       
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recommended daily safe intake in Africa, South America, and Asia. Because of the continuing contro-
versy on the vitamin A equivalency of provitamin A carotenoids, it is dif fi cult to estimate the vitamin 
A content of diets that consist primarily of plant sources of vitamin A.   

   Dietary Intake of Provitamin A Carotenoids as a Vitamin A Source 

 In the USA, the dietary reference intakes for vitamin A are for total dietary vitamin A; separate intakes 
are not speci fi ed for preformed vitamin A and provitamin A carotenoids (Table  15.2 )  [  13  ] . It is assumed 
that vegetarians and vegans in the USA can meet their vitamin A requirements by carefully choosing 
foods that contain high amounts of provitamin A carotenoids  [  13  ] . Based on the US NHANES 
(National Health and Nutrition Examination Survey) data set for 2007–2008, mean dietary intakes of 
vitamin A were 654 RAE/day and 598 RAE/day for men ( n  = 3,748) and women ( n  = 3,958) 19–64 years 
of age, respectively  [  26  ] . These intakes exceed their estimated average vitamin A requirements (EAR) 
of 625  m g RAE/day (men) and 500  m g RAE/day (women)  [  13  ] . Of the provitamin A carotenoids, 
mean intakes of  b -carotene were highest, 1,988  m g/day and 2,050  m g/day for men and women, respec-
tively. Mean intakes of  b -cryptoxanthin were 80  m g/day and 75  m g/day for men and women, respec-
tively; and mean intakes of  a -carotene were 386  m g/day and 402  m g/day, respectively. Provitamin A 
carotenoids provided ~28% and ~32% of mean vitamin A intakes for US men and women, respec-
tively (based on vitamin A equivalency ratios of 12:1 for  b -carotene and 24:1 for the other provitamin 
A carotenoids). In US children 3–4 years of age ( n  = 677), mean dietary vitamin A intake was 594  m g 
RAE/day, which exceeds their EAR of 210  m g RAE/day (3 years of age) and 275  m g RAE/day (4 years 
of age)  [  13  ] . Mean intakes of  b -carotene,  b -cryptoxanthin, and  a -carotene were 1,388  m g/day, 94  m g/
day, and 346  m g/day, respectively, and provitamin A carotenoids provided ~49–64% of their mean 
vitamin A intake. The estimates of intakes for adults and children were based on 1–2 days of 24-h 
recall data.  

 The FAO/WHO recommended dietary intakes for vitamin A are commonly used in developing 
countries (Table  15.3 )  [  17  ] . Populations in developing countries rely on dietary provitamin A carote-
noids to a greater extent to meet their vitamin A needs. Nationally representative data on dietary 
intakes of vitamin A and provitamin A carotenoids do not exist in most developing countries. However, 
dietary surveys have been conducted in populations at risk of VAD, and insuf fi cient dietary intake of 

   Table 15.2    US dietary reference intakes for vitamin A   

 Group  Adequate intake ( m g RAE/day)  EAR ( m g RAE/day)  RDA ( m g RAE/day) 

  Infants  
 0–6 months  400 
 7–12 months  500 
  Children  
 1–3 years  210  300 
 4–8 years  275  400 
  Women  
 19–30 years  500  700 
  Men  
 19–30 years  625  900 
  Pregnant women   550  770 
  Lactating women   900  1,300 

  Adapted from Institute of Medicine (2001) 
  EAR  estimated average requirement,  RDA  recommended daily allowance,  RAE  retinol activity equivalents  
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vitamin A has been reported for women of reproductive age and for preschool-age children. A recent 
review examined reported micronutrient intakes of women living in resource-poor settings in Latin 
America, Africa, and Asia, and the data indicate that mean/median vitamin A intakes were below the 
FAO/WHO estimated mean requirement in ~29% of all studies examined; however, there were 
regional differences  [  27  ] . Vitamin A intakes were above the estimated mean requirement in Latin 
America and most African studies examined, but below the estimated mean requirement in 47% of 
studies that were conducted in Asia  [  27  ] . Information was not provided on intakes of provitamin A 
carotenoids. In urban women of reproductive age ( n  = 178) in Burkina Faso, 33% had inadequate 
vitamin A intakes in relation to the FAO/WHO estimated mean vitamin A requirement (270  m g RE/
day), based on 3 days of quantitative 24-h recall data  [  17,   28  ] . The prevalence of inadequate intakes 
may be underestimated because a vitamin A equivalency ratio of 6:1 was used for  b -carotene in the 
diet. Similarly, in urban women 15–45 years of age in Mali ( n  = 102), the median vitamin A intake was 
245  m g RE/day based on two 24-h recalls, which is below the FAO/WHO estimated mean vitamin A 
requirement  [  29  ] .  

 Low vitamin A intakes have also been reported for preschool-age children in developing countries. 
A recent study in 2–5 year old children in Kenya ( n  = 449) and Nigeria ( n  = 793) found that ~41% of 
Kenyan children and ~83% of Nigerian children had inadequate vitamin A intakes in relation to their 
recommended daily intakes (300  m g RAE/day for children 2–4 years of age or 400  m g RAE/day for 
children 4–5 years of age)  [  13,   30  ] . Data from a single 24-h recall in the Indian National Family 
Health Survey, 2005–2006, indicate that ~42% of children 12–35 months of age did not receive vita-
min A-rich foods  [  31  ] . In Mozambiquean children 4–38 months of age ( n  = 234), median vitamin A 
intake was 56  m g RAE/day and median  b -carotene intake was 62  m g/day, based on a 24-h recall. 
Collectively these data suggest that preschool-age children in low-income settings are at risk of inad-
equate intakes of preformed vitamin A and provitamin A carotenoids.  

   Effect of Dietary Provitamin A-Carotenoid Interventions on Vitamin A Status 

 Few controlled community-based intervention trials have been carried out to assess the effect of 
dietary provitamin A carotenoids on the vitamin A status of women of reproductive age or preschool-
age children in populations at risk of VAD. The few trials that have been carried out in women have 

   Table 15.3    FAO/WHO recommended dietary intakes for vitamin A   

 Group  Mean requirement ( m g RE/day)  Recommended safe intake ( m g RE/day) 

  Infants and children  
 0–6 months  180  375 
 7–12 months  190  400 
 1–3 years  200  400 
 4–6 years  200  450 
  Women  
 19–65 years  270  500 
  Men  
 19–65 years  300  600 
  Pregnant women   370  800 
  Lactating women   450  850 

  Adapted from FAO/WHO (2004) 
 RE (retinol equivalent) = 1  m g retinol = 6  m g  b -carotene = 12  m g other provitamin A carotenoids  
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had mixed results. Feeding Indonesian lactating women 3.5 mg/day  b -carotene as dark green leafy 
vegetables for 12 weeks had no effect on serum or milk retinol concentrations  [  32  ] . In contrast, feed-
ing Vietnamese lactating women 4.8 mg/day or 5.6 mg/day  b -carotene as dark green leafy vegetables 
or fruit, respectively, for 10 weeks, increased serum and milk retinol concentrations, compared to a 
negative control group  [  33  ] . Similarly, feeding Zimbabwean women 1.1 mg/day  b -carotene for 
60 days as pureed papaya or grated carrot increased serum retinol concentrations compared to a nega-
tive control group, and the proportion of women with inadequate liver stores of vitamin A decreased 
in the papaya group compared to the control group  [  34  ] . Feeding night-blind, pregnant Nepali women 
with 850  m g/day  b -carotene for 6 weeks as dark green leafy vegetables or carrots normalized dark 
adaptation and increased plasma  b -carotene concentrations, but had no effect on serum retinol con-
centrations  [  35  ] . 

 There is also evidence that dietary interventions can increase vitamin A status in preschool-age and 
older children. In Gambian children, 2–7 years of age, feeding 1.8 mg/day of  b -carotene as dried 
mango, for 4 months, increased serum retinol concentrations, compared to a negative control group 
 [  36  ] . In Mozambique, promotion of production and consumption of orange- fl eshed sweet potatoes 
increased serum retinol concentrations in children 4–38 months of age in intervention villages com-
pared to control villages, after 2 years  [  37  ] . In Chinese children, 5–6 years of age, feeding 4.6 mg/day 
of  b -carotene, for 10 weeks, maintained total body vitamin A stores and prevented the decline in vita-
min A stores of ~7.7 mg that was observed in the negative control group  [  38  ] . A few school-based 
intervention trials have been carried out in older children to assess the effect of feeding dietary provi-
tamin A carotenoids on vitamin A status. In South African children, 5–10 years of age, feeding 
~12.4 mg/day  b -carotene as orange- fl eshed sweet potatoes for 53 days improved liver vitamin A 
stores, compared with a negative control group  [  39  ] . In Indonesian children, 7–11 years of age, feed-
ing 4.1 mg/day or 3.0 mg/day  b -carotene as dark green leafy vegetables or fruit, respectively, for 
9 weeks, increased serum retinol concentrations, compared with a negative control group  [  40  ] . 
Collectively, these intervention trials demonstrate that feeding dietary provitamin A carotenoids can 
increase vitamin A status in populations at risk of de fi ciency. However, in most cases, the magnitude 
of the increase in vitamin A status cannot be quanti fi ed because the biochemical indicators that were 
used to assess vitamin A status do not provide quantitative estimates of change in vitamin A stores in 
response to the intervention  [  41  ] . Information on the effect of dietary interventions on vitamin 
A-dependent physiologic functions, such as dark adaptation, in addition to information on changes in 
biochemical indicators of vitamin A status, would be useful for better interpreting the biological 
impact of food-based interventions.  

   Summary 

 VAD continues to be a serious public health problem in preschool-age children and women of 
reproductive age in developing countries. Plant sources of provitamin A carotenoids make a sub-
stantial contribution to the global food supply of vitamin A; however, the vitamin A equivalency of 
provitamin A carotenoids from plant sources remains controversial. Different vitamin A equiva-
lency ratios are recommended for provitamin A carotenoids in the USA and by the FAO/WHO, and 
because of this, vitamin A intakes and the adequacy of intakes are dif fi cult to interpret and compare 
across studies. Nevertheless, data from a few ef fi cacy trials indicate that feeding plant sources of 
provitamin A carotenoids can increase vitamin A status in populations at risk of VAD. Further 
research is needed to better understand factors affecting bioavailability of provitamin A carotenoids 
and to better understand the biological impact of dietary interventions on the health and vitamin A 
status of populations.      
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      Key Points 

    Vitamin A was called the anti-infective vitamin early in the twentieth century when vitamin • 
A de fi ciency was shown to increase the severity of infections of experimental animals.  
  Squamous metaplasia caused by vitamin A de fi ciency was known to disrupt the mucosal barrier to • 
infection at that time but later insights into how vitamin A de fi ciency impaired immunity awaited 
the development of research methods in cellular immunology, and identi fi cation of retinoic acid as 
the key vitamin A metabolite active in the immune system, late in the twentieth century.  
  It is now evident from studies in rodents that vitamin A de fi ciency impairs many aspects of both • 
innate and adaptive immunity, but particularly development of antibody responses to T-cell-
dependent antigens, secretory IgA responses at mucosal surfaces, development of T-helper cell 
subsets, and traf fi cking of lymphocytes to the intestinal tract.  
  These defects are also presumed to occur in humans, although data are quite limited. Correcting such • 
defects is presumably responsible for the ability of vitamin A supplementation to decrease the risk of 
mortality from some common infections of childhood (e.g., diarrhea and measles) in infants over 
6 months of age in developing country settings where the risk of death from such infections is high.     
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   Introduction 

 The biological activities of vitamin A in promoting growth and sustaining vision were described 
nearly a century ago  [  1  ] . Within a few years vitamin A was additionally termed the “anti-infective 
vitamin” because de fi cient animals were found to develop symptomatic infections of mucosal surfaces 
at a much greater rate than non-de fi cient animals  [  2  ] . These infections were thought to result from 
compromised barrier defenses resulting from the patchy squamous metaplasia that was described at 
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respiratory and intestinal epithelial surfaces. As a result of such observations, treatment studies were 
conducted into the 1940s to determine if vitamin A-rich preparations (e.g., cod liver oil) could be used 
to treat respiratory and enteric infections in humans. Some successes were reported but results were 
mixed overall  [  3  ] . Interest in such studies waned with the advent of antibiotics. The mechanisms 
underlying this increase in risk were not understood at that time, primarily because the science of 
immunology was only in its infancy  [  4  ] . In addition, the principal mechanism of action of vitamin A 
outside of the visual cycle was not de fi ned until 1987 when retinoic acid was found to be the ligand 
for the retinoic acid receptor (RAR)  [  5  ] . This discovery showed that vitamin A could regulate gene 
expression and thus affect many cellular processes known to be responsive to vitamin A, such as cel-
lular differentiation. This mechanism appears to account for the effects of vitamin A in the immune 
system. Other mechanisms may also be involved. 

 The major effect of provitamin A carotenoids on immunity occurs via production of vitamin A. 
However, carotenoids, apart from their provitamin A activity, can also affect immune function, primarily 
through their role as lipid-soluble antioxidants, as has been reviewed  [  6,   7  ] . While the focus of this chapter 
is on the role of vitamin A in immunity, the other activities of carotenoids will also be considered.  

   Vitamin A De fi ciency and Childhood Mortality 

 Vitamin A de fi ciency is common in many developing countries in pregnant women and young chil-
dren (Fig.  16.1 ). Worldwide, 190 million infants and young children have low serum retinol concen-
trations sometimes indicative of inadequate vitamin A stores (<0.70  m mol/l) with the majority living 
in South Asia and Africa. Controlled intervention trials conducted in the 1990s demonstrated that 

  Fig. 16.1    Map of vitamin A de fi ciency in preschool children based on the prevalence of low serum retinol concentra-
tion. The map was provided with the permission from the World Health Organization (  http://www.who.int/vmnis/
vitamina/prevalence/vita_ fi g2b.pdf    )       
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treatment of vitamin A de fi ciency in populations at risk of vitamin A de fi ciency in Africa and Asia 
decreases mortality from early childhood infections by ~24 % relative to subjects receiving placebo. 
In particular, diarrhea- and measles-related deaths were decreased by 28 % and 24 %, respectively. 
The risk of symptomatic measles infection was decreased by 50 %. These results come from a meta-
analysis of many intervention trials in Asia and Africa  [  8  ] . Indicators of vitamin A de fi ciency also 
decreased dramatically in these studies: Night blindness decreased by 68 %, corneal signs of vitamin 
A de fi ciency (xerophthalmia) by 55 %, and de fi ciency as assessed by serum retinol by 29 %.  

 Based on these studies, vitamin A supplementation is currently recommended by the World Health 
Organization (WHO) for young children 6–59 months of age in populations where vitamin A 
de fi ciency is common  [  9  ] . (It should be noted that vitamin A supplementation to individuals with 
signi fi cant risk of de fi ciency is always recommended to improve vitamin A status, but WHO recom-
mendations at the population level are strongly in fl uenced by preventing mortality.) Providing vitamin 
A supplements to infants from 1 to 6 months of age has had mixed results in reducing mortality and 
is not currently recommended to decrease infant mortality  [  10  ] . Vitamin A supplementation in neo-
nates, particularly within a day or 2 of birth, may also protect against death from infectious diseases 
but results vary by geographic region and sex of the infant  [  11  ] . When these studies are examined 
together there is not currently a suf fi ciently strong case to make an overall recommendation for sup-
plementation  [  12  ] . While the speci fi c biological mechanisms underlying the protective effect of vita-
min A have not been clearly de fi ned in human studies, it is likely that providing vitamin A supplements 
to de fi cient individuals restores impaired immune function thus improving recovery from infections 
and decreasing the risk of death. The impact in speci fi c populations will also be in fl uenced by the 
prevalence of various infectious diseases, the extent and duration of breastfeeding, and, of course, the 
underlying vitamin A status of infants and young children.  

   The Immune System 

 The principal function of the immune system is to protect us from death (and disability) caused by 
pathogenic parasites and microorganisms. Immunologists currently think of the immune system as 
having two components: “innate” and “adaptive”  [  13  ] , although the two work together as an integrated 
whole. The innate system is evolutionarily older than the adaptive system and it is fully functional at 
birth. Innate immune cells (e.g., neutrophils, eosinophils, macrophages, and antigen presenting cells 
such as dendritic cells) use a diverse group of receptors (e.g., Toll-like receptors or TLRs) to recognize 
and respond to signature molecules from classes of microorganisms (e.g.,  fl agella from some bacteria, 
cell-wall carbohydrate from yeast, RNA from viral genomes). These protective responses (e.g., phago-
cytosis, production of cytokines to promote in fl ammation) are essentially the same for all individuals 
within a species and do not vary after exposure to speci fi c pathogens. Tissue damage from trauma, such 
as surgery, or physiologic damage, such as the development of lesions in the coronary arteries due to a 
poor diet, can also trigger the innate immune response. The adaptive immune system is different in that 
the host’s response adapts to a speci fi c pathogen (e.g., measles virus speci fi cally and not RNA viruses 
in general) in order to develop “immunologic memory” that will respond more quickly and more 
ef fi ciently the next time the same pathogen is encountered. This adaptation includes production of 
antigen-speci fi c T and B lymphocytes, as well as antibodies. The innate immune system can help steer 
the development of the adaptive immune response by interacting with T and B lymphocytes, the prin-
cipal cellular components of the adaptive immune system. Thus, individuals have different levels of 
adaptive immunity depending on their exposure history. Such an adaptive immune response occurs 
more rapidly after the second exposure to an antigen than it does after the  fi rst exposure. Thus the  fi rst 
encounter with a childhood pathogen (e.g., measles) can make a child quite ill, but subsequent infec-
tions will likely go unnoticed if an effective adaptive immune response has developed.  
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   Vitamin A and Innate Immunity 

   Epithelial Surfaces 

 The  fi rst lines of defense against pathogens for any animal are its epithelial tissues, including the skin 
and mucosal epithelial surfaces of the respiratory, gastrointestinal, and urogenital tracts. The surface 
of the eye is also covered by epithelial cells that can play a defensive role. Vitamin A de fi ciency 
causes squamous metaplasia of mucosal epithelial surfaces. That is, the ciliated, columnar epithelial 
cells that help protect the respiratory tract from infection are replaced by squamous epithelium (which 
is normally limited to the skin) during vitamin A de fi ciency. This is most pronounced when these cells 
are challenged by external factors, including cigarette smoke or a respiratory tract infection. Squamous 
metaplasia is not limited to the respiratory tract and is seen at mucosal epithelial surfaces throughout 
the body, including the gastrointestinal tract and urinary bladder. Mucus-producing goblet cells are 
also lost from mucosal epithelial surfaces as a result of vitamin A de fi ciency. Squamous metaplasia 
and decreased mucus production can decrease protection of epithelial surfaces from bacterial patho-
gens. These changes may increase adherence of some pathogens, as can occur in the respiratory tract 
and urinary bladder, and can increase tissue damage by viral infection in the gut. These epithelial 
changes may increase the risk of invasive diseases, which could be life threatening  [  14  ] .  

   Phagocytic Cells 

 Granulocytes are a group of white blood cells of the innate immune system that include neutrophils, 
eosinophils, basophils, and mast cells. These cells have a variety of responses to infection but primar-
ily phagocytose and kill bacteria. They also secrete anti-microbial compounds to kill bacteria outside 
the cell. This killing process involves generation of reactive oxygen and nitrogen species that can 
cause oxidative damage to bystander cells. These cells also produce soluble mediators of in fl ammation 
(e.g., cytokines, chemokines, leukotrienes, prostaglandins) that regulate immune responses  [  13  ] . 
Neutrophils are a part of the initial response of the innate immune system to invasive infection that 
will result when microbial pathogens cross a mucosal barrier. 

 Retinoic acid is required for normal differentiation of neutrophils and dietary vitamin A de fi ciency 
impairs development of mature neutrophils in rodents and results in circulating neutrophils with 
signi fi cantly impaired ability to phagocytose and kill bacteria  [  14  ] . One study in vitamin A-de fi cient 
children reported improved neutrophil phagocytosis with vitamin A supplementation  [  15  ] . The mech-
anism of impaired granulopoesis in vitamin A de fi ciency is not well-described, although many genes 
involved in neutrophil development are responsive to retinoic acid. This impairment in neutrophil 
development implies that a reduced resistance to invasive bacterial disease may result from vitamin A 
de fi ciency. Consistent with this prediction, clearance of bacteria from the blood is impaired in vitamin 
A-de fi cient rats  [  16  ] . Increased or unchanged numbers of neutrophils have been reported from vita-
min A-de fi cient rodents but neutrophil function was not examined in the studies describing neutro-
philia  [  14  ] . In rats, a paradoxical increase in vitamin A levels is seen in the bone marrow during 
development of vitamin A de fi ciency  [  17  ] , perhaps suggesting a compensatory response by the 
de fi cient animal to maintain normal development of neutrophils and other cells of the immune system 
in bone marrow. Thus vitamin A de fi ciency impairs neutrophil function although under some circum-
stances, the numbers of neutrophils are not depressed in the blood. 

 Since oxidative damage to healthy cells, including the phagocytic cells themselves, could have 
adverse effects for the host, de fi ciencies in antioxidant nutrients can affect phagocyte function and 
related tissue damage. Carotenoids are protective with regard to maintaining phagocyte function and 



26516 Provitamin A Carotenoids and Immune Function

minimizing collateral tissue damage  [  6,   7  ] . In human studies, elderly subjects are more likely to have 
poor antioxidant status and thus supplementation trials with antioxidants, such as vitamin E or caro-
tenoids, are more effective in older rather than younger volunteers  [  18  ] . Interestingly, preventing such 
collateral damage via adequate carotenoid levels appears to be relevant to species other than humans 
who utilize carotenoid for pigments and also as antioxidants, including crustaceans  [  19  ]  and avian 
species. In songbirds, carotenoids may enhance immune function and thus enhance  fi tness. This 
enhanced  fi tness may be evident to other birds of the same species thanks to the coloration resulting 
from high carotenoid intake. Such robust coloration may signal female  fi nches that a particular male 
is better nourished and therefore a healthier potential mate  [  20,   21  ] . Thus carotenoids may play a dual 
role in enhancing survival of well-nourished  fi nches (see Chap. 8).  

   Natural Killer Cells 

 Natural killer (NK) cells are cytotoxic lymphocytes that play an important role in the protection 
against viral infections before the development of an adaptive immune response  [  13  ] . Vitamin 
A-de fi cient animals have lower numbers of NK cells with a decreased ability to kill damaged or virus-
infected cells. Treatment with retinoic acid restores the NK cell population and increases cytotoxic 
activity  [  22  ] . Thus vitamin A de fi ciency impairs NK cell function and this de fi cit may result in a 
decreased ability to clear infections once they occur.  

   Monocytes/Macrophages 

 Monocytes develop in the bone marrow and travel through the bloodstream to tissue sites, where they 
differentiate into macrophages. Some macrophages are found in healthy tissues and their numbers 
increase during most infections, particularly infection by viruses and other intracellular pathogens. 
Their preferred method of killing is through phagocytosis, as is seen with neutrophils. Macrophages 
also secrete many cytokines that act to promote in fl ammation by attracting other immune cells  [  13  ] . 
The number of macrophages in secondary lymphoid tissues may be increased by vitamin A de fi ciency 
in rodents. When such animals are treated with retinoic acid, the number of monocytes decreases  [  23  ] . 
This apparently paradoxical observation may result from increased production of some cytokines 
(e.g., interleukin [IL]-12 and interferon [IFN]- g ) in vitamin A de fi ciency that can promote mac-
rophage-mediated in fl ammation, thus potentially increasing macrophage numbers in tissues. Vitamin 
A de fi ciency also impairs the ability of macrophages to ingest bacteria, which is enhanced with vita-
min A supplementation  [  14  ] . Thus macrophage function is impaired by vitamin A de fi ciency but 
counter-balancing effects may minimize the impact on macrophage-mediated in fl ammation.   

   Vitamin A and Adaptive Immunity 

   Antigen Presenting Cells 

 Antigen presenting cells, such as dendritic cells, are found in peripheral tissues and in lymph nodes. 
When they encounter microbial products during an infection or immunization they are activated to 
take up and process antigen, produce speci fi c cytokines (which may vary depending on the type of 
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microbe encountered) and other signaling molecules (e.g., retinoic acid in some cases), and migrate 
to the draining lymph node. Activation will increase the expression of major histocompatibility com-
plex (MHC) and costimulatory molecules on dendritic cells to enhance presentation of antigen and 
activation of antigen-speci fi c T cells. The pattern of cytokines produced by the activated dendritic 
cells helps to regulate T-cell differentiation (e.g., IL-12 will promote Th1 cell development)  [  13  ] . 

 Vitamin A has diverse effects on dendritic cell development but the most important feature of den-
dritic cells with regard to vitamin A biology is that they produce retinoic acid, the active metabolite 
of vitamin A, from retinol  [  24,   25  ] . Retinoic acid produced by dendritic cells can have autocrine 
effects on the dendritic cells themselves (e.g., to affect antigen presentation and dendritic cell migra-
tion to lymph nodes) but the most pronounced effects are on lymphocytes that interact with dendritic 
cells during antigen presentation to stimulate development of memory T and B lymphocytes during 
the initiation of an adaptive immune response. These effects are discussed below. 

 Dendritic cells presumably receive retinol via the retinol binding protein (RBP) complex from the 
liver. In the intestinal lymphoid tissue it is also possible that dietary vitamin A and provitamin A caro-
tenoids could also be a more direct source of vitamin A or retinoic acid. Intestinal epithelial cells, 
which absorb vitamin A and provitamin A carotenoids from digested food, may contribute to local 
retinoic acid production in two ways. First, intestinal epithelial cells themselves produce retinoic acid 
from both dietary retinol  [  26–  28  ]  and dietary provitamin A carotenoids  [  29–  31  ]  and may thus contrib-
ute a source of retinoic acid in the intestinal lamina propria and draining lymph that could enhance 
mucosal immunity. In addition, rather than being transported via chylomicrons, some retinol is trans-
ported directly across intestinal cells  [  32  ]  into hepatic portal blood and this retinol could also be a 
source of retinoic acid production in the gut  [  33  ] .  

   Thymic Function 

 The thymus is an important organ of the immune system where T-cell development occurs. The rate 
of production of T cells by the thymus peaks within the  fi rst few months of life but does persist at a 
lower level into adulthood  [  13  ] . RARs are expressed in the thymus, and thymocyte development and 
survival are dependent on retinoic acid signaling during selection of mature T cells in the thymus. 
These data indicate that vitamin A is important for normal thymic development  [  34  ] . Impairment 
of thymic development by vitamin A de fi ciency in infancy could result in long-term loss of T-cell 
diversity and thus potentially diminish the ef fi cacy of the adaptive immune response to infections 
later in life.  

   Peripheral T Cells 

 Following thymic development, retinoic acid is also required for normal proliferation and survival of 
T cells in response to antigenic stimulation in the periphery  [  34  ] . In addition, retinoic acid directly 
modulates development of T-cell differentiation following antigen exposure  [  14,   35,   36  ] . Naïve CD4 +  
T-helper cells differentiate into many phenotypes based on the need to deal with different types of 
pathogens  [  13  ] . Current, well-established subsets of memory/effector T-helper (Th) cells include the 
following: Th1 cells produce the effector cytokine IFN- g  that activates macrophages to kill intracel-
lular pathogens (e.g.,  Mycobacterium tuberculosis  and some  Salmonella  species) and promote anti-
viral responses (e.g., development of cytotoxic CD8 +  T cells). Production of IL-27 and IL-12 by 
dendritic cells drives Th1 development (as well as production of IFN- g  itself by Th1 and other cell 
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types). Th1 cell responses can be enhanced by vitamin A de fi ciency  [  37  ]  perhaps primarily due to the 
ability of retinoic acid to decrease IFN- g  production, although this pattern is not unvarying and may 
depend on the patterns of cytokines produced in response to speci fi c conditions (i.e., speci fi c infec-
tions or types of vaccination). Th2 cells produce IL-4, IL-5, and IL-13 and promote “weep and sweep” 
responses in the gut and eosinophilic in fl ammation to expel metazoan parasites. Production of IL-4 by 
dendritic cells or other cell types drives Th2 development. Retinoic acid enhances Th2 development 
 ex vivo  in the presence of IL-4. Th17 cells produce the effector cytokines IL-17A and IL-22 which 
promote epithelial production of anti-bacterial peptides to kill extracellular bacteria and chemokines 
to attract neutrophils, which phagocytose and kill such bacteria. IL-17A also promotes neutrophil dif-
ferentiation in the bone marrow. Th17 development is promoted by IL-6 from dendritic cells working 
together with TGF- b , which can be produced by many cell types, particularly in gut lymphoid tissue. 
Cytokines produced by Th17 cells, including IL-23, are also needed to sustain Th17 development. 
Inducible regulatory (iTreg) cells also develop in the periphery after encountering antigen (while 
natural Treg cells [nTreg] develop in the thymus in response to self-antigen) and act to inhibit rather 
than promote in fl ammation. This development of iTreg cells is an inherent regulatory component of 
adaptive immunity to control in fl ammation in order to prevent excessive pathology. TGF- b  in the 
absence of in fl ammatory cytokines drives iTreg development but data also show that retinoic acid 
acts in concert with TGF- b  to enhance iTreg development. Both TGF- b  and retinoic acid  [  38  ]  are 
produced by immune cells in the gut and mesenteric lymph nodes, which are key sites of Treg 
development  [  36  ] . 

 During proliferation of T cells, antioxidant protection is also an important factor in ensuring cell 
survival. Signaling through the T-cell receptor involves signi fi cant involvement of membrane proteins 
and reorganization of regions of the membrane into lipid rafts. Cell-signaling events near the mem-
brane also involve oxidation–reduction reactions during T-cell activation. Apart from vitamin A activity, 
carotenoids are also associated with enhanced proliferative responses of T cells presumably due to 
their role as membrane antioxidants  [  6,   7  ] .  

   Vitamin A and Mucosal Targeting of Immune Cells 

 A  fi nal key, vitamin A-dependent aspect of maintenance of the mucosal immune system is the ability 
of lymphocytes  fi rst exposed to antigen at mucosal sites to return to mucosal sites as effector or 
memory cells  [  13  ] . The teleological    explanation for this return is to allow these gut-derived lym-
phocytes to be present at sites where their cognate pathogens are likely to re-appear. Interestingly, 
retinoic acid produced by CD103 +  dendritic cells in the gut facilitates such return by inducing the 
expression of CC-chemokine receptor 9 (CCR9) and the  a 4 b 7 integrin dimer on the surface of 
T and B lymphocytes undergoing differentiation in the gut. CCR9 responds to CC-chemokine 
ligand 25 (CCL25), which is constitutively expressed in the intestine, and  a 4 b 7 integrin binds to 
mucosal addressin cell adhesion molecule-1 (MAdCAM-1), which is expressed on vascular 
endothelium associated with intestinal lymphoid tissue  [  39  ] . These two molecules combine to 
provide a gut-homing signature for lymphocytes. Acquisition of CCR9 and  a 4 b 7 expression 
 in vitro  by T cells is blocked by inhibition of aldehyde dehydrogenase activity in dendritic cells, 
and by RAR- a  antagonists and disruption of RAR- a  in T cells, and can be induced by exogenous 
retinoic acid  [  40–  42  ] . Dietary vitamin A de fi ciency decreases retinoic acid production by gut den-
dritic cells  [  41,   43  ]  and in fl ammation may also have a similar effect  [  44  ] . In addition, development 
of mucosally targeted CD103 +  dendritic cells expressing retinaldehyde dehydrogenase occurs in the 
bone marrow and this development is also directed by production of retinoic acid, in this case by bone 
marrow cells  [  45  ] .  
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   B Cells and Antibody Responses 

 Naïve B cells develop into antibody-producing plasma cells and memory B cells following appropriate 
exposure to antigen. Thus B cells are responsible for development of the humoral immune response 
 [  13  ] . Some antibody responses develop without T-cell help (e.g., bacterial polysaccharides), and these 
are not impaired by vitamin A de fi ciency but many humoral responses require such help. Vitamin A 
de fi ciency generally impairs T-cell-mediated antibody responses, particularly Th2-dependent anti-
body responses, such as IgE and IgG1 responses  [  46,   47  ] . Antibody responses promoted by Th1 cells 
may not be affected or can be slightly increased by vitamin A de fi ciency in mice  [  14  ] . 

 IgA antibody is secreted across mucosal surfaces to neutralize pathogens in the respiratory, uro-
genital, and intestinal tracts. It is a crucial element of the adaptive immune response protecting against 
such mucosal pathogens  [  13  ] . Vitamin A de fi ciency impairs the serum and secretory IgA response in 
the gut and respiratory tracts  [  14  ] . This phenomenon is partially explained by diminished Th2 devel-
opment and mucosal targeting of lymphocytes but vitamin A also promotes IgA responses by enhanc-
ing class switching to IgA by plasma cells  [  48  ] . Thus, vitamin A de fi ciency impairs this crucial 
protective mechanism at mucosal surfaces.   

   Conclusions 

 Vitamin A de fi ciency in the developing world contributes signi fi cantly to the increased risk of death 
from infectious disease in infants and young children. Prevention of de fi ciency to decrease mortality 
is currently being attempted on a wide scale, via WHO recommendations implemented by national 
ministries of health. These programs rely on distribution of vitamin A capsules. Nutritionists usually 
think of supplementation programs as interim measures that, hopefully, will be supplanted with 
forti fi cation and improved diets. Dietary improvements in the developing world could utilize provita-
min A carotenoids both to improve stores and, perhaps, also to directly affect mucosal immune func-
tion via local production of vitamin A in the gut. While the effect of provitamin A carotenoids on 
mucosal immunity has not been evaluated in this manner, such research may offer a useful approach 
to evaluating the effectiveness of provitamin A carotenoids in improving health.      
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        Key Points 

    Bioforti fi cation, or the breeding of staple food crops to increase their micronutrient density, is • 
widely viewed as a valuable strategy for sustainably improving the nutritional status of some 
malnourished populations.  
  Successful bioforti fi ed varieties must be agronomically competitive with the best available local • 
varieties, must be acceptable to consumers for all intended uses, including home consumption and 
marketing, and must be able to improve nutritional status of the target consumers.  
  We describe the agricultural, nutrition, food technology, economic, and other multidisciplinary • 
research that has resulted in provitamin A bioforti fi ed maize hybrids released for commercializa-
tion and consumption in Zambia in 2012.  
  We conclude by describing elements of a demand-creation strategy, including advocacy and • 
involvement of Zambian governmental, public, and private institutions; nutrition education; farmer-
participatory evaluation of varieties; and marketing considerations.  
  This chapter provides an overview of how basic and applied sciences are contributing to alleviate • 
vitamin A de fi ciency in maize-consuming populations of Zambia and elsewhere.     
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   Introduction 

 This book summarizes a wealth of research that has led to our collective, growing understanding about 
the crucial roles of carotenoids in human health. Chapter   15     informs us (citing WHO  [  1  ] ) that despite 
all this knowledge, 190 million preschool-age children and 19 million pregnant women, mostly in 
Africa and South Asia, suffer from vitamin A de fi ciency (VAD) and increased morbidity and mortality. 
The reader and vitamin A researchers alike will be rightfully dissatis fi ed if opportunities to apply this 
knowledge are not created and availed to reduce the prevalence and consequences of VAD. 

 This chapter is about the food we eat, and especially about the food we eat when we cannot afford 
or chronically fail to access balanced, nutritious diets. Staple foods 1  are mainly rice in South Asia, 
wheat in Central Asia, and maize for most of sub-Saharan Africa. These are rich sources of energy, 
but they typically contain nutritionally inadequate quantities of micronutrients, including provitamin 
A carotenoids, iron, and zinc  [  2  ] . As food prices increase, over-reliance on these generally abundant, 
relatively inexpensive, widely traded, and easily stored staple grains often increases. Average per 
capita consumption of maize in Zambia, which will be the main case study for this chapter, is more 
than 130 kg per year (356 g per day), and maize provides more than half the calories and protein for 
most Zambians (FAOSTAT, as cited by  3  ) , while providing only traces or no provitamin A  [  2  ] . 

 Bioforti fi cation is the breeding of staple food crops to increase micronutrient density  [  4  ] . Graham 
et al.  [  5  ]  suggested that because of the widespread consumption of staple crops, bioforti fi cation may 
be an effective and sustainable way of addressing micronutrient malnutrition. Hotz and McClafferty 
 [  6  ] , however, highlighted the complex challenge of demonstrating the ability of bioforti fi ed crops to 
improve consumer health. Bouis and Welch  [  7  ]  summarized the requirements for successful applica-
tion of a bioforti fi cation strategy as: (1) developing a high yielding, pro fi table bioforti fi ed variety, (2) 
demonstrating its effectiveness at reducing malnutrition, and (3) ensuring that the bioforti fi ed crop is 
acceptable to farmers and consumers. Further, another crucial requirement is the creation of aware-
ness and demand for the bioforti fi ed crop and its foods. 

 The proponents of bioforti fi cation include more than nutritionists and agriculturalists. From an 
economic point of view, investments in bioforti fi cation are justi fi ed as a complementary strategy to 
supplementation and forti fi cation, particularly suited to rural or remote areas where other approaches 
may have incomplete coverage  [  8  ] . Strong endorsement of the concept of bioforti fi cation came from 
the 2008 Copenhagen Consensus  [  9  ] , in which a panel of expert economists ranked bioforti fi cation 
(5th), micronutrient forti fi cation (3rd), micronutrient supplements (1st), and community-based nutri-
tion education (9th) among the best 30 ways of advancing global welfare  [  10  ] . 

 Although conceptually simple—“make the most popular and affordable foods more nutritious”—
implementing a bioforti fi cation strategy from its underlying sciences to achieving widespread impact 
on malnutrition is tremendously challenging. The objectives of this chapter are to describe elements 
of the ongoing HarvestPlus 2  project of provitamin A bioforti fi ed maize for Zambia to: (1) illustrate 
the science, methods, and progress towards developing bioforti fi ed maize at the International Maize 
and Wheat Improvement Center (CIMMYT) 3 ; (2) describe a pathway towards achieving impact on 
malnutrition through bioforti fi ed maize; and (3) highlight some of the lessons, challenges, and 
opportunities for bioforti fi ed maize to address problems of VAD. 

   1   “A staple food is one that is eaten regularly and in such quantities as to constitute the dominant part of the diet and 
supply a major proportion of energy and nutrient needs” (FAO, 1995).  
   2   HarvestPlus is a special or “challenge” program established by the Consultative Group for International Agricultural 
Research (CGIAR) to address the global problems of vitamin A, iron, and zinc malnutrition through bioforti fi cation of 
staple food crops. See   www.harvestplus.org      
   3   CIMMYT is a non-pro fi t research for development institute, dedicated to sustainably increasing the productivity of 
wheat and maize systems to ensure global food security and alleviate poverty. See   www.cimmyt.org      

http://dx.doi.org/10.1007/978-1-62703-203-2_15
http://www.harvestplus.org
http://www.cimmyt.org
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 Following this introduction, Sects. “ Breeding provitamin A bioforti fi ed maize ” through “ Overview 
of parallel and interdisciplinary efforts ” describe the technical aspects leading to development of pro-
vitamin A bioforti fi ed maize varieties, Sect. “ Creating and supplying demand for provitamin A maize ” 
discusses the HarvestPlus strategies for creating and supplying demand for provitamin A bioforti fi ed 
maize varieties in Zambia, and Sect. “ Achieving impact and conclusion ” presents concluding thoughts, 
focusing on achieving sustainability of bioforti fi cation efforts after the HarvestPlus project concludes 
its activities in Zambia. A brief, general description of maize breeding methods is presented in    Sect. 
“ Annex: an introduction to plant breeding ”, and provides a quick reference for those unfamiliar with 
key terms that are used in Sect. “ Overview of parallel and interdisciplinary efforts ”.  

   Breeding Provitamin A Bioforti fi ed Maize 

 The choice of strategy for a breeding program depends on the objectives and on the pertinent quality 
of both the starting material and the available sources of genetic variability for the trait(s) to improve. 
The main objective of the provitamin A-bioforti fi ed maize breeding project is to develop high-yielding, 
pro fi table varieties, with demonstrable effectiveness in reducing VAD, which are acceptable to con-
sumers  [  7  ] . Following extensive discussion, a panel of nutritionists advising the HarvestPlus project 
initially determined that bioforti fi ed maize varieties should contain 15  m g/g of provitamin A carote-
noids to have a high probability to reduce VAD; thus, 15  m g/g is the target value, and half of this 
became an intermediate target for the breeding program (see Sects. “ Nutrition and bioavailability ” 
and “ Achieving impact and conclusion ”). If maize had very little or no naturally occurring variation 
for provitamin A carotenoid concentrations, it would be impossible to improve the concentration of 
these carotenoids through conventional breeding approaches. Hence, the  fi rst step was to examine the 
carotenoid contents and pro fi les of hundreds of maize lines and varieties. 

   Genetic Variation for Provitamin A and Other Carotenoid Pro fi les 

 Several of the carotenoids present in maize have important roles in human health. Provitamin A caro-
tenoids (e.g.,  b -cryptoxanthin,  a - and  b -carotene) are the precursors of vitamin A, which is essential 
in different systems in the human body and for the prevention of diet-related chronic diseases. Lutein 
and zeaxanthin, on the other hand, have been associated with lowering the risk of cataracts, age-
related macular degeneration, and other degenerative diseases. Maize exhibits considerable natural 
variation in kernel carotenoids, with some genotypes accumulating as much as 80  m g total carotenoids/g 
dry weight (DW) (Table  17.1 ). The fraction of provitamin A carotenoids is typically only 10–20 %, 
whereas zeaxanthin and lutein each commonly represent 30–50 % of total carotenoids in maize  [  11  ] .  

 A wide range of carotenoids are found in yellow temperate, tropical, and subtropical germplasm 
including landraces, inbred lines, and hybrids (Table  17.1 ). Most yellow maize grown and consumed 
throughout the world, however, has  < 2  m g provitamin A carotenoids/g DW. Signi fi cant progress in 
maize bioforti fi cation for provitamin A through conventional breeding has been achieved during the 
past 7 years. The genetic diversity found, not only for carotenoid content but also for haplotypes 4  

   4   Haplotypes are short DNA blocks or segments that are transmitted together from one generation to another and that 
exhibit variation among individuals.  Functional  haplotypes are often associated with differences in expression of a trait, 
such as content of provitamin A carotenoids in maize.  
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of genes encoding enzymes that affect the concentrations of provitamin A carotenoids in maize 
kernels, have signi fi cantly contributed to the advances in the breeding process (see Sects. “ Molecular 
marker-assisted breeding for enhanced grain carotenoid content ”, “ Development of the  fi rst provita-
min A maize hybrids for Zambia ” and “ Development of the second and future generations of provitamin 
A maize hybrids ”). 

 In general, tropical maize contains more  b -cryptoxanthin and less  b -carotene than temperate 
maize, and because the emphasis was on enhancing  b -carotene concentration, most of the initial 
breeding sources of high provitamin A germplasm were selected from temperate regions. Subsequently, 
genetic association mapping studies using three diverse maize germplasm panels, selected to encom-
pass a wide range of carotenoid contents and ratios, have identi fi ed favorable alleles of genes encod-
ing two key enzymes in the carotenoid biosynthetic pathway, i.e., lycopene epsilon cyclase (lycE) and 
 b -carotene hydroxylase 1 (crtRB1), which substantially affect the accumulation of  b -carotene in grain 
 [  12,   13  ] . Using molecular markers to select the favorable alleles for these two enzymes, the screening 
of germplasm has become faster and cheaper than selection based on high-performance liquid chro-
matography (HPLC) methodology to quantify carotenoids. Germplasm carrying the favorable 
crtRB1 allele in homozygous form has been identi fi ed with  b -carotene concentrations up to 26  m g/g 
DW and total provitamin A as high as 30  m g/g DW. These newly identi fi ed sources of provitamin A 
are currently being used in breeding programs, leading to rapid gains in provitamin A carotenoid con-
centrations (Sect. “ Molecular marker-assisted breeding for enhanced grain carotenoid content ”).  

   Breeding Provitamin A Bioforti fi ed Maize 

 In Sect. “ Genetic variation for provitamin A and other carotenoid pro fi les ” we noted that most yellow 
maize contains <2  m g/g while white maize has no provitamin A carotenoids. In contrast, after exten-
sive search and characterization, a few maize types were found to have >15  m g provitamin A/g. The 
challenge to plant breeders is to develop new, provitamin A-rich, superior varieties by combining the 
excellent characteristics of already successful varieties, with the outstanding provitamin A concentra-
tion of source lines that come from distant and different environments and are thus often low-yielding 
and in several ways unsuitable for local use. Plant breeding is a science and an art, and is often 
referred to as a numbers game. Maize has more than 30,000 genes, and when a breeder crosses two 
very different maize plants, e.g., a local-favorite variety with a high-provitamin A maize from afar, the 
resulting progeny will contain 50 % genetic contribution from each of the parents. The plant breeder 
subsequently employs several of many diverse tools and strategies to examine hundreds to thousands 
of progeny over several years to select the best for use as new varieties. Nearly everything we eat is 
the result of centuries of effort by amateur and professional breeders. 

   Table 17.1    Examples of ranges of carotenoid content in maize kernels   

 Germplasm 
adaptation  Lut  Zea  BCX  BC  AC 

 Total 
provitamin A 

 Total 
carotenoids 

 References 

 Temperate  0.0–27.5  0.01–7.7  0.07–2.4  0.07–7.6  0.0–0.7  0.1–8.8  0.15–33.1   [  14  ]  
 0.0–31.0  0.76–43.9  0.16–10.8  0.07–13.6  0.01–2.0  0.15–19.0  8.5–47.2   [  12  ]  

 Tropical/
subtropical 

 1.3–32.3  0.3–34.8  0.0–6.13  0.7–5.8  0–2.31  0.7–8.8  2.42–81.3   [  11  ]  
 0.4–19  0.3–21.5  0.3–4.6  0.3–4.3  0.0–0.6  0.45–6.6  1.3–49.5   [  15  ]  

  Data are expressed in  m g/g DW 
  Lut  lutein,  Zea  zeaxanthin,  BCX   b -cryptoxanthin,  BC   b -carotene,  AC   a -carotene  
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 Breeding bioforti fi ed crops requires combining knowledge and tools from nutritionists, biochemists, 
and food technologists to assure that the  fi nal varieties are not only high yielding and acceptable to 
farmers, but also contain superior quantities of provitamin A carotenoids, that these nutrients are 
bioavailable, and that the bioforti fi ed grains produce palatable foods.   

   Tools in Support of Breeding Efforts 

   Analytical Tools for Carotenoid Quanti fi cation in Maize 

 Analysis of carotenoids is inherently dif fi cult due to: (1) the large number of naturally occurring caro-
tenoids, which requires many tailor-made laboratory protocols to optimize the extraction and 
quanti fi cation for each; (2) their interactions with other molecules, which cause degradation or make 
complete extraction more dif fi cult; (3) their wide range of concentrations; (4) their various isomers; 
(5) their rapid oxidation and degradation prior to and during analysis; and (6) the fact that only a few 
carotenoids have provitamin A activity  [  16  ] . Several basic precautions are recommended to maximize 
consistency of results when quantifying provitamin A carotenoids for maize, including analyzing 
kernels at similar physiological maturity and moisture content, minimizing sample storage time while 
ensuring low temperatures (−20 °C or preferably −80 °C), protecting samples from exposure to white 
light and oxygen, and minimizing time for extraction and analysis. 

 Several methods have been considered in search of a fast, accurate, and cheap assay to screen 
provitamin A content in maize kernels to support breeding programs. Candidate methods have 
included visual color scoring, the use of colorimetry, near infrared re fl ectance spectroscopy (NIRS), 
and liquid chromatography. However, given the characteristics and wide range of quantities of the 
carotenoids present in maize, visual color determination, colorimetric methods, and even NIRS have 
failed to provide consistent results that would endorse their use. 

 Non-signi fi cant phenotypic correlation coef fi cients have been reported between visual color score 
(shade of yellow) and  b -cryptoxanthin ( r  = 0.21) and  b -carotene ( r  = 0.36) contents in maize grain, 
respectively  [  12  ] . Color assessment scores using a HunterLab miniscan had a signi fi cant ( P  < 0.05) 
correlation coef fi cient of  r  = 0.58 with provitamin A concentration in maize  fl our  [  17  ] ; however, this 
method has not proven reliable for a wide range of germplasm, perhaps due to confounding effects 
caused by the presence of other colored compounds (like polyphenolic compounds). Nevertheless, 
because deep-orange maize kernels are slightly more likely to have higher provitamin A content than 
pale yellow maize, breeders often select for deep-orange grain in the  fi eld and then conduct laboratory 
assays to quantify content for these. 

 NIRS is a rapid and inexpensive method that is widely used in plant breeding to measure numerous 
traits. Although the visible range (400–1,100 nm) is important for predicting carotenoid content in 
maize grain, calibration curves for estimating carotenoid concentrations have been successful for 
estimating the major carotenoids (lutein and zeaxanthin) and total carotenoid, but not for provitamin 
A carotenoids  (  18 ; Zum Felde, personal communication). Reverse-phase high-performance liquid 
chromatography (HPLC) coupled with a photodiode array detector is currently the most robust method 
available for provitamin A screening. However, the cost and time required for analysis make HPLC 
impractical when several thousand samples have to be analyzed in a short time. Ultra-performance 
liquid chromatography (UPLC) is a promising alternative to HPLC because its costs for reagents are 
lower, and throughput can be increased to more than six times that of HPLC. 

 In general, errors associated with chromatography are minor relative to those incurred during 
extraction procedures. To address this concern, several methods were compared in a HarvestPlus 
study to identify and recommend a standardized protocol for carotenoid extraction from maize  [  19  ] . 
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The most widely accepted methods involve extraction of carotenoids with one or more organic 
solvents including hexanes, tetrahydrofuran, methanol, ethanol, or ethyl acetate. Many procedures 
require freeze-dried material, saponi fi cation to remove lipids, and the use of antioxidants like buty-
lated hydroxytoluene (BHT) or pyrogallol. The most reproducible and therefore recommended 
method, based on coef fi cient of variation and extraction ef fi ciency, is a modi fi cation of a method 
developed by Kurilich and Juvik  [  14  ] . A brief heat and saponi fi cation treatment is required, followed 
by the addition of an internal standard to account for mechanical losses. This modi fi ed method has 
been especially well-established for quantifying provitamin A carotenoids, and involves a relatively 
short extraction time  [  19  ] . Carotenoid analysis is complex and the use of internal standards, checks, 
and laboratory replicates are essential. Additionally, frequent inter-laboratory comparisons are recom-
mended to help monitor data quality and accuracy.  

   Molecular Marker-Assisted Breeding for Enhanced Grain Carotenoid Content 

 Marker-assisted selection (MAS) in plant breeding involves selection of plants possessing genomic 
regions (DNA segments) that are involved in the expression of traits of interest by using DNA tags as 
signposts. Once associations between DNA markers and traits of interest are established and validated 
across diverse germplasm, MAS can save time and material resources in a breeding program. 
Importantly, unlike many traits that are affected by environmental conditions (e.g., drought affects 
yield), DNA markers are environment-neutral and can be used to select among plants grown any-
where, including in greenhouses or winter nurseries. In recent years, MAS has become a widely used 
tool in many breeding programs. 

 The carotenoid metabolic pathway has been well-researched in model species and key genes gov-
erning critical steps have been identi fi ed  [  20  ] . In maize, three important genes have been proposed to 
play crucial roles in the accumulation of provitamin A carotenoids. Phytoene synthase 1 ( Y1/Psy1 ) 
catalyzes the  fi rst committed step in the pathway leading to formation of phytoene from geranylgera-
nyl diphosphate and is primarily responsible for the shift from white to yellow grain. Once the caro-
tenoid pathway is activated, two other genes, lycopene epsilon cyclase (LcyE) and  b -carotene 
hydroxylase 1 (crtRB1) regulate the accumulation of provitamin A-related compounds. LcyE con-
verts lycopene into  z -carotene and eventually to  a -carotene through the action of other associated 
genes. Naturally existing, reduced-functionality, mutant alleles of LcyE result in increased apportion-
ing of lycopene toward the  b - (and less toward the  a -) branch of the pathway, thereby enhancing the 
 fl ux towards provitamin A-related compounds  [  12  ] . CrtRB1 is a hydroxylase gene that converts 
 b -carotene into  b -cryptoxanthin, whose theoretical provitamin A activity is only half that of  b -caro-
tene. Natural genetic variation for CrtRB1 that results in reduced functionality of this enzyme and 
increased retention of  b -carotene in the maize endosperm has been discovered  [  13  ] . Molecular mark-
ers within the above-said three genes hold great potential for accelerating the development of high 
provitamin A carotenoid lines in a resource ef fi cient manner. These molecular markers allow distinc-
tion between the wild-type and the desired mutant allele. 

 In 2008, the best experimental lines and hybrids had provitamin A concentrations from 5 to 
8  m g/g, but lines developed recently using MAS have as much as 20  m g/g. Use of MAS, however, is 
not foolproof. Incorporating the favorable CrtRB1 allele into new lines results in a wide range of 
outcomes, and typically provitamin A level is increased by two- to ten-times. Thus, although using 
MAS is much cheaper than quantifying carotenoids by HPLC or UPLC, breeders still need to use 
these lab assays once or twice during the development of new lines to determine the outcome.   
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   Breeding Progress 

   Development of the First Provitamin A Maize Hybrids for Zambia 

 A successful breeding program must integrate the knowledge from nutrition, social science, and plant 
genetics into new bioforti fi ed maize varieties that will be productive and desirable to farmers and 
consumers. Experienced breeders with a multidisciplinary background; analytical and molecular 
tools, such as HPLC and MAS; a little bit of “art” (intuition and skill); and a comprehensive strategy 
are necessary for success. Figure  17.1  summarizes the scheme used to develop bioforti fi ed maize at 
CIMMYT.  

 The  fi rst breeding crosses were made in 2004 and involved the best (elite) white-grained (i.e., 
0  m g/g of provitamin A) inbred lines from the CIMMYT program in Harare, Zimbabwe, and temper-
ate yellow lines with provitamin A concentrations ranging from 5 to 8  m g/g (received from T. 
Rocheford, University of Illinois, USA). Each F1 cross was back-crossed to its respective elite line 
prior to initiating new line development (Step 1, Fig.  17.1 ). Selection during the  fi rst two generations 
of inbreeding was primarily for deep yellow or orange grain color, as well as for resistances to lodging 
and plant and ear diseases (Step 2, Fig.  17.1 ). About 600–800 early generation (S2, most commonly) 
lines were then selected and crossed in isolation  fi elds with one or two inbred line testers (Step 3, 
Fig.  17.1 ) to form hybrids for evaluation in Stage 1 trials at three locations in Mexico (Step 4, 
Fig.  17.1 ). 

 Yield and other agronomic data from Stage 1 trials were used to select approximately 20 % of the 
lines, which were further inbred and selected before crossing with three testers (Step 5, Fig.  17.1 ) for 
more extensive evaluation in Stage 2 trials (Step 6, Fig.  17.1 ). Stage 2 trials were grown at 5–6 loca-
tions, including key sites in Zambia and Zimbabwe. The best 10–20 % of lines evaluated in Stage 2 
trials were selected to form hybrids with three single-cross testers (Step 7, Fig.  17.1 ), and these three-
way-cross hybrids were evaluated in trials at 6–8 locations (Step 8, Fig.  17.1 ). The provitamin A 
hybrids were competitive at all sites except the highest yielding site, which is of minimal concern 
given that very few farmers in Zambia achieve yields above 10 tons/ha. 

 Although the provitamin A concentrations of the best experimental hybrids were only 6–9  m g/g, 
the Zambian HarvestPlus project steering committee endorsed submitting  fi ve of these hybrids to 

  Fig. 17.1    Generalized plant breeding or bioforti fi ed product development scheme.  Circled numbers  refer to steps 
discussed in the text.  EGL  early generation line,  MAS  marker-assisted selection,  HPLC  high-performance liquid chro-
matography,  NPT  national performance trial (Zambia).  Asterisk  indicates major opportunities for agronomic selection, 
e.g., for disease resistance       
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National Performance Trials (NPT) during 2010–2011 (Step 10, Fig.  17.1 ). Two years of data 
from government-implemented NPTs are required to support applications for variety release and 
commercialization. During these 2 years, numerous parallel activities conducted to validate farmer 
and consumer acceptance of these promising hybrids (Step 10, Fig.  17.1 ) and to begin creating 
interest, demand, and supply for seed of the best hybrids for future commercialization and planting 
(Step 11, Fig.  17.1 ).  

   Development of the Second and Future Generations 
of Provitamin A Maize Hybrids 

 The breeding program is cyclic and continually reinitiates and executes the steps outlined above. 
Every year new crosses are made (Step 1, Fig.  17.1 ) and the entire process begins again. The “breed-
ing pipeline” is always full and contains better products than currently ready for release and com-
mercialization. There are at least two reasons for this: (1) better germplasm, including the best from 
previous years of work (see the downward and return arrows after Stage 2 and Stage 3 trials 
(Fig.  17.1 )), the best from other breeding programs, and novel sources with higher provitamin A 
concentration, are used in making new crosses; and (2) faster, cheaper and more effective selection 
methods or tools become available, such as molecular markers for useful genes or improved methods 
for provitamin A analysis. 

 As described in Sect. “ Molecular marker-assisted breeding for enhanced grain carotenoid con-
tent ”, the single most exciting advance in the past 3 years has been the discovery of useful allelic 
diversity for two genes in the carotenoid biosynthetic pathway, and development of molecular markers 
that we now use in selecting for these alleles in the breeding program (Step 3, Fig.  17.1 ). This identi fi ed 
source lines with >15  m g/g of provitamin A carotenoids, which are routinely used as parents for new 
crosses (Step 1, Fig.  17.1 ), and allows us to select lines with 40–250 % greater provitamin A carote-
noid concentrations than lines without the favorable allele. A second important improvement in our 
breeding program was achieved by using UPLC in place of HPLC, which greatly increased the num-
ber of samples for which provitamin A can be evaluated, and allowed selection for this trait  earlier in 
the breeding pipeline (Fig.  17.1 ). 

 The enormous challenge is to ensure that new bioforti fi ed varieties are competitive for all crucial 
traits, including seed production, grain yield, disease resistance, drought tolerance, food processing 
quality, taste, and other characteristics that determine acceptability to farmers and consumers (see 
Sect. “ Creating and supplying demand for provitamin A maize ”).   

   Overview of Parallel and Interdisciplinary Efforts 

   Carotenoid Retention and Food Technology 

 Maize provides food for over 900 million people located mainly in sub-Saharan Africa, Mexico, and 
Central America  [  21  ] . It is consumed as whole kernels (boiled or roasted), or as  fl our produced by dry 
milling, wet milling, or lime cooking  [  2  ] . After harvest, maize is dried and stored in a variety of ways 
for differing time periods, depending on local uses and customs. Maize is commonly stored on the cob 
(with or without husks), as shelled grain (often in bags), or as  fl our. In some cultures, farmers remove 
the husks and hang the cobs, or place them under the sun to dry. Others shell the ears and dry the grain 
under the sun on a cement surface or in an open basket. 
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 Carotenoid losses during grain or  fl our storage, food preparation, and industrial processing have 
been widely recognized and reported for various food products, and are important factors to consider 
when setting provitamin A target levels for bioforti fi ed maize  [  7  ] . Losses are due to physical removal 
of carotenoid-containing components during food preparation, catabolism (enzymatic oxidation), or 
degradation (nonenzymatic oxidation). Moisture and water activity affect the catabolism of carote-
noids; nonenzymatic oxidation is also affected by water activity, thus higher degradation rates occur 
at low water activity due to decreased enzymatic activities, e.g., for peroxidases and dioxygenases. 
Provitamin A carotenoids are highly unsaturated compounds that are prone to isomerization and oxi-
dation  [  22  ] . Carotenoid oxidation products include epoxides, apocarotenals, and apocarotenones 
(Fig.  17.2 ). Oxidative losses depend on the availability of oxygen and are enhanced by light, heat, 
presence of metals, and various enzymes  [  23  ] . Several studies have concluded that oxygen is a major 
factor determining carotenoid degradation during storage of foodstuffs  [  24,   25  ] . In addition to losses 
via oxidation, carotenoid isomerization can occur during food processing, leading to the formation of 
 cis -isomers, loss of provitamin A activity, and altered bioavailability  [  26,   27  ] .  

 Drying and storage temperature, oxygen availability, and light conditions are important in deter-
mining the stability of carotenoid compounds; however, these factors have only recently been tested 
for maize with increased levels of provitamin A carotenoids. As also reported for sweet potato  [  24  ] , 
carotenoid losses during maize drying are small and independent of the form and method of drying 
(e.g., cobs, grain; sun, hot air)  [  28  ] . During maize storage, however, provitamin A losses can vary 
from 7 to 45 %, depending on the variety, and degradation is fastest during the  fi rst 2 months of stor-
age (manuscript in preparation). Provitamin A losses are larger for  fi nely milled  fl our stored in trans-
lucent permeable packaging than for grain or  fi nely milled  fl our stored in vacuum sealed bags. These 
differences are mainly due to the destruction of the cellular structure during milling, and to increased 
exposure of the compounds to oxygen and pro-oxidant environments  [  23  ] . 

  Fig. 17.2    Carotenoid losses 
scheme (modi fi ed from  23  )        
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 Degradation of carotenoids following dry-milling is dependent on the duration and conditions of 
storage. Li et al.  [  29  ]  reported less than 10 % loss of provitamin A carotenoids after dry kernels were 
soaked and wet-milled. After processing, maize is boiled, steamed, fried, fermented, or cooked by 
many different methods. In Eastern and Southern Africa, maize is mainly consumed by adding maize 
 fl our to boiling water and stirring until a thick porridge is formed (e.g.,  ugali, sadza , or  nshima ). The 
traditional production of  ogi , the fermented maize porridge consumed in West Africa, involves soaking 
dried whole maize kernels, milling, addition of water, and spontaneous fermentation. In Mexico and 
Central America, maize is lime-cooked, followed by steeping for 10–12 h, washing, and forming into 
dough, which is sheeted, cut, or extruded to make tortillas, tortilla chips, corn chips, and other products; 
provitamin A carotenoids are not signi fi cantly lost during these processes (unpublished data). 

 Carotenoid retention studies for common food products made with high-carotenoid maize are sum-
marized in Table  17.2 . In general, studies evaluating the retention of nutrients in cooked foods can be 
misinterpreted if raw and cooked samples differ in water content, texture, or other pertinent charac-
teristics; if the extraction ef fi ciency for the raw samples and cooked samples differ (see Sect. 
“ Analytical tools for carotenoid quanti fi cation in maize ”); if enzymatic oxidation occurs in the raw 
sample; and if calculation of retention is not corrected for weight loss or gain during cooking  [  30  ] . 
Several studies have found very large retention rates (some >100 %), perhaps due to the disruption of 
complex matrices during cooking, which may “release carotenoids” allowing more ef fi cient or com-
plete extraction and quanti fi cation  [  29,   31  ] .  

 The original calculation of HarvestPlus target levels for development of provitamin A bioforti fi ed 
maize assumed 50 % loss of carotenoids during storage and processing  [  7  ] . Nevertheless, it is impor-
tant to estimate carotenoid losses for foods prepared using promising provitamin A bioforti fi ed maize 
varieties before they are released, because genetic variation exists for the extent of provitamin A caro-
tenoid losses and because of the complex nature of carotenoid retention during different food 
preparations.  

   Nutrition and Bioavailability 

 Bioforti fi ed crops are bred to improve the nutritional status of the consumer by increasing the micro-
nutrient density in the edible portions of staple food crops; however, not all micronutrients present in 
food are available for human utilization. Release of nutrients from the food matrix during digestion, 
making them  bioaccessible , is the  fi rst challenge towards the utilization of provitamin A carote-
noids from maize  [  33  ] . Dietary fat is essential to  micellarization , which is the process in which 
carotenoids are emulsi fi ed for absorption by the intestine’s enterocytes making them  bioavailable . 

   Table 17.2    Carotenoid retention studies in maize-derived products   

 Product  Processing  Cooking method 
 Provitamin A 
carotenoid losses  References 

 Sadza  Dry-milling  Boiling  37 %   [  32  ]  
 Fermented Ogi  Wet-milling  Fermentation/boiling  27.5 %   [  29  ]  
 Unfermented Ogi  Wet-milling  Boiling  25 %   [  29  ]  
 Maize chips  Lime-cooking  Frying  36 %   [  17  ]  
 Sweet tamal a   Lime-cooking  Steamed  40 %  Not published 
 Boiled maize cob  None  Boiling  17 %  Not published 
 Roasted maize cob  None  Roasting  0 %  Not published 

   a Traditional lime-cook maize dough  
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The fraction of carotenoids that are absorbed and remain in the lipid phase are then packaged into 
large lipoprotein particles ( chylomicrons ) and transported into the bloodstream, from where they are 
transferred to extrahepatic tissue before being cleared by the liver as chylomicron remnants  [  34  ] . 

 In the intestine, provitamin A carotenoids can be converted to retinol ( bioconversion ) and 
stored as retinyl esters in the liver or recirculated back into the bloodstream to meet the needs of 
extrahepatic tissues  [  34  ] . If 100 % of provitamin A carotenoids were available, central cleavage 
would give a stoichiometric ratio of 1  m mole  b -carotene to 2  m mole retinol, and 1  m mole of  a -car-
otene or  b -cryptoxanthin to 1  m mole retinol ( bioef fi cacy ). Based on human studies, and re fl ecting 
the average losses during all steps outlined above, the USA Institute of Medicine (IOM) has gen-
eralized the dietary conversion factors to be 12  m g  b -carotene and 24  m g for the other provitamin 
A carotenoids to 1  m g retinol  [  35  ] . Variation of conversion factors in humans is in fl uenced by spe-
cies of carotenoids, dose size, food matrix, age, gender, health, and nutritional status of the host 
 [  36  ]  (see Section I). 

 For children and women to meet the Estimated Average Requirement (EAR) for vitamin A, a pre-
liminary target concentration of 15  m g provitamin A/g DW was set for bioforti fi ed maize in 2005  [  7  ] . 
Assumptions made for provitamin A, based on the best available information, were an average of 
50 % retention during processing and cooking, a 12:1 bioconversion ratio of  b -carotene to retinol, 200 
and 400 g daily maize consumption by children and women, respectively, and an EAR of 250 and 
500  m g for children and women, respectively. 

 Recent evidence looking at bioef fi cacy and food retention of provitamin A maize suggests that this 
target value is adequate to meet the needs of the most vulnerable populations. Animal models provide 
a valuable tool for understanding and measuring carotenoid bioavailability, and Mongolian gerbils 
( Meriones unguiculatus ) are a good model for evaluating bioef fi cacy of provitamin A carotenoids 
because they metabolize carotenoids similarly to humans  [  37  ] . A bioef fi cacy study using a vitamin 
A-depleted gerbil model with  ad libitum  feeding found the conversion factor for provitamin A maize 
to be 2.8  m g  b -carotene: 1  m g retinol, which is much more ef fi cient than predicted by the IOM (12:1) 
 [  38  ] . The authors hypothesized that the surprisingly ef fi cient bioconversion rate was due to the pres-
ence of other provitamin A carotenoids and to the oil content in maize kernel (normally around 4 %). 
This study showed that carotenoids in provitamin A maize are as bioavailable as  b -carotene supple-
ments in a vitamin A-depleted gerbil model. Furthermore, bioconversion may be more dependent on 
vitamin A status than on the actual dietary intake of  b -carotene from food or supplements. 

 Recent studies by Li et al.  [  39  ]  and Muzhingi et al.  [  40  ]  found that  b -carotene in high provitamin 
A maize porridge was highly bioavailable when consumed by healthy adults. Conversion factors were 
reported to be 6.48  [  39  ]  or 3.2  [  40  ]   m g of  b -carotene to 1  m g retinol. Li et al.  [  39  ]  suggested that the 
starch matrix found in maize is an effective food matrix for bioforti fi ed foods, but there is currently 
no evidence to support this hypothesis. The difference in the bioconversion factors between the gerbil 
and the two human studies may be explained by the difference in vitamin A status as well as study 
design. Both the gerbils and the Muzhingi et al.  [  40  ]  human subjects were vitamin A-depleted, which 
affects bioconversion of carotenoids from maize. 

 Davis et al.  [  41  ]  studied the bioconversion of  b -cryptoxanthin to retinol in gerbils and reported 
conversion factors of 2.74  m g  b -cryptoxanthin in oil and 2.4  m g  b -carotene equivalents in maize: 1  m g 
retinol. They hypothesized that the polar oxygenated structure of  b -cryptoxanthin allows it to be more 
bioaccessible from the high provitamin A maize matrix, making it more than or equally as ef fi cacious 
as  b -carotene  [  41  ] . 

 Food-based approaches for eliminating nutrient de fi ciencies may be considered more complete 
than single-nutrient forti fi cation or supplementation approaches because nutrients often work together 
to enhance each other’s absorption and utilization, and a de fi ciency in one nutrient may lead to an 
apparent de fi ciency in another. Vitamin A de fi ciency, for example, negatively affects iron metabolism 
leading to iron de fi ciency anemia, whereas iron de fi ciency may impair vitamin A mobilization from 
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the liver  [  42  ] . Lutein, zeaxanthin, and  b -carotene enhance iron absorption in humans on maize- or 
wheat-based diets; for example, adding 1.8 mg of lutein to a maize-based breakfast doubled iron 
absorption  [  43  ] . Changes in iron solubility are the proposed mechanism for this effect, but further 
research is needed to determine if the presence of carotenoids helps to solubilize the iron or if a caro-
tenoid–iron complex is actually absorbed. The interaction between zinc de fi ciency and vitamin A 
status is less well-known, but evidence suggests that zinc has a role in the absorption, transport, and 
utilization of vitamin A  [  36  ] . Vitamin A de fi ciency may also negatively affect zinc absorption as well 
as metabolism by altering zinc mobilization from tissues and lowering plasma zinc levels  [  36  ] . Hence, 
breeding efforts to simultaneously increase both provitamin A concentration and zinc in maize may 
have a positive effect on provitamin A bioavailability. 

 Plant foods also contain anti-nutrients or inhibitors that negatively impact bioaccessibility of pro-
vitamin A carotenoids. The type and amount of  fi ber may negatively in fl uence bioavailability, and 
interactions between fat and  fi ber during digestion may interfere with micellarization  [  33  ] . Furthermore, 
complications may arise when interpreting bioaccessibility results due to provitamin A carotenoid 
complexes with kernel proteins behaving differently during processing, extraction, digestion, and 
analysis  [  33  ] . Another anti-nutrient that may affect bioavailability of carotenoids is resistant starch, 
which acts as a dietary  fi ber in humans  [  36  ] . As with dietary  fi bers, resistant starches are not digested 
in the small intestine and may interfere with fat absorption. Typical maize contains 25 % amylose, 
whereas high-amylose varieties consist of as much as 70 % amylose  [  44  ] . Different methods and 
conditions of food processing and cooking may change the degree of solubility of  fi ber, micellariza-
tion of carotenoids, and release of carotenoids from proteins in maize. Cooking, chilling, and storage 
all affect the type and quantity of resistant starch in food  [  45  ] . It is therefore necessary to determine 
how popular food preparation methods affect carotenoid bioavailability and bioef fi cacy. 

 Determining bioavailability of provitamin A carotenoids in maize is currently complex, expensive, 
and very low throughput. However, as continued research generates more knowledge about the main 
factors in fl uencing the bioavailability of provitamin A in maize, it may become possible to generate 
molecular markers for enhanced bioavailability for use in plant breeding programs. 

 For maize, the net outcome of all of these interacting, enhancing, and inhibiting factors is that 
provitamin A carotenoids are readily bioaccessible. Ultimately, however, only effectiveness trials in 
target populations can measure the likelihood of success of using bioforti fi ed maize as an intervention 
tool against malnutrition.   

   Creating and Supplying Demand for Provitamin A Maize 

   Farmer Participatory Evaluation and Demonstrations 

 Globally, about 50 % of maize farmers in nontemperate regions plant farm-saved seed of traditional 
(not “improved” or “modern”) varieties, thus failing to meaningfully bene fi t from conventional maize 
breeding approaches  [  46  ] . Many new varieties have little or no impact because they are never adopted 
and thus remain “on the shelves” of research institutions. Even successful varieties are seldom adopted 
and used in the manner recommended or anticipated by the researcher. Farmers may plant in hills 
instead of rows, use more or less fertilizer, sow with intercrop instead of monoculture, use zero instead 
of conventional tillage, strip plant tops for fodder, sell produce in local instead of commercial markets, 
consume boiled instead of roasted, or otherwise modify or deviate from researcher-tested uses of the 
new varieties. Farmer-participatory evaluations enable researchers to identify and prioritize likely 
farmer modi fi cations and to select varieties that are most likely to be desired and adopted for further 
promotion and commercialization. Pixley et al.  [  47  ]  discuss challenges, merits, myths, and realities of 
participatory plant breeding and variety selection. 
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 The maize provitamin A bioforti fi cation project in Zambia will use a farmer-participatory variety 
evaluation system that evaluates performance and acceptance of new varieties under farmers’ condi-
tions. The most promising bioforti fi ed maize varieties will be included in “mother/baby” trials  [  48  ]  
that are  fl exibly applied in different communities to suit local resources and conditions. The design 
consists of a “mother” trial, which is a complete, replicated trial, managed by a technician or trained 
partner, and several “baby” trials, which are incomplete replications grown by farmers on their own 
 fi elds (within walking distance of the mother trial) and using their chosen crop management methods. 
Quantitative and qualitative traits from mother and baby trials are subjected to statistical analysis. 
Partners involved in conducting the trials include extension services, research stations, NGOs, rural 
development projects, farmer associations, and secondary schools. In addition to informing decisions 
about variety release and promotion, the trials facilitate a simple  fl ow of information between breed-
ers, extension staff, and farmers. Successful participatory evaluations  [  49  ]  empower farmers to 
in fl uence which varieties are promoted to variety release and commercialization. Participatory evalu-
ations do raise expectations among participants and while it is dif fi cult to gain the trust of partners, it 
is very easy to lose it. This fact was simply and clearly stated by a farmer during a  fi eld day at a 
“mother” trial in central Zimbabwe, when he said that many projects have come to his village seeking 
his participation, but very few ever came back. 

 Demonstration plots are a common marketing tool that are used when a very small number (often 
one to four) of exciting varieties are ready for widespread promotion. Seed companies generally dis-
play their current champion varieties alongside new releases, and farmers and general public are 
invited to  fi eld days where they can see the varieties and perhaps sample foods prepared from them. 
Demonstration plots are a showcase, and are usually “manicured” to look perfect and attractive, 
whereas participatory evaluations are conducted by farmers using their “real world” management 
practices. Both participatory variety evaluations and demonstration plots are important components of 
a demand-creation strategy, with participatory evaluations usually preceding demonstrations and 
including a preliminary selection of promising candidate varieties. 

 In addition to mother/baby trials and numerous demonstration plots, the Zambia maize 
bioforti fi cation project will distribute free samples of seed of the most promising two or three 
bioforti fi ed varieties to several hundred farmers. The sample packages will provide enough seed to 
plant a small plot and to harvest suf fi cient grain to enable testing its suitability for common household 
uses. This strategy of distributing small seed sample packs is a common demand-creation strategy 
among commercial seed companies.  

   Nutrition Education 

 Universally, parents care about the health and well-being of their children. Both demand for and 
intake of provitamin A bioforti fi ed crops can be increased by nutrition education campaigns that 
effectively empower caregivers with knowledge about the importance of vitamin A in health, and of 
dietary sources of provitamin A, including bioforti fi ed crops. Provitamin A-bioforti fi ed sweet potato 
projects in Kenya and Mozambique have documented the effectiveness of appropriate nutrition educa-
tion, for example, through community theater, group demonstration sessions, and radio programs, in 
creating demand  [  50  ] . Tanumihardjo et al.  [  36  ]  highlighted that nutrition education messages must go 
beyond encouraging healthy diets to also include teaching safe food storage techniques and prepara-
tion skills that conserve nutritional value. The provitamin A maize HarvestPlus project in Zambia is 
working closely with the Ministry of Health, the National Food and Nutrition Commission, the 
Ministry of Agriculture and Cooperatives (extension service), and others to develop nutrition education 
strategies to create lasting demand for provitamin A bioforti fi ed maize and other sources of vitamin A.  
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   Consumer Acceptance 

 Several studies have examined consumer acceptance of yellow versus white maize, facilitated by the 
fact that both products are available in the market. Many of these studies tended to have an urban focus. 
Results from studies in Mozambique, Zimbabwe, and Kenya  [  51–  53  ]  paint a general picture that white 
is preferred over yellow maize, when the two are sold at equal prices. Only a price discount for yellow 
maize facilitated its preference, particularly by poor households. Yellow maize has typically not found 
acceptance in Zambia largely because such varieties were perceived as “drought food” (associated with 
bad times, since it was introduced as food aid), and are considered to have inferior taste (perhaps 
because food aid is not fresh, and may have endured harsh storage conditions during transport). 

 The literature comparing white with orange, rather than yellow maize, is limited. The study by Stevens 
and Winter-Nelson  [  54  ] , which included white, yellow, and orange (imported from the USA) varieties of 
maize, suggests that orange maize meal is as preferred as white and that no price discounts are likely to 
be necessary to promote its consumption. This consumer acceptance study indicates that when nutrition 
information was provided regarding the importance and sources of vitamin A, families with young 
children and those that did not consume diets rich in animal products were more likely to accept 
orange maize. This conclusion is similar to those from bioforti fi ed sweet potato projects mentioned in 
Sect. “ Nutrition education ”, where orange- fl eshed have been widely accepted and demanded by consum-
ers accustomed to white- fl eshed sweet potatoes, following nutrition education campaigns  [  50  ] . 

 A study of consumer acceptance of bioforti fi ed orange maize in Zambia was undertaken in 2009  [  55  ] . 
The study elicited consumer willingness to pay by evaluating preference for orange maize relative to the 
already available white and yellow maize varieties in rural Zambia. It attempted to examine the impact 
of nutrition information delivered either as messages by simulated radio or by community leaders on 
consumer acceptance. It also assessed whether the opportunity to experience (cook and consume) the 
product in their own home setting in fl uenced the magnitude of premiums or discounts required by con-
sumers to accept orange maize. Both food and economic preferences were used to assess consumer 
acceptance, and both approaches led to the conclusions that: (1) orange maize is likely to be accepted by 
rural consumers in Zambia; (2) nutrition education campaigns translate into improved acceptance and 
willingness to pay for orange maize (other studies also indicated that nutrition information was the sin-
gle most important factor in determining a household’s decision to purchase nutritionally enhanced 
maize  [  31  ] ); and (3) although both were effective, nutrition information received from community 
leaders was more effective than from the radio for in fl uencing acceptance of orange maize  [  55  ] . 

 The main message from these studies is that there are reasons to be con fi dent that the negative con-
notations associated with yellow maize may not carryover to orange maize. In contrast to yellow 
maize, for which a price discount relative to white varieties is necessary for consumer acceptance, 
orange maize should require no price discount.  

   Seed Production 

 Seed has long been recognized as an ef fi cient and sustainable mode for delivering agricultural 
technologies to farmers. According to Burke et al.  [  56  ] , seed accounts for only 10 % of total maize 
production costs among small-scale farmers in Zambia; however, this estimate includes the effects of 
various subsidy programs. HarvestPlus plans to deliver technologies developed in breeding and 
nutritional research through seed of provitamin A bioforti fi ed maize varieties, beginning after the  fi rst 
release in 2012. Ef fi cient, timely, and high quality seed production is a key component for success of 
the bioforti fi cation program. 
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 Zambia has approximately 1.49 million small-scale farmers  [  57  ]  who accounted for 90 % of the 
total maize production in the 2009/2010 cropping season. Use of improved seed in Zambia has increased 
from 23 % in 2001 to 73 % in 2007, and is currently estimated to cover 85 % of the maize area  [  58,   59  ] . 
These changes in adoption rates can be attributed to increased private sector participation and to private/
public partnerships (through relief seed distribution). Increasing use of improved seed indicates that 
more farmers have access to the bene fi ts of recent research efforts, and also suggests that reaching 
farmers with bioforti fi ed varieties will be possible through existing, growing channels. 

 Simfukwe  [  60  ]  identi fi ed two parallel distribution networks for maize seed distribution in Zambia. 
The “commercial channel” operates through wholesale and the extensive distribution networks of 
seed companies (e.g., rural stockists), whereas the “noncommercial channel” operates through the 
Ministry of Agriculture and Cooperatives (MACO), relief agencies, and NGO farmer support pro-
grams. The noncommercial channel accounted for 50 % of total seed sales in the period 2002–2005, 
and the MACO input support program in the same period accounted for 35 % of sales by seed com-
panies. The number of small-scale farmers targeted by this program has increased from 120,000 at 
inception in 2002 to 900,000 in the 2010/11 season. The input support program, therefore, now 
reaches about 60 % of the small-scale farmers with 9,000 tons of seed, and covers about 36 % of the 
total national seed requirements. 

 HarvestPlus will use and build upon the above-described, established seed production, certi fi cation 
and marketing systems in Zambia. Both commercial and noncommercial distribution channels will be 
important, but the noncommercial may be especially important in rural areas where Simfukwe  [  60  ]  
has noted that, despite the impressive urban network of seed distributors and stockists for seed com-
panies, there is little permanent presence of commercial seed trade.  

   Market Development 

 The initial approach to market development that HarvestPlus will explore is creation of partnerships 
with organizations such as Concern Worldwide, World Vision International, and the World Food 
Program (WFP), whose missions are to support poor rural communities. Currently the Zambia 
HarvestPlus program is developing a joint action plan with the WFP’s Purchase for Progress (P4P) 
project to encourage school governing boards to include provitamin A maize in their locally procured 
food baskets. The P4P project is supporting the government policy shift to Home-Grown School 
Meals project, a concept that links school feeding programs with local agricultural production and 
procurements of locally grown commodities (maize meal and pulses). This initiative will offer 
immense opportunities to local agricultural production and the resultant local market opportunities 
will stimulate adoption and consumption of provitamin A maize. Such arrangements will provide 
market outlets for rural households who achieve surplus production and for emergent commercial 
producers of provitamin A maize, while also achieving the HarvestPlus objective of providing poor 
rural communities with a micronutrient-dense food crop that addresses hidden hunger. 

 The major buyer of maize at the national level, which also reaches remote rural areas in Zambia 
where provitamin A maize is expected to be produced, is the government-owned Food Reserve Agency 
(FRA). The FRA also in fl uences the price and distribution of maize by buying and selling a certain 
percentage of gross domestic maize at  fi xed prices. However, the FRA currently buys exclusively 
white maize, a policy that in itself creates barriers for provitamin A maize entering the mainstream 
maize markets. This means that until there is a change in this government policy, provitamin A maize 
will enter market channels operated only by private merchants and informal local traders. Another 
market channel for provitamin A maize is vertical integration with processors who may add value to 
the crop by processing it into products for sale to urban consumers.   



286 K. Pixley et al.

   Achieving Impact and Conclusion 

 Success, measured by signi fi cant contribution of provitamin A bioforti fi ed maize to the reduction of 
VAD in Zambia, will only follow sustained, long-term adoption and consumption of bioforti fi ed vari-
eties. Excellent bioforti fi ed varieties are necessary and these will continue to become available (recall 
the cyclic nature of breeding projects, Sects. “ Development of the  fi rst provitamin A maize hybrids 
for Zambia ” and “ Development of the second and future generations of provitamin A maize hybrids ”) 
if bioforti fi cation becomes institutionalized as part of a national strategy to combat malnutrition 
through productive and pro fi table agriculture. 

   Project Ownership 

 The critical step for long-term sustainability of the provitamin A maize bioforti fi cation effort in 
Zambia is for project ownership and the bioforti fi cation strategy to be fully embraced and assumed by 
Zambian partners. Continued success of bioforti fi cation in alleviating VAD in Zambia will also require 
that provitamin A maize become a widely demanded source of dietary provitamin A, and that 
bioforti fi ed varieties become a reliable source of crop income among small farmers and agribusiness 
 fi rms in key agricultural production regions. 

 HarvestPlus has pursued two approaches towards achieving project ownership by its Zambian part-
ners. First, it proposed and initiated the formation of a steering committee comprised of public and 
private sector members to guide and oversee the process of product development and delivery for pro-
vitamin A maize in Zambia. Through the steering committee, a negotiated agreement on how provita-
min A maize will be introduced in Zambia was reached among Zambia’s key stakeholders in agriculture, 
scienti fi c research, food security, health, and nutrition. The members developed a product development 
and delivery plan to guide the implementation process. The Zambia Agricultural Research Institute 
(ZARI) chairs the committee in its capacity as the initiator and overseer of the product development 
process for provitamin A maize in Zambia. If this collaborative approach continues to grow, provitamin 
A maize production and consumption will be sustained beyond the existence of HarvestPlus. 

 Second, while several development and delivery activities are undertaken by Zambian stakeholders 
on the basis of a shared vision and mutual interests, HarvestPlus also promotes contractual relation-
ships, and facilitates independent initiatives to create supply of and demand for bioforti fi ed maize. In 
contractual relationships, local Zambian institutions and community-based organizations are invited 
to tender offers and subsequently undertake provitamin A maize development and delivery activities. 
These activities include product development, seed multiplication and distribution, information dis-
semination, nutrition message formulation, and extension services. Independent public and private 
sector investments in the development of bioforti fi ed maize are facilitated through the establishment 
of a local carotenoid analysis service laboratory, a molecular-marker assisted breeding service, and 
collaborative bioforti fi ed maize breeding network. HarvestPlus envisages that these approaches will 
build local capabilities and will create demand for and promote production, distribution, and utiliza-
tion of provitamin A maize.  

   Conclusion 

 Although simple in concept, reducing malnutrition through bioforti fi cation of maize is a complex 
undertaking which we have only super fi cially described. The complexity of the causes and conse-
quences of VAD in Zambia, however, continue to defy solution, and bioforti fi cation contributes a 
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novel approach that richly merits trying. During summer 2011–2012, more than 300 farmers grew 
trial plots of the experimental bioforti fi ed maize hybrids and more than 80  fi eld days were organized 
at demonstration plots comparing these hybrids with currently successful commercial hybrids. The 
second year of National Performance Trials (NPTs) con fi rmed the agronomic competitiveness of 
these experimental bioforti fi ed hybrids, and in September 2012 three of the hybrids were approved for 
release and commercial production in Zambia. Although the eventual impact of the HarvestPlus proj-
ect and bioforti fi ed varieties will take many years and perhaps a couple of generations to be fully 
achieved, immediate health bene fi ts will be realized from nutrition education efforts at household, 
community, and national levels.        

      Annex: An Introduction to Plant Breeding 

 Plant breeding is the science and art of modifying plants to better serve our needs or preferences. All 
plant breeding begins with identifying or creating genetic variation for the trait(s) of interest, followed 
by selecting those variants that are most desirable. If variation is extensive, and the trait is highly  heri-
table , a term that quanti fi es the degree to which offspring resemble their parents, or the reliability with 
which parents’ characteristics can be expected to be reproduced in their offspring, then progress from 
plant breeding for that trait will likely be relatively fast and simple to achieve. Maize grain color varies 
and an ear may have kernels segregating for shades of yellow and orange. Deep yellow or orange 
kernels can be selected, planted, and expected to produce plants with ears that have kernels with 
deeper yellow or orange than the parental ear. This process would be largely an art, and would likely 
result over time in increasing the total concentration of carotenoids in the grain. Provitamin A carote-
noids, however, cannot be visually distinguished, and selection for color, without relying on labora-
tory analysis is unlikely to result in maize bioforti fi ed with provitamin A. 

 The heritability of a trait is affected by several factors, including the number of genes involved in 
determining the expression of the trait, and the extent to which different growing environments alter 
the effect of each gene determining the trait. In general, the more genes involved, the less heritable the 
trait will be; simply put, the more complicated the trait, the less reliably we can predict its value based 
on that of its parents. Similarly, the more sensitive a trait’s expression is to variation in environmental 
conditions, for example heat, drought or acidic soils, the lower its heritability tends to be. The carote-
noid biosynthetic pathway has been well-characterized (see, for example,  20,   61–  63  )  and involves 
more than a dozen crucial genes, each of which has multiple forms, variants or  alleles , capable of 
acting singly or in combination with other genes within or outside the pathway, resulting in different 
 fi nal carotenoid pro fi les and concentrations in the maize kernels. The huge numbers of possible com-
binations of alleles among the genes of the carotenoid biosynthetic pathway represent opportunities 
for plant breeders to select combinations that increase individual carotenoid concentrations, or the 
total provitamin A concentration in grain. 

   Recurrent Selection 

 The simplest form of plant breeding is like an accelerated version of natural selection, which through 
hundreds of generations rids a population of un fi t individuals and gradually exaggerates the  fi tness-
enhancing traits of the ever-more-prevalent surviving types. In plant breeding, we might begin with 
a landrace or a popular variety of maize, and implement a cyclic process of evaluating the provita-
min A concentration of a hundred or more individuals or families, selecting and inter-mating (or 
allowing them to intermate) only those with highest provitamin A concentration, again planting the 
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new progeny generation, and repeating the process until we are satis fi ed with the average provitamin 
A concentration of the improved variety. This approach will only be successful if there was adequate 
variation for provitamin A concentration among the individuals of the original landrace or variety, 
and if provitamin A concentration is suf fi ciently heritable to allow progress from selection. 
Unfortunately, we have found that although provitamin A concentration is heritable, most yellow 
maize populations have insuf fi cient variation for provitamin A concentration to allow us to reach 
nutritionally meaningful levels within an acceptable number of years.  

   Inbred Line and Hybrid Development 

 Most modern varieties of maize are hybrids, formed by crossing two parents to form a variety that has 
the best characteristics from each parent, and is therefore superior to both of them. Much of the effort 
in maize breeding is devoted to a painstaking process of identifying very unique pairs of parents that 
complement each other exceptionally well when producing offspring (the hybrid). Our primary inter-
est is enhanced provitamin A concentration, but to be successful, a hybrid must also be high yielding, 
disease resistant, produce tasty grain, and have many more essential and desirable attributes. The 
effort is only useful if, once we create the outstanding hybrid, we are able to produce suf fi cient seed 
of it to plant many thousands of hectares year after year. 

 Maize is ideally suited for making hybrids because its female  fl owers (each maize kernel originates 
as a  fl ower) are separate from its male  fl owers (contained in the tassel, at the top of the plant). By 
covering the young ear (with a small bag called a shoot bag) before any silks emerge from the tip of 
the ear leaves, breeders can pollinate the  fl owers of that ear with pollen collected from a tassel on the 
same plant or another plant. Pollinating an ear with pollen from the same plant, called  self-pollination , 
results in a 50 % reduction in allelic variation, and repeated self-pollination for several generations 
results in an  inbred line , which is genetically uniform, having for all genes only one, the same allele, 
on each chromosome. Inbred lines are pure breeding because self-pollinating them reproduces exactly 
the same line, which is a crucial feature for enabling hybrid varieties; once we develop pure lines and 
identify the speci fi c combination of inbred lines that makes an excellent hybrid, we can produce the 
exact same hybrid over and over and over again, making seed available to many farmers for planting 
on large land areas during many years. 

 Several crucial activities are conducted during the process of self-pollinating maize plants to develop 
inbred lines for use in hybrid varieties. Highly heritable traits, such as resistance to many diseases, are 
evaluated for all lines, and only those with an acceptable level of resistance are self-pollinated, while 
all others—usually the vast majority—are discarded. Other traits, including grain yield in hybrid com-
bination, are not highly heritable and breeders form experimental hybrids in parallel with the repeated 
self-pollination process. The hybrids are evaluated in multilocation trials and only the best hybrids, 
performing as well or better than commercial hybrid checks included in the trials, are selected. Breeders 
use the hybrid trial data to discard the vast majority of lines that are being self-pollinated in the parallel 
process of developing inbred lines. Plant breeding is thus a numbers game, and it is commonly said that 
only one of a million maize lines in a breeding program succeeds to be used in a commercial hybrid. 
Needless to say, a commercially successful inbred line is extremely valuable. 

 Commercial inbred lines, and  elite lines  that were nearly, but not quite good enough to become 
commercial lines, are used extensively as parents in crosses (usually with other elite or commercial 
lines) that are used to develop new inbred lines by repeating the long process of repeated self-pollination 
while selecting for all important traits. This process of elite or commercial line development, followed 
by their use in new breeding crosses to initiate new line development is indeed a variant of recurrent 
selection (described above). 
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 Sometimes breeders wish to improve traits for which there is not suf fi cient or any useful variation 
among the elite and commercial lines. This has been the case for provitamin A carotenoid concentra-
tion, for which most commercial lines have <2  m g/g. Maize with 15 or 20  m g/g may only be found 
among landraces held in germplasm banks, or among lines from distant ecologies, and such sources 
of the desired trait (provitamin A in this case) must be used in breeding crosses despite their many 
defects which they will transmit to the offspring of these crosses. In such cases, the cross of elite line 
with source line is often  back-crossed  to the elite line one or more times in a process during which 
progeny with the desired trait are selected after each back-cross and prior to performing the additional 
back-cross. Back-cross breeding results in lines that are very similar to the elite parent, but have 
incorporated the desired trait(s) from the source parent. Back-cross breeding has been an important 
strategy in developing provitamin A bioforti fi ed maize.  

   Genetically Modi fi ed, or Transgenic Lines and Varieties 

  Transgenes  are no different from any other genes, except that they originate from a different species. 
All the breeding methods described above rely on combining genes (or alleles of genes) from one 
parent with those of the other parent to achieve in the offspring the desired values for traits of interest, 
such as provitamin A concentration. Back-cross breeding is a less-preferred strategy, when the desired 
trait cannot be found in elite or commercial lines. For some traits, however, the desired values may not 
exist in the crop species of interest, and it may be possible to transgenically introduce these alleles or 
genes from another species. In making golden rice, for example, inserting a gene from maize (phy-
toene synthase) resulted in rice with 30  m g/g of  b -carotene  [  64  ] , whereas common rice varieties have 
no  b -carotene. Transgenic strategies have not been used in developing provitamin A bioforti fi ed 
maize, because the natural genetic variation in maize is suf fi cient to achieve the target of 15  m g/g of 
provitamin A carotenoids.  

   Open-Pollinated Varieties 

 Not all improved and bioforti fi ed varieties will be hybrids. About 30 % of improved varieties, and 
about 50 % of all maize grown in sub-Saharan Africa are  open-pollinated varieties  (OPVs). An OPV 
differs in many ways from a commercial hybrid (see Pixley  [  65  ]  for a discussion of advantages and 
disadvantages of hybrids relative to OPVs), but an OPV can be conceptualized as a hybrid with many 
parents, which may or may not be inbred lines. Some excellent OPVs have been created by inter-
mating as few as  fi ve or six, or as many as 30 or more elite inbred lines. We are using this approach 
to develop and test OPVs that could be used as provitamin A bioforti fi ed varieties. As you might 
expect, it is easier to  fi nd two lines that make an excellent hybrid than to  fi nd 6–30 lines that form an 
equally good OPV (think that for every trait there will always be one or more “weak links” bringing 
down the overall performance of the OPV), so hybrids almost always out-perform OPVs. However, 
OPVs have the distinct advantage that farmers can save harvested grain for use as seed in several 
subsequent seasons, without much reduction in performance of the crop; by contrast, using harvested 
grain of hybrid varieties as seed generally results in important loss of performance, which is why 
farmers typically purchase new seed of hybrids each time they plant.    
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         Key Points 

    Horticultural crops are a rich and diverse source of carotenoids for consumers around the world.  • 
  Crop production, storage, and delivery to market are often challenging but crop value can be • 
high.  
  A few international agencies and programs target horticultural crop improvement, and conse-• 
quently play an important role in sustaining carotenoid availability to consumers in global regions 
with high incidence of vitamin A de fi ciency.  
  Classical horticultural crop breeding as well as biotechnological approaches to increase carotenoid • 
content and quality offer potential for developing more nutritious dietary sources of carotenoids.     

    Chapter 18   
 Horticultural Crops as a Source of Carotenoids       

      Philipp   W.   Simon   ,    Megan   J.   Bowman   , and    Sherry   A. Tanumihardjo           

S.A. Tanumihardjo (ed.), Carotenoids and Human Health, Nutrition and Health,
DOI 10.1007/978-1-62703-203-2_18, © Springer Science+Business Media New York 2013
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   Introduction 

 Horticultural crops include several major food crops: vegetables, fruits, and nuts. These crops are 
usually grown on a relatively small scale compared to staple food crops, but they typically command 
a high value in the marketplace. Unlike cereal grains and dry legumes, many horticultural crops have 
a relatively short shelf-life, requiring ready access to cold storage to preserve market value. This 
limits their long-distance distribution, especially in less-developed regions of the world. Consequently, 
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numerous vegetable and fruit crops are extensively grown and used in small geographic regions but 
are not well known outside of local production areas, and many are regarded as indigenous. For 
widely grown horticultural crops, both the US Department of Agriculture (USDA)  [  1  ]  and the Food 
and Agriculture Organization (FAO)  [  2  ]  collect and summarize production statistics for 30–40 vege-
table crops (including melons) and 30–40 fruit crops. The large number of horticultural crops com-
bined with their often localized production make for a complex situation in determining the impact of 
horticultural crops, but both economic and nutritional values are considered to be high for vegetables 
and fruits. 

 Vegetables and fruits are a signi fi cant source of several dietary nutrients, and carotenoids are 
among the most important. In fact, horticultural crops are by far the most signi fi cant source of dietary 
carotenoids. A recent assessment of food and nutrient consumption in the US based upon the “What 
We Eat in America” component of the National Health and Nutrition Examination Survey (NHANES) 
 [  3  ]  indicated that among food sources contributing at least 1.0% of a given carotenoid to the US diet, 
horticultural crops were the only sources of  a - and  b -carotene, lycopene,  b -cryptoxanthin, and 
lutein + zeaxanthin, except for 1.5% of  b -carotene coming from yellow margarine, 4.2% of 
lutein + zeaxanthin from eggs, and 1.2% of lutein + zeaxanthin from white taco corn  [  4  ] . Vegetables 
were predominant among carotenoid sources, with carrots, tomatoes, and spinach contributing more 
than 20% of the  a - and  b -carotene, lycopene, and lutein + zeaxanthin, respectively, but oranges were 
by far the major source of dietary  b -cryptoxanthin. It is notable that while lutein + zeaxanthin came 
from 12 different horticultural crops,  b -carotene from 9 crops, and  b -cryptoxanthin from 5 crops, the 
predominant sources of  a -carotene and lycopene were carrots and tomatoes, respectively. 

 While horticultural crops are clearly the largest source of dietary carotenoids in the USA, no com-
parable analysis based upon food intake has been performed for other countries or regions. Relevant 
information that has been reported from a global perspective includes Simpson  [  5  ]  who noted that 
carotenoids in vegetables account for 68% of the world-wide dietary vitamin A and 82% in develop-
ing countries. FAO and the World Health Organization (WHO) estimated a similar value of >80% in 
developing countries in 2001 with 84% from “vegetable” (non-animal) sources in Africa, and 90% in 
SE Asia, as compared to 63% for Europe, 64% for the Americas, and 72% globally  [  6  ] . While details 
indicating documented speci fi c food sources and their dietary intake were not provided for these 
global values, widely grown vegetables and fruits (e.g., spinach, amaranth, pumpkins, squash, carrots, 
mangoes, apricots, papayas) as well as red palm oil (a fruit crop) and indigenous fruits and leafy 
greens (annual vegetables and tree leaves) are noted as likely primary sources of provitamin A caro-
tenoids. High carotenoid, cooler season vegetable crops, such as winter squash and carrots, are not as 
extensively grown in the developing world as in the USA. Fruit crops with high carotenoid content, 
such as mangoes and papayas, as well as orange- fl eshed sweet potatoes, are more plentiful in markets 
of the developing world. Therefore, it may be surmised that these warm season crops provide more 
dietary carotenoids in the developing world than in the USA, but as in the USA, it can be concluded 
that horticultural crops are the primary sources of dietary carotenoids in the entire world.  

   Production and Delivery of Horticultural Crop Carotenoids to Consumers 

 Given this important status of horticultural crops in providing dietary carotenoids, and the crucial 
roles the intake of these compounds play in maintaining both vitamin A status and a broad range of 
other aspects of health, the prospects for sustaining and expanding the impacts of horticultural crops 
in global health warrant consideration. Several distinct, but not unrelated, issues arise in sustaining 
and ultimately increasing the delivery of dietary carotenoids to consumers from horticultural crops. 
These include sustaining and expanding crop production, improving post-harvest cold storage 
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capacity, and crop improvement through plant breeding for higher carotenoid content or bioavailability 
(e.g., “bioforti fi cation”). Variation in horticultural crop production across years for a given production 
region tends to have relatively little in fl uence on carotenoid content or composition (i.e., relative 
amounts of components), as long as relatively optimal production conditions are realized  [  7,   8  ] . 
Carotenoid content recorded in various nutrient composition tables from different regions of the world 
does vary widely for many horticultural crops  [  9  ] . For example, a recent evaluation of the carotenoid 
pro fi le of 21 African indigenous leafy green vegetables from Cameroon revealed a broad range of 
provitamin A carotenoids with values ranging from ~1 to 40 mg  b -carotene/100 g dry weight, which 
varied by processing method  [  10  ] . Therefore, quanti fi cation is important when making recommenda-
tions. Climatic variation likely accounts for some variation, but differences in predominant cultivars 
of a given crop grown in different geographic regions also account for much variation, as does lab 
methodology used to generate carotenoid content values. One aspect of horticultural crop production 
that does play a major role in delivering carotenoids to consumers is the fact that some crops like tree 
fruits are perennial and others like cassava are sometimes grown as perennials. Because of this, lead 
time to adjust production in anticipation of increased market demand is much greater than that required 
for rapidly growing annuals. 

 Long-term, post-harvest storage of most horticultural crops is not possible without a cold chain to 
deliver the crop to consumers, and carotenoid content can decrease, and composition can change, with 
sub-optimal cold storage. Cold chains are well-established in the developed world but often minimal 
and unreliable in regions where under-consumption of carotenoids raises the greatest health risks. The 
combined challenges of reliable horticultural crop production and post-harvest preservation in devel-
oping regions often re fl ects inadequate numbers of human capital such as trained horticulturists, and 
an under-developed infrastructure (e.g., transportation and communications) to ensure delivery of 
carotenoid-rich crops to consumers. As with other nutritional de fi ciencies in the developing world, 
poverty sustains sub-optimal production of horticultural crops. 

 Development of improved market pro fi tability of horticultural crops can stimulate the development 
of local production expertise and post-harvest facilities with notable positive health consequences. 
For example, the development of local mango production industry driven by crop pro fi tability was 
interpreted as the underlying basis for greater local consumption and consequent reduced incidence 
of vitamin A de fi ciency in Indonesian children  [  11  ] . However, if expanded horticultural crop produc-
tion is focused on expanding export sales, local consumption may not be increased.  

   Genetic Improvement of Horticultural Crops as a Source of Carotenoids 

 Genetic improvement of horticultural crops can increase the delivery of dietary carotenoids to con-
sumers in several ways. Genetic improvement to improve productivity and pro fi tability for growers, 
for example, to incorporate genetic resistance to disease or extended shelf-life, can have an immediate 
effect on delivering more carotenoid-rich commodities to the local marketplace. In some situations, 
genetic improvement of a crop is not even necessary, but rather expanding the array of available cul-
tivars for a given crop beyond local cultivars to include those bred for other regions can result in the 
discovery of commercially available but previously untested cultivars with superior productivity, post-
harvest shelf-life, and/or carotenoid content. The World Vegetable Center, also known as the Asian 
Vegetable Research and Development Center (AVRDC), has established extensive innovative  fi eld 
testing for several vegetable crops. Trialing has been established for beans, sweet potatoes, and white 
potatoes by the International Center for Tropical Agriculture (CIAT) and the International Potato 
Center (CIP). Productivity, quality, and market value of many horticultural crops and global regions 
could be increased from expanded  fi eld testing of available crop cultivars to identify improved sources 
of dietary carotenoids. 
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 For horticultural crops where plant breeding programs are established, there are often abundant 
opportunities to include breeding for higher carotenoid content or altered carotenoid pro fi le as part of 
the breeding goals. A recent review comparing current content of the  fi ve carotenoids listed in 
Table  18.1 , as well as total carotenoid content, revealed that for all crops surveyed, the upper range of 
genetic variation in carotenoid content was much higher, often several-fold, than the current average 
content of those carotenoids found in the US marketplace  [  4  ] . This indicates substantial room for 
genetic improvement of carotenoid content in horticultural crops. Given the fact that genetic variation 
for higher carotenoid content is usually discernable with the naked eye, visual evaluation and selec-
tion for darker orange, red, or yellow color among breeding stocks has been successful for crops like 
carrot, pepper, tomato, sweet potato, squash, melons, mangoes, and apricots. Consequently, breeding 
for higher carotenoid content is relatively straightforward. To get a sense of the impact breeding for 
high carotenoid would have in increasing the delivery of provitamin A carotenoids to consumers, 
Table  18.2  presents estimates of the number of adult males able to obtain their required dietary vita-
min A from  fi ve vegetables and four fruits, based upon current carotenoid content for the US crop, the 
Institute of Medicine’s conversion factor of 12  m g  b -carotene equivalents to 1  m g retinol activity 
equivalents, and the recommended dietary allowance of 900  m g/day for an adult male  [  12  ] . While 
horticultural crops are already a signi fi cant source of vitamin A, breeding could increase their provi-
tamin A carotenoid content by 1.5- to 10-fold  [  4  ] .   

 It should be noted that breeding for higher carotenoid content in horticultural crops that typically 
contain carotenoids, like carrots, tomatoes, or mangoes, may result in nutritionally enriched cultivars 
that are not known to consumers to be any different than less nutritious cultivars. Breeding for higher 
carotenoid content in crops that are typically not known by consumers as containing carotenoids, like 
cauli fl ower or cucumbers, often requires some level of consumer education to assure them that the 
unusual color is safe and healthy. The issue of consumer acceptance has met with resistance or confu-
sion in some cases where colorless or low-carotenoid containing forms of the crop are familiar and 
preferred in certain regions of the world (e.g., white vs. orange sweet potatoes). In other cases, breed-
ing for different carotenoids than what consumers expect can also lead to reduced acceptance. For 
example, orange high  b -carotene tomatoes and red high lycopene carrots. Similar consumer accep-
tance issues can, of course, also arise with high-carotene versions of staple crops like orange bioforti fi ed 
maize and “golden rice” (see Chap.   17    ). 

   Table 18.1    Sources of carotenoids in the US diet ranked by their relative contribution of total dietary intake, 
based on NHANES 2003–2004, all age groups 2 years and greater. All values % (modi fi ed from  4  )    

  b -Carotene   a -Carotene  Lycopene   b -Cryptoxanthin  Lutein + zeaxanthin 

 Carrots 29.5  Carrots 66.8  Tomatoes 72.1  Oranges 60.6  Spinach 24.7 
 Spinach 8.2  Tomatoes 4.9  Other <1%—27.9  Carrots 5.7  Sweet corn 5.3 
 Sweet potatoes 7.7  Others <1%—28.3  Watermelons 3.3  Oranges 5.1 
 Tomatoes 6.8  Sweet corn 2.9  Collards 4.8 
 Lettuces 5.1  Persimmons 2.2  Lettuces 4.5 
 Melons 4.8  Others <1%—25.3  Eggs 4.2 
 Collards 2.2  Broccoli 3.6 
 Broccoli 1.6  Chicory 3.2 
 Margarine 1.5  Squashes 2.3 
 Watermelons 1.0  Kale 2.3 
 Other <1%—31.6  Beans 2.1 

 Peas 1.6 
 Tomatoes 1.5 
 White corn 1.2 
 Other <1%—33.6 

http://dx.doi.org/10.1007/978-1-62703-203-2_17


29718 Horticultural Crops as a Source of Carotenoids

 On the topic of consumer acceptance, it is worth noting that even if consumers of horticultural crops 
with higher carotenoid content are willing to accept an unfamiliar color, they rarely will purchase and 
consume produce based upon nutritional value alone. Decisions to purchase and consume horticultural 
crops depend much more on price, size, shape, and especially  fl avor. While breeding for improved 
carotenoid content or pro fi le is a worthy, and often achievable goal, growers rarely, if ever, appreciate 
any added value for enhanced nutritional value. All the other variables that growers and consumers take 
into consideration in making their decisions need to be as good or better than typical cultivars in local 
markets if nutritional improvements in the crop are to be realized as a healthier consumer.  

   Provitamin A Carotenoid Bioforti fi cation Research for Horticultural Crops 

 Research into the accumulation of provitamin A carotenoid pigments in horticultural crops has proven 
to be complex. The mechanism of carotenoid accumulation in a variety of plant tissues has been 
dif fi cult to identify, as plant species accumulate these pigments in different organs, with a diverse 
array of methods for regulation. Much of the previously published research has focused on those 
plants that regulate the accumulation of carotenoids within the carotenoid biosynthetic pathway itself. 
For example, both the  y1  gene in corn (maize)  [  13  ]  and  r  in tomato  [  14  ]  are mutations in the gene 
phytoene synthase (PSY), the  fi rst determinant step in the carotenoid biosynthetic pathway. While the 
regulation of carotenoid accumulation may be found within the pathway for some horticultural crops, 
research has demonstrated that this may not always be the case. 

 Carotenoid pigments accumulate in chromoplasts, storage organelles differentiated from the plastid 
precursor proplastids. Found in  fl ower petals, tomato fruits, and carrot storage roots, for example, these 
organelles serve as a sink for carotenoids to accumulate within the plant cell. If the regulation of carote-
noid pigments is controlled at the level of chromoplast development, this sink can develop and provita-
min A carotenoids can accumulate. Chromoplast-associated regulation of carotenoid accumulation has 
been demonstrated in cauli fl ower where the  Or  gene encodes a cysteine-rich domain containing protein 
that causes the accumulation of  b -carotene in the curd tissue of this otherwise white plant organ, and also 
causes accumulation in the pith, leaf bases, and shoot meristems. This mutation does not impact 

   Table 18.2    Productivity and potential provitamin A delivery of selected horticultural crops based on 
US cultivars to men based on the daily recommended intake of 900  m g retinol activity equivalents (RAE)   

 Number of 900  m g 
RAE servings 

 Crop 

 Marketable 
yield of 
less-developed 
countries 
(FAO.stat) 
(total yield 
minus refuse) 
(kg/ha) 

 Current crop content (per   http://www.nal.usda.gov/fnic/
foodcomp/search/)     

 Per kg 
crop 

 Per hectare crop 
(less-developed 
world yield) 

  b -carotene 
mg/kg 

  a -carotene 
mg/kg 

  b -cryptoxanthin 
mg/kg   m g RAE/kg 

 Carrot  5,950  83  35  0  8,350  9.3  55,200 
 Tomato  8,680  4.5  1  0  420  0.5  4,050 
 Cantaloupe  7,600  20  0.16  0  1,690  1.9  14,300 
 Sweet potato  3,240  85  0.7  0  7,090  7.9  25,500 
 Spinach  3,900  56  0  0  4,690  5.2  20,300 
 Mango  3,370  6.4  0.1  0.1  540  0.6  2,020 
 Orange  5,320  0.9  0.1  1.2  120  0.13  709 
 Banana  3,830  0.26  0.25  0  30  0.03  128 

http://www.nal.usda.gov/fnic/foodcomp/search/)
http://www.nal.usda.gov/fnic/foodcomp/search/)
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carotenoid pigmentation of leaves, or cauli fl ower  fl ower petals. The  Or  gene, and the discovery of the 
regulation of carotenoid accumulation not associated with the carotenoid biosynthesis pathway, has 
proven to be a useful resource in the bioforti fi cation of other horticultural crops  [  15–  17  ] . 

 Lessons learned from the study of the regulation and accumulation of carotenoid biosynthesis have 
provided information for increasing the amount of provitamin A carotenoids in a variety of plant spe-
cies. The  Or  gene serves as an example of the complexity of this system, and the possibility that the 
regulation of carotenoid accumulation in other horticultural crops lies outside of the carotenoid bio-
synthetic pathway. Pinpointing the key regulatory steps of carotenoid pigment accumulation in other 
important horticultural crops such as carrot has proven to be dif fi cult, but these new insights into the 
biology of carotenogenesis will be essential for furthering research into non-model plant species and 
the development of high carotene varieties.  

   Bioforti fi cation of Ketocarotenoids in Horticultural Crops 

 Ketocarotenoids are xanthophylls that are powerful antioxidants found in animals such as salmon, trout, 
krill, shrimp, and other crustaceans, and feathers in birds like the  fl amingo. While animals cannot produce 
ketocarotenoids endogenously, the consumption of these antioxidants in animal feed produces a pink 
pigmentation in these species. The production of ketocarotenoids in higher plants is rare, but has been 
found in the  fl ower petals of species of the genus  Adonis   [  18  ] . Because of the rarity of this carotenoid in 
horticultural crops, the development of food sources high in these carotenoids is of interest. While not a 
provitamin A carotenoid, astaxanthin is an important antioxidant and is used as a food supplement. 
Research into the regulation and manipulation of the carotenoid biosynthetic pathway has aided in the 
efforts to use bioforti fi cation in increasing the amounts of this important carotenoid in plants. 

 Ketocarotenoid bioforti fi cation of speci fi c vegetable crops has been successful through transgenic 
means, as has been demonstrated in potato and carrot. For example, in the potato tuber, both the low 
carotenoid  Solanum tuberosum  cultivar “Desiree” and the  Solanum phureja  cultivar “Mayan Gold”, 
which is a yellow- fl eshed cultivar that already produces carotenoid pigments, were transformed with 
a  b -carotene ketolase gene from algae. With the successful transformation of this gene into both of 
these cultivars, the amount of the ketocarotenoids astaxanthin and ketolutein was 14  m g/g dry weight 
in the transgenic  S. phureja  line, a signi fi cant increase in the total amount of ketocarotenoid accumu-
lation  [  19  ] . In carrot, the successful transformation of the  b -carotene ketolase gene to petiole explants 
of High Carotene Mass carrots, a USDA carrot inbred line with high levels of carotenes in the storage 
root, has been suggested as a possible candidate for the commercial production of ketocarotenoids. In 
the transgenic carrot lines, ketocarotenoids comprised approximately 70% of the total amount of caro-
tenoids in the plant, representing an accumulation of up to 2,400  m g/g root dry weight  [  20  ] . The 
development of these transgenic horticultural crops could be important in increasing the amount of 
these ketocarotenoid pigments in the human diet, providing a new source for the healthful bene fi ts 
found in the consumption of carotenoids.  

   International Bioforti fi cation Programs to Improve Provitamin A Carotenoids 
in Horticultural Crops 

 The provitamin A carotenoid content found in many of the previously discussed horticultural crops is 
high, and the availability of these food sources makes the prevalence of vitamin A micronutrient mal-
nutrition much lower in the developed world. Research in production, post-harvest physiology, and 
increased carotenoid pigment content has certainly made gains in crops that have already been 
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established as good sources of carotenoids. Alternatively, for many horticultural crops important to 
the developing world, signi fi cant efforts are needed and being implemented to increase provitamin A 
carotenoid content and/or crop productivity to reduce the likelihood of vitamin A de fi ciency  [  21  ] . 
Collaborative international research projects involving many agricultural scientists and nutritionists 
have focused their attention on the improvement of provitamin A carotenoid content in a variety of 
horticultural crops. 

 Cassava is a staple horticultural crop in many tropical and subtropical regions. According to the 
FAO in 2008  [  22  ] , this storage root is the third most important source of calories in the tropics. 
Unfortunately, the cassava root is void of many essential nutrients, including provitamin A carote-
noids  [  23  ] . The enhancement of provitamin A carotenoids in cassava has been the focus of many 
research programs. BioCassava Plus  [  24  ]  is an international research project addressing the issue of 
cassava root improvement for use in sub-Saharan Africa. Along with the Donald Danforth Plant 
Science Center in St. Louis, Missouri, this group is comprised of scientists from nine public research 
institutions. Partnering with researchers in Kenya and Nigeria, BioCassava Plus focuses on delivering 
bioforti fi ed cassava varieties that will serve the needs of people throughout Africa. Examples of the 
improvements made by this research consortium include varieties with signi fi cantly increased levels 
of protein and iron. Along with increasing the levels of these important nutritional components, the 
BioCassava Plus research group has successfully increased the amount of  b -carotene in the cassava 
root by 30-fold, and this  b -carotene is bioavailable according to nutritional studies  [  25  ] . Other areas 
of interest to this international research group are the food safety and environmental impacts these 
cassava varieties have in the African nations in which they are grown. BioCassava Plus has used 
bioforti fi cation techniques to increase several important nutritional compounds in cassava root  [  24  ] . 

 HarvestPlus is another in fl uential international research group working toward improving the pro-
vitamin A carotenoid content in horticultural crops throughout the world. An initiative of the 
Consultative Group for International Agricultural Research (CGIAR), HarvestPlus received the  fi rst 
funding for bioforti fi cation through the Bill and Melinda Gates Foundation. The project focuses on 
increasing the content of iron, zinc, and provitamin A in a variety of crops. These three nutrients were 
identi fi ed by the WHO as being the most limiting in the human diet for optimal health. This interna-
tional group also partners with the International Center for Tropical Agriculture (CIAT) and the 
International Food Policy Research Institute (IFPRI). 

 Like BioCassava Plus, HarvestPlus has focused on breeding and development of cassava varieties 
with increased levels of provitamin A carotenoids. Setting the initial breeding goal of increasing caro-
tenoid content to 15  m g/g fresh cassava root, HarvestPlus has used the variation already found in cas-
sava germplasm toward breeding high carotenoid cassava roots, and uses modern breeding techniques 
such as molecular markers. Cassava varieties developed by HarvestPlus will be targeted for Democratic 
Republic of Congo and Nigeria, but more than a dozen countries in Africa may be receiving these 
bioforti fi ed provitamin A cassava varieties  [  26  ] . 

 HarvestPlus has also focused on increasing the provitamin A carotenoid content of orange- fl eshed 
sweet potato for regions throughout Africa. In collaboration with the International Food Policy Research 
Institute and the International Potato Center, HarvestPlus initially focused on releasing improved vari-
eties in Uganda and Mozambique. An initial breeding goal in the development of sweet potato varieties 
was set at 32  m g provitamin A/g raw sweet potato. Already existing international sweet potato germ-
plasm was found to be suf fi cient to meet this goal. Varieties with increased levels of carotenoid pig-
ments were released in 2007, with a dozen countries receiving the improved varieties  [  27  ] . 

 In addition to these projects improving the nutritional value of horticultural crops, USAID has 
initiated a Horticulture Collaborative Research Support Group to fund projects on post-harvest prac-
tices, seed systems, orange- fl eshed sweet potatoes, and African indigenous vegetables that include 
evaluation of nutritional value as an objective. For example, nutritional studies that evaluate potential 
differences among similar vegetables, such as leafy greens, are important at both a basic science  [  10, 
  28  ]  and applied community setting for dietary promotion  [  29  ] .  
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   Conclusions and Future Prospects 

 Horticultural crops have been the richest source of dietary carotenoids globally, and vitamin A, in the 
form of provitamin A carotenoids, in the developing world. New sources of provitamin A carotenoids 
are being developed in staple crops, but the prominent role of horticultural crops in maintaining 
vitamin A health will likely continue. Prospects for improving the carotenoid content and pro fi le in 
horticultural crops are excellent, but improved nutritional value cannot be expected to bring added 
value to growers. Improved nutritional quality must be combined with improvements in crop produc-
tivity, post-harvest storability, and  fl avor if nutritional improvements are expected to be realized by 
consumers. To achieve this end, more horticultural crop production and marketing expertise must be 
available to farmers, especially in the developing world, given the challenges of growing horticultural 
crops and delivering them to market. Production trials for growers and basic nutrition education for 
consumers can improve the deployment of existing horticultural crops rich in carotenoids, and build a 
framework for more nutritious cultivars under development. The AVRDC, international agriculture 
research centers, and other programs are addressing some of the issues related to horticultural crop 
breeding, production, storage, marketing, and consumer education, but their resources are currently 
inadequate to include many crops that could provide provitamin A carotenoids in regions with vitamin 
A de fi ciency.      
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    Chapter 19   
 Orange Sweetpotato as a Staple or Complementary Food       

      Paul   van   Jaarsveld       and    Mieke   Faber      

     Key Points  

   Conventionally bred orange sweetpotato varieties with high  • b -carotene content accepted by con-
sumers and small-scale rural African farmers are available.  
  Ef fi cacy and effectiveness studies proved that orange sweetpotato offers a complementary source • 
of vitamin A to rural sweetpotato-producing communities to improve vitamin A intakes.  
  A large variation in  • b -carotene content in sweetpotato varieties occurs and the amount needed to 
provide the dietary requirement of vitamin A varies substantially. For example, for South African 
varieties, between 25 and 265 g boiled yellow to orange sweetpotato will provide 100 % of the 
vitamin A dietary requirement for all age groups.  
  Because considerable amounts of  • b -carotene are retained in boiled sweetpotato, the high  b -caro-
tene orange varieties can be eaten as a staple, vegetable, or in processed products.  
  Orange sweetpotato processed products can make a signi fi cant contribution toward sustaining an • 
increased vitamin A intake provided that high  b -carotene varieties are used, orange sweetpotato 
comprise a considerable proportion as an ingredient, and optimal processing methods are used.  
  Fat, salt, and sugar should be used sparingly in processed products to not exacerbate the increasing • 
problem of chronic diseases.  
  Vitamin A de fi ciency does not occur in isolation. Hence, the promotion of orange sweetpotato • 
needs to be part of a more holistic dietary approach to address vitamin A de fi ciency and improve 
overall diet quality.    

   Keywords   Orange sweetpotato  •   b -Carotene  •  Vitamin A status  •   b -Carotene retention  
•  Processing     
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   Background 

   Vitamin A De fi ciency in Developing Countries 

 Globally 190 million (33.3 %) children under the age of 5 years are vitamin A de fi cient, with South-
east Asia and Africa having the highest prevalences at 49.9 % and 44.4 %, respectively  [  1  ] . Vitamin 
A is essential for maintaining eye health and normal functioning of the immune system as discussed 
in Chap.   16    . Children who are vitamin A de fi cient have a lower resistance against common childhood 
infections such as respiratory and diarrhoeal diseases, measles, and malaria  [  2  ] . 

 It is commonly believed that the major cause of the high rate of vitamin A de fi ciency in lower 
income countries is a chronic inadequate intake of vitamin A through the diet with poverty being the 
underlying factor for this inadequacy  [  1  ] . Healthier food choices are generally more expensive than 
the more commonly consumed foods  [  3  ] . Resource poor populations from the developing world usu-
ally consume monotonous diets that are predominantly based on starchy staples and often include 
little or no animal products and few vegetables and fruit. Foods of animal origin, the best dietary 
source of bioavailable preformed vitamin A, are often not within the  fi nancial reach of the poor. 
Yellow/orange- fl eshed vegetables and fruit, as well as dark-green leafy vegetables, are inherently rich 
in provitamin A carotenoids (predominantly  b -carotene), which achieve vitamin A activity when they 
are converted to retinol in the body. In South Africa, where vitamin A-rich vegetables and fruit are the 
least consumed foods  [  4  ] , affordability and to a lesser extent availability have been identi fi ed as the 
major constraints for their consumption  [  5  ] .  

   Strategies to Address Vitamin A De fi ciency 

 There is no single strategy that will on its own eliminate vitamin A de fi ciency. An integrated approach, 
combining different complementary strategies supported by relevant public health measures for the 
prevention and control of infectious diseases should be used as discussed in Chap.   20    . The orange 
sweetpotato is featured in both the bioforti fi cation and dietary diversi fi cation strategies (see 
Table  19.1 ).    

   Orange Sweetpotato 

   Potential Effect of Orange Sweetpotato to Address Vitamin A De fi ciency 

    b -Carotene Content 

 Sweetpotato has a large genetic diversity of  fl esh color and  b -carotene content. Whereas the white/
cream- fl eshed varieties that are generally grown and consumed in Africa contain virtually no  b -carotene, 
the orange- fl eshed varieties contain signi fi cant amounts of  b -carotene. The intensity of the orange color 
generally re fl ects the amount of  b -carotene in the sweetpotato  [  10,   11  ] . A joint bioforti fi cation program 
between several African countries introduced several conventionally bred,  b -carotene-rich, orange-
 fl eshed varieties since the late 1990s  [  12  ] . Bioforti fi cation, as discussed in Chap.   17    , refers to the process 
of increasing the micronutrient content in staple foods through plant breeding. The mean  b -carotene 
content in sweetpotato varieties varies from insigni fi cant to large amounts, with a range of 

http://dx.doi.org/10.1007/978-1-62703-203-2_16
http://dx.doi.org/10.1007/978-1-62703-203-2_20
http://dx.doi.org/10.1007/978-1-62703-203-2_17
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10–28,100  m g/100 g fresh weight (FW)  [  11,   13–  21  ] . When sweetpotato is used in food-based interven-
tions to address vitamin A de fi ciency, a target breeding level of 7,500  m g  b -carotene/100 g FW has been 
proposed for populations where sweetpotato is the sole source of  b -carotene, and 3,700  m g  b -caro-
tene/100 g FW if a mixed diet is eaten  [  22  ] .  

   Ef fi cacy and Effectiveness 

 Orange sweetpotato naturally rich in  b -carotene positively impacts vitamin A status. In adult 
Bangladeshi men, daily consumption of 160 g canned sweetpotato that was puréed and sautéed in 
corn oil, which provided 375  m g retinol activity equivalents (RAE)/day, had a positive effect on total 
body vitamin A stores. The vitamin A equivalency factor ( m g  b -carotene: m g retinol) was estimated as 
13:1  [  23  ] , which is similar to 12:1 proposed by the Institute of Medicine for all- trans - b -carotene in 
mixed food eaten by healthy people in developed countries  [  24  ] . In a randomized controlled study, 
consumption of supplemental meals with  b -carotene-rich red sweetpotato (prepared boiled, fried, or 
boiled and blended with wheat  fl our) providing 750  m g retinol equivalents (RE) (approximately 
375  m g RAE), increased serum retinol concentrations at 21 days in 3–6 year old Indonesian children 
 [  25  ] . In a randomized controlled ef fi cacy trial among 5–10 year old South African children, consump-
tion of 125 g boiled and mashed orange sweetpotato providing 1,031  m g RAE/day for 53 days 
increased vitamin A liver stores  [  26  ] . 

 A 2-year quasi-experimental effectiveness study that included an integrated package of agriculture, 
nutrition, and market interventions promoting orange sweetpotato in rural communities in Mozambique 
was successful at increasing consumption of orange sweetpotato among children (mean age 35 months 
at follow-up), which reduced the prevalence of low serum retinol. The median intake of 314 g orange 
sweetpotato/day by children as determined with dietary recall provided 90 % (approximately 380  m g 
RAE/day) of their vitamin A intake  [  27  ] . Between 2006 and 2009, Hotz et al.  [  21  ]  conducted a ran-
domized, controlled effectiveness study of an intervention in rural Mozambique to promote house-
hold-level orange sweetpotato production and consumption using integrated agricultural, demand 

   Table 19.1    Strategies to address vitamin A de fi ciency  [  1,   6–  9  ]    

 Supplementation  Periodic distribution of high-dose vitamin A supplements to: 
 (1) All children of de fi ned age (and other designated groups) within communities in 

speci fi ed regions according to a pre-established time schedule (blanket 
supplementation) 

 (2) High-risk individuals through the existing health service infrastructure and/or 
community-based health programs (targeted supplementation) 

 Food forti fi cation  Addition of vitamin A or  b -carotene to accessible and affordable staple foods or 
condiments that are regularly consumed in constant amounts by a signi fi cant 
proportion of the target population 

 Bioforti fi cation  Breeding staple crops for increased provitamin A carotenoid content 
 Dietary diversi fi cation  (1) Increasing production, availability, and access to vitamin A-rich foods through 

horticultural approaches such as home-gardens 
 (2) Increasing the consumption of vitamin A-rich foods through behavior change 

achieved through communications, social marketing, or nutrition education 
 (3) Increasing the bioavailability of vitamin A in the diet through optimal prepara-

tion, preservation, and cooking methods to maximize the vitamin A and 
provitamin A carotenoid retention and utilization 

 Public health measures for the 
prevention and control of 
infectious diseases 

 Promoting breastfeeding 
 Using oral rehydration therapy in the treatment of diarrhea 
 Measles vaccination 
 Hygiene and sanitation 
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creation/behavior change, and marketing components, comparing a low intensity (1 year; Model 1) 
and a high intensity (nearly 3 years; Model 2) training model. This large-scale intervention reached 
10,800 direct bene fi ciaries from 12,000 farm households, compared to 1,094 direct bene fi ciaries in 53 
farmer groups in the Low et al.  [  27  ]  study. The primary nutrition outcomes were orange sweetpotato 
and vitamin A intakes by children 6–35 months and 3–5.5 years of age and women. Model 1 resulted 
in signi fi cant net increases in orange sweetpotato intakes of 46, 48, and 97 g/day (263, 254, and 
492  m g RAE/day) among the younger children, older children, and women, respectively. Among the 
intervention children, orange sweetpotato provided 80 % of total vitamin A intakes. Dietary intakes of 
orange sweetpotato and vitamin A were similar for both models suggesting that group-level trainings 
in nutrition and agriculture could be limited to the  fi rst project year without compromising impact. 
These studies showed that the introduction of orange sweetpotato offers a complementary source of 
vitamin A to rural, sweetpotato-producing communities in Mozambique and other sweetpotato-pro-
ducing communities in Africa. Overall, evidence shows that consumption of orange sweetpotato is an 
effective way to improve vitamin A intakes.  

   Fat in the Meal 

 Bioavailability and absorption of carotenoids in plant foods will improve if fat  [  25  ]  or foods with fat 
content, e.g., avocado fruit  [  28  ] , are added to the meal. Between 3 g  [  25  ]  and 5 g  [  29  ]  of fat per meal 
is required to ensure carotenoid absorption. Interventions promoting consumption of orange sweetpo-
tato to improve vitamin A status of at-risk populations must therefore incorporate recommendations 
to add this minimum amount of fat to the meal containing orange sweetpotato.   

   Contribution of Sweetpotato to Dietary Vitamin A Requirements 

 The average portion sizes of boiled orange sweetpotato needed to provide the dietary requirements for 
different gender and age groups are given in Table  19.2 . Three different portion sizes are given for 
boiled sweetpotato with dark-orange, orange, and pale-orange to yellow-orange  fl esh color. Based on 
South African sweetpotato varieties and the large variation in  b -carotene content, the amount of 
cooked sweetpotato consumed needs to vary to provide the dietary requirement of vitamin A.  

 An additional bene fi t of orange sweetpotato is its high carbohydrate content making it a good 
source of energy  [  31  ] . Maternal and child undernutrition, including chronic energy de fi ciency, is 
highly prevalent in low- and middle-income countries  [  32  ] . The energy content of sweetpotato is thus 
highly bene fi cial in these at-risk populations. Considerable proportions of the rural population obtain 
much of their energy needs from staple foods; growing sweetpotato is therefore an important strategy 
for poor rural households that have limited access to forti fi ed staple foods  [  12  ] . Also, the soft texture 
makes it suitable for infant feeding, as well as for the elderly and the ill.  

   Sensory Traits and Consumer Acceptance of Orange Sweetpotato 

 In areas where traditionally white/cream- fl eshed sweetpotato is consumed, the success in reducing 
vitamin A de fi ciency by introducing orange varieties through food-based interventions will depend on 
consumer acceptance in terms of taste and other sensory characteristics. Studies in South Africa 
showed that cream and orange varieties differ in texture and  fl avor  [  20,   33,   34  ] . Cream varieties had 
a sweetpotato  fl avor and generally were lower in graininess. Orange varieties were sweeter, had higher 
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sucrose content, were higher in graininess and  fi rmness, had a more dense pasty texture, and displayed 
 fl avor characteristics of yellow vegetables (such as butternut and pumpkin). The variation in  fl avor 
and sweetness of sweetpotato is due to sugars (i.e., sucrose, glucose, and fructose) and the formation 
of maltose during cooking  [  35  ] . 

 When comparing the taste of orange sweetpotato to traditional varieties in South Africa  [  33  ]  and 
Tanzania  [  36  ] , the orange varieties were preferred. The sweet  fl avor, smooth texture, and attractive 
color are liked by consumers  [  33  ] . A study in Uganda showed that children in particular liked the 
orange sweetpotato because of, according to the caregivers, its orange color and sweetness  [  37  ] . 
Laurie  [  20  ]  showed that consumer acceptance correlated with sweet  fl avor, dry matter content, malt-
ose content, and low wateriness. Sweetpotato varieties with lower consumer acceptance had low dry 
matter content (below 19.3 %). This is in line with other studies showing that African consumers 
generally prefer sweetpotato varieties with high dry matter content  [  38,   39  ] .  

   Orange Sweetpotato as a Staple, Vegetable, or Complementary Food 

   Consumption Forms, Preparation, and Processing Methods 

 Sweetpotato is one of the most widely grown root crops in sub-Saharan Africa. In countries in Eastern 
and Central Africa with two rainy seasons, such as Burundi, Rwanda, and Uganda, sweetpotato is 
available throughout most of the year and is consumed as a primary staple food  [  12  ] . In most other 
sub-Saharan countries, sweetpotato is seasonal and is consumed as a secondary staple food. According 
to an  ex ante  impact assessment, replacing white- fl eshed varieties with high  b -carotene orange variet-
ies that meet local preferences would bene fi t an estimated 50 million children under age 6 years who 
are at risk of vitamin A de fi ciency in sub-Saharan Africa  [  40  ] . 

 The  b -carotene content of orange sweetpotato depends on not only the variety, but also on other 
factors such as growing conditions (climate/geographic site of production), stage of maturity, harvest-
ing and post-harvest handling, processing, and storage conditions  [  41  ] . It therefore follows that the 
potential contribution to vitamin A intake for orange sweetpotato is affected by the amount of  b -car-
otene retained after processing and cooking. In rural settings, food is often prepared in an open or 
closed pot on an open  fi re (Fig.  19.1 ).  

 Different preparation methods and recipes are speci fi c to individual countries or regions. 
Sweetpotato, consumed mostly steamed or boiled, is a common staple food in about 90 % of house-
holds in Uganda. Other consumption forms in Uganda include porridge (Fig.  19.1 ), Ugali (sweetpo-
tato  fl our added to boiling water and mixed over heat into a soft bread-like form), fresh sweetpotato 
fried chips, mashed sweetpotato and beans, roasted roots, and processed products such as chapatti 
(Fig.  19.2 ), mandazi (Fig.  19.3 ), and juice  [  37  ] . In South Africa, sweetpotato is boiled in the skin, 
cooked in hot coals, baked, fried, mashed, used in stews, and eaten cold with tea  [  33,   42,   43  ] . In 
Nigeria, carrot is extensively used in the preparation of vegetable salads. Two orange sweetpotato 
genotypes (CIP 440215 and 440167) were assessed as an alternative to carrot in the preparation of 
fresh and parboiled carrot-based vegetable salads. Results of sensory evaluation showed that these 
genotypes could be used as possible replacements for fresh carrot, and CIP 440215 could also replace 
carrot in boiled vegetable salads  [  44  ] .   

 Development and use of orange sweetpotato-based, post-harvest products have become part of the 
overall strategy to combat vitamin A de fi ciency by adding value to the crop, increasing storage life, and 
expanding market opportunities. A loss of orange color during processing indicates a reduction in the 
 b -carotene content in post-harvest products  [  37  ] . When orange sweetpotato is used in post-harvest 
products, it is important to use varieties with high  b -carotene content and drying and processing 
 methods that maximize  b -carotene retention in the consumable product. When  baking bread buns, for 
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  Fig. 19.2    Street vendor 
preparing orange 
sweetpotato-based chapattis 
(photo with courtesy from 
Aurélie Bechoff)       

  Fig. 19.3    Orange sweetpo-
tato-based Mandazis (photo 
with courtesy from Aurélie 
Bechoff)       

  Fig. 19.1    Woman cooking 
orange sweetpotato-based 
porridge (photo with courtesy 
from Aurélie Bechoff)       
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example, part of the wheat  fl our can be substituted with boiled and mashed orange sweetpotato, but it 
is important to use the  b -carotene-rich dark-orange varieties to ensure that the baked bread provides 
adequate amounts of provitamin A  [  45  ] . Golden bread made by replacing 38 % of wheat  fl our by 
weight with boiled and mashed orange sweetpotato in recipes used by rural bakers in Central 
Mozambique is an economically viable product that has enough  b -carotene content to be regarded as a 
good source of vitamin A. Small (60 g) and medium-sized (110 g) golden bread buns containing orange 
sweetpotato (variety Resisto) provided 74 and 136  m g RAE, respectively  [  45  ] . 

 In Kenya, substituting other ingredients with orange sweetpotato in mandazis, chapattis, and bread 
buns dramatically increased the  b -carotene content, and these products were popular among consum-
ers. Substituting orange sweetpotato for wheat  fl our in mandazis made the product more pro fi table for 
market vendors  [  14  ] . Bechoff et al.  [  46  ]  measured the all- trans - b -carotene content of chapatti 
(wheat:orange sweetpotato  fl ours; 70:30; Fig.  19.2 ), mandazi (same ingredients as chapatti, deep-
fried in oil; Fig.  19.3 ), and porridge (maize:soybean:orange sweetpotato  fl ours; 30:35:35; Fig.  19.1 ) 
produced by local processors in Uganda using blended  fl ours containing the Ejumula variety. The 
vitamin A values from these orange sweetpotato-based products were 232  m g RAE/300 g porridge, 
273  m g RAE/100 g chapatti, and 290  m g RAE/90 g mandazis, making a considerable contribution to 
vitamin A intakes. 

 Sun-drying is a cheap and accessible method to preserve food and is used for storing sweetpotato 
roots. Products derived from sun-drying of roots in Uganda include  Atapa  (sweetpotato  fl our, derived 
from  Amukeke  or  Inginyo , mixed with either millet or cassava  fl our, re-hydrated with boiling water 
and cooked over heat into a brown edible bread-like paste),  Amukeke  (roots are dried in the sun for 
1–2 days, peeled and sliced into thin horizontal strips, and sun-dried),  Otere  (made from dried sweet-
potato chips, which are boiled, salted, and either eaten in that form or mashed),  Inginyo  (chunks from 
crushed and sun-dried roots),  Kwon  (sweetpotato  fl our is mixed with millet/sorghum  fl our and added 
to boiling water), and  fl our  [  37  ] .  

    b -Carotene Retention During Preparation and Processing 

 The retention of  b -carotene during various processing methods has been reported. True retention of 
 b -carotene in boiled and mashed orange sweetpotato (variety Resisto) using different cooking condi-
tions ranged from 83 to 92 % for medium-sized roots and from 70 to 81 % when roots of different 
sizes were boiled together (all sweetpotatoes were from the same harvest batch). The best retention 
was obtained when the sweetpotato was boiled intact, covered with water using the pot lid, and 
cooked for the shortest possible time  [  19  ] . 

 The effect of boiling, steaming, deep-frying, and drying on  b -carotene retention in orange sweet-
potato varieties (with all- trans - b -carotene content varying between 108 and 315  m g/g dry matter) 
released in Uganda was investigated by Bengtsson et al.  [  11  ] . When orange sweetpotato was boiled in 
water for 20 min, steamed for 30 min, and deep-fried for 10 min, the all- trans - b -carotene retention 
was 78 %, 77 %, and 78 %, respectively. These varieties provided between 243 and 627  m g RAE/100 g 
cooked portion. Oven-drying, solar-drying, and open-air sun-drying of 1–2 mm thick slices of the 
popular Ejumula orange sweetpotato variety (typically containing about 300  m g all- trans - b -carotene/g 
dry matter) resulted in all- trans - b -carotene retention of 88 %, 91 %, and 84 %, respectively, showing 
substantial amounts of  b -carotene remaining in the dried slices. Bechoff et al.  [  47  ]  con fi rmed the rela-
tively low loss of all- trans - b -carotene using three different drying treatments for sweetpotato chips 
(i.e., hot air cross  fl ow drying, 16 %; greenhouse solar-drying, 23 %; and open-air sun-drying, 34 %). 
Both Bengtsson et al.  [  11  ]  and Bechoff et al.  [  47  ]  reported favorable retention during rapid sun-drying 
under hot, dry, and windy weather conditions. Sun-dried crimped slices retained more all- trans - b -
carotene than sun-dried chips, indicating that the shape of sweetpotato pieces affects carotenoid reten-
tion  [  47  ] . 
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 It is important to assess whether technologies that were evaluated under strictly controlled research 
conditions can be successfully transferred to on-farm situations where the farmers monitor the drying 
and storage of their crops. In Mozambique, on-farm evaluation using three locally built dryers (i.e., 
tunnel dryer, open-air sun dryer, and open-air shade dryer) and local storage conditions (traditional 
bags hung in a mud-house) on the total carotenoid content was assessed. Thin and thick chips and 
traditional slices of two orange sweetpotato varieties (i.e., MGCL01 with 35 % dry matter content and 
236  m g carotenoids/g dry matter and Resisto with 27 % dry matter content and 434  m g carotenoids/g 
dry matter) were used  [  48  ] . The type of dryer, thickness of the chip/slice, and sweetpotato variety 
affected carotenoid loss. The open-air shade dryer resulted in the least amount of caroteniod loss 
(1.9 %) compared with the tunnel (13 %) and open-air sun dryers (10 %). The shade dryer worked 
well for thin chips, but hand-cut slices needed a longer drying time, which led to unacceptable off-
odors. Thin chips and slices had similar carotenoid losses after drying, 11 % and 9 %, respectively, 
while drying thick chips resulted in a 15 % loss. On average, carotenoid loss after drying was higher 
in the Resisto variety (13.2 %) than the MGCL01 variety (5 %). During storage, further carotenoid 
losses in the dried sweetpotato chips/slices occurred over a 4-month period. After 1, 2, and 4 months 
of storage, the Resisto variety had total carotenoid losses of 27 %, 48 %, and 79 %, respectively, and 
the MGCL01 variety 39 %, 63 %, and 88 %, respectively. Although carotenoid loss during storage 
differed signi fi cantly between the two varieties, the loss of total carotenoids was similar for thin and 
thick chips and slices within a variety. Taking into account the quality of the product (particularly 
insect damage to Resisto chips) and nutritional value, Bechoff et al.  [  48  ]  concluded that storage of 
dried chips should not exceed 3 months for Resisto and not more than 2 months for MGCL01. 

 The  b -carotene content of products, such as mandazis, chapattis, and bread buns, can be increased 
by substituting other ingredients with orange sweetpotato. In two ready-to-eat products produced by 
local processors in Uganda using blended  fl ours containing the Ejumula variety, e.g., chapatti 
(wheat:orange sweetpotato  fl ours; 70:30) and porridge (maize:soybean:orange sweetpotato  fl ours; 
30:35:35) the average all- trans - b -carotene retention was 83 % (containing 3,010  m g/100 g chapatti) 
and 77 % (containing 698  m g/100 g porridge), respectively  [  46  ] .   

   Year-Round Availability and Access of Orange Sweetpotato for Household 
Consumption 

 Production of orange sweetpotato is affected by climatic and seasonal patterns. In countries with two 
rainy seasons (e.g., Rwanda, Burundi, and Uganda), sweetpotato is available 11 months a year  [  12  ] . 
In most other sub-Saharan African countries, sweetpotato has one dominant growing season and is 
available for 4–8 months a year, depending on whether households can access lowland areas with 
suf fi cient moisture to sustain a dry season crop and on the maturity period of available varieties. 
Planting orange sweetpotato together with a variety of both warm-weather (e.g., butternut squash and 
pumpkin) and cool-weather  b -carotene-rich food crops (e.g., carrot and spinach) will ensure year-
round availability of  b -carotene-rich vegetables for household consumption  [  49  ] . From an agronomic 
point of view, planting a variety of vegetables will help to maintain soil health, and protect against 
plant pests and diseases, especially soil-borne diseases  [  50  ] , thereby reducing the risk of crop failure. 
Seasonal availability of orange sweetpotato can also be extended by manipulating agricultural prac-
tices such as using various planting and harvesting dates, plant spacing, and soil storage  [  51  ] . Staggered 
planting at different time points during the season prevents the roots from maturing at the same time 
prolonging sweetpotato availability  [  12  ] . 

 Freshly harvested orange sweetpotato of the Resisto variety can be stored at room temperature for 
a maximum of approximately 12 weeks  [  52  ] . After maturity, roots are often stored in-ground, and 
farmers harvest just enough roots for a single meal (piece-meal harvesting)  [  12  ] . The  b -carotene con-



312 P. van Jaarsveld and M. Faber

tent of Resisto sweetpotato is substantial after 22 weeks of in-ground storage  [  52  ] . The roots can also 
be stored in a simple pit structure for 12 weeks without any effect on sensory traits or consumer accep-
tance  [  36  ] . In-ground storage may, however, present a challenge for later consumption because of 
weevil attacks to the roots, especially when the soil is dry and cracked  [  12  ] . On the other hand, early 
maturing orange sweetpotato varieties have low in-ground storability making them particularly vul-
nerable to rotting and pest damage  [  37  ] . Drying fresh sweetpotato roots will further extend their use 
for consumption during the dry season  [  12,   37  ] . 

 Low et al.  [  27  ]  recommended market development that enables farmers to earn income from 
orange sweetpotato sales and for maintaining an increased demand and intake of provitamin A caro-
tenoids. Marketing can, however, be hampered by the perishable and bulky nature of fresh sweetpo-
tato, which limits storage and transportation  [  12,   53  ] . Using a variety of economically viable 
post-harvest products could enhance demand, sustainability of local production, and market possibili-
ties  [  45  ] .  

   Challenges 

 Uncured fresh sweetpotato roots are bulky and perishable with a maximum shelf-life of 12 weeks  [  52  ] . 
Infrastructures, such as roads, transport, and facilities, are needed for market access, to reduce transac-
tion costs, and to provide adequate storage to minimize losses enabling households to sell surplus  [  54  ] . 
Bovell-Benjamin  [  53  ]  argued that inadequate storage, processing, and post-harvest technologies, along 
with insubstantial estimates of the market demand for value-added sweetpotato-based products must be 
overcome for the orange sweetpotato to reach its full potential in sub-Saharan Africa. Optimal technolo-
gies should be easily accessible, culturally acceptable, affordable, and cause minimum loss of carotenoid 
content with no unfavorable effect on sensory characteristics of the product. 

 Creating a demand for orange sweetpotato-based, post-harvest products has become part of the 
overall strategy to combat vitamin A de fi ciency. Sweetpotato products that are high in fat, salt, and/or 
sugar should be avoided because of the escalating prevalence of overweight and obesity (a risk factor 
for noncommunicable diseases such as cardiovascular disease, diabetes, osteoarthritis, and certain 
cancers) and the co-existence of childhood undernutrition and maternal obesity within households in 
low- and middle-income countries  [  55  ] . 

 The bioforti fi cation program for orange sweetpotato to alleviate vitamin A de fi ciency is based on 
the replacement of white sweetpotato (devoid of  b -carotene), or at least part, with  b -carotene-rich 
orange sweetpotato. In order for wide-spread farmer adoption, orange sweetpotato varieties should 
compare favorably with white/cream sweetpotato varieties in terms of agronomic (e.g., yield), con-
sumer (e.g., taste), and economic characteristics. In addition, a signi fi cant degree of behavior change 
is needed to adopt new sweetpotato varieties that have a distinct visible trait (i.e.,  fl esh with an orange 
color). An intensive nutrition education and promotion program is needed. Nevertheless, the orange 
color of the sweetpotato is not a barrier, but a very strong marketing tool for vitamin A nutrition edu-
cation  [  27  ] . 

 Strategies including orange sweetpotato to address vitamin A de fi ciency focus primarily on local 
production. Challenges experienced with gardening projects in South Africa, which are similar in 
other African countries, include a shortage of water for irrigation; lack of fencing, resulting in wild 
and domestic livestock destroying the crops; lack of funds to procure agricultural supplies; insects and 
plant diseases; and the lack of access to orange sweetpotato vine cuttings  [  56  ] . For the success and 
sustainability of initiatives promoting the production and consumption of orange sweetpotato, an 
improved sweetpotato vine reproduction system and easy access to a regular supply of virus-free plant 
cuttings at an affordable price are critical  [  27,   56  ] . These initiatives therefore often include commu-
nity-based  fi eld nurseries  [  57  ] , but sustainability of these nurseries remains a challenge.   
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   Conclusions 

 Conventionally bred orange sweetpotato varieties with high  b -carotene content are available. Ef fi cacy 
and effectiveness to improve vitamin A intake and reduce vitamin A de fi ciency have been shown. 
Consumer acceptance in terms of taste and other sensory characteristics is important for consumers to 
adopt orange varieties. Orange sweetpotato can be eaten as a staple, vegetable, or used in processed 
products. Considerable amounts of  b -carotene are retained in boiled sweetpotato. In processed prod-
ucts, retention of  b -carotene depends on the method of preparation and processing. Orange sweetpo-
tato-based post-harvest products can make a signi fi cant contribution toward sustaining an increased 
vitamin A intake provided that high  b -carotene varieties are used, orange sweetpotato comprises a 
considerable proportion as an ingredient, and optimal processing methods are used. Seasonal avail-
ability of orange sweetpotato can be prolonged through manipulating agricultural practices and stor-
age. Orange sweetpotato needs to be promoted as part of a holistic dietary approach to address vitamin 
A de fi ciency.  

   Future Directions 

 One of the remaining challenges is to strengthen the evidence base to give orange sweetpotato the 
visibility it deserves. Large-scale access and promoting production and consumption of orange sweet-
potato to address vitamin A de fi ciency integrated with existing health, agricultural, and development 
programs will enhance sustainability and cost-effectiveness to result in national implementation.      

   References 

    1.   WHO. Global prevalence of vitamin A de fi ciency in populations at risk 1995–2005. WHO Global Database on 
Vitamin A De fi ciency. Geneva: World Health Organization; 2009.   http://whqlibdoc.who.int/publica-
tions/2009/9789241598019_eng.pdf    . Accessed 12 Dec 2011.  

    2.    Rice AL, West Jr KP, Black RE. Vitamin A de fi ciency. In: Ezzati M, Lopez AD, Rodgers A, Murray CJL, editors. 
Comparative quanti fi cation of health risks. Global and regional burden of disease attributable to selected major risk 
factors. Geneva: World Health Organization; 2004.  

    3.    Temple NJ, Steyn NP, Fourie J, De Villiers A. Price and availability of healthy food: a study in rural South Africa. 
Nutrition. 2011;27:55–8.  

    4.    Labadarios D, Steyn NP, Nel J. How diverse is the diet of adult South Africans? Nutr J. 2011;10:33. doi:  10.1186/1475-
2891-10-33    .  

    5.    Love P, Maunder E, Green M, Ross F, Smale-Lovely J, Charlton K. South African food-based dietary guidelines. 
Testing of the preliminary guidelines among women in KwaZulu-Natal and the Western Cape. S Afr J Clin Nutr. 
2001;14:9–19.  

    6.    Dary O, Mora JO. Food forti fi cation to reduce vitamin A de fi ciency: International Vitamin A Consultative Group 
recommendations. J Nutr. 2002;132:2927S–33S.  

    7.    Bouis HE, Graham RD, Welch RM. The Consultative Group on International Agricultural Research (CGIAR) 
micronutrients project: justi fi cation and objectives. Food Nutr Bull. 2000;21:374–81.  

    8.    Ruel MT. Can food-based strategies help reduce vitamin A and iron de fi ciencies? A review of recent evidence. 
Washington, DC: International Food Policy Research Institute; 2001.  

    9.   Gillespie S, Mason J. Controlling vitamin A de fi ciency. ACC/SCN state-of-the-art series. ACC/SCN, Geneva; 1994. 
Nutrition policy discussion paper, No. 14.  

    10.    Takahata Y, Noda T, Nagata T. HPLC determination of  b -carotene content of sweet potato cultivars and its relation-
ship with color values. Jpn J Breed. 1993;43:421–7.  

    11.    Bengtsson A, Namutebi A, Larsson Alminger M, Svanberg U. Effects of various traditional processing methods on 
the all- trans - b -carotene content of orange- fl eshed sweet potato. J Food Comp Anal. 2008;21:134–43.  

http://whqlibdoc.who.int/publications/2009/9789241598019_eng.pdf
http://whqlibdoc.who.int/publications/2009/9789241598019_eng.pdf
http://dx.doi.org/10.1186/1475-2891-10-33
http://dx.doi.org/10.1186/1475-2891-10-33


314 P. van Jaarsveld and M. Faber

    12.    Low J, Lynam J, Lemaga B, et al. Sweetpotato in sub-Saharan Africa. In: Lobenstein G, Thottappilly G, editors. 
The sweetpotato. Heidelberg, Germany: Springer Science and Business Media; 2009. p. 359–90.  

    13.    Almeida-Muradian LB, Penteado MVC. Carotenoids and provitamin A value of some Brazilian sweet potato cul-
tivars ( Ipomoea batatas  Lam.). Rev Farm Bioquím Univ São Paulo. 1992;28:145–54.  

    14.    Hagenimana V, Carey EE, Gichuki ST, Oyunga MA, Imungi JK. Carotenoid contents in fresh, dried and processed 
sweet potato products. Ecol Food Nutr. 1999;37:455–73.  

    15.    Huang AS, Tanudjaja L, Lum D. Content of alpha-, beta-carotene, and dietary  fi ber in 18 sweetpotato varieties 
grown in Hawaii. J Food Comp Anal. 1999;12:147–51.  

    16.    K’osambo LM, Carey EE, Misra AK, Wilkes J, Hagenimana V. In fl uence of age, farming site, and boiling on 
provitamin A content in sweet potato ( Ipomoea batatas  (L.) Lam.) storage roots. J Food Comp Anal. 
1998;11:305–21.  

    17.    Takahata Y, Noda T, Nagata T. Varietal differences in chemical composition of the sweet potato storage root. Acta 
Hort. 1993;343:77–80.  

    18.    Failla ML, Thakkar SK, Kim JY. In vitro bioaccessibility of beta-carotene in orange- fl eshed sweet potato ( Ipomoea 
batatas , Lam.). J Agric Food Chem. 2009;57:10922–7.  

    19.    Van Jaarsveld PJ, Marais DeW, Harmse E, Nestel P, Rodriguez-Amaya DB. Retention of  b -carotene in boiled, 
mashed orange- fl eshed sweet potato. J Food Comp Anal. 2006;19:321–9.  

    20.   Laurie SM. Agronomic performance, consumer acceptability and nutrient content of new sweet potato varieties in 
South Africa. University of the Free State, South Africa; 2010. PhD Thesis.  

    21.      Hotz C, Loechl C, de Brauw A, et al. A large-scale intervention to introduce orange sweet potato in rural 
Mozambique increases vitamin A intakes among children and women. Br J Nutr. 2012;108(1):163–76.  

    22.    Nestel P, Bouis HE, Meenakshi JV, Pfeiffer W. Bioforti fi cation of staple food crops. J Nutr. 2006;136:1064–7.  
    23.    Haskell MJ, Jamil KM, Hassan F, et al. Daily consumption of Indian spinach ( Basella alba ) or sweet potatoes has 

a positive effect on total-body vitamin A stores in Bangladeshi men. Am J Clin Nutr. 2004;80:705–14.  
    24.    Otten JJ, Hellwig JP, Meyers LD, editors. Dietary reference intakes. The essential guide to nutrient requirements. 

Washington, DC: The National Academic Press; 2006.  
    25.    Jalal F, Nesheim MC, Agus Z, Sanjur D, Habicht JP. Serum retinol concentrations in children are affected by food 

sources of  b -carotene, fat intake, and anthelmintic drug treatment. Am J Clin Nutr. 1998;68:623–9.  
    26.    Van Jaarsveld PJ, Faber M, Tanumihardjo SA, Nestel P, Lombard CJ, Benadé AJS.  b -Carotene-rich orange- fl eshed 

sweet potato improves the vitamin A status of primary school children assessed with the modi fi ed-relative-dose-
response test. Am J Clin Nutr. 2005;1:1080–7.  

    27.    Low JW, Arimond M, Osman N, Cunguara B, Zano F, Tschirley D. Ensuring supply and creating demand for a 
bioforti fi ed crop with a visible trait: Lessons learned from the introduction of orange- fl eshed sweet potato in 
drought-prone areas of Mozambique. Food Nutr Bull. 2007;28:S258–70.  

    28.    Unlu NZ, Bohn T, Clinton SK, Schwartz SJ. Carotenoid absorption from salad and salsa by humans is enhanced 
by the addition of avocado or avocado oil. J Nutr. 2005;135:431–6.  

    29.    Jayarajan P, Reddy V, Mohanram M. Effect of dietary fat on absorption of  b -carotene from green leafy vegetables 
in children. Indian J Med Res. 1980;71:53–66.  

    30.   Faber M, Laurie S, van Jaarsveld P. Nutrient content and consumer acceptability for different cultivars of orange-
 fl eshed sweetpotato. Report to the South African Sugar Association; 2008. Project no 202.  

    31.   Woolfe JA. Sweet potato—past and present. In: Sweet potato: an untapped food resource. Cambridge, United 
Kingdom: Cambridge University Press; 1992. p. 15–40.  

    32.    Black RE, Allen LH, Bhutta ZA, et al. Maternal and child undernutrition: global and regional exposures and health 
consequences. Lancet. 2008;371:243–60.  

    33.   Leighton CS. Nutrient and sensory quality of orange- fl eshed sweetpotato. University of Pretoria, Pretoria, South 
Africa; 2007. MSc Thesis.  

    34.    Leighton CS, Schönfeldt HC, Kruger R. Quantitative descriptive sensory analysis of  fi ve different cultivars of 
sweet potato to determine sensory and textural pro fi les. J Sensory Studies. 2010;25:2–18.  

    35.    Kays SJ, Wang Y. Thermally induced  fl avor compounds. HortSci. 2000;35:1002–12.  
    36.    Tomlins K, Ndunguru G, Stambul K, et al. Sensory evaluation and consumer acceptability of pale- fl eshed and 

orange- fl eshed sweetpotato by school children and mothers of preschool children. J Sci Food Agric. 
2007;87:2436–46.  

    37.   Yanggen D, Nagujja S. The use of orange- fl eshed sweet potato to combat vitamin A de fi ciency in Uganda. A study 
of varietal preferences, extension strategies and post-harvest utilization. Lima, Peru: International Potato Center 
(CIP); 2006. p. 80.  

    38.    Tomlins K, Rwiza E, Nyangon A, et al. The use of sensory evaluation and consumer preference for the selection 
of sweetpotato cultivars in East Africa. J Sci Food Agric. 2004;84:791–9.  

    39.   Masumba E, Kapinga R, Tollan SM, Mary O, Yongolo, Kitundu CD. Adaptability and acceptability of new orange-
 fl eshed sweetpotato varieties in selected areas of Eastern and Central zones of Tanzania. Proceedings of the 13th 



31519 Orange Sweetpotato as a Staple or Complementary Food

ISTRC Symposium; 2007:737-745.   http://www.istrc.org/Symposiums/Tanzania_03/vitaa_masumba.pdf    . Accessed 
12 Dec 2011.  

    40.   Low J, Walker T, Hijmans R. The potential impact of orange- fl eshed sweet potatoes on vitamin A intake in Sub-
Saharan Africa. The VITAA Project, Vitamin A and orange- fl eshed sweetpotatoes in sub-Saharan Africa, Nairobi, 
Kenya, 2001.   http://www.cipotato.org/publications/pdf/002221.pdf    . Accessed 12 Dec 2011  

    41.    Rodriguez-Amaya DB. Some considerations in generating carotenoid data for food composition tables. J Food 
Comp Anal. 2000;13:641–7.  

    42.    Laurie SM. Sweetpotato in perspective. In: Niederwieser JG, editor. Guide to sweet potato production in South 
Africa. Pretoria: Agricultural Research Council; 2004. p. 1–6.  

    43.   Department of Agriculture, Forestry and Fisheries (DAFF). A pro fi le of the South African sweet potato market 
value chain 2010. DAFF, Pretoria, South Africa.   http://www.daff.gov.za/docs/AMCP/SweetPotatoVCP2010-11.
pdf    . Accessed 12 Dec 2011.  

    44.    Ukpabi UJ, Ekeledo EN. Feasibility of using orange- fl eshed sweet potato as an alternative to carrot in Nigerian 
salad preparations. Agric J. 2009;4:216–20.  

    45.    Low JW, van Jaarsveld PJ. The potential contribution of bread buns forti fi ed with  b -carotene-rich sweet potato in 
Central Mozambique. Food Nutr Bull. 2008;29:98–107.  

    46.    Bechoff A, Poulaert M, Tomlins KI, et al. Retention and bioaccessibility of  b -carotene in blended foods containing 
orange- fl eshed sweet potato  fl our. J Agric Food Chem. 2011;59:10373–80.  

    47.    Bechoff A, Dufour D, Dhuique-Mayer C, Marouzé C, Reynes M, Westby A. Effect of hot air, solar and sun drying 
treatments on provitamin A retention in orange- fl eshed sweetpotato. J Food Eng. 2009;92:164–71.  

    48.    Bechoff A, Tomlins K, Dhuique-Mayer C, Dove R, Westby A. On-farm evaluation of the impact of drying and 
storage on the carotenoid content of orange- fl eshed sweet potato ( Ipomea batata  Lam.). Int J Food Sci Technol. 
2011;46:52–60.  

    49.    Faber M, Laubscher R. Seasonal availability and dietary intake of  b -carotene-rich vegetables and fruit of 2-year-
old to 5-year-old children in a rural South African setting growing these crops at household level. Int J Food Sci 
Nutr. 2008;59:46–60.  

    50.   Agrios GN. Plant pathology, 5th ed. Elsevier Academic Press; 2005. p. 300–301.  
    51.   Du Plooy CP, van den Berg AA, Laurie SM. Production systems for orange- fl esh sweetpotato. In: Faber M, Laurie 

S, van Jaarsveld P, editors. Proceedings orange- fl eshed sweetpotato symposium. Pretoria, 3 Oct 2007. Cape Town, 
South African Medical Research Council; 2008. p. 25–8.  

    52.   Van Jaarsveld P. Retention of  b -carotene in boiled orange- fl eshed sweetpotato and during storage: Importance of 
nutrient content for nutritional impact. In: Faber M, Laurie S, van Jaarsveld P, editors. Proceedings orange- fl eshed 
sweetpotato symposium. Pretoria, 3 Oct 2007. Cape Town, South African Medical Research Council; 2008. p. 
63–8.  

    53.    Bovell-Benjamin AC. Sweet potato: a review of its past, present, and future role in human nutrition. Adv Food Nutr 
Res. 2007;52:1–59.  

    54.    Hendriks SL. The potential for nutritional bene fi ts from increased agricultural production in rural KwaZulu-Natal. 
S Afr J Agric Ext. 2003;32:28–44.  

    55.    Prentice AM. The emerging epidemic of obesity in developing countries. Int J Epidemiol. 2006;35:93–9.  
    56.   Faber M, Laurie SM. A home-gardening approach developed in South Africa to address vitamin A de fi ciency. In: 

Thompson B, Amoroso L, editors. Combating micronutrient de fi ciencies: Food-based approaches. CABI and FAO; 
2011. p. 163–82.  

    57.    Laurie S, Faber M. Integrated community-based growth monitoring and vegetable gardens focusing on crops rich 
in  b -carotene: Project evaluation in a rural community in the Eastern Cape, South Africa. J Sci Food Agric. 
2008;88:2093–101.    

http://www.istrc.org/Symposiums/Tanzania_03/vitaa_masumba.pdf
http://www.cipotato.org/publications/pdf/002221.pdf
http://www.daff.gov.za/docs/AMCP/SweetPotatoVCP2010-11.pdf
http://www.daff.gov.za/docs/AMCP/SweetPotatoVCP2010-11.pdf


317

    S.  A.   Tanumihardjo ,  M.S., Ph.D.   (*) •     H.  C.   Furr ,  M.N.S., Ph.D.  
     Department of Nutritional Sciences ,  University of Wisconsin-Madison ,   1415 Linden Dr ,  Madison ,  WI   53706 ,  USA   
 e-mail:  sherry@nutrisci.wisc.edu   

      Key Points 

    Achieving food security of macronutrients and micronutrients is of paramount concern, both for • 
humanitarian and security reasons.  
  Although its biology and chemistry are unique, vitamin A serves as a paradigm for micronutrient • 
public health interventions. Alleviation of vitamin A de fi ciency can be achieved by administration 
of preformed vitamin A through supplementation and food forti fi cation. However, long-term solu-
tions should involve increased intake of provitamin A carotenoids (i.e.,  b -carotene,  a -carotene, 
and  b -cryptoxanthin) from foods.  
  Dietary diversi fi cation includes increased consumption of naturally occurring rich sources of • 
 b -carotene such as red palm oil, orange and yellow fruits and vegetables, and green leafy 
vegetables.  
  Both traditional plant breeding techniques and molecular biology can be used to increase provita-• 
min A carotenoid content of these foods.  
  A number of international organizations, including the Consultative Group for International • 
Agricultural Research, the Global Alliance for Improved Nutrition, Heller Keller International, 
Sight and Life, the United Nations Children’s Fund, the World Health Organization, and the World 
Vegetable Center, are involved in alleviating vitamin A de fi ciency with different combinations of 
the approaches outlined here.  
  A multipronged approach is needed to eradicate vitamin A de fi ciency in the world.     • 

    Chapter 20   
 International Efforts to Eradicate Vitamin A De fi ciency       
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   Introduction 

 Individual and household food security must be a basic right for all, but achieving this goal continues 
to challenge us. Hunger, malnutrition, and associated poor health af fl ict as many as 2 billion people 
today  [  1  ] , and may affect greater numbers as the world’s population grows to 9 billion by 2050, 
further challenging availability and access to suf fi cient nutritious food. Achieving universal food 
security involves much more than ensuring a suf fi cient supply of food to feed the world’s population; 
food security “exists when all people, at all times, have physical and economic access to suf fi cient, 
safe, and nutritious food to meet their dietary needs and food preferences for an active and healthy 
life”  [  2  ] . There is no simple or single solution to such a complex challenge for any nutrient, including 
the vitamin A needs of the world. 

 No single approach will be adequate for alleviation of vitamin A de fi ciency in all settings. Each situ-
ation of apparent vitamin A inadequacy must be evaluated to determine the subgroup(s) of the popula-
tion most at risk, the extent of the problem, and appropriate approaches to meet vitamin A needs. 
Methods to alleviate vitamin A de fi ciency have included supplementation programs, food forti fi cation, 
and promotion of vitamin A-rich (or provitamin A carotenoid-rich) foods  [  3  ] . Supplementation pro-
grams, whether using tablets or orally administered oil solutions, are usually more expensive when one 
considers the resources needed to implement them  [  4  ] , the fact that the intervention needs to be fre-
quently repeated, and supplements may not provide adequate coverage in all settings. However, vita-
min A supplements to preschool children have proven to reduce childhood mortality  [  5  ]  and programs 
should continue until other more sustainable interventions are in place. Food forti fi cation has proven to 
be effective in some environments, but requires identi fi cation of a suitable vehicle for forti fi cation that 
reaches the target audience. Dietary diversi fi cation supported by nutrition education, use of home gar-
dens, and plant breeding for higher provitamin A carotenoids will most likely provide long-term, sus-
tainable results, but is slowest to implement. Supplementation and/or food forti fi cation are ef fi cacious 
as short-term interventions until long-term solutions are universally available. Table  20.1  outlines the 
relative costs of various intervention strategies used to alleviate vitamin A de fi ciency.  

 Eradication of vitamin A de fi ciency is indeed a global effort to improve human health and prevent 
mortality. The Vitamin A Global Initiative partners currently include the United Nations Children’s 
Fund (UNICEF), the World Health Organization (WHO), the Canadian International Development 
Agency (CIDA), the United Kingdom’s Department for International Development (DfID), the United 
States Agency for International Development (USAID), and the Micronutrient Initiative (MI)  [  6  ] . 
This chapter reviews current efforts to eradicate vitamin A de fi ciency including those which involve 
provitamin A carotenoids and discusses some of the organizations dedicated to the cause.  

   Supplementation 

 The WHO gives advice to member states on vitamin A supplementation regimens as discussed in 
Chaps.   15     and   16    . All vitamin A supplements in public health programs are provided as retinyl ester, 
although  b -carotene supplements have been used in research settings to women  [  7,   8  ] . Meta-analyses 
of vitamin A supplementation trials have found that supplementation is effective in reducing all-cause 
mortality by about 24 % compared with no treatment and further placebo-controlled trials in children 
between 6 months and 5 years of age are not needed  [  5  ] . Thus, WHO continues to recommend supple-
mentation to this age group of children to reduce mortality risk  [  9  ] . Although vitamin A supplements 
have been successfully implemented by many developing countries, more sustainable, long-term 
solutions are recommended by experts. Thus, promoting provitamin A sources alongside of supple-
mentation efforts is desirable in achieving the goal of eradicating vitamin A de fi ciency  [  10  ] .  

http://dx.doi.org/10.1007/978-1-62703-203-2_15
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   Food Forti fi cation and Bioforti fi cation 

 Forti fi cation of staple foods with preformed vitamin A has been used to alleviate vitamin A de fi ciency 
in countries with appropriate infrastructure. Carrier vehicles (foods) have been chosen to effectively 
deliver vitamin A to speci fi c target groups, including milk, cooking oil, margarine, wheat and maize 
 fl ours, sugar, and monosodium glutamate. The acetate and palmitate esters of vitamin A (retinyl ace-
tate and palmitate) have been the usual forms of vitamin A chosen because they are highly bioavail-
able, relatively stable chemically, and are readily incorporated into oil matrices. Programs using these 
forti fi ed foods are successful in some settings, especially sugar forti fi cation  [  11,   12  ] . But conventional 
food forti fi cation requires development and implementation of appropriate technology (an expense 
which must be covered by either local or international governmental support), may require appropri-
ate storage of the forti fi ed food or forti fi cant before mixing, and also requires distribution of the 
forti fi ed food to the target population. 

 Although forti fi cation with preformed vitamin A is successful at eradicating vitamin A de fi ciency, 
there is always the risk of toxicity with preformed sources of vitamin A  [  3  ] . Fears of excessive intakes 
have inhibited or prevented implementation of some forti fi cation programs. Forti fi cation of foods 
with provitamin A carotenoids is proposed as the safest means of increasing vitamin A intake of a 
population, because there is little or no known danger of over-intake of carotenoids and also because 
conversion of provitamin A carotenoids to vitamin A is highly regulated as discussed in Chap.   3    . The 
major disadvantages of fortifying foods with provitamin A carotenoids are that these compounds are 
highly pigmented and chemically unstable when exposed to light and oxygen. Nonetheless, hypervi-
taminosis A from dietary intake of provitamin A carotenoids has never been demonstrated as discussed 

   Table 20.1    Economic costs of alternative interventions   

 Criteria  Forti fi cation  Tablets  Injections 
 Nutrition 
education 

 Home 
gardens  Plant breeding 

  Costs  
 Initial capital investments  Moderate  Low  Low  Low  Low  High 
 Continuing personnel  Low  High  High  High  Low  High 
 Continuing materials  Low  Low  Moderate  Low  Moderate  High 
  Personnel requirements  
 Skill level  Moderate  Moderate  High  Low  Moderate  High 
 Numbers  Low  High  High  Moderate  High  Low 
  Administrative requirements  
 Supervision  Moderate  High  High  Moderate  Moderate  High 
 Health system 

organization 
 Low  High  High  Moderate  Low  Low 

  Technical feasibility  
 Technological 

dependability 
 High  High  Moderate  Moderate  High  Moderate 

 Side effects risk  Low  Moderate  High  Low  Low  Moderate 
  Bene fi ciary role  
 Acceptability  High  Moderate  Moderate  Moderate  Moderate  Moderate 
 Community involvement  Low  Moderate  Moderate  High  High  Low 
  Impact  
 Population coverage  High  Moderate  Moderate  Moderate  Moderate  Moderate 
 Time needed to show 

bene fi t 
 Moderate  Low  Low  Moderate  Low  High 

 Permanency of bene fi t  High  Low  Low  Moderate  High  High 

  Adapted from  [  27  ]   
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in Chaps.   14     and   15    . This is a clear advantage of bioforti fi cation approaches as discussed extensively 
in Section III of this book. However, as shown in Section I of this book, the extent of conversion of 
carotenoids to vitamin A depends on a number of factors, and varies widely from one individual to 
another. Factors that positively affect the ef fi ciency of bioavailability and bioconversion include co-
consumption of fat and cooking  [  10  ] , but those that negatively affect conversion are still being eluci-
dated and may include individual genetic polymorphisms as discussed in Chap.   7    . Lack of knowledge 
will not prevent successful implementation of bioforti fi cation programs, but increased knowledge of 
these factors will promote more ef fi cient implementation.  

   Dietary Diversi fi cation 

 UNICEF suggests that wherever possible, including meat, eggs, fruit, red palm-oil, green leafy veg-
etables, and carrots in the diet will further ensure adequate vitamin A consumption  [  6  ] . Red palm oil 
is naturally high in  b -carotene and has been promoted as an ef fi cacious source of vitamin A especially 
in tropical regions  [  13  ] . Promoting vegetable consumption in general is always considered part of a 
healthy diet because of the associated bene fi ts. 

 Bioforti fi cation is a form of dietary diversi fi cation and for vitamin A refers to breeding a staple crop, 
vegetable, or fruit with enhanced concentrations of provitamin A carotenoids. As this book has demon-
strated, particularly in Chap.   17    , a wide variety of scienti fi c disciplines must interact in order to estab-
lish an effective bioforti fi cation program: biology (plant biochemistry, molecular biology), plant 
physiology, plant breeding and agronomy, seed technology, food technology, analytical chemistry, 
nutrition, socioeconomics, extension and communication, education, and medicine (Table  20.2 ; [ 10 ]).  

 In principle, any food which naturally contains provitamin A carotenoids ( b -carotene,  a -carotene, 
or  b -cryptoxanthin) can potentially be bred to have enhanced dietary vitamin A value. Thus, orange-
yellow fruits and vegetables (e.g., carrots, mango, papaya, orange, and tangerine) and leafy green 
vegetables (e.g., kale, spinach, brussels sprouts, and ivy gourd leaf) have been studied. In addition to 

   Table 20.2    Some of the disciplines involved in establishing a bioforti fi ed crop from seeds to bowls   

 Disciplines  Tasks 

 Biology (plant biochemistry, 
molecular biology) 

 Knowledge and cutting-edge technologies for rapid breeding of bioforti fi ed 
varieties 

 Plant breeding and agronomy  Development and testing of the agricultural suitability of bioforti fi ed varieties 
 Plant physiology  Knowledge of metabolic pathways to enhance ef fi ciency of breeding and foresight 

of selection effects (bioforti fi cation of seed) on plant function 
 Analytical chemistry  Method development to analyze nutrients in crops, screen crops for nutrient 

concentrations 
 Food technology  Food product development, optional markets, retention studies 
 Nutrition  Test food products in animal and human models, nutrition education 
 Socioeconomics  Market, impact, acceptability 
 Extension  Farmer-participatory variety evaluation, validation, and demand-creation 
 Education  Behavior change 
 Medicine  Morbidity studies, health status of target populations 
 Communication  Product dissemination, nutrition education, public and private sector awareness, 

and engagement 
 Seed technology  Maintenance and production of high-quality, affordable seed parent stocks, 

and commercial seed 

  From reference  [  10  ] , Int J Vitamin Nutr Res. 2010;80:336–350 (c)  
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traditional breeding, genetic techniques allow incorporation of carotenoid-producing genes into foods 
which traditionally have not contained carotenoids, such as rice  [  14  ] . 

 Plant-based dietary sources of provitamin A, e.g., red palm oil, green vegetables, or bioforti fi ed 
staple crops, are the desirable approach to meeting vitamin A needs  [  10  ] . Indigenous leafy green 
vegetables can make a difference in vitamin A status  [  15  ] , and horticultural development as discussed 
in Chap.   18     could help ensure their availability and consumption in appropriate amounts to make a 
difference in vitamin A status  [  16,   17  ] .  

   Organizations and Institutions Dedicated to Eradicating Vitamin A De fi ciency 

   Consultative Group for International Agricultural Research 

 The Consultative Group for International Agricultural Research (CGIAR), brie fl y mentioned in Chaps. 
  17     and   18    , is a global partnership that unites international and regional organizations and funders 
engaged in research for sustainable development including governments and foundations. The 
Consortium of International Agricultural Research Centers has 15 members in close collaboration with 
hundreds of partner organizations, including national and regional research institutes, civil society 
organizations, academia, and the private sector  [  18  ] . The CGIAR centers not only support global food 
security but also the need for agricultural development to support nutritional security and human health 
 [  19  ] . Part of the mission is to support bioforti fi cation of staple foods (e.g., maize, sweet potato, cassava, 
rice) with provitamin A carotenoids to improve vitamin A status in developing countries.  

   Global Alliance for Improved Nutrition 

 Global Alliance for Improved Nutrition (GAIN) is an international alliance headquartered in Geneva, 
Switzerland whose vision is to have a world without malnutrition. It was created in 2002 and supports 
public–private partnerships to increase access to missing nutrients in poor quality diets. GAIN has 
scaled-up its operations by working with more than 600 companies in more than 25 countries  [  20  ] . 
Although they are currently reaching about 400 million people with nutritionally enhanced foods, 
their goal is to reach >1 billion people with forti fi ed foods that are sustainable. One of the targeted 
nutrients for GAIN is vitamin A. Examples of products that GAIN has supported include vitamin 
A-forti fi ed cooking oil, rice, and “sprinkles,” which are small sachets of micronutrients that can be 
mixed into weaning foods. All of these products contain preformed retinyl palmitate.  

   Helen Keller International 

 Helen Keller International (HKI) is among the oldest nongovernmental organizations (founded in 
1915) which is devoted to preventing blindness and reducing malnutrition  [  21  ] . They work in 22 
countries, which include 13 in Africa, 8 in Asia, and the USA. HKI designs, implements, and moni-
tors programs that ensure delivery of vitamin A supplements to vulnerable populations. These pro-
grams help to save the sight and lives of thousands of children. The promotion of orange- fl eshed 
sweetpotato high in  b -carotene in West Africa is among HKI’s agendas  [  22  ] , and its bene fi ts are 
discussed extensively in Chap.   19    .  
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   Sight and Life 

 Sight and Life, which was founded in 1986, is a nonpro fi t humanitarian initiative originally organized 
by the DSM company. It participates in the global  fi ght to prevent micronutrient de fi ciencies through 
sharing funds, knowledge, policy, and technology  [  23  ] . In 2012, DSM decided to channel Sight and 
Life activities through the charitable organization called Vitamin Angels. Sight and Life provides 
vitamin A, mostly in the form of capsules, to children’s and women’s supplementation projects to 
support those who are most at risk of vitamin A de fi ciency in developing countries. To ensure that 
the supplements are provided according to international guidelines and recommendations, they also 
provide technical assistance.  

   United Nations Children’s Fund 

 United Nations Children’s Fund (UNICEF) works in about 190 countries and territories with the pur-
pose of advancing children’s rights. UNICEF has been involved in the progress made to eliminate 
vitamin A de fi ciency and desires that this progress be sustainable and in reach to all children in need 
 [  6  ] . Currently, many vitamin A supplementation programs are linked to polio immunization campaigns, 
but as the world nears its goal of eradicating polio, another delivery mechanism must be found. 

 UNICEF understands the importance of educating governments, health professionals, policymakers, 
and the public about the bene fi ts of vitamin A and they support three strategies to eliminate vitamin A 
de fi ciency: vitamin A supplements during health interventions especially to children 6–59 months, 
fortifying staples such as sugar in Central America, and diversifying foods. UNICEF further supports 
logistical planning, provides supplements, and assists in monitoring and evaluation. Today the major-
ity of children in more than 40 countries are receiving at least one vitamin A supplement yearly. 
UNICEF estimates that as many as 300,000 child deaths are prevented each year due to vitamin A 
supplementation  [  6  ] .  

   World Health Organization 

 One of WHO’s core functions is to provide evidence-based recommendations on global guidelines to 
improve human health  [  24  ] . WHO’s guidelines for nutrition include vitamin A supplementation pro-
grams  [  25  ] . As discussed brie fl y in Chaps.   15     and   16    , at the present time high-dose vitamin A supple-
mentation is only recommended for children 6–59 months of age and may be the single most 
cost-effective child survival intervention  [  6  ] . Recommended doses are 100,000 IU for infants 
6–11 months of age and 200,000 IU for children 12–59 months of age, which provides adequate pro-
tection from clinical de fi ciency in most populations for 4–6 months  [  9  ] . Evidence to reduce maternal 
and infant mortality by supplementing other vulnerable groups is currently lacking.  

   World Vegetable Center (AVRDC) 

 The AVRDC, brie fl y covered in Chap.   18    , is a nonpro fi t research and development institution whose 
mission is to alleviate poverty and malnutrition in the developing world through the increased produc-
tion and consumption of nutritious and health-promoting vegetables  [  26  ] . Some of their programs 

http://dx.doi.org/10.1007/978-1-62703-203-2_15
http://dx.doi.org/10.1007/978-1-62703-203-2_16
http://dx.doi.org/10.1007/978-1-62703-203-2_18


32320 International Efforts to Eradicate Vitamin A Defi ciency

include vegetable seed kits for sub-Saharan Africa and South Asia for use in home gardening. The kits 
contain approximately 20 different kinds of high yielding and nutritious vegetables, with enough 
seeds to plant a home garden to provide a family with a healthy diet for a year. The vegetable crops 
are selected to meet local environmental conditions and dietary preferences and can supply vitamin A 
requirements as provitamin A carotenoids.   

   Conclusions 

 Achieving universal food security, including alleviating the chronic malnutrition problems that af fl ict 
nearly one-third of the world’s population, will require multidisciplinary partnerships across agricul-
ture, nutrition, health, education, and other  fi elds. The catalytic role of agricultural development in 
contributing to poverty alleviation is well-recognized, but the intermediate outcomes of improved 
nutrition and health are often overlooked. Multidisciplinary teamwork along a research and outreach 
continuum from  fi eld to bowl is needed to truly improve human health through the adoption of 
bioforti fi ed foods or diversi fi cation of diets. Key steps to alleviating vitamin A de fi ciency include 
developing the foods, validating the nutritional effects, and promoting foods with provitamin A caro-
tenoids. Scaling up nutritional interventions, such as those associated with improving vitamin A status 
through higher consumption of provitamin A carotenoids, needs to be coupled with scaling up agri-
culture to sustainably improve global health.      
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