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  Pref ace   

 Our understanding of the pathogenesis and etiology of new and venerable diseases 
has progressed tremendously in the past 30 years, due to improved technology and 
advances in genomics and molecular science. However, there are several common 
diseases where the exact causation still eludes investigators, but intensive research 
over the past decade has provided clues to implicate a microbial role in pathogenesis 
and causation. 

 These medical conditions include common nonlife threatening illnesses that 
affect the daily function and quality of life, such as irritable bowel syndrome and 
chronic fatigue syndrome. But also microbial pathogenesis has been postulated for 
more serious disorders such as multiple sclerosis, diabetes mellitus, Crohn’s dis-
ease, asthma, and rheumatoid arthritis; to potentially fatal and catastrophic condi-
tions such as Alzheimer’s disease, colon cancer, and atherosclerosis that leads to 
heart attacks and strokes. 

 A brief outline of these clinical conditions and others will be provided, with in- 
depth review of current understanding of the mechanisms and pathogenesis. The 
links to microbial pathogenesis will be reviewed from ongoing research, with explo-
ration of theoretical microbial causes and potential for future clinical research and 
development of novel therapies. 

 This new volume in the series “Emerging Infectious Diseases of the 21st Century” 
should provide fodder for investigators and clinicians faced with these conditions, 
but more importantly to stimulate interest of new investigators and trainees to take 
a new and novel approach for investigating the mechanisms and causation of these 
baffl ing common disorders.  

  Toronto, ON, Canada     I.W.     Fong    
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    Chapter 1   
 Irritable Bowel Syndrome and Microbial 
Pathogenesis 

1.1                           Background 

 Irritable bowel syndrome (IBS) is a chronic disorder of greater than 6 months 
characterized by abdominal pain or discomfort associated with disturbed defeca-
tion, loose and more frequent stools at onset, with intermittent constipation and 
irregularity; and associated with abdominal bloating or distention, fl atulence, 
mucous per rectum and incomplete emptying, in the absence of any defi nable cause 
[ 1 ]. This is a common disorder with female predominance that is present world-
wide, with no racial preference and it is widespread in the population of all coun-
tries where it has been studied, including the United States, Europe, China, Japan, 
South America, and the Indian subcontinent [ 1 ]. The estimated prevalence of IBS in 
North America and elsewhere varies from 3 to 20 % [ 1 ]. Approximately 12 % of 
patients seen in primary care have IBS [ 2 ], with an estimated 3.6 million physician 
visits for IBS annually in the United States [USA] [ 1 ,  2 ]. 

 The impact of this disorder on the healthcare costs is substantial, and the burden 
on the local economy because of days lost from work can be huge. In the USA it has 
been estimated that the direct cost of IBS is $1.6 billion and indirect cost a stagger-
ing $19.2 billion [ 1 ]. It has been calculated that patients with IBS consume over 
50 % of the healthcare resources compared to controls without IBS.  

1.2     Risk Factors 

 One of the most important established risk factor for IBS is recent infectious 
gastroenteritis and prior travel with history of diarrhea within 6 months before [ 3 ]. 
Most cases of postinfectious IBS [PI-IBS] are due to bacterial gastroenteritis 
but parasites and norovirus related enteritis have been associated with IBS [ 4 ]. 
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Most of the patients with IBS have mild symptoms, about 70 %, and can be  managed 
by their primary physicians, but 25 % have moderate symptoms and about 5 % have 
severe symptoms [ 5 ]. Consultation rates to a specialist vary from 25 to 46 % in the 
USA, and up to 73 % in Australia where universal healthcare access is available [ 1 ]. 
The diagnostic criteria for IBS have evolved from the Manning and Kruis criteria to 
the more recent Rome 111 criteria. This latter criteria includes: (1) recurrent abdom-
inal pain or discomfort at least 3 days per month in the last 3 months associated with 
two or more of the following: (2) improvement with defecation, (3) onset associated 
with a change in frequency of stool, (4) onset associated with that change in the 
form or appearance of this stool [ 1 ,  5 ]. Patients with IBS may be affl icted with pre-
dominantly diarrhea [IBS-D] or mainly constipation [IBS-C] or of mixed type [IBS- M], 
besides other concurrent symptoms.  

1.3     Pathophysiology 

 The pathogenesis of IBS is poorly understood and a number of mechanisms have 
been proposed, including abnormal motility of the intestines, visceral hypersensitiv-
ity, central neural dysfunction, low-grade infl ammation of the gut mucosa, stress, and 
psychological disturbances [ 1 ,  5 ]. Abnormal psychological features are present in up 
to 80 % of patients with IBS and the risk of IBS has been reported to be increased 
with depression, previous physical and sexual abuse, and extraintestinal somatization 
symptoms are more common than healthy subjects. The fact that abnormal physical 
fi ndings or laboratory abnormalities such as leukocytosis, elevated erythrocyte sedi-
mentation rate (ESR), anemia, or blood in the stools, are exclusion factors for the 
diagnosis of IBS suggests a functional or psychological etiology. However, studies 
have support for different mechanisms in the pathogenesis of IBS including genetic 
factors, [tend to run in families], abnormal colonic and small bowel motility, with 
greater phase contractions following fatty meals and stress, colonic hypersensitivity 
to balloon distention [visceral hypersensitivity is found in about 60 % of subjects 
studied]; low-grade infl ammation with evidence of increased mast cells and activated 
T cells above normal in the mucosa of a subset of patients with IBS; certain food 
intolerance [gluten, fructose]; and central dysregulation with alterations in brain 
response to visceral stimuli [ 1 ,  5 ,  9 ]. 

 Conceptual model of the pathobiology of IBS has been proposed to show the 
interrelationships between early in life factors [genetics and environment], psycho-
social factors, physiological disturbance, symptom experience, and behavior out-
come [ 6 ]. IBS may be the primary manifestation of this clinical complex or be a 
secondary component of other illnesses such as fi bromyalgia, chronic fatigue syn-
drome, depression, and somatization disorders. Thus, it is often labeled as a func-
tional disorder but it is unclear whether the link with these functional disorders 
refl ects a common etiology, or certain genetic traits, or psychosocial background, 
and psychobiological constitution.  

1 Irritable Bowel Syndrome and Microbial Pathogenesis
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1.4     Microbial Link to IBS 

1.4.1     Epidemiological Association 

 Gastroenteritis or infective diarrhea is one of the most common diseases in the world 
and is second only to respiratory tract infections in frequency. Although the annual 
incidence, morbidity, and mortality from infective diarrhea is greatest in developing 
countries and in children less than 5 years old, it is quite substantial as well even in 
countries with excellent sanitation systems. For instance, a large community survey 
of 9,776 subjects in England in Wales reported an annual incidence of gastroenteri-
tis of 19.4 per 100-person years [ 7 ]. Viral infection, mainly norovirus and rotavirus, 
accounts for about 35 % of these cases, while bacterial infection such as Campylobacter 
and Salmonella species together accounting for about 13 % of the cases. Numerous 
studies have found an association with IBS after bouts of infective diarrhea [PI-IBS] 
over the last two decades with incidence varying from 3.7 to 36 %, averages about 
10 % [ 4 ]. The variability of the rates of PI-IBS may be due to multiple factors such 
as etiology of the gastroenteritis, difference in the population at risk, criteria for 
diagnosis, exposure to antimicrobials and others. For instance, the background rates 
of IBS in the communities at large may be variable and there may be differences in 
occurrence of PI-IBS after sporadic gastroenteritis versus outbreaks or even traveler’s 
diarrhea. 

 Postinfectious IBS was initially described as a clinical entity termed postdysentery 
colitis in 1950 [ 8 ], and subsequently labeled as postdysenteric IBS in 1962 [ 9 ]. PI-IBS 
accounts for about 10–15 % of all cases of IBS but microbes may be involved in the 
pathogenesis of non-PI-IBS as well, since gut microbiota alterations have been dem-
onstrated even in noninfectious related IBS. Nearly all cohort studies of subjects suf-
fering from gastroenteritis with comparable age- and sex-matched controls have 
found signifi cant increased risk of PI-IBS in infected patients, with relative risks [RR] 
varying from 2.1 to 13.9 [see Table  1.1 ]. Fourteen cohort studies of patients with ini-
tial gastroenteritis were reviewed and summarized in Table  1.1  [ 10 – 26 ] from 1999 to 
2012. The prevalence of PI-IBS varied from 4.2 to 46 % and rates of IBS in the con-
trols also widely varied from 0 to 14 %. The wide variations in prevalence rates may 
be related in part to the diagnostic criteria of previous studies for IBS, for the criteria 
have changed over the years [ 27 ]. However, relevant contributory factors may include 
the inherent risk of the study populations and the inciting events. PI-IBS has been 
documented from subjects with sporadic bacterial gastroenteritis confi rmed by stool 
cultures, from full blown outbreaks of viral infection [ 23 ] or parasitic agents [ 26 ], 
from large community outbreaks from contamination of municipal water with 
Escherichia coli 0157, and from traveler’s diarrhea. There is insuffi cient data to prove 
any difference in prevalence rates of PI-IBS between bacterial and viral or parasitic/
protozoa infections. However, longitudinal prospective studies from the same group 
of investigators [using the same diagnostic criteria] have found PI-IBS following nor-
ovirus enteritis was more likely to resolve quicker than from bacterial gastroenteritis 
[ 17 – 19 ,  23 ]. Following a large municipal outbreak of Escherichia coli 0157 and 

1.4 Microbial Link to IBS
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Campylobacter infection even after 8 years there was still a greater prevalence of 
PI-IBS [15.4 %] compared to rates in the controls [1.9 %] [ 18 ]. Other investigators in 
Korea have found rates of PI-IBS 14.9 % versus 4.5 % in patients and controls 3 years 
after Shigella dysentery [ 15 ], and attributable rates of 8.6 % [rate of PI-IBS in patients 
minus rate of IBS in controls] after 5 years [ 25 ]. In Norway outbreaks of giardiasis have 
been recently reported to result in persistent PI-IBS for 3 years with an attributable rate 
of 32 % [ 26 ].

   Other longitudinal studies without comparable controls have reported on PI-IBS 
after infectious diarrhea over 5–10 years. In a study of previously healthy subjects 
with no prior gastrointestinal problems, 41 of 333 [12 %] patients after bouts of 
gastroenteritis developed persistent gastrointestinal [GI] symptoms for more than 
3 months and 28 [68 %] were classifi ed as IBS and 31 [9 %] had persistent symptoms 
for 5 years [ 28 ]. Similarly in a cohort of patients with Salmonella or Campylobacter 
enteritis followed for 10 years, 56 of 571 [9.7 %] still suffered from PI-IBS [ 29 ]. 
However, this group of patients had high psychiatric comorbidity and somatic 
symptoms burden. The burden of PI-IBS caused by bacterial enteric pathogens in a 
community has been estimated in the Netherlands [ 30 ]. One year after bacterial 
gastroenteritis 9 % of the infected individuals developed PI-IBS, which adds 2,300 
disability adjusted life years to the total annual disease for the selected pathogens.  

1.4.2     Prevalence of IBS 

 Although the rates of PI-IBS have been variable from study to study it is now estab-
lished that infectious diarrhea is strongly associated with IBS. However, the attrib-
utable rates are similar between countries and regions such as Europe, North 
America and South America, Middle East, and Asia. Although it is well established 
that gastroenteritis in the population of developing countries is much more prevalent 
than well-developed nations [due to poor sanitation and less access to clean water], 
the prevalence of IBS is not greater in tropical and subtropical countries. The fre-
quency of IBS has been surprisingly low in these countries, 4.2 % in India [ 31 ], 
4.4 % in Thailand [ 32 ], 8.5 % in Bangladesh [ 33 ], 5–6 % in the general population 
of China [ 34 ], and 13 % in Pakistan [ 35 ]. Whereas the prevalence of IBS in eight 
Western European countries has been estimated to be greater than most Asian coun-
tries with a mean prevalence of 11.5 %, range 6.2–12 % [ 36 ]. However, recent stud-
ies from Asia suggest higher prevalence of 8.6–9.8 % in more affl uent cities like 
Singapore and Tokyo, and similar trends are found among the better educated and 
more affl uent strata of several Urban Chinese population [ 37 ].  

1.4.3     Risk Factors for PI-IBS and IBS 

 Although infectious diarrhea or gastroenteritis relationship with IBS has been 
extensively studied there has been almost no data on the association or lack of associa-
tion with other infectious diseases, or the relationship with antibiotic use in general, 
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which could affect normal gut microbiota. To date only one study has been  identifi ed 
to investigate the relationship of PI-IBS with nongastrointestinal infections com-
pared to controls [ 21 ]. In this study both GI and non-GI infections were signifi -
cantly associated with PI-IBS at 3 months [16.7 % and 14.8 %, respectively] after 
the acute episode [odds ratio, OR, 6.12] but the nonintestinal infections PI-IBS rate 
of 8.3 % did not remain signifi cant at 6 months [OR, 4.58]. However, this was very 
likely secondary to the small sample size of patients with non-GI infections [ N  = 36] 
in this study [ 21 ]. There was a mixture of bacterial infections treated with antibiotics 
such as pneumonia, urinary tract infections, cellulitis, wound infections, etc. Future 
larger studies are needed with comparable controls to assess this relationship. 

 The majority of studies assessing for the risk of PI-IBS included patients with 
bacterial infectious diarrhea such as Campylobacter, Salmonella, Shigella, and 
 E. coli  0157 infections or traveler’s diarrhea. Some of these studies have shown that 
the severity of the diarrhea and duration appears to be predisposing factors for 
PI-IBS [ 38 ,  39 ]. It is rather surprising, however, that Clostridium diffi cile colitis has 
not been well studied for the development of IBS and only with one small study 
found a low risk of 4.3 % PI-IBS 3 months after the acute episodes [ 40 ]. Some stud-
ies have found that there is a relationship of the development of PI-IBS after the 
receipt of antibiotics for infectious diarrheas, however, this has not been consis-
tently observed or rigorously analyzed. Moreover, the use of antibiotics in infec-
tious diarrheas may be related to the severity and duration of the acute episodes, 
which are independent risk factors for PI-IBS. Similarly, one study has reported the 
relationship between the toxigenicity of Campylobacter strains and PI-IBS [ 4 ], but 
this is likely related with the severity of the disease. 

 Studies on the role of parasitic gastrointestinal infections and development of 
PI-IBS have been mixed. Acute giardiasis, especially in local community outbreaks, 
has been associated with increased risk of PI-IBS even after 3 years [ 26 ,  41 ,  42 ]. 
It has been reported that patients with chronic intermittent GI symptoms and the 
presence of Giardia lamblia cyst in the stools do not respond to specifi c treatment 
such as metronidazole but to nonspecifi c drugs used for symptoms of IBS [ 43 ]. This 
would indicate that the patient’s symptoms were not directly due to the protozoa but 
were related to development of IBS. Similarly, studies in India indicate that 
Entamoeba histolytica carriage in the stools is not associated with increased risk 
of IBS [ 44 ], but another study from India reported that patients with chronic abdom-
inal pain and frequent bowel disturbances with the presence of  E. histolytica  in 
the stools do not suffer from chronic amebiasis or the so-called nondysenteric intes-
tinal amebiasis, but rather from IBS [ 45 ]. Hence, proper prospective case control 
studies after acute amoebic dysentery would be more suitable to defi ne the risks of 
PI-IBS. 

 There is limited data on the risk of PI-IBS after episodes or outbreaks of viral 
gastroenteritis. One Canadian study reported increased risk of PI-IBS after a noro-
virus community outbreak of diarrhea compared to matched controls after 3 months 
[RR6.9], but the symptoms were more short-lived than with bacterial enteritis 
PI-IBS [ 23 ]. 

 Host factors including younger age, female sex, and psychological comorbidities 
such as anxiety and depression have been identifi ed as risk factors for PI-IBS and 
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noninfectious IBS [ 46 ,  47 ]. However, this female sex predominance reported in 
Western countries has not been observed in a number of Asian studies [ 37 ]. In one review 
and meta-analysis of PI-IBS, risk factors were confi rmed to be younger age, pro-
longed fever, anxiety, and depression [ 48 ]. 

 Another review of the topic have listed risk factors for development of PI-IBS in 
the order of importance as prolonged duration of initial illness, toxicity of the infecting 
microbe, smoking, mucosal markers of infl ammation, female gender, depression, 
hypochondriasis, and adverse life events in the preceding 3 months [ 4 ]. In Asian 
studies signifi cant risk factors for IBS besides acute recent intestinal infection 
include food intolerance, genetic factors, and psychological disturbances [ 34 ]. IBS 
comorbidity with other functional gastrointestinal disorders is very high and may be 
caused by shared pathophysiological mechanisms such as visceral hypersensitivity. 
Moreover, approximately 50 % of IBS patients seen in primary care or GI clinics 
have at least one comorbid somatic symptoms, psychiatric disorders, especially 
major depression and anxiety, and somatoform disorders have been reported in 
94 % of IBS patients [ 47 ]. Functional disorders observed with IBS subjects include 
chronic fatigue syndrome [51 %], fi bromyalgia [median of 49 %], chronic pelvic 
pain [50 %], and temporomandibular joint disorder [64 %] [ 47 ]. It has been debated 
as to whether or not IBS should be “lumped” together with other functional somatic 
syndromes such as chronic fatigue syndrome [CFS]. In one prospective study, 592 
patients with acute episodes of Campylobacter gastroenteritis were compared with 
243 subjects with episodes of acute infectious mononucleosis [IM]. The odds of 
developing IBS were signifi cantly greater post-Campylobacter infection then after 
infectious mononucleosis at both 3 and 6 months follow-up [OR 3.45 and 2.2, 
respectively]. In contrast, the odds of developing CFS were signifi cantly greater 
after IM, then after Campylobacter infection at 3 and 6 months [OR 2.77 and 1.48]. 
The authors concluded that the nature of precipitating infection was important and 
premorbid levels of distress such as anxiety and depression were more strongly 
associated with CFS than IBS [ 49 ]. The major limitation of the study was the lack 
of matched healthy control group for comparison.  

1.4.4     Genetic Factors 

 Several studies using various methods have confi rmed that IBS symptoms are more 
common in relatives of patients with IBS suggesting potential genetic component 
[ 50 ]. Five classic twin studies in IBS suggest a modest genetic contribution, the 
genetic liability estimated to range from 0 to 20 % [ 50 ]. Defi nite disease- 
susceptibility gene for IBS has yet to be defi ned, but putative genetic alterations 
would likely interact with environmental factors. It has been proposed that IBS is a 
complex genetic disorder as a result of multiple genes of modest effect that exert 
modifying response to various environmental stimuli or factors. Potential genetic 
alterations in genes that encode proteins affecting gastrointestinal motility or sensa-
tion could be involved; alteration in genes encoding proteins in the immune system 
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may predispose to PI-IBS; or genetic alterations that affect personality, depression, 
anxiety, and somatization; and genes encoding digestion [lactase, disaccharidase] 
that could affect food intolerance. 

 To date, only one study has assessed genetic risk factor for PI-IBS following the 
Walkerton waterborne outbreak of gastroenteritis [ 51 ]. In this study 79 functional 
variants of gene products involved in serotoninergic pathways, intestinal epithelial 
barrier function, and innate immunity were screened for in 228 patients with PI-IBS 
and 581 controls. Four genetic variants were associated with PI-IBS and two of 
which were localized in genes encoding the pattern recognition receptor TLR-9; one 
was in CDH 1, which encodes a tight junction protein, and the other in the gene 
encoding interleukin [IL]-6, a cytokine. These genetic variants all persisted as inde-
pendent risk factors for PI-IBS after controlling for clinical risk factor [ 51 ]. In IBS 
candidate gene studies for specifi c polymorphisms or set of polymorphisms have 
been performed mostly in small studies on the following genes: serotonin transporter 
[SLC6A4], 5-HT 2A receptor, norepinephrine transporter [NET], alpha 2a-, alpha 
2C-adrenergic receptor [ADRA 2A, ADRA 2C], interleukin-10 [IL 10], transform-
ing growth factor-beta 1 [TGFB], tumor necrosis factor-alpha [TNF-a], B3 subunit of 
the G protein [GN03], sodium channel 1.5 V [SCN5A], and fatty acid amide hydro-
lase [FAAH] [ 50 ]. Potential association of IBS has been observed with IL-10 gene 
[ 52 ,  53 ], the TNF-a gene [ 53 ], SC N5A gene [ 54 ], and FAAH [ 55 ], but these studies 
need to be repeated with larger patient and control samples. The 5-HTT LPR poly-
morphism is the best studied in IBS patients but a recent meta- analysis did not fi nd a 
signifi cant association [ 56 ]. A recent study in South Korea of 163 patients with IBS 
and 423 healthy matched controls found the cannabinoid receptor 1 gene [CNR-1] 
polymorphism was associated with IBS [ 57 ]. Cannabinoid receptors are located in 
the brainstem, gastric and colonic neurons, and functional variants could affect gas-
trointestinal motility and sensation which may explain IBS symptoms. 

 The fact that some studies have found increased polymorphisms of genes encoding 
toll-like receptors [TLR] and genes controlling cytokine response to external stim-
uli [i.e. microbes] is supported by a recent study showing altered peripheral TLR 
responses in patients with IBS compared to controls [ 58 ]. In this study of 30 IBS 
patients and 30 controls, peripheral blood demonstrated elevated cytokine levels 
and TLR activity in IBS patients. There was exaggerated response to TLR-8 agonists 
for all cytokines; enhanced TLR2-induced TNF-a release, TLR3-induced IL-8 
release, and TLR4-induced IL1B and TNF-a release. In addition, plasma levels of 
cortisol, IL-6, and IL-8 were signifi cantly increased in IBS patients [ 58 ].   

1.5     Mucosal Injury and Infl ammation 

 Numerous small clinical studies have been performed on patients with IBS or 
PI-IBS which have demonstrated low grade injury and infl ammation of the gut 
mucosa, and these data indirectly suggest a role of microbes in the mechanism of 
IBS pathogenesis. In acute gastroenteritis the distribution of infl ammation and 
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mucosal changes vary with the pathogen. In viral infections [rotavirus, norovirus] 
there are structural changes with villous blunting and intraepithelial lymphocyte 
infi ltration of the upper small bowel associated with increased gut permeability and 
loss of absorptive surface area [ 59 ,  60 ]. 

 In giardiasis the main pathological changes are in the proximal small bowel with 
acute lymphocytic infi ltration [ 61 ]. Whereas, in Salmonella and Campylobacter infec-
tion infl ammation and ulceration are more prominent in the terminal ileum and proxi-
mal colon, and Shigella enteritis more commonly involves the distal colon [ 62 ]. 

 A recent review on the histopathology studies performed on patients with IBS 
has been reported [ 63 ], only 16 studies were analyzed with controls and most reports 
had small number of cases without adequate controls. The areas of mucosal sam-
pling were very variable including the duodenum, jejunum, ascending or descend-
ing colon, and rectum. The fi ndings of the individual studies were diverse but the 
most consistent abnormalities in patients with IBS compared to controls were fi nd-
ings of low grade infl ammation with increased mast cells, T-lymphocytes, and 
B-lymphocytes associated with mucosal cytokine production. In a recent large 
study of IBS [ n  = 121] subjects’ blood, IL-1β, TNF-α, IL-6, and IL-8 were elevated 
in IBS patients compared to controls [ 64 ], others have also reported increase in 
IL-6, IL-1β, and TNF-α mainly in IBS subjects with diarrhea predominant [ 65 ]. 

 Several pathology studies on the intestinal mucosa of PI-IBS patients have been 
performed, but mostly small case series without adequate controls. In one study of 
PI-IBS following Campylobacter enteritis, intestinal biopsies were obtained in the 
subgroup of 28 patients and 28 asymptomatic controls after acute infection plus 34 
healthy controls [ 64 ]. The main signifi cant fi ndings were increased enterochromaf-
fi n cells, signifi cantly greater in patients compared to controls [ p  = 0.02] and healthy 
volunteers [ p  = 0.006]; increased in T-lymphocytes in the lamina propria of PI-IBS 
subjects compared to patient controls and volunteers [ p  = 0.006,  p  = 0.05]. Clinical 
comorbid factors such as anxiety, depression, and fatigue were also greater in the 
PI-IBS group versus patient controls. On multivariate analysis, increased entero-
chromaffi n cells [EC] and depression were equally important as predictors of PI-IBS 
[RR3.8 and 3.2, respectively]. In another study from South Korea, 30 patients with 
PI-IBS after Shigella dysentery and patients that completely recovered as well as 12 
healthy controls underwent mucosal biopsies of the terminal ileum and the rectosig-
moid colon [ 13 ]. There was signifi cant increased mast cells in the terminal ileum 
but not the rectosigmoid area of patients with PI-IBS compared to controls [ p  < 0.01]. 
The density of neuron-specifi c aldolase, substance P, and 5-hydroxytryptamine 
[5-HT] positively stained nerve fi bers were increased [ p  < 0.05], appeared in clusters 
surrounding increased numbers of mast cells in patients with PI-IBS compared to 
controls. There was also increased expression of IL-1β mRNA in the terminal ileum 
and rectosigmoid mucosa in PI-IBS patients compared to controls [ p  < 0.01]. Similar 
fi ndings of increased rectal mucosa IL-1β expression have been reported in a smaller 
number of PI-IBS subjects [ n  = 8] versus controls [ n  = 7] [ 66 ]. 

 How can we interpret these fi ndings? The majority but not all studies have found 
increased mast cells in the mucosa of the small and large bowel of patients with IBS 
including those with PI-IBS. Mucosal mast cells are important for wound healing 
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and host defense against pathogens and they are rich in granules containing histamine 
and tryptase [ 67 ]. These substances are also important as effector chemicals in 
hypersensitivity reaction. Foreign antigen and IgE bind to specifi c receptors on the 
mast cells causing release of infl ammatory mediators [ 67 ]. Lack of consistency in 
the fi ndings of increased mast cells in some patients could be related to the subtype 
of IBS subjects [diarrhea–or constipation–predominant], or the area of mucosa 
biopsy, or differences could be related to technical aspects and patient selection. 

 Some of the studies as previously mentioned earlier have found increased expres-
sion of peripheral infl ammatory cytokines genes in the colorectal mucosa, and 
increased cytokine expression in blood, predominantly IL-1β, IL-6, and TNF-α in 
patients with IBS [both postinfectious and noninfectious] compared to controls. 
These cytokines are usually secreted by monocytes and macrophages to infectious 
agents but can be stimulated by other foreign antigens and autoimmunity. Although 
not all studies have demonstrated these fi ndings the absence of increased anti- 
infl ammatory cytokine IL-10 has been constant. However, both decreased and 
increased IL-12 have been reported from cultured peripheral blood mononuclear 
cells [PBMC] of IBS patients [ 68 ,  69 ]. Thus, the data is not convincing to suggest 
that the innate immune activity [Th1] drives the adaptive immunity toward a 
T-helper-2 [Th2] cell response as has been suggested [ 68 ]. 

 Paradoxically most studies have shown that the gut mucosal macrophages are 
normal or reduced in patients with PI-IBS or IBS [ 70 ], with reduced expression of 
microphage-recruiting chemokines [ 71 ], the reverse of what would be expected for 
ongoing low grade infl ammation. However, one study did demonstrate increased 
level of activated macrophages by calprotectin expression despite reduced total 
microphages [ 70 ]. 

 Several studies have found that T lymphocytes, including CD4+ T cells, are 
increased in the colonic mucosa of IBS patients, but others have also found normal 
numbers of T-cells. Increased T cells would indicate activated adaptive immune 
response. Activated T-cell responses have also been found in the blood of patients 
with IBS expressing IL-5 and IL-13 [ 68 ]. A few studies have also found that the 
intraepithelial T-lymphocytes in IBS are predominantly CD8+ cells [ 70 ,  72 ,  73 ]. 
Cytotoxic CD8+ T cells are able to kill infected or other dysfunctional cells and 
represent the majority of intraepithelial T cells. There is also augmentation of CD8+ 
T cells in the lamina propria of the colonic mucosa in IBS patients [ 67 ], which indi-
cate that they contribute to the immune reaction in IBS. Immunoglobulin producing 
B cells in the gut mucosa of IBS patients have been reported to be unaltered or 
decreased [ 67 ]. Reduced number of colonic Ig A + B cells in IBS patients suggests 
a modifi ed gut immune defense [ 74 ]. 

 However, increased amounts of Ig G + B cells have been reported in the blood of 
patients with IBS [ 75 ], and increased antibodies to bacterial antigens [fl agellin] 
have been reported in IBS compared with healthy controls, but greater in postinfec-
tious IBS than IBS of unknown cause [ 76 ]. 

 The histopathology studies on patients with IBS have strengthened the evidence 
for abnormal neuroimmune interaction. Several studies have found increased 
neuroendocrine cells in the mucosa of PI-IBS patients [ 13 ,  64 ] and increased 
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concentration of neuron-specifi c mediators in subjects with IBS compared to 
healthy controls [ 13 ]. Moreover, others have shown that the gut mucosa nerve fi bers 
density was increased in subjects with IBS in clusters around the mast cells [ 77 ], 
which may contribute to increased pain perception and hypersensitivity [ 78 ]. 
Furthermore, the number of sensory nerve fi bers along with mast cells and lympho-
cytes is increased in IBS and express the capsaicin receptor TR Pv1 [ 79 ]. 

1.5.1     Microbiological Data 

 The intestinal fl ora has been studied in IBS subjects for many decades, but only 
since the advent of new molecular and PCR technology that substantial gains have 
been made in our understanding of the microbiota alterations and pathobiology. 
Initial studies had concentrated on the theory of small intestinal bacterial over-
growth [SIBO] since the 1990s to explain the symptoms of IBS. Excessive coliform 
bacterial overgrowth in blind loops and small bowel had long been implicated in 
chronic diarrhea and some malabsorption states. Most of the studies on SIBO had 
used surrogate markers such as the hydrogen breath test using lactulose or glucose 
and less commonly C-14 xylose as substrate. These indirect tests of SIBO have been 
heavily criticized because of nonspecifi city and weakness of the breath tests besides 
the variation in the interpretation and inconsistency of the results in various studies 
[ 80 ]. A recent review and meta-analysis on abnormal breath test in IBS have been 
reported [ 81 ]. Eleven studies were reviewed, the lactulose breath test was most 
commonly used, and although abnormal breath tests were more common in IBS 
subjects compared to healthy controls [OR = 4.46], the conclusion was that this did 
not necessarily imply SIBO but could refl ect abnormal fermentation, timing, and 
dynamics of the breath tests variability. A recent study also reported that abnormal 
breath test detects oro-cecal transit and not SIBO [ 82 ]. Quantitative culture of the 
small bowel contents is more invasive and is considered as the gold standard for the 
assessment of SIBO. A large sample of IBS patients [ n  = 162] and healthy controls 
had quantitative culture of jejunal aspirate in one study [ 83 ]. Using the standard 
microbial defi nition of >10 5  cfu [colony forming units] of colonic bacteria/ml for 
SIBO no difference in the two groups was found [4 % each]. However, adopting a 
modifi ed criteria of SIBO [bacterial counts ≥5 × 10 3  cfu/ml] showed a signifi cant 
difference with 43 % of IBS patients with mild increase in bacterial growth versus 
12 % of controls,  p  = 0.002. However, there was no correlation between bacterial 
alterations and symptoms [ 83 ]. 

 A subsequent review on SIBO in IBS found the role of testing for bacterial over-
growth in suspected cases to be unclear [ 84 ]. Probably the most defi nitive study on 
the topic included 675 patients who underwent quantitative culture of duodenal 
aspirate with various conditions and analyze their association with SIBO [ 85 ]. 
There was no association of SIBO with IBS, but conditions associated with bacte-
rial overgrowth included older age, steatorrhea, narcotic use, small bowel divertic-
ula, pancreatitis, and infl ammatory bowel disease. Hence, overall the data do not 
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support a signifi cant correlation with bacterial overgrowth of the small bowel and IBS. 
Some studies have implicated methane producing intestinal fl ora [methanogenic 
bacteria] to IBS, constipation predominant, and diverticulosis [ 86 ], but the data is 
not very convincing. Methane appears to slow bowel transit and methanogenic fl ora 
is more a refl ection of chronic constipation [ 87 ]. 

1.5.1.1     Modulation of Gut Microbiota 

 The gut microbiota is a complex microbial ecosystem which contains about 10 14  
microorganisms [10–100 trillion microbial cells] belonging to more than 2,000 
species [ 88 ], of which most [60–80 %] remain unculturable. It has only been in 
the last decade that new molecular methods utilizing new ribosomal RNA and whole 
genome base technologies, quantitative PCR, and DNA sequence-based studies have 
led to the understanding of the enormous biodiversity of human microbial endoge-
nous community. The host–microbiome interaction can be benefi cial to maintain nor-
mal health and homeostasis but alterations in the gut microbiota are linked to diseases 
and intestinal infl ammation [ 88 ,  89 ]. Evolution of the symbiotic relationship between 
human and their gut fl ora plays a major role in the development of a mature immune 
system, and constantly interacts with intestinal immune mechanism, provide nutrients 
for components of the gut wall and modulate energy metabolism [ 89 ]. 

 A novel paradigm-shifting hypothesis has been proposed that the gut microbial 
community constitutes an organ, which interacts with the host nervous system that 
innervates the gastrointestinal tract and infl uences homeostasis, susceptibility to dis-
ease, and even behavior [ 90 ]. This theory could explain both the gastrointestinal and 
the extraintestinal symptoms that are commonly associated with IBS, if disturbances 
of the gut microbiota actually play a role in the pathobiology of this condition. 
The gut microbiota undergoes substantial changes at the extremes of life [infants and 
older people], but the adult intestinal microbiota is normally stable over time and 
similar between individuals [ 91 ]. There is recent evidence that the core microbiota of 
elderly subjects is distinct from that of younger adults with a greater proportion of 
 Bacteroides  species, and distinct abundance of clostridium groups that remained 
stable over time [3 months] [ 92 ]. This is important when interpreting studies as age-
matched controls should be used before accounting for differences in the microbial 
endogenous community. 

 Insights into the microbiota of healthy subjects allow for comparison with 
 compromised individuals with different clinical conditions. The majority of the 
human gut microbiota are predominantly bacteria and 10 bacterial phyla [deep 
bacterial lineages or divisions] of more than 70 bacterial phyla identifi ed on earth 
have been found in the intestine [Firmicutes, Bacteroides, Proteobacteria, 
Actinobacteria, Fusobacteria, Verrucomicrobia, cyanobacteria, TM 7, Spirochetes, 
and Vadin BE97] [ 93 ]. There are estimated to be >15,000 species-level bacterial 
phylotypes and 1,800 genera associated with the human gut [ 94 ]. There are also 
diverse viral phage communities that colonize microbial cells and are reservoirs of 
genetic material and infl uence the diversity of the bacterial intestinal population [ 93 ]. 
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There is evidence, however, that intersubject variability and differences between 
stool and mucosal microbial communities pattern exists [variation of biodiversity 
within an ecosystem] in normal hosts [ 95 ]. 

 Studies on intestinal microbiota, comparing healthy controls with IBS patients 
had used predominantly fecal samples, which are easily obtainable, and less com-
monly mucosal specimens. Moreover, mucosal specimens between studies have 
varied in the sites biopsied, and some studies have analyzed differences between 
subgroups of IBS patients [IBS-diarrhea predominant [IBS-D], IBS-constipation 
predominant [IBS-C], or IBS-mixed type [IBS-M] compared to healthy controls]. 
Limitations and diffi culty in interpreting the available data from different studies 
include use of patients on antibiotics in some studies, and different methodologies 
in techniques in assessing qualitative and quantitative intestinal microbiota. 
Moreover, the majority of studies included relatively small samples of patients and 
controls [<30 in each group]. Analysis of intestinal microbiota since 2005 has uti-
lized qualitative profi ling and quantitative assays specifi c to dominant genera and 
species [ 96 ]. Methods have mostly involved 16S ribosomal [r] RNA gene sequenc-
ing, quantitative real-time [RT] PCR, PCR-denaturing gradient gel electrophoresis 
[DGGE], and rarely fl orescent in situ hybridization [FISH] for qualitative analysis, 
and more recently phylogenetic microarray analysis [ 97 – 111 ]. A summary of these 
studies is presented in Table  1.2 .

   The fi rst 6 studies [1a–1f] were derived from the same cohort of IBS patients 
performed by Finnish investigators utilizing different complementary tests on the 
same batch of fecal specimens at different times over several years [ 97 – 102 ]. Nearly 
all the studies showed some qualitative or quantitative differences in the pattern of 
intestinal microbiota of IBS patients compared to healthy, age- and sex-matched 
controls, but of an inconsistent pattern or profi le. An initial study performed in 
Finland reported greater temporal instability of the predominant bacterial popula-
tion over 6 months in IBS subjects compared to controls [ 97 ]. However, limitations 
of the study included the analysis of patients receiving antibiotics and subsequent 
repeat analysis of fecal samples with exclusion of patients on antibiotics using the 
same method [DNA-based PCR-DGGE] did not reveal more instability over time of 
the pattern of the predominant microbiota [ 98 ]. However, higher temporal instabil-
ity of the predominant bacteria was found in IBS subjects using RNA-based DGGE. 

 Two of the studies reported lower biodiversity of the bacterial species/phyla in 
IBS subjects [ 104 ,  105 ], whereas others reported increase in diversity of fecal 
microbiota [ 107 ,  108 ]. A more consistent fi nding of the pattern of intestinal 
 microbiota in IBS includes reports of decreased  Bifi dobacterium  species [ 100 ,  103 , 
 111 ], but the changes in bacterial profi les and concentrations may be related to the 
subtype of IBS. Decreased Lactobacillus and Bacteroides species have been reported 
in IBS-D, [ 99 ,  100 ,  102 ,  110 ] but increased Lactobacillus species has been noted in 
the feces of IBS subjects [subtype not specifi ed] by others [ 106 ], and increased 
Bacteroides species have been found from the rectal mucosa of the IBS group [ 111 ], 
and feces of IB S-M subtype [ 100 ]. To date one of the most robust studies with rela-
tively large sample size [62 IBS patients versus 46 controls] applied deep molecular 
analysis with phylogenetic microarray assays has recently been reported from the 

1 Irritable Bowel Syndrome and Microbial Pathogenesis
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Netherlands [ 110 ]. Notable fi ndings included twofold increase in the ratio of 
 Firmicutes :  Bacteroides  [ p  = 0.0002] due mainly to decrease in Bacteroides species 
in IBS subjects, with corresponding increase [1.5 fold] in numbers of Dorea, 
Ruminococcus, and Clostridia species [ p  < 0.005]; and 1.5 fold decrease in 
Bifi dobacterium and Fecalbacterium species [ p  < 0.05], with a fourfold lower aver-
age numbers of methanogens, methane producing anaerobic bacteria, [ p  = 0.003]. 
There was signifi cant correlation between bacterial signal intensity of 18 phyloge-
netic groups and symptoms. Gamma-proteobacteria concentration positively corre-
lated with symptoms, while symptoms were negatively associated with concentration 
of Bifi dobacterium [pain score], Fecalbacterium, Eubacterium, and Ruminococcus 
species [ 110 ]. 

 Metabolic changes resulting from shifting patterns of intestinal microbiota have 
been postulated to explain the symptoms of IBS. In one study high fecal concentra-
tion of acetic and propionic acids correlated with symptoms [ 106 ]. In another small 
study increased amino acids and phenolic compounds correlated with symptoms 
[ 107 ]. In a small study of 10 IBS patients, 13 subjects with ulcerative colitis [UC] 
and 22 healthy controls, fecal extracts obtained from four specimens per subject 
over a year, were examined for altered metabolic activity using high resolution 
nuclear magnetic resonance [NMR] spectroscopy [ 112 ]. The pattern of the altered 
metabolic activity of gut microbiota was predictive of the disease. In UC patients 
there were increased levels of taurine and cadaverine, while in IBS subjects there 
were increased concentration of bile acids and decreased branched chain fatty acids 
compared to controls. This correlated with the difference in composition of the gut 
microbiota in these groups [ 112 ]. 

 In summary, the current microbiological data in patients with IBS compared to 
healthy controls, despite limitations of sample sizes, differences in methods and 
results, strongly support a dysbiosis or imbalance of the commensal microbiota of 
the gut in this condition, but the pathophysiologic mechanisms still remains unclear.    

1.6     Animal Models of IBS 

 Animal models are often useful in determination of the biological mechanisms in 
many human diseases and sometimes in establishing causality. Previous animal 
studies had shown that psychological stress alters the intestinal fl ora, increases cyto-
kine response and intestinal permeability of the lining [ 113 ]. Postulated mecha-
nisms by which stress can alter the microbiota of the GI tract include changes in 
epithelial cell function, motility, mucous secretion, and through the effect of cate-
cholamines which can modify adherence of bacteria to the mucosa. Pathogenic bac-
teria and parasites have been used to produce postinfectious IBS in rodents 
[ 114 – 118 ]. Two of these studies suggested that intestinal infection increased vis-
ceral hypersensitivity [common in IBS patients], possibly through stimulation of 
ATP gated receptor [ 117 ,  118 ], and that stress exacerbated the peripheral nocicep-
tive signaling [ 116 ]. 

1.6 Animal Models of IBS
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 In Campylobacter induced PI-IBS in rodents, the acute phase within 32 days is 
characterized by noninfl ammatory changes of the mucosa of the small bowel con-
sisting of villous widening but no histological changes in the chronic phase 
[3 months postinfection] [ 115 ], but colonic and rectal mucosa showed increase in 
intraepithelial lymphocytes 3 months postinfection with altered stool form, and 
lower body weight in an earlier study [ 114 ]. Postinfl ammation but noninfectious 
models of IBS are induced with chemical agents [trinitrobenzene sulfonic acid the 
most commonly used agent], and these models are similar in many respects to the 
postinfectious IBS models [ 119 ]. However, none of the models provided clearer 
insight into the pathogenic mechanisms of IBS and are lacking detailed molecular 
analysis of the animals’ intestinal microbiota. No animal model as yet has been 
developed to demonstrate that alterations in the bowel fl ora, as seen in human studies, 
can produce IBS. Hence, this is a clear area for future investigations.  

1.7     Antibiotic and Probiotic Therapy in IBS 

 Patients with IBS often do not respond to standard treatment with dietary and lifestyle 
modifi cations, fi ber supplementation, psychotherapy, and pharmacotherapy 
[ 120 ,  121 ]. Proven effi cacy of an antimicrobial agent or probiotic in controlled, 
randomized clinical trials would strengthen the concept of a role of microbes in the 
pathogenesis of IBS. Treatment with oral neomycin had shown marginal effi cacy 
[ 122 ] and systemic antibiotics had mixed results [ 123 ]. The most promising antibi-
otic is a new, nonabsorbable, oral rifamycin derivative with a broad antibacterial 
spectrum [rifaximin]. Like other rifamycins this new agent inhibits RNA synthesis 
by binding to the B-subunit of bacterial DNA-dependent RNA polymerase, and the 
in vitro activity includes coliforms, gram-positive bacteria, and Fusobacterium 
[ 124 ]. It has been used clinically for traveler’s diarrhea and hepatic encephalopathy 
[orphan drug status by the USA Food and Drug Administration], as it is almost 
entirely excreted unchanged in the feces and only 0.4 % is absorbed. However, it is 
not indicated for the treatment of enteric pathogens such as Campylobacter, Shigella, 
or Salmonella gastroenteritis [ 124 ]. 

 Previous small clinical trials of rifaximin in IBS patients had shown promising 
results with improvement of symptoms [ 125 ,  126 ], and low risk of bacterial resis-
tance has been reported with limited use. 

 Recently, a single report on the results of two randomized controlled trials of 
1,260 patients with IBS-diarrhea predominant was published [ 127 ]. Patients were 
assigned randomly either rifaximin 550 mg or placebo three times daily for 2 weeks 
and followed for an additional 10 weeks. Signifi cantly more patients receiving 
rifaximin had relief of global IBS symptoms [40.7 % versus 31.7 %,  p  < 0.001], and 
overall symptoms of abdominal pain and stool consistency without signifi cant 
adverse effect [ 127 ]. The limitations of these two trials include short-term follow- up, 
lack of data on fecal microbiota patterns before and after therapy, and the fact that 
the treated patients had only a modest therapeutic effect. 

1 Irritable Bowel Syndrome and Microbial Pathogenesis
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1.7.1     Probiotics in IBS 

 Probiotics are defi ned as dietary supplements of living microorganisms found in 
the normal fl ora with low or no pathogenicity, but with a positive effect on the 
health of the host. Over the past 50 years, probiotics have been used and investi-
gated in several infectious diseases and gastrointestinal disorders, including anti-
biotic-induced diarrhea, Clostridium diffi cile colitis, irritable bowel syndrome, 
necrotizing enterocolitis, and infl ammatory bowel diseases [ 128 ]. Systematic 
reviews of large number of patients [>1,000] and meta-analyses of randomized 
controlled trials of probiotics for the treatment of specifi c gastrointestinal dis-
eases have recently been reviewed [ 129 ]. Some of the believed mechanisms of 
action of probiotics theoretically are suitable to correct or ameliorate the postu-
lated biologic mechanisms of IBS, such as maintenance of the intestinal mucosal 
integrity and barrier, and the immunomodulatory effect to suppress mucosal 
infl ammation [ 128 ]. 

 There have been several systematic reviews and meta-analyses on the benefi t of 
probiotics in IBS in the past 5 years [ 130 – 133 ]. This may be a refl ection of the gen-
eral interest in the topic or could represent controversy in the results, or the fact that 
large multicenter trials have not been performed to provide a defi nitive answer on 
their therapeutic value. Two meta-analyses published in 2008 each reviewed over 
20 clinical trials with a total of >1,000 subjects [children and adults], both came to 
the same conclusion that probiotics improved clinical outcomes by about 22 % and 
reduced global IBS symptoms more than placebo [ 130 ,  131 ]. Two later reviews 
came to similar conclusion that the current data indicate that probiotics overall 
improved IBS symptoms and risk of persistence, despite several limitations of the 
studies including study design, dose variation, and the variety of the different probi-
otics used [ 132 ,  133 ]. Other limitations of these trials included small sample sizes 
as only 3 of the 22 trials most recently reviewed [ 133 ] had sample population >200 
subjects. Moreover, the variety and differences of the probiotics studied and varied 
duration of the treatment from 4 weeks to 8 months has hampered interpretation of 
the data. It has been recommended that the type of probiotic used in future trials 
should be tailored to the patients’ IBS subtype.   

1.8     Summary and Conclusion 

 IBS which is considered a common functional disorder in the general population is 
likely a multifactorial disease and although the overall association of infectious 
gastroenteritis [PI-IBS], presence of disturbances in the gut microbiota pattern in 
many IBS patients, even without previous infections, modest therapeutic benefi ts of 
rifaximin and probiotics, strongly implicate a role of microbial pathogenesis in a 
high proportion of these patients. However, the relationship between IBS and the 
microbiome is not simply cause and effect, but is more complex and poorly 

1.8 Summary and Conclusion
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understood. It is likely that the biological mechanisms of IBS induction involves 
genetic host factors, microbiome environment, stress, and psychological factors and 
possibly dietary infl uences [see Fig.  1.1 ].

Host Genome

Bloating, Abdominal pain,
Diarrhea, Constipation

 

Inherited Genes or SNP - Genetic Predisposition

Psychosocial Factors:
Stress/Depression

Visceral Hypersensitivity

Environment:
Diet/Enteric 
Infections

 Brain & Gut Axis
Disregulation

 

Inflamation  
Cytokine

Permeability altered
mobility and secretions

ALTERED 
MICROBIATA:

 

Organic Acids 
Bile Acid 

BC Fatty Acids

MICROBIATA
PHYLA

IMBALANCE

  
 

  Fig. 1.1    Postulated mechanisms of irritable bowel syndrome showing interaction of various factors 
that may play a role in the pathogenesis of irritable bowel syndrome. SNP = single-nucleotide 
polymorphism       
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1.9        Future Directions 

 Further investigations are needed to clarify the role of imbalance or alterations in 
the gut microbiota with different subtypes of IBS. Studies with larger sample sizes 
in each group and with age- and sex-matched controls [preferably on similar diets] 
should be performed on fecal/mucosal samples a few times over 6–12 months. 
Microbiological methods should include deep molecular phylogenetic analysis 
combined with metabolomic analysis [i.e. by NMR spectroscopy] to confi rm 
changes in the microbiome phyla profi le with chemical changes in the bowel that 
would explain the IBS symptoms associated with each subtype. 

 Therapeutic clinical trials with probiotics need to be standardized for dose, mix-
ture of the composition, and duration. Large multicenter, placebo controlled, ran-
domized trials are needed, preferably with hundreds of patients in each IBS-subtype 
and controls. Future trials should have extended follow-up of at least 6–12 months 
or greater and should ideally include fecal analysis before, during, and after treat-
ment to identify specifi c changes in phylogenetic characteristics of the microbiota 
and measurement of the associated metabolic changes associated with these alter-
ations by metabolomics of fecal extract. These types of studies are needed to 
clarify the role of microbiomes in the pathobiology and the use of probiotics in 
the treatment of IBS.     
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    Chapter 2   
 Microbes in Colon Cancer 
and Infl ammatory Bowel Disease 

2.1                        Introduction 

 Colorectal cancer [CRC] is the third most common tumor and fourth most common 
cause of cancer death in the world [ 1 ]. It is prevalent in many countries but more 
common in developed nations. In the United States [US] CRC estimated new cases 
in 2008 were 77,250 in men and 71,560 in women [ 1 ]. The higher incidence of CRC 
in developed countries has been attributed to dietary and lifestyle habits, and the 
infl uence of genetic predisposition. 

2.1.1     Risk Factors 

    The vast majority of CRC occur in the population over age 50 and continue to 
increase with further aging. The highest incidence and mortality in the US has been 
found in people of African American ethnicity when compared to other ethnic 
populations    [ 1 ]. Genetic factors likely play a strong role, as a family history of CRC 
in a fi rst-degree relative increases the risk of CRC by two- to threefold, and even 
second- degree relatives increases the risk by 25–50 % over the general population 
[ 1 ]. Genetic and environmental factors are associated with the development of 
CRC, see Fig.  2.1  [ 2 ]. Three major categories of genes have been implicated in the 
development of CRC, such as K-ras [retrovirus-associated DNA sequence], tumor 
suppressive genes, and the mismatch repair genes [ 1 ]. Mutations or alterations 
of the tumor suppressive T53 gene are present in up to 75–85 % of CRC [ 2 ,  3 ]. 
The transition from normal to malignant colonic mucosa involves a multistep cas-
cade of genetic mutations involving the deleted in colorectal cancer [DCC] gene 
and the T53 suppressor genes, and the K-ras oncogene mutation leading to tumor 
formation [47–50 %] [ 1 ,  2 ].
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   It is generally believed that westernized dietary habits, including increased 
 consumption of red meat and fat with decreased consumption of vegetables and fruits, 
is largely responsible for the increased rates of CRC in developed nations. There is 
confl icting data on the protective effect of fruits and vegetables on the development of 
CRC, while high consumption of these natural products may not directly protect 
against CRC, low consumption is related to increased risk of CRC [ 1 ]. 

 During the progression of normal epithelial cells to CRC there is a succession of 
clonal expansions and loss of control or inhibition of cell division. Changes in 
colonic crypt cell proliferation have been shown to proceed and accompany neopla-
sia. Ingredients in the diet that stimulate cells to divide are vulnerable to effects of 
carcinogens to promote cancer, and dietary factors that enhance differentiation or 
apoptosis protect against CRC. The contents of fi ber in the human diet consist of 

Epigenetic events: Activation of 
proto-oncogenes, inactivation of 

tumor-suppressive genes

Somatic mutation induction of normal cells
(Environmental factors: dietary, 
chemical, microbes, radiation)
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  Fig. 2.1    Multistage 
development of colon cancer          
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soluble fi bers, more readily fermented by colonic bacteria, and insoluble fi bers 
[wheat bran, cellulose, etc.] which remain in the fecal stream as diluents, are 
believed to be important in the tumorigenesis of CRC. Insoluble fi bers create bulk 
and greater moisture content that decrease transit time in the colon and may have a 
diluting effect on carcinogens and their constant exposure to epithelial cells [ 4 ]. 
Soluble fi bers can be metabolized by the intestinal bacterial fl ora and these meta-
bolic by-products may infl uence carcinogenesis. Infl ammatory bowel diseases 
[IBD], such as ulcerative colitis [UC] and Crohn’s disease [CD], are well-known 
risk factors for CRC. The extent and duration of the disease are directly correlated 
to the risk of CRC. There is greater risk of CRC for pancolitis compared to left- 
sided colitis [5- to 15-fold increase versus threefold increase], and the risk increases 
from 2 to 8 % at 10–20 years versus 18 % after 30 years of UC [ 1 ]. Obesity has also 
been shown to be associated with increased risk of CRC and increase in physical 
activity may be protective [ 5 ]. However, the exact mechanisms for carcinogenesis 
and the association with these conditions are not exactly clear. IBD are putatively 
linked to CRC through the infl ammatory cascade involving proinfl ammatory cyto-
kines, stimulation of the cyclooxygenase, and prostaglandin pathways. This has led 
to the potential use of aspirin and other nonsteroidal anti-infl ammatory drugs 
[NSAIDS] as preventative agents for CRC, through their inhibitory effect on the 
cyclooxygenase pathway [ 6 ]. 

 It is unclear at present whether the association of obesity and increased risk of 
colonic adenomas and CRC can be explained alone on dietary factors, consumption 
of foods with higher levels of sugar and saturated fats. Visceral adiposity is a stron-
ger risk factor for CRC than increased body mass index alone [ 7 ]. There are several 
elements that are secondarily increased in obesity that have been proposed to par-
ticipate in the pathogenesis of CRC. Chronic low-grade infl ammation with persis-
tent activation of the nuclear transcription factor NK-kB may result in transcription 
of genes that promote tumorigenesis in visceral adiposity [ 8 ]. Hyperinsulinemia, 
insulin resistance, and insulin growth factor are increased in the metabolic syndrome 
and obesity, and all of these factors may promote tumorigenesis by increasing colonic 
cell proliferation and angiogenesis and inhibition of epithelial cell apoptosis, as 
shown in cell lines and animal models [ 9 ]. 

 Lifestyle risk factors for CRC are also associated with obesity and increased 
risk of cardiovascular disease such as physical inactivity, smoking, and excessive 
alcohol [ 9 ]. Despite the close relationship with physical inactivity and obesity, 
association remains strong for CRC even after adjustment for age, diet, and obesity [ 10 ]. 
Smoking has been reported to increase the relative risk of CRC in observational 
studies [ 10 ], possibly by inducing genetic alterations in the colonic epithelium 
[ 11 ], but there was insuffi cient evidence for a causal relationship [ 9 ]. Heavy alco-
hol consumption has been associated with increased relative risk [RR 1.41] of CRC 
from the pooled analysis of eight cohort studies [ 12 ]. This observation may be due 
to poor nutritious diet in alcoholics, especially to the low intake of folate-containing 
foods [ 13 ].   

2.1 Introduction
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2.2     Microbes and Colorectal Cancer 

 There has been increasing evidence over the past two decades or more that the 
intestinal commensal fl ora is very important in maintaining a regulated immune 
homeostasis of the gastrointestinal [GI] tract. Moreover, dysregulation of the normal 
balance or symbiotic relationship of the microbiota may play a role in the pathogenesis 
of IBD and colon cancer. Preliminary small case series using routine microbiologi-
cal methods had suggested differences in bacterial composition and metabolites in 
feces of patients with CRC compared to healthy controls in 1996 [ 14 ]. Probably the 
most convincing evidence to date of a role of microbes in the pathogenesis of bowel 
cancer is demonstrable in animal models. There are also precedent, as GI cancers 
such as gastric cancer and mucosa-associated lymphoma of the stomach are strongly 
associated or established to be secondary to chronic  Helicobacter pylori  infection in 
at risk individuals. 

2.2.1     Animal Models of Colorectal Cancer 

 Genetically modifi ed mice with deletion of genes to regulate infl ammation or mod-
ify innate immune responses are susceptible to multiple neoplasms of the colon in 
the presence of normal GI fl ora, but fail to develop tumors in germ-free animals 
with the same defects. This was demonstrated in T-cell receptor chain and P53 
double- knockout mice, with conventional GI fl ora colonized mice developing 
 ileocecal adenocarcinoma in 70 % of animals at 4 months of age versus none in 
germ- free mice [ 15 ]. Specifi c murine enteric pathogens that produce epithelial 
infl ammation have also been shown to promote colonic tumors in mice with muta-
tion in tumor suppressive gene, but a fourfold decrease in similar mice without 
infection [ 16 ]. Others have also shown that the specifi c murine pathogen  Helicobacter 
hepaticus  will induce colon cancer in 50–60 % of mice defi cient in transforming 
growth factor-beta [TGF-B] signaling pathway [SMAD-3], but not in those without 
infection [ 17 ]. In a pathogenesis study using the same bacteria to induce infl amma-
tion and neoplastic changes, it was found that the regulator T-cells [RTC] require 
interleukin [IL]-10 to inhibit infl ammation and early neoplastic changes [ 18 ]. 

 Studies in rats, utilizing chemical carcinogens [1,2-dimethyl-hydrazine] to 
induce early cellular neoplastic changes with aberrant crypt foci, could be infl u-
enced by specifi c species of intestinal fl ora, and some bacteria might behave as 
promoters and others as antipromoters in carcinogenesis [ 19 ]. For instance, 
 Bifi dobacterium breve  inoculated orally to gnotobiotic rats had lower rates of aber-
rant crypt foci than with other bacteria after treatment with a carcinogen. Similarly, 
in male Sprague–Dawley rats injected with azoxymethane [ADM] carcinogen or 
saline development of colonic tumors fed different fi ber diets had different rates of 
neoplasm associated with different intestinal bacterial population [ 20 ]. Rats receiving 
ADM consuming high cellulose diet and not developing tumors possessed larger 
amounts of anaerobes in their feces at 10 months [ p  < 0.05]. 
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 Investigators utilizing human-fl ora rats fed high-risk diet [high in fat, sucrose, 
low in calcium and fi ber] compared to rats on low-risk diet [low in fat, high in 
starch, calcium, and fi ber] found signifi cant changes in gut microfl ora and associ-
ated biomarkers of colon cancer [ 21 ]. Rats fed high-risk diet had signifi cant altered 
cecal bacteria, with 2.5-fold increase in beta-glucuronidase activity, increased cecal 
ammonia concentration, and enhanced genotoxic risk from 7-hydroxy-imidazole 
quinolone, 3 putative biomarkers of colon cancer. Review of the pathogenic mecha-
nisms in colon cancer about the same time [1997] concluded that CRC was caused 
by increased mutagenic actions of free radicals produced during oxidation reaction, 
and that dietary factors and intestinal bacteria produce endogenous metabolites that 
contribute to free radicals in the colon [ 22 ]. It is believed that polyunsaturated fat 
can be oxidized in the bowel by bacteria to produce mutagens [lipid hydroxyper-
oxides and malondialdehyde], and that fecal bacteria can generate high fl ux of 
reactive oxygen species [superoxide radicals] on the surface of the intestinal 
mucosa, and infl ammatory cells in the colon can produce reactive nitrogen species 
[nitrogen dioxide]. Theoretically diets rich in antioxidants [i.e. vitamin E] can 
reduce these harmful effects. 

 Further studies in gnotobiotic mice treated with chemical carcinogens, 1,2- 
dimethyl-hydrazine [DMH], to induce tumors have examined the effect of specifi c 
bacteria [mono-associated GI colonization] compared with conventional mice 
treated with DMH [ 23 ]. The incidence of colonic adenomas between gnotobiotic 
and conventional mice after treatment with DMH was similar [74 and 69 %], but the 
tumors were larger in the conventional mice. The incidence of tumors in gnotobiotic 
mice with single GI colonization of different bacteria was similar for Mitsoukella 
multacida, Clostridium butyrican, and  Bifi dobacterium longum  [63–68 %] and sig-
nifi cantly lower for colonization with  Lactobacillus acidophilus  [30 %]. Clostridia 
colonization was associated with larger adenomas and signifi cantly higher concen-
tration of fecal bile acids, whereas  L. acidophilus  was associated with signifi cantly 
lower levels of bile acids [ 23 ]. A subsequent study was performed by the same 
group of investigators to examine the changes in the immunological environment in 
gnotobiotic mice with single species of bacterial GI colonization without DMH 
treatment [ 24 ]. These fi ndings suggested that activation of T-cells in the liver and 
granulocytes in the colonic mucosa may be related to the antineoplastic effect of 
 L. acidophilus  in this model. 

 Other investigators have reported that  B. longum , lactic acid producing intestinal 
bacteria, fed to male F34C-rats as a probiotic compared to control diet in 
ADM- treated rats reduced tumor burden and exerted strong antitumor activity [ 25 ]. 
The probiotic inhibited ADM-induced cell proliferation, oncogenic activity, and 
expression of ras-p21 oncoprotein compared to control diet. Subsequent studies on 
the impact of probiotics on microbial fl ora, infl ammation, and tumor development 
have been performed on IL-10 knockout C57BL/6 mice [ 26 ]. Twenty-one mice were 
fed  Lactobacillus salivarius  in milk compared to 10 control mice, fed a modifi ed 
milk for 16 weeks. Two of 10 [20 %] control animals died of fulminant colitis versus 
none in the probiotic group. Fifty percent [5 of 10] control mice develop colonic 
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neoplasms versus just less than 10 % [2 of 21] in the treated group. Fecal coliforms 
and enterococcus species were signifi cantly decreased in the probiotic versus con-
trol mice [ p  < 0.05]. Also at sacrifi ce there was signifi cantly decreased amount of 
 Clostridium perfringens  [ p  < 0.05] in the bowel of the treated group. Thus, probiotic 
signifi cantly reduced infl ammation and colon cancer in IL-10 defi cient mice [ 26 ]. 
Others have also noted recently that  Bifi dobacterium lactis  and resistant starch 
products had combined effect in protection again CRC in rat model induced by 
AOM [ 27 ].  

2.2.2     Mechanisms of Probiotics and Favorable 
Commensal Bacteria 

 The protective effect of favorable commensal bacteria and probiotics on modifying 
carcinogenesis in the bowel has been examined both in vitro using human intesti-
nal cell lines and animal models. In vitro probiotics can ameliorate expression of 
Cox-2 and prostaglandin E-2 secretion in intestinal epithelial cells, which are con-
sidered important in the infl ammatory cascade for tumor development [ 28 ]. The 
combination of probiotic and resistant starch may also facilitate apoptotic deletion 
of carcinogen damage cells, as demonstrated in the rodent model [ 29 ]. Apoptosis 
provides an innate cellular defense against oncogenesis by removing cells with 
genetic instability or with DNA mutation or damage from carcinogens in the pro-
cess of carcinogenesis [ 30 ]. The probiotic may act via fermentation of resistant 
starch to produce butyrate and together exert an immunomodulating effect [ 31 ]. 
More recent investigation in both mice and colonic cancer lines supports the para-
digm that bacterial fermentation of dietary fi ber in the colon generates short-chain 
fatty acids which protects again some CRC and IBD [ 32 ]. Among the bacterial 
metabolites butyrate appears to be the most important. GPR109A, a G-protein-
couple to receptor for nicotinate but recognizes butyrate at low affi nity and func-
tion as a tumor suppressor in colon [ 32 ]. Others, also using experimental models, 
have concluded that probiotic and favorable commensal bacteria function as 
“physiologic cancer surveillance” by preventing proliferation of dysplastic cells by 
induction of apoptosis [ 33 ]. 

 Some probiotics may have different mechanisms of antineoplastic effect, which 
may be species dependent. Recently, studies utilizing human colon cancer cells and 
xenograft model [CD-1 nude mice] of human colon cancer determined that  Bacillus 
polymenticus  [commercially available probiotic bacterium] anticancer effect was 
mediated by inhibition of proto-oncogene ErbB2 and ErbB3 protein expression [ 34 ]. 
The ErbB receptor family consists of four members including EerB1/epidermal 
growth factor receptor [EG FR/HER1, ErbB2/HER2/, Neu, ErbB3/HER-3, and 
ErbB4/H ER-4]. ErbB2 is the most oncogenic member of the family and overex-
pression is observed in many human cancers, including breast, colon, bladder, and 
lung cancers [ 35 ].  
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2.2.3     Harmful Effects of Some Commensal Bacteria 

 Some commensal enteric bacteria are cancer promoters as shown in animal models of 
germ-free and gnotobiotic mice colonized with specifi c bacteria. Infection- 
associated infl ammation has been well established as risk factors for cancers in vari-
ous organs, i.e., chronic hepatitis B and C predispose to hepatocellular carcinoma. 
Genetic modifi ed mice that develop greater burden of CRC with specifi c murine 
pathogens is through the induction of infl ammation and colitis, e.g.,  Helicobacter 
hepaticus  and  Citrobacter rodentium . However, the human intestinal commensal 
 Enterococcus faecalis  can induce colitis and colonic tumors in IL-10-knockout mice 
in mono-microbe associated model, but other commensal and pathogenic bacteria 
and yeast failed to produce any intestinal pathology [ 36 ].  E. faecalis  can induce 
chromosomal changes in colonic epithelial cells that may predispose to neoplastic 
changes [ 37 ]. This commensal can cause DNA damage and instability, potentially 
transforming events and tumorigenesis analogous to radiation-induced effect [ 37 ]. 

 Other human bowel commensal universally present, such as  Bacteroides fragilis , 
has been shown to induce colonic tumors in multiple intestinal neoplasia [MIN] 
mice [ 38 ]. However, only enterotoxigenic strains of  B. fragilis  [ETBF] induce 
robust selective colonic signal transducer and activator of transcription-3 [STAT-3] 
activation of T-helper-type-17-cell response and can trigger colitis and tumors [ 38 ]. 
It was also found that ETBF tumorigenesis in MIN mice is through the contribution 
of polyamine catabolism [ 39 ]. These animal models have also demonstrated the 
importance of the natural immune defense mechanisms to counteract the harmful 
effects of some commensal and pathogenic microbes. Immunocompetent regulatory 
T-cells are important in preventing pathology and remodeling of intestinal mucosa 
following tumorigenic microbial insults [ 40 ]. The anti-infl ammatory cytokine path-
way is also important to counteract infl ammation-induced tumors, as evident in the 
IL-10 knockout mice model [ 18 ]. The innate immune receptor Nod1 also appears to 
play protective role in the intestine from infl ammation-induced tumorigenesis [ 41 ]. 

 In vitro experiments have also demonstrated that some species of commensals 
including Lactobacillus, Streptococcus, and enterococcus species can generate 
hydrogen peroxide [H 2 O 2 ] [ 42 ]. The strong infl ux of H 2 O 2  leads to stimulation of 
immune cells to produce proinfl ammatory cytokines which may predispose to IBD, 
by perpetuating the infl ammatory reaction and increasing apoptosis and necrosis [ 43 ]. 
Although apoptosis plays a favorable regulatory role in controlling tumorigenesis, 
protracted apoptosis in IBD subjects may cause disruption of the epithelial integrity 
and possibly impair healing of the mucosa that could predispose to neoplasm [ 43 ]. 
Some commensal bacteria may also convert dietary procarcinogens into DNA 
damaging chemicals, i.e., ethanol and heterocyclic amines, or directly produce car-
cinogens such as fecapentaenes [ 43 ]. Many colonic commensals express alcoholic 
dehydrogenase [ADH] that can convert sugars to ethanol by the fermentation pro-
cess. In the presence of excessive alcohol intake even by moderate alcohol con-
sumption, the microbial ADH activity can be reversed and lead to aldehyde 
production [ 44 ]. Aldehyde is a known carcinogen that promotes mutagenesis by 
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inactivating cellular proteins important in DNA repair. Fecapentaenes are a family 
of ether-linked polysaturated lipid with potent mutagenic effect [ 45 ]. Fecapentaenes 
are produced by Bacteroides species at detectable concentration in the bowel and 
may produce oxidative damage to DNA by generation of radicals [ 44 ]. 

 Endogenous reactive oxygen radicals that damage DNA are considered an impor-
tant mechanism for somatic mutations that give rise to cancer [ 46 ]. The most impor-
tant reactive oxygen species are superoxide, hydrogen peroxide, hydroxyl radical, 
and peroxynitrite. Several of these reactive oxygen species can damage DNA, but 
H 2 O 2  is the only one stable enough to diffuse into cells where hydroxyl radicals can 
be generated [ 47 ]. Abundant hydroxyl radicals production occur in normal feces, 
especially in diet rich in fat and poor in fi ber, and likely produced by certain com-
mensal bacteria, i.e.,  E. faecalis  [ 48 – 51 ]. Sulfate reducing bacteria are members of 
the normal colonic fl ora that use sulfate as an oxidant for the degradation of organic 
matter and produce hydrogen sulfi de [H 2 S]. Biochemical and functional genomic 
data suggest that H 2 S may impair the balance between cell differentiation, prolifera-
tion, and apoptosis of the intestinal epithelium [ 52 ]. H 2 S may be tumor promoting as 
it is directly or indirectly involved in the signaling and upregulation of genes involved 
in the mitogenic activated protein kinase [MAPK] signaling [ 52 ] and the oncogenic 
activation of  Ras  pathway [ Ras /Raf/MEK/ERK] [ 53 ]. There is also evidence that 
H 2 S stimulates nitric oxide [NO] production of intestinal epithelial cells [ 44 ] that 
have variable mitogenic and apoptotic elements, and activate several neoplastic-
associated genes including vascular endothelial growth factor [VEGF], which plays 
a role in tumor progression and metastases [ 52 ,  54 ]. Most of the colonic sulfi dogenic 
bacteria are gram-negative bacteria in the delta subdivision of the Proteobacteria 
phylum, but others such as Desulfotomaculum are grouped with gram-positive 
bacteria of the Clostridium subdivision [ 44 ].   

2.3     Human Studies 

 There are only a few studies of the potential role of microbes in the tumorigenesis of 
CRC in humans. In a relatively small study of randomly selected subjects, ages 
50–65 years, three groups were identifi ed: African Americans [ n  = 17], native 
Africans [ n  = 18], and Caucasian Americans [ n  = 17] [ 55 ]. Comparisons were made 
for diet, hydrogen and methane breath responses to oral lactulose, culture of fecal 
samples for 7-α hydroxylating bacteria and  Lactobacillus plantarium , and mucosal 
biopsies of colon to measure cell proliferating rates. The aim of the study was to 
identify factors that predispose African Americans to greater risk of CRC [60 per 
100,000] versus native Africans [less than 1 per 100,000]. Similar to Caucasian 
Americans, the African Americans [AA] consume more meat protein, total fat and 
saturated fat, cholesterol, vitamins A and C than native Africans [NA],  p  < 0.05–0.01 
[ 55 ]. However, fi ber intake was about the same, but hydrogen breath test was higher 
and methane breath test lower in AA compared to NA. Fecal colony counts of 7-α 
hydroxylating bacteria were higher and  L. plantarium  lower in AA versus NA. 
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The colony crypts cell proliferation rates [refl ecting propensity for neoplastic 
changes] were dramatically increased in AA versus NA,  p  < 0.001. The conclusion of 
the investigators was that higher animal products in diet increase potentially toxic 
hydrogen and by bile salt reducing bacteria that predisposed to CRC [ 55 ]. The limita-
tions of this study included small sample size, lack of molecular microbiology to 
assess differences in ratios or quantization of various phyla of the bowel microbiome, 
and lack of chemical analysis for putative carcinogens associated with differences in 
the intestinal microbiota profi le. 

 In a previous study of only 13 male patients with recurrent neoplasia of the colon 
following surgery compared to 14 healthy males of similar age, H 2 S concentrations 
were signifi cantly higher secondary to sulfate reducing bacteria [ 56 ]. However, the 
design of the study cannot exclude an effect of alteration in bowel microbiota from 
previous surgery or infl ammation. A recent study examined the concentration of muco-
sal bacteria in 51 patients, by analysis of colonic biopsies taken from adenoma polyps 
and normal mucosa [ 57 ]. There was a 20-fold reduction of mucosa-adherent bacteria 
from polyps [associated with overproduction of antibacterial molecules α-defensins] 
compared to normal mucosa. The authors postulated that microfl ora dysbiosis at the 
mucosal surface in colonic adenomas may be a potential factor for dysplastic cell 
proliferation [ 57 ]. The cause-and-effect relationship still remains unknown and larger 
prospective studies are needed. Conversely, a previous clinical study had reported 
increased mucosal adherence and invasion by  Escherichia coli  in patients with colon 
cancer [ n  = 21] and in Crohn’s disease [ n  = 14], but not in ulcerative colitis [ n  = 21] and 
controls [ n  = 24] [ 58 ]. Thus, the data on adherent bacteria in CRC is confl icting. 

 Two recent studies have reported on the association of Fusobacterium species 
in human CRC, using quantitative PCR and 16S r DNA sequence analysis [ 59 ,  60 ]. 
In one study from Boston the composition of the microbiota, using whole genome 
sequences, was determined from nine specimen pairs of tissues from CRC and 
 normal mucosa [ 59 ]. Fusobacterium sequences were signifi cantly enriched in the 
cancer metagenomes, ranging over 20 % of total bacterial sequences. Further exam-
ination of a larger cohort of 95 pairs of specimens of colon cancer and normal 
colonic DNA, Fusobacterium species were enriched in cancer DNA and tissue, 
while Bacteroides and Firmicutes phyla were depleted in tissues [ 59 ]. In another 
study reported at the same time from British Columbia, an overabundance of 
 Fusobacterium nucleotum  sequences in colon tumors was found compared to 
matched normal adjacent control mucosa in 99 subjects [ 60 ]. A Fusobacterium iso-
late was also cultured from a tumor specimen and abundant Fusobacterium 
sequences in tumor were positively associated with lymph node metastases. 

 These two exciting studies strongly link a single species of bacteria, Fusobacterium, 
with CRC. However, this microbial association does not prove cause and effect and 
could represent an innocent bystander effect. The fact that Fusobacterium species is 
part of the normal oral fl ora and not an abundant constituent of the colonic microbi-
ota [ 61 ] favors a pathobiologic role in the development of CRC. A previous report of 
r RNA sequence in a small number of colorectal tumors and control samples [6 pairs] 
had found an increased trend of coribacteria in tumors and suggestion of high 
amounts of Fusobacterium [ 62 ].  

2.3 Human Studies
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2.4     Summary of Colorectal Microbial Pathogenesis 

 Although there is increasing evidence that the bowel microbiota plays a role in the 
pathogenesis of CRC, this is likely a complex interaction with genetic predisposi-
tion, dietary factors, and alteration of the delicate balance between favorable and 
unfavorable commensal fl ora. The protective effect of favorable commensals and 
the mechanisms of cancer promoting fl ora are summarized in Tables  2.1  and  2.2 . 
Recent evidence demonstrating the association of Fusobacterium with colonic 
tumors in humans is intriguing but requires further confi rmatory studies. At present 
the animal studies are more convincing of the role of the bowel microbiome in car-
cinogenesis of CRC than the human data.

    Future research is needed to explore the role of microbes in the pathobiology of 
CRC in both animal models and humans. In the fi eld of animal experimentation 
rodent models with humanized bowel fl ora and genetic alterations, utilizing common 
mutations and polymorphisms associated with human CRC are best used. Other ani-
mal models such as primates and pygmy pigs would help strengthen causality role. 
Animals with humanized bowel fl ora could be colonized with high concentrations of 
 Fusobacterium nucleotum  compared to other species in the presence of a high- and 

   Table 2.1    Cancer-promoting commensals and mechanisms   

 Microbe  Mechanism  Reference 

  E. faecalis   DNA damage and instability, H 2 O 2 , 
superoxide radicals 

 [ 36 ,  37 ,  51 ] 

  B. fragilis  [ETBF]  Infl ammation, polyamine catabolism → 
fecapentaenes tend to mutagenesis 

 [ 38 ,  39 ,  44 ] 

 Lactobacillus, Streptococcus and 
Enterococcus spp. 

 H 2 O 2  generation, infl ammation, and disruption 
of epithelium 

 [ 42 ,  43 ] 

 Proteobacterium phylum  H 2 S upregulation of oncogenes  [ 52 ] 
 [sulfi de reducing bacteria] 
 Undefi ned fl ora  Conversion of procarcinogens to 

carcinogens by aldehyde and amines 
 [ 44 ] 

 Fusobacterium spp.  Infl ammatory cytokines pathway  [ 61 ,  62 ] 

   Table 2.2    Anti-cancer commensals and mechanisms   

 Microbe  Mechanisms  Reference 

 Bifi dobacterium spp.  ? Metabolize carcinogens  [ 19 ,  20 ] 
  B. longum   Decrease cell proliferation  [ 25 ] 
  L. acidophilus   ? Alter bile acid metabolism activation of T-cells, 

granulocytes 
 [ 23 ,  24 ] 

  L. salivarius   Reduce infl ammatory pathway  [ 26 ] 
 Probiotics  Reduce COX2, PGE-2 expression and infl ammation, enhance 

apoptosis; increase butyrate and immunomodulation, 
physiologic “cancer surveillance” Inhibition of protooncogene 

 [ 28 ,  29 , 
 31 – 34 ] 
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low-risk diet, as well as the effect of selective probiotics on the development of 
CRC. Larger prospective studies of the colonic microbiome are needed in high- and 
low-risk human subjects over several years to map the genome sequence of feces, 
normal mucosa, polyps, and cancerous tumors. 

 Preventative large multicenter, randomized trials of hundreds or thousands of 
high-risk subjects, such as African Americans over 50 years of age and overweight 
with the fi rst colonic polyp, could be implemented to compare a daily mixture of 
suitable probiotics versus placebo [e.g., yogurt without probiotics] given for 5–10 
years and monitored for recurrence of adenomas or CRC as end point. A less rigorous 
but acceptable study could randomize patients to daily yogurt with probiotics versus 
standard diet with no yogurt. These trials although expensive and time–resource 
consuming should be worthwhile, as CRC is a major disease of the Western world, 
which is likely to increase in incidence worldwide with the increase in the aging and 
overweight/obese populations characteristic of most developed countries in recent 
years. Moreover, as developing nations such as China and India become more affl uent 
societies it is likely that the rates of colorectal cancer in these nations will also 
increase from adopting westernized customs and diet.  

2.5     Microbes in Infl ammatory Bowel Diseases 

2.5.1     Background 

 Crohn’s disease [CD] and ulcerative colitis [UC] are the two major forms of 
idiopathic IBD, characterized by chronic or relapsing immune activation and 
infl ammation of the intestines. Although these conditions are not common diseases 
they are not extremely rare in westernized countries. The incidence of IBD varies 
with the geographic regions and similar to CRC may be considered a disease of civi-
lization, with the highest incidence in Europe and North America. In North America 
the incidence rate ranges from 2.2 to 14.6 cases per 100,000 person-years for UC 
and from 3.1 to 14.6 cases per 100,000 years for CD [ 63 ]. IBD is rare in developing 
countries or regions in tropical and subtropical climate except for Caucasians in 
Israel, Australia, and South Africa. This may refl ect genetic predisposition inher-
ited from their ancestors, arising mainly from Europe. There is evidence, however, 
of increasing incidence of IBD, especially UC in Japan, South Korea, Singapore, 
Latin America, Hong Kong, and Northern India, areas of the world previously with 
low incidence [ 63 ]. It is unclear at present whether or not the increasing incidence 
of IBD in these regions refl ects environmental changes or dietary infl uence with 
affl uence, or genetic mixing of the populations, or theoretically changes in bowel 
microbiota. 

 Ethnicity is an important infl uence on the occurrence of IBD, greater in Jewish 
populations [two- to fourfold increase] in Europe, North America, and South Africa, 
with decreasing prevalence in the non-Jewish white, African Americans, Hispanic, 
and Asian populations [ 63 ].  
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2.5.2     Pathobiology of IBD 

 There is general consensus that IBD occurs in genetically predisposed individuals, 
with increased risk in family members up to 14- to 15-fold greater in fi rst-degree 
relatives than the general population [ 64 ]. However, in most patients there is an 
absence of family history and IBD is a familial disease in only 5–10 % of patients 
[ 63 ]. IBD is associated with certain genetic syndromes [i.e. Turner’s syndrome] 
as well as inherited immune defi ciency disorders, including Wiskott–Aldrich syn-
drome, chronic granulomatous disease, hypogammaglobulinemia, selective IgA 
defi ciency, and immune dysregulation [ 63 ]. This alone would suggest that the 
immune response to microbes could be important in the pathogenesis of IBD, 
besides just genetic predisposition. Recent studies have found association of CD 
with genetic variants of the nucleotide-binding oligomerization domain-2 [NOD-2] 
gene, also known as CARD 15 [caspase-recruitment domain 15], of which the gene 
product [a cytosolic protein] functions as an intracellular sensor for bacteria [ 64 ]. 
It has been estimated that up to 20–30 % of patients with CD may carry abnormal 
NOD-2/CARD 15-gene. The NOD-2/CARD 15 protein is expressed in monocytes 
and enterocytes within intestinal crypts and produces an endogenous antimicrobial 
peptide [defensins] by binding to bacterial peptidoglycan of gram-positive and 
gram-negative bacteria [ 64 ]. The NOD-2/CARD 15 gene mutations have not been 
associated with UC. However, IBD is a polygenic disorder with multiple clinical 
subgroups, and with about 100 disease-associated loci on many different chromo-
somes, of which about one third are shared between UC and CD [ 63 ]. An important 
aspect of the genetic factors that predispose to IBD is their association with innate 
immunity and autophagy, utilizing immune cells to respond to bacteria, mycobacte-
ria, and viruses [e.g., NOD-2, ATG 16L1, IRGM, JAK-2, STAT-3]; other genes 
regulate the infl ammatory response associated with the regulation of adaptive immu-
nity [i.e., IL-23R, IL-12B, IL-10, PT PN2], through cytokines, leukocyte recruit-
ment, and infl ammatory mediator production [ 63 ]. Regulatory T cells [RTC] are 
important in maintaining homeostasis in response to food and microbial antigens. 
Targeted deletion of certain genes expressed by RTC, which results in colitis with 
conventional gut fl ora, includes those that encode IL-10, IL-2, IL-10 R I, TGF beta, 
TGF BRII, and Fox p3 [ 64 ]. 

 It is generally accepted at present that the pathogenesis of IBD is a result of con-
tinuous antigenic stimulation by commensal bowel fl ora that lead to chronic infl am-
mation of the mucosa of the intestines in genetically susceptible individuals [ 65 ]. 
However, although several infectious agents have been implicated in the pathogen-
esis of IBD, no specifi c agents have been identifi ed or established to be the cause of 
CD or UC. The pathogenesis of IBD is characterized by the introduction, mainte-
nance, and intermittent fl ares of proinfl ammatory cytokine responses followed by 
infl ammatory changes in the bowel leading to symptoms. The nature of these 
responses elucidated in the past two decades has been recently reviewed [ 66 ]. 
The initial cytokine responses are controlled by the T-cell differentiating patterns of 
the disease. In CD the major cytokines are derived from T-helper cell [Th]-1 and 
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Th-17 CD4 positive T-cell differentiation and generation of interferon gamma 
[I FN-γ] and interleukin [IL]-17/IL-22 cytokines. In contrast, in UC there is mainly 
Th-2 cell differentiation with heightened expression of natural killer cells and gen-
eration of IL-13 and possible IL-5 [ 66 ]. Secondary infl ammatory mediators are 
stimulated by disease-specifi c cytokines to produce tumor necrosis factor-alpha 
[TNF-α], IL-1B, IL-6, and tumor necrosis factor-like ligand [T L1A]. 

 There is increasing evidence of the interaction of three fundamental cell biological 
pathways involved in the pathogenesis of IBD [ 67 ]. These include: (1) autophagy, as 
revealed by the identifi cation of ATG 16LI and IRGM as major genetic risk factors for 
CD; (2) intracellular bacterial sensing, demonstrated by the importance of NOD-2 in 
autophagy induction by entry of bacteria intracellularly; and (3) unfolded protein 
response initiated by endoplasmic reticulum stress, due to accumulation of mis-
folded proteins [closely linked to autophagy and innate immunity] [ 67 ]. These three 
pathways are increasingly recognized as being important in the pathogenesis of IBD 
and provide a link between genetic and environmental infl uence with altered epithe-
lial cell function as the initiating critical event. Autophagy is a process of segrega-
tion of the cell’s cytoplasmic material within a membrane and its digestion after 
fusion of the segregated vacuole with a lysosome. Currently, there is cumulative 
evidence that the intestinal microbes infl uence host immune development, immune 
responses, and susceptibility to a variety of diseases, including IBD, CRC, IBS, 
diabetes mellitus, and obesity [ 68 ]. Although the intestinal immunity defends against 
invading pathogens it maintains a state of immune tolerance [symbiosis] with resident 
commensal microbiota. Perturbation of the balance is associated with intestinal 
infl ammation as shown by animal models of IBD. A role of microbes in the patho-
genesis of IBD has been demonstrated by the strong association between IBD and 
genes that regulate microbial recognition and innate immune pathology, i.e., NOD-2 
gene, genes that control autophagy [ATG 16LI, IRGM], and genes for IL-23-Th 17 
pathway that regulate gut immune homeostasis [ 68 ]. Intestinal epithelial cell barrier 
functions are critical for host–microbiota mutualism, and genes regulating mucous 
secretion [Muc1, Muc2], Paneth cells producing antimicrobial peptides or affect 
epithelial proliferation and integrity can predispose to IBD [ 69 ].  

2.5.3     Microbes and Infl ammatory Bowel Diseases 

 The current paradigm in the pathogenesis of IBD involves disturbances in the bal-
ance or homeostasis of host genetic factors, barrier function of the gut epithelium, 
innate and adaptive immunity, and changes in the composition [qualitative and 
quantitative] of the gut microbiota [Fig.  2.2 ]. Although dysbiosis of the commensal 
bacteria, with selected microorganisms have been observed in studies of both CD 
and UC, it is still unclear whether these perturbations are cause and effect or sec-
ondary to changes in the bowel mucosa [ 70 ]. The cumulative data will be reviewed 
in this section.
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    Mycobacterium avium  subspecies paratuberculosis [MAP] causes a disease in 
cattle [Johne’s disease] that resembles to a great degree the features of CD. It has 
been postulated for several decades that MAP could be the cause of CD. However, 
the data is inconsistent and variable and currently MAP is not considered as a strong 
candidate for the etiology of CD, recently reviewed by Over et al. [ 71 ]. MAP 
infections have been reported in a wide variety of wild and domesticated animals 
[ruminants and nonruminants], and it can survive in the environment. In a previous 
systematic review and meta-analysis of the association of CD and MAP, 28 case–
control studies were analyzed and although the pooled odds ratio [OR] from studies 
using PCR in tissue samples showed a strong association with CD compared to 
healthy controls, similar fi ndings were found in UC [ 72 ]. However, in a more recent 
study of the fecal detection of MAP using IS900 DNA sequences, the results were 
similar in CD, UC, and healthy subjects, 68 %, 65 %, and 48 %, respectively [ 73 ]. 
The precise mechanisms by which normal commensal bacteria, even in the presence 
of altered equilibrium, could cause IBD in genetically susceptible subjects still 
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  Fig. 2.2    Paradigm of the pathobiology of IBD       
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remain unclear. One of the promising postulates with some supportive evidence 
involves early state of antigenic overload of the lamina propria due to unregulated 
transcytosis [translocation] of bacteria across the epithelium, producing innate 
immune response and chronic infl ammation [ 74 ]. It has been proposed that den-
dritic cell function underlies dysregulated T-cell responses in CD, which may be 
altered by the composition of the intestinal microbiota. In a recent study of 28 CD 
patients and 10 controls, rectal tissue samples were obtained and analyzed for 
dendritic cell response and intestinal microbiota composition [ 75 ]. IL-6 production 
by intestinal dendritic cells increased in CD and correlated with the disease activity 
and composition of the commensal microbiota. Thus, the authors concluded that 
bacterially driven IL-6 production by dendritic cells may overcome regulatory 
activity, resulting in uncontrolled infl ammation and tissue damage [ 75 ]. 

 Some studies have implicated colonization of pathogenic adherent invasive 
 E .coli  [AIEC], which adhere and invade intestinal epithelial cells [IEC] and survive in 
macrophages, in the pathogenesis of CD [ 76 – 79 ]. Decreased levels of protective 
proteases [meprin] that counteract bacterial colonization have been found in the 
ileum of CD patients and may contribute to increased colonization by AIEC [ 80 ]. 
However, the most promising data on this topic has been from one center and is not 
very robust. Darfeulle-Michaud et al. [ 76 ] analyzed ileum mucosal biopsies from 
63 CD patients and 16 healthy controls, as well as colonic specimens from 27 CD 
and 8 UC patients and 102 normal controls for AIEC. Specimens from ileum were 
positive for AIEC in 21.7 % of CD lesions and 6.2 % of controls, but in 36.4 % of 
new lesions [ p  = 0.034] and 22.2 % of healthy mucosa of CD patients. In colonic 
specimens AIEC were found in 3.7 % of CD and 0 % of UC patients and 1.9 % of 
healthy controls. If AIEC were an etiologic agent of CD one should expect to detect 
the organism in a higher proportion of patients, both from lesions of the ileum and 
colon. However, the ability of AIEC to induce granulomas in vitro [ 78 ], and the 
association of a similar  E. coli  with canine granulomatous colitis, a rare form of 
specifi c infl ammatory bowel disease of young Boxer dogs, are intriguing and does 
suggest that AIEC may play a pathogenic role in a subgroup of CD patients. AIEC 
express an adherence factor that aids in the binding to M cells overlying Peyer’s 
patches and subsequent entry into lymphoid tissue, but it is unclear whether this is 
causal or secondary to underlying immune defi ciencies in CD patients [ 81 ]. In an 
ex vivo study of the mucosa of the terminal ileum and colon of pediatric CD patients 
compared to the mucosa of healthy controls, there was inappropriate and aberrant 
response to commensal nonpathogenic bacteria. i.e. Bacteroides species [ 82 ]. There is 
a large diversity of commensal bacteria in the gut and it may be that an overabundance 
of certain genus or species, predominantly with proteolytic activity, participates in the 
pathogenesis of IBD by disturbing the mucosal integrity and homeostasis [ 83 ]. 

 It has been postulated that a novel or unique strain of Helicobacter bacteria 
may play a role in UC and investigation in this area is continuing. In a recent 
study archived and prospectively collected, colonic samples were analyzed by 
molecular methods [FISH analysis and PCR] for Helicobacter species from UC 
patients and healthy controls [ 84 ]. Helicobacter genus was signifi cantly higher in 
UC versus controls [32 of 77 versus 11 of 59,  p  = 0.004].  H. pylori  which has been 
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well established to cause peptic ulcer and gastric cancer is found in over 90 % of 
these ulcers, whereas Enterohepatic Helicobacter species are detected in less than 50 % 
of UC patients. Helicobacter species, however, has been recognized as an important 
cause of colitis in rodents and primates; some of these bacteria [e.g.,  H. hepaticus , 
 H. trigontum , and  H. bilis ] are routinely used in immunocompromised rodent models 
of IBD [ 85 ].  H. cinaedi  and H. fennelliae have been associated with proctitis in 
homosexual males, but none of the Helicobacter species have been cultured from 
UC lesions and are not strong candidates for causing UC [ 85 ]. 

 In the past few years  Campylobacter concisus  has been implicated in the patho-
genesis of CD [ 86 ]. The organism has been isolated from children with newly rec-
ognized CD and can invade intestinal epithelial cells and disrupt barrier function 
[ 87 ,  88 ]. Although the detection of  C. concisus  is higher in children with CD [34 of 
54, 65 %] versus in healthy controls 11 of 33, 33 % [ 89 ], and the bacteria can cause 
weight loss in immunocompetent BALB/CA mice, it did not produce infl ammation 
of the gut [ 90 ]. Thus, the data on  C. concisus  as possible causal agent in the patho-
genesis of CD is weak.  

2.5.4     Dysbiosis of Intestinal Microbiota in IBD 

 The leading hypothesis of microbial pathobiology in IBD is related to dysbiosis of 
the intestinal microbiota, which leads to ineffective control of commensal bacterial 
invasion, as a result of impaired antibacterial response, resulting in chronic infl am-
mation. For instance, the impairment of clearing intracellular bacteria by the cellular 
process of autophagy appears to be the main defect in CD [ 91 ]. There is cumulative 
data to support the concepts that defects in the inmate immunity are responsible for 
the robust proinfl ammatory response to commensals that resulted in IBD [ 92 ]. Recent 
studies have also confi rmed that disease phenotype [CD or UC] and genotype 
[NOD-2 and ATG16LI risk alleles] are associated with compositional changes of the 
intestinal microbiota [shift in the relative frequencies of Fecalbacterium and 
Escherichia taxa [ 93 ]. There is increasing evidence that the normal commensal bac-
teria protect the intestinal epithelium from toxic injury and provide an anti-infl am-
matory effect [ 94 ]. However, disturbances in the immune system or epithelial 
homeostasis can affect the delicate balance between the gut microbiota and epithe-
lium, which can lead to infl ammation. Under these situations the commensal fl ora 
appears to enact as a substitute foreign pathogen, which the host response is unable 
to eradicate and thus results in lifelong infl ammation [ 94 ]. The immune activation 
leads to increased concentrations of cytokines, lipid mediators of infl ammation, and 
free radicals with infl ux of infl ammatory cells, the upregulation of matrix metallo-
proteases from fi broblasts, producing degradation of matrix and eventual ulcerations 
[ 95 ]. Hence, in IBD the homeostatic mechanism that results in coexistence of the 
host and commensal fl ora is disrupted, generally by mutations of genes that control 
inmate and adaptive immunity and epithelial barrier function [ 96 ]. 
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 Much of the evidence that commensal bacteria can induce gut infl ammation is 
derived from animal models. In many of these models the absence of commensal 
fl ora in germ-free conditions resulted in absence of disease or decreased risk even 
with genetic predisposition [ 94 ]. There are over 30 models of IBD in rodents which 
can be divided into four major groups: (1) colitis that developed spontaneously, (2) 
chemically induced colitis, (3) animals with defect in epithelial barrier function, and 
(4) colitis that develops in genetically engineered mice with defects in the immune 
system or regulating cell function [ 97 ]. These studies, however, do not show any 
specifi c pattern of the bowel fl ora component that is important in IBD. Although the 
propensity of the normal gut fl ora to induce infl ammation is not the same for all 
species, this can vary with the defect or the model used. For instance, in the HLA- B27 
transgenic rats  Bacteroides vulgatus  induces colitis while  E. coli  does not [ 98 ], but 
in the IL-10 defi cient mice commensal  E. coli  induces disease but  B. vulgatus  does 
not [ 97 ]. Whether or not this could also apply to humans with IBD and different 
genetic predisposition or defects is unknown. 

 Dysbiosis [disturbance of the symbiotic or mutual benefi t between microbiota 
and host] toward selected microorganisms and decreased complexity by the gut fl ora 
has been observed in both CD and UC, but it is still unclear whether the dysbiosis 
causes IBD or is the result of the epithelial pathology [ 99 ]. A full understanding of 
the composition of the gut microbiota, complexity of the diversity, and appreciation 
of dysbiosis in IBD have only been appreciated in the past several years with the 
development of culture-independent molecular techniques. Previous studies on 
mucosal microbiota of patients with IBD and controls using standard culture meth-
ods failed to detect differences in composition of mucosal fl ora but reported marked 
changes in the concentration of bacteria between normal mucosa [which is almost 
sterile] and those with IBD [ 100 ]. Ileocolectomy induced signifi cant increase in 
bacterial counts and variety [assessed by standard culture methods] in the neotermi-
nal ileum in CD patients and controls, with greater numbers of  E. coli  and entero-
cocci in CD, but higher quantities of bifi dobacteria and ruminococci in controls 
[ 101 ]. Early recurrence of disease was associated with high counts of  E. coli  and 
Bacteroides with frequent isolation of Fusobacterium. 

 Recent studies using molecular methods to analyze the intestinal microbiota 
[mucosa or feces] have in general shown compositional differences between 
healthy controls and patients with IBD. Table  2.3  summarizes the results of 26 
studies performed in the past decade [ 102 – 127 ]. These studies included a total of 
462 patients with CD, 308 with UC, and at least 450 healthy controls. The sample 
size per group varied from 6 to 63 subjects. Three studies [ 107 ,  116 ,  117 ] did not 
include healthy controls but were comparing mucosa-associated microbiota from 
different sites [ileum, colon, and rectum] and from abnormal or ulcerated areas to 
normal are noninfl amed mucosa. A few studies [ 103 ,  118 ,  125 ] examined the 
microbiota during active disease and remission, 1 during remission only [ 119 ], but 
the majority of studies did not specify the patients’ status and were presumed to be 
during the active stages of disease. Eight of the studies analyzed fecal samples 
only, and one study collected samples over a year in UC patients in remission and 
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control subjects [ 119 ]; 16 studies process mucosal samples only, 1 at the time of an 
ileum resection and 6 months after surgery [ 120 ], and two studies analyzed both 
feces and mucosal samples [ 106 ,  122 ].

   The molecular methods in these studies varied widely and included quantitative 
real-time PCR [RT-PCR], terminal restriction fragment length polymorphism 
[T-RFLP], temporal temperature-gradient gel electrophoresis [TTGE], quantitative 
fl uorescent in situ hybridization [FISH], PCR-denaturing gradient gel electrophoresis 
[PCR-DGGE], ribosomal intergenic spacer analysis [RISA], 16S r DNA-single- 
strand confi rmation polymorphism [SSCP], and 454 pyrotag-sequencing, or combi-
nation of two or more methods. Despite the differences in methodologies between 
studies, which make comparison of fi ndings diffi cult to interpret, there has been a 
remarkable similarity in the overall trends. It does appear that mucosa- associated 
microbiota differ from feces but remained stable from ileum to rectum in the same 
individuals [ 106 ]. Thus, it is important to analyze data of fecal microbiota separately 
from studies assessing mucosa-associated microbiota [MAM]. 

 Of the 15 studies primarily analyzing MAM 3 did not include samples from 
healthy controls, but compared ulcerated or infl amed mucosa to nonulcerated 
healthy mucosa in the same individuals [ 107 ,  116 ,  117 ]. In two of these studies 
assessing patients with CD, the MAM were similar between ulcerated and nonul-
cerated or noninfl amed mucosa, which was also similar to the fi ndings in patients 
with UC [ 117 ]. Nearly all the studies comparing MAM of intestinal mucosa of IBD 
patients compared to controls found signifi cant differences but of variable pattern. 
Two groups reported increased Bacteroidetes in the mucosal biopsies of both CD 
and UC patients [greater in the latter group] compared to controls, 18 subjects per 
group [ 102 ,  124 ]. However, in the largest single study depletion of Bacteroidetes and 
Firmicutes were found in both CD and UC patients’ intestinal mucosa compared to 
controls, 63 subjects per group [ 115 ]. Six studies [ 105 ,  109 ,  110 ,  112 ,  113 ,  124 ] 
reported signifi cant increase in  E. coli  or Enterobacteriaceae in the ileal or colonic 
mucosa of CD patients [ n  = 104], and less consistently with UC patients [ n  = 38] 
compared to controls [ n  = 63]. Decreased diversity of the microfl ora of the colonic 
mucosa has also been reported in CD [by 50 %] and UC [by 30 %] subjects primar-
ily due to loss of the anaerobes [ 104 ], and decreased bacterial richness has been 
associated with relapse in UC [ 118 ]; in a discordant twin study UC was associated 
with decreased biodiversity, different gene expression, unusual aerobic  bacteria, 
and lower protective bacteria [ 127 ]. The microbiota of the ileal mucosa before sur-
gical resection and 6 months later demonstrated decreased Firmicutes and 
 Fecalbacterium prausnitzii     with relapse in a study of 26 CD patients [ 120 ]. 
Moreover, in vitro  F. prausnitzii  demonstrated anti-infl ammatory properties and 
may be protective against active disease. 

 In fecal samples of 68 CD patients compared to 55 controls there was also evi-
dence of decreased  F. prausnitzii , bifi dobacteria, clostridia, and increased 
Ruminococcus [ 125 ]. In comparison with healthy relatives [ n  = 85], CD patients’ 
feces had relatively different microbiota composition [ 125 ]. Others have also reported 
decreased Fecalbacterium and clostridia species in the feces of both CD and UC 
patients compared to controls [ 111 ,  122 ]. Decreased biodiversity of the fecal fl ora 
has also been reported in UC subjects with high concentration of Fusobacterium in 
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active disease [ 114 ], and temporal instability has been noted on analysis of feces over 
a year [ 119 ]. In a more recent study utilizing standard culture methods  Fusobacterium 
nucleotum  from colonic mucosa has been found to correlate with IBD status from a 
study of 110 subjects, 22 with IBD. Furthermore, strains of  F. nucleotum  from IBD 
patients were more invasive than strains from healthy mucosa assessed by Caco-2 
cell invasion assay [ 128 ].  

2.5.5     Probiotics in IBD 

 The value of probiotics in human IBD has recently been reviewed in 2011 by 
Meijer and Dieleman [ 129 ]. Only randomized, controlled studies reported in 
English were analyzed, including patients with postoperative pouchitis, and 
included trials before 2007 through to December 2010. Although the trials since 
2007 compared to before this period were more robust, there have been several 
methodological limitations identifi ed. This included small sample sizes of the 
cohorts, with only 6 of 22 [27.2 %] trials had a sample size of greater than 100 
patients [ 130 – 135 ] and only one study had more than 200 subjects [ 130 ]. Other 
limitations noted by the reviewers were the study of a wide range of probiotic 
strains or combinations, variation in dose and treatment duration, and inconsistent 
use of conventional adjuvant medicines or comparators [ 129 ]. None of the fi ve 
small controlled studies in CD showed signifi cant clinical benefi t of the probiotics 
 [lactobacillus species used in four studies], but a small study with  Saccharomyces 
boulardii  in CD patients [15 per group] showed improved intestinal permeability 
and maintenance of remission [ 131 ]. 

 The trials in UC on induction or maintenance of remission with probiotics com-
pared to standard therapy have produced mixed results [ 129 ]. The single largest 
study [ n  = 327], however, found that  E. coli  Nissle 1917 was as effective as mesala-
mine at maintaining remission for 1 year [ 130 ]. Two small studies from the same 
group of investigators reported that VSL#3 [a commercial mixture containing several 
Bifi dobacterium species, lactobacillus species, and  Streptococcus salivarius  subsp. 
thermophilus] increases the duration of remission by 9–12 months in patients 
with pouchitis [ 132 ,  133 ]. A larger study of 117 patients with pouchitis treated for 
3 years also found that  Lactobacillus rhamnosus  GG increased the duration of 
remission [ 134 ]. Two relatively large studies in UC patients reported less effective 
induction or maintenance of remission with VSL#3, but assessment was only for 
8–12 weeks [ 135 ,  136 ]. 

 Since the review of probiotics in IBD in 2011 [ 129 ], the preliminary results of a 
trial in UC with a promising symbiotic [combination of a probiotic and prebiotic], 
consisting of Bifi dobacterium and galacto-oligosaccharide, have been reported in a 
study from Japan [ 137 ]. Forty-one patients with mild-to-moderately active UC were 
randomized to receive the symbiotic versus placebo three times a day for 1 year. 
There were clinical and colonoscopic indices improvement on the symbiotic, as well 
as decrease in the amount of myeloperoxidase from colonic lavage, which was used 
as a surrogate marker of intestinal infl ammation. Another recent placebo- controlled 
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trial of a prebiotic alone [fructo-oligosaccharide] for 4 weeks in CD patients showed 
no clinical benefi t, and there was no change in the fecal fl ora such as Bifi dobacterium 
or  F. prausnitzii  [ 138 ].  

2.5.6     Conclusion and Future Directions 

 The cumulative bulk of evidence over the past decade more strongly support a role 
of the intestinal microbiota in the pathogenesis of IBD, together with the presence 
of immune disturbances from genetic predisposition or spontaneous mutations in 
the genes controlling innate and adaptive immunity. It is unlikely that a single 
microorganism will be found responsible for the etiology of CD or UC, and more 
likely that there is a shift in the balance between harmful microbes and protective 
ones. Although at present, it cannot be defi nitely stated that dysbiosis of the intesti-
nal fl ora is the cause of IBD rather than the result, the evidence is more in support 
of a causative role. The studies to date, however, do not clearly distinguish between 
the types of IBD based on the bowel microbiota, and predisposition to CD or UC is 
more likely related to the specifi c genetic and immunologic disturbances. 

 Future studies on the pathobiology of IBD should continue to adopt the latest 
specifi c and sensitive molecular techniques, but also require larger samples of 
patients and controls, with analysis of bowel mucosa and fecal specimens multiple 
times over many months to years. Much larger multicenter, randomized, controlled 
trials are needed to assess the utility of probiotics for longer duration of time, i.e., 
2–4 years. These trials should employ a standardized mixture of probiotics and dos-
ages compared to a standard regimen of comparators. The clinical and colonoscopic 
indices end points should be well established and accepted by the gastroenterology 
community. The combination mixture of probiotics should be chosen based on 
promising preliminary results of clinical trials [i.e., Bifi dobacterium symbiotic 
combination], in vitro biologic studies [such as with  F. prausnitzii ], and animal 
studies. For instance, in a recent study in mice of  Bifi dobacterium bifi dum  S 17 was 
shown to partially protect animals from Th1-driven infl ammation [signifi cant reduc-
tion of histological score and levels of proinfl ammatory cytokines] in a chemically 
induced model of colitis [ 139 ].      

      References 

           1.       Padusis JC, Beasley GM, McMahon NS, Tyler DS, Ludwig KA. Neoplasms of the small intestine, 
vermiform appendix, and peritoneum, and carcinoma of the colon and rectum. In: Hong WK, 
Bast Jr RC, Hait WN, Kufe DW, Pollock RE, Weichselbaum RR, Holland JF, Frei III E, editors. 
Holland-Frei cancer medicine. 8th ed. CT, USA: BC Decker; 2009. p. 1172–93.  

      2.    Huether SE. Cancer of the digestive system. In: McCance KL, Huether SE, Brashers VL, 
Rote NS, editors. Pathophysiology: the biologic basis for disease in adults and children. 6th 
ed. Missouri: Mosby Elsevier; 2010. p. 1478–515.  

2 Microbes in Colon Cancer and Infl ammatory Bowel Disease



51

    3.    Ahnen JD. The genetic basis of colorectal cancer risk. Adv Intern Med. 1996;41:531–2.  
    4.    Lupton JR, Turner ND. Dietary fi ber. In: Stiponuk MH, editor. Biochemical and physiologi-

cal aspects of human nutrition. Philadelphia: WB Saunders co.; 2000. p. 143–54.  
    5.    Moghaddam A, Woodward M, Huxley R. Obesity and risk of colorectal cancer: a meta- analysis 

of 31 studies with 70,000 events. Cancer Epidemiol Biomarkers Prev. 2007;116:2533–47.  
    6.    Gustafson-Svard C, Lilja J, Hallbook O, Sjodahi R. Cyclooxygenase and colon cancer: clues 

to the aspirin effect? Ann Med. 1997;24:247–52.  
    7.    Moore LL, Bradlee ML, Singer MR, et al. BMI and waist circumference as predictors of 

lifetime colon cancer risk in Framingham study adults. Int J Obes Relat Metab Disord. 
2004;28:559–67.  

    8.    Donohoe CL, Pidgeon GP, Lysught J, Reynolds JV. Obesity and gastrointestinal cancer. Br J 
Surg. 2010;97:628–42.  

      9.    Watson AJM, Collins PD. Colon cancer: a civilization disorder. Dig Dis. 2011;29:222–8.  
     10.    Coyle YM. Lifestyle, genes, and cancer. Methods Mol Biol. 2009;472:25–56.  
    11.    Diergaarde B, Vrieling A, Van Kraats AA, van Muijen GN, Kok FJ, Kampman E. Cigarette 

smoking genetic alterations in sporadic colon carcinomas. Carcinogenesis. 2003;24:565–71.  
    12.    Cho E, Smith-Warner SA, Ritz J, et al. Alcohol intake and colorectal cancer: a pooled analysis 

of 8 cohort studies. Ann Intern Med. 2004;140:603–13.  
    13.    Giovannucci E, Stampfer MJ, Colditz GA, et al. Folate, methionine, and alcohol intake and 

risk of colorectal adenoma. J Natl Cancer Inst. 1993;85:875–84.  
    14.    Kanazawa K, Konishi F, Mitsouka T, et al. Factors infl uencing the development of colon 

cancer. Bacteriologic and biochemical studies. Cancer. 1996;77(8 Suppl):1701–6.  
    15.    Kados S, Uchida K, Funabashi H, et al. Intestinal microfl ora are necessary for development 

of spontaneous adenocarcinoma of the large intestine in T–cell receptor chain and P 53 dou-
ble knockout mice. Cancer Res. 2001;61:2395–8.  

    16.       Newman JV, Kosaka T, Sheppard BJ, Fox JG, Shauer DB. Bacterial infection promotes colon 
tumorigenesis in APC [Min/4] mice. J Infect Dis. 2001;184:227–30.  

    17.    Maggio-Price L, Treuting P, Zang W, Tsang M, Bielefeldt-Ohmann H, Iritani BM. Helicobacter 
is required for infl ammation and colon cancer in SMAD 3-defi cient mice. Cancer Res. 
2006;66:828–38.  

     18.    Erdmaqn SE, Rao VP, Poutahidis T, et al. CD4 [+] CD25 [+] regulatory lymphocytes require 
interleukin–10 to interrupt colon cancer in mice. Cancer Res. 2003;63:6042–50.  

     19.    Onoue M, Kado S, Sabaitani Y, Uchida K, Morotomi M. Specifi c species of intestinal fl ora 
infl uenced the induction of aberrant crypt foci by 1, 2-dimethylhydrazine in rats. Cancer Lett. 
1997;113:179–86.  

     20.    Macionowski KG, Turner ND, Lupton JR, Chaokin RS, Shermer CL, Ha SD, Ricke SC. 
Diet and carcinogen alter the microbial population of rats. J Nutr. 1997;127:449–57.  

    21.    Hambly RJ, Rumney CJ, Fletcher JM, Rifkin PJ, Rowland IR. Effects of high–and low–risk 
diets on gut microfl ora–associated biomarkers of colon cancer in human–fl ora associated 
rats. Nutr Cancer. 1992;27:250–5.  

    22.    Stone WL, Papas AM. Tocopherols and the etiology of colon cancer. J Natl Cancer Inst. 
1997;89:1006–14.  

      23.    Horie H, Kanazawa K, Okada M, Narushima S, Itoh K, Terada A. Effects of intestinal 
bacteria on the development of colonic neoplasms: an experimental study. Eur J Cancer Prev. 
1999;8:237–45.  

     24.    Horie H, Kanazawa K, Kobayashi E, Okada M, Fugimura A, Yamigiwa S, Abo T. Effect of 
intestinal bacteria on the development of colonic neoplasms II. Changes in the immunological 
environment. Eur J Cancer Prev. 1999;8:533–7.  

     25.    Singh J, Rivenson A, Tomita M, Shimamura S, Ishibashi N, Reddy BS.  Bifi dobacterium 
longum , lactic acid producing intestinal bacterium inhibits colon cancer and modulates the 
intermediate biomarkers of colon carcinogenesis. Carcinogenesis. 1997;18:833–41.  

      26.    O’Mahony L, Feeney M, O’Halleram S, et al. Probiotic impact on microbial fl ora, infl amma-
tion and tumor development in IL–10 knockout mice. Aliment Pharmacol Ther. 2001;15:
1219–25.  

References



52

    27.    Le Leu RK, Hu Y, Brown IL, Woodman RJ, Young GP. Symbiotic intervention of 
 Bifi dobacterium lactis  and resistance starch protects against colon cancer development in 
rats. Carcinogenesis. 2010;31:246–51.  

     28.    Otte JM, Mahjuriam-Namari R, Brand S, Werner I, Schmidt WE, Schmitz F. Probiotics 
regulate expression of Cox–2 in intestinal epithelial cells. Nutr Cancer. 2009;61:103–13.  

     29.    Le Leu RK, Brown IL, Hy Y, Bird AR, Jackson M, Esterman A, Young GP. A symbiotic 
combination of resistant starch and  Bifi dobacterium lactis  facilitates apoptotic deletion of 
carcinogen–damaged cells in rat colon. J Nutr. 2005;135:966–1001.  

    30.    Thompson CB. Apoptosis in the pathogenesis and treatment of disease. Science. 1995;
267:1456–62.  

     31.    Perdigon G, Fuller R, Raya R. Lactic acid bacteria and their effect on the immune system. 
Curr Issues Intest Microbiol. 2001;2:27–42.  

     32.    Thayaraju M, Crestci GA, Ananth S, et al. GPR 109A as G–protein- coupled receptor for the 
bacterial fermentation product butyrate and function as tumor suppressor in colon. Cancer 
Res. 2009;69:2826–32.  

    33.    Pagnini C, Corletto VD, Hioung SB, Saed R, Cominelli F, Delle Fave G. Commensal bacteria 
and “oncologic surveillance”: suggestion from an experimental model. J Clin Gastroenterol. 
2008;42 Suppl 3:S193–6.  

     34.    Ma EL, Choi YJ, Choi J, Pothoulakis C, Rhee SH, Im E. The anticancer effect of probiotic 
 Basillus polyfermentus  on the human colon cancer cells is mediated through ErbB2 and 
ErbB3 inhibition. Int J Cancer. 2009;127:780–90.  

    35.    Kanath S, Buolamwini JK. Targeting EGFR and HER–2 receptor tyrosine kinases for cancer 
drug discovery. Med Res Rev. 2006;26:569–94.  

     36.    Balish E, Warner T.  Enterococcus faecalis  induces infl ammatory bowel disease in interleu-
kin–10 knockout mice. Am J Pathol. 2002;160:2253–7.  

      37.    Wong X, Allen TD, May RJ, Lightfoot S, Houchen CW, Huycke MM.  Enterococcus faecalis  
induces aneuploidy and tetraploidy in colonic epithelial cells through a bystander effect. 
Cancer Res. 2008;68:9909–17.  

      38.    Wu S, Rhee KJ, Albesiano E, et al. A human colonic commensal promotes colon tumorigenesis 
via activation of T-helper type 17T–cell responses. Nat Med. 2009;15:1016–22.  

     39.    Goodwin AC, Shields CE, Wu S, et al. Polyamine catabolism contributes to enterotoxigenic 
 Bacteroides fragilis –induced colon tumorigenesis. Proc Natl Acad Sci U S A. 2011;
108:15354–9.  

    40.    Pourtahidis T, Haigis KM, Rao VP, et al. Rapid reversal of interleukin-6-dependent epithelial 
invasion in a mouse model of microbiology induced colon carcinoma. Carcinogenesis. 
2007;28:2614–23.  

    41.    Chen GY, Shaw MH, Redondo G, Nunez G. The innate immune receptor Nod1 protects the 
intestine from infl ammation–induced tumorigenesis. Cancer Res. 2008;68:10060–7.  

     42.    Strus M, Gosiewski T, Kochan P, Heczko PB. A role of hydrogen peroxide producing com-
mensal bacteria present in colon of children with IBD in perpetuation of the infl ammatory 
process. J Physiol Pharmacol. 2009;60 Suppl 6:49–54.  

       43.    Strus M, Janczyk A, Gonet-Surowka A, Bryzychczy-Wloch M, Stochel G, Kochan P, Heczko 
PB. Effect of hydrogen peroxide of bacterial origin on apoptosis, necrosis of gut mucosa 
epithelial cells, as possible patho-mechanism of infl ammatory bowel disease and cancer. 
J Physiol Pharmacol. 2009;60 Suppl 6:55–60.  

         44.    Huycke MM, Gaskins HR. Commensal bacteria, redox stress, and colorectal cancer: mecha-
nisms and models. Exp Biol Med. 2004;229:586–97.  

    45.    Povey AC, Schiffman M, Taffe BG, Harris CC. Laboratory and epidemiologic studies of 
fecapentaenes. Mutat Res. 1991;259:387–97.  

    46.    Marnett LJ. Oxyradicals and DNA damage. Carcinogenesis. 2000;21:361–70.  
    47.    Henle ES, Linn S. Formation, prevention, and repair of DNA damage by iron/hydrogen 

peroxide. J Biol Chem. 1997;272:19095–8.  
    48.    Babbs LF. Hypothesis paper: free radicals and the etiology of colon cancer. Free Radic Biol 

Med. 1990;8:191–200.  

2 Microbes in Colon Cancer and Infl ammatory Bowel Disease



53

   49.    Erhardt JG, Lim SS, Bode JC, Bode C. A diet rich in fat and poor in dietary fi ber increases 
the in vitro formation of reactive oxygen species in human feces. J Nutr. 1997;127:106–9.  

   50.    Owen RW, Spiegelhalder B, Bartsch H. Generation of reactive oxygen species by the fecal 
matrix. Gut. 2000;46:225–32.  

     51.    Huycke MM, Abrams V, Moore DR.  Enterococcus faecalis  produces extra- cellular superox-
ide and hydrogen peroxide that damages colonic epithelial cell DNA. Carcinogenesis. 
2002;23:529–36.  

       52.    Deplanke B, Gaskins HR. Hydrogen sulfi de induces serum–independent cell cycle entry in 
non-transformed rat intestinal epithelial cells. FASEB J. 2003;17:1310–2.  

    53.    Chung DC. The genetic basis of colorectal cancer: insights into critical pathways of tumori-
genesis. Gastroenterology. 2000;119:854–65.  

    54.    Pelizzaro C, Coradini D, Daiclone MG. Modulation of angiogenesis–related protein synthe-
sis by sodium butyrate in colon cancer cell line HT 29. Carcinogenesis. 2002;23:735–40.  

      55.    O’Keefe SJD, Chung D, Mahmoud N, et al. Why do African Americans get more colon can-
cer than native Africans? J Nutr. 2007;137(1 Suppl):175S–80.  

    56.    Kanazawa K, Konishi F, Mitsuoka T, et al. Factors infl uencing the development of sigmoid 
colon cancer. Bacteriologic and biochemical studies. Cancer. 1996;77:1701–6.  

     57.    Pagnini C, Corleto VD, Mangoni ML, et al. Alteration of local microfl ora and alpha- defensins 
hyperproduction in colonic adenoma mucosa. J Clin Gastroenterol. 2011;45:602–10.  

    58.    Martin HM, Campbell BJ, Hart CA, et al. Enhanced  Escherichia coli  adherence and invasion 
in Crohn’s disease and colon cancer. Gastroenterology. 2004;127:80–93.  

      59.    Kostic AD, Gevers D, Pedmallu CS, et al. Genomic analysis identifi es association of 
Fusobacterium with colorectal carcinoma. Genome Res. 2012;22:299–306.  

     60.    Castellarin M, Warren RL, Freeman JD, et al.  Fusobacterium nucleotum  infection is preva-
lent in human colorectal carcinoma. Genome Res. 2012;22:299–306.  

     61.    Qin J, Raes J, Arumugam M, et al. A human gut microbial gene catalog established by meta- 
genomic sequencing. Nature. 2010;464:59–65.  

     62.       Marchesi JB, Dutilh BE, Hall N, Peters WH, Roelofs R, Bolief A, Tjalma H. Towards the 
human colorectal cancer microbiome. PLoS One. 2011;6:e20447. doi:  10.1371/journal.
pone.0020447    .  

          63.    Friedman S, Blumberg RS. Infl ammatory bowel disease. In: Longo DC, Kasper DL, Jameson 
JL, Fauci AS, Hauser SL, Loscalzo J, editors. Harrison’s principles of internal medicine. 18th 
ed. New York, NY: McGraw Hill; 2011. p. 2477–95.  

       64.    Elson CO, Weaver CT. In vivo models of IBD. In: Targan SR, Shanahan F, Karp LC, editors. 
Infl ammatory bowel disease: translating basic science into clinical practice. Oxford: Wiley 
Blackwell; 2009. p. 25–51.  

    65.    Osterman MT, Lichenstein GR. Ulcerative colitis. In: Feldman M, Friedman LA, Brandt LJ, 
editors. Sleisenger and Fortran’s gastrointestinal and liver disease. 9th ed. Philadelphia: 
Saunders-Elsevier; 2010. p. 1975–2013.  

     66.    Strober W, Fuss IJ. Proinfl ammatory cytokines in the pathogenesis of infl ammatory bowel 
diseases. Gastroenterology. 2011;140:1756–67.  

     67.    Kaser A, Blumberg RS. Autophagy, microbial sensing, endoplasmic reticulum stress and epi-
thelial function in infl ammatory bowel diseases. Gastroenterology. 2011;140:1738–47.  

     68.    Abraham C, Medzhitov R. Interactions between host innate immune system and microbes in 
infl ammatory bowel disease. Gastroenterology. 2011;140:1729–37.  

    69.    Saleh M, Elson CO. Experimental infl ammatory bowel disease: insights into the host–micro-
biota dialogue. Immunity. 2011;34:293–302.  

    70.    Chassang B, Daefeuille-Michaud A. The commensal microbiota and enteropathogens in the 
pathogenesis of infl ammatory bowel diseases. Gastroenterology. 2011;140:1720–8.  

    71.    Over K, Crandell PG, O’Bryan CA, Ricke SC. Current perspectives on  Mycobacterium 
avium  subsp. partuberculosis, Johne’s disease, and Crohn’s disease: a review. Crit Rev 
Microbiol. 2011;37:141–56.  

    72.    Feller M, Huwiler K, Stephan R, et al.  Mycobacterium avium  subspecies paratuberculosis and 
Crohn’s disease: systematic review and meta-analysis. Lancet Infect Dis. 2007;7:607–13.  

References

http://dx.doi.org/10.1371/journal.pone.0020447
http://dx.doi.org/10.1371/journal.pone.0020447


54

    73.    Tuci A, Tonon F, Castellani L, et al. Fecal detection of  Mycobacterium avium  parotubercu-
losis using IS 900, DNA sequences in Crohn’s disease and ulcerative colitis and healthy 
subjects. Dig Dis Sci. 2011;56:2957–62.  

    74.    Pravda J. Crohn’s disease: evidence for involvement of unregulated transcytosis in disease 
dispathogenesis. World J Gastroenterol. 2011;17:1416–26.  

     75.    Ng SC, Benjamin JL, McCarthy NE, et al. Relationships between human intestinal dendritic 
cells gut microbiota, and disease activity in Crohn’s disease. Infl amm Bowel Dis. 
2011;17:2027–37.  

     76.    Darfeulle-Michaud A, Boudeau J, Bulois P, et al. High prevalence of adherent–invasive 
 Escherichia coli  associated with ileal mucosa in Crohn’s disease. Gastroenterology. 
2004;127:412–21.  

   77.    Glasser AL, Boudeau J, Burnich N, Perruchot AH, Columbel JF, Darfeulle-Michaud 
A. Adherent- invasive  Escherichia coli  strains from patients with Crohn’s disease survive and 
replicate within macrophages without inducing host cell death. Infect Immun. 
2001;69:5529–37.  

    78.    Meconi S, Vercellone A, Levillane F, et al. Adherent-invasive  Escherichia coli  isolated from 
Crohn’s disease patients induce granulomas in vitro. Cell Microbiol. 2007;9:1252–61.  

    79.    Simpson KW, Dogan B, Richniw M, et al. Adherent and invasive  Escherichia coli  is associ-
ated with granulomatous colitis in Boxer dogs. Infect Immun. 2006;74:4778–92.  

    80.    Vaseille E, Bringer MA, Gardarin A, et al. Role of meprins to protect ileal mucosa of Crohn’s 
disease patients from colonization by adherent-invasive  E. coli . PLoS One. 2011;6:e21199.  

    81.    Strobar W. Adherent-invasive  E. coli  in Crohn’s disease: bacterial “agent provocateur”. J Clin 
Invest. 2011;121:841–4.  

    82.    Edwards LA, Lucas M, Edwards EA, et al. Aberrant response to  Bacteroides thetaiotamicron  in 
Crohn’s disease: an ex vivo human organ culture study. Infl amm Bowel Dis. 2011;17:1201–8.  

    83.    Pruteanu H, Hyland NP, Clark DJ, Kelly B, Shanahan F. Degradation of the extracellular 
matrix components by bacteria-derived metalloproteases: implications for infl ammatory 
diseases. Infl amm Bowel Dis. 2011;17:1189–200.  

    84.    Thomson JM, Hansen R, Berry SH, et al.  Enterohepatic helicobacter  in ulcerative colitis: 
potential pathogenic entities? PLoS One. 2011;6:e17184.  

     85.    Hansen R, Thomson JM, Fox JG, El-Omar EM, Hold GL. Could Helicobacter organisms 
cause infl ammatory bowel disease? FEMS Immunol Med Microbiol. 2011;6:1–14.  

    86.    Man SM, Kaakoush NO, Mitchell HM. The role of bacteria and pattern-recognition receptors 
in Crohn’s disease. Nat Rev Gastroenterol Hepatol. 2011;8:152–68.  

    87.    Zhang L, Man SM, Day AS. Detection and isolation of Campylobacter species other than  C 
jejuni  from children with Crohn’s disease. J Clin Microbiol. 2009;47:453–5.  

    88.    Man SM, Kaakoush NO, Leach ST, et al. Host attachment, invasion, and stimulation of pro-
infl ammatory cytokines by  Campylobacter concisus  and other non- Campylobacter jejuni  
Campylobacter species. J Infect Dis. 2010;202:1855–65.  

    89.    Man SM, Zhang L, Day AS, Leach ST, Lemberg DL, Mitchell H.  Campylobacter concisus  
and other Campylobacter species in children with newly diagnosed Crohn’s disease. Infl amm 
Bowel Dis. 2010;16:1008–16.  

    90.    Aabenhus R, Stenram U, Anderson LP, Permin H, Jjungh A. First attempt to produce experi-
mental  Campylobacter concisus  infection in mice. World J Gastroenterol. 2008;14:6954–9.  

    91.    Kabi A, Nickerson KP, Homer CR, McDonald C. Digesting the genetics of infl ammatory 
bowel disease: insights from studies of autophagy risk genes. Infl amm Bowel Dis. 
2012;18:782–92.  

    92.    Vora P, McGovern DPB. LRRK2 as a negative regulator of NFAT: implications for the patho-
genesis of infl ammatory bowel disease. Expert Rev Clin Immunol. 2012;8:227–9.  

    93.    Frank DN, Robertson CE, Hamm CM, et al. Disease phenotype and genotype are associated 
with shifts in intestinal-associated microbiota in infl ammatory bowel disease. Infl amm Bowel 
Dis. 2011;17:179–84.  

      94.    MacDonald TT, Monteleone G. Immunity, infl ammation and allergy in the gut. Science. 
2005;307:1920–5.  

2 Microbes in Colon Cancer and Infl ammatory Bowel Disease



55

    95.    MacDonald TT, Pender SL. Mechanisms of tissue injury. In: Sartor RB, Sandborn WJ, editors. 
Kirsner’s infl ammatory bowel disease. 6th ed. London: Saunders; 2004. p. 163–78.  

    96.    Bourma G, Strober W. The immunological and genetic basis of infl ammatory bowel disease. 
Nat Rev Immunol. 2003;3:521–33.  

     97.    Sartor RB. Animal models of intestinal infl ammation. In: Sartor RB, Sandborn WJ, editors. 
Kirsner’s infl ammatory bowel disease. 6th ed. London: Saunders; 2004. p. 138–62.  

    98.    Rath HC, Wilson KH, Santor RB. Differential induction of colitis and gastritis in HLA-B27 
transgenic rats selectively colonized with  Bacteroides vulgates  or  Escherichia coli . Infect 
Immun. 1999;67:2969–74.  

    99.    Chassaing B, Darfeulle-Michaud A. The commensal microbiota and enteropathgens in the 
pathogenesis of infl ammatory bowel diseases. Gastroenterology. 2011;140:1720–8.  

    100.    Swidsinki A, Ladhoff A, Pernthaler A, et al. Mucosal fl ora in infl ammatory bowel disease. 
Gastroenterology. 2002;122:44–54.  

    101.    Neut C, Bulois P, Desreumaux P, et al. Changes in the bacterial fl ora of the neoterminal ileum 
after ileocolonic resection of Crohn’s disease. Am J Gastroenterol. 2002;97:939–46.  

      102.    Kleesen B, Knoesen AJ, Buhr HJ, Blaut M. Mucosal and invading bacteria in patients with 
infl ammatory bowel disease compared with controls. Scand J Gastroenterol. 2002;9:1034–41.  

     103.    Seksik P, Rigottier-Gois L, Gramet G, et al. Alterations of fecal bacterial groups in patients 
with Crohn’s disease of the colon. Gut. 2003;52:237–42.  

     104.    Ott SJ, Musfeld T, Wenderoth DJ, et al. Reduction in diversity of the colonic mucosa associated 
bacterial microfl ora in patients with active infl ammatory disease. Gut. 2004;53:685–95.  

     105.    Mylonaki M, Rayment NB, Rampton DS, Hudspith BN, Brostoff J. Molecular characteriza-
tion of rectal mucosa-associated bacterial fl ora in infl ammatory bowel disease. Infl amm 
Bowel Dis. 2005;11:481–7.  

      106.    Lepage P, Seksik P, Sutren M, et al. Biodiversity of the mucosa-associated microbiota is stable 
along the distal digestive tract in healthy individuals and patients with IBD. Infl amm Bowel 
Dis. 2005;11:473–80.  

      107.    Seksik P, Lepage P, de La Cochetiere MF, et al. Search for localized dysbiosis in Crohn’s 
disease ulcerations by temporal gradient gel electrophoresis of 16S rRNA. J Clin Microbiol. 
2005;43:4654–8.  

    108.    Manichanh C, Rigottier-Gois L, Bonnaud E, et al. Reduced diversity of fecal microbiota in 
Crohn’s disease revealed by metagenomic approach. Gut. 2006;55:205–11.  

     109.    Conte MP, Schippa S, Zamboni I, et al. Gut-associated microbiota in pediatric patients with 
infl ammatory bowel disease. Gut. 2006;55:1760–7.  

     110.    Martinez-Medina M, Aldeguer X, Gonzalez-Huix F, Acero D, Garcia-Gil LJ. Abnormal 
microbiota composition in the ileocolonic mucosa of Crohn’s disease patients, as revealed by 
polymerase chain reaction-denaturing gradient gel electrophoresis. Infl amm Bowel Dis. 
2006;12:1136–45.  

     111.    Sokol H, Seksik P, Rigotier-Gois L, et al. Specifi cities of fecal microbiota in infl ammatory 
bowel disease. Infl amm Bowel Dis. 2006;12:106–11.  

     112.    Kotlowski R, Bernstein CN, Sepehri S, Krause DO. High prevalence of Escherichia coli 
belonging to the B2 + D phylogenetic group in infl ammatory bowel disease. Gut. 
2007;56:669–75.  

     113.    Baumgart M, Dogan B, Rishniw M, et al. Culture independent analysis of ileal mucosa 
reveals a selective increase in invasive  Escherichia coli  of novel phylogeny relative to deple-
tion of Clostridiales in Crohn’s disease involving the ileum. ISME J. 2007;1:403–18.  

     114.    Andoh A, Sakata S, Koizumi Y, Mitsuyama K, Fujiyama Y, Benno Y. Terminal restriction 
fragment length polymorphism analysis of the diversity of fecal microbiota in patients with 
ulcerative colitis. Infl amm Bowel Dis. 2007;13:955–62.  

     115.    Frank DN, Amand AL, Feldman RA, Boedeker EC, Harpaz N, Pace NR. Molecular- 
phylogenetic characterization of microbial community imbalances in human infl ammatory 
bowel disease. Proc Natl Acad Sci U S A. 2007;104:1380–5.  

      116.    Vasquez N, Mangin I, Lepage P, et al. Patchy distribution of mucosal lesions in ileal Crohn’s 
disease is not linked to differences in the dominant mucosa-associated bacteria: a study using 

References



56

fl uorescence in situ hybridization and temperature gradient gel electrophoresis. Infl amm 
Bowel Dis. 2007;13:684–92.  

       117.    Sokol H, Lepage P, Seksik P, et al. Molecular comparison of dominant mirobiota associated 
with injured versus non-injured mucosa in ulcerative colitis. Gut. 2007;56:152–4.  

      118.    Ott SJ, Plamondon S, Hart A, Begun A, Rehman A, Kamm MA, Schreiber S. Dynamics of the 
mucosa-associated fl ora in ulcerative colitis patients during remission and clinical relapse. J 
Clin Microbiol. 2008;46:3510–3.  

       119.    Martinez C, Antolin M, Santos J, et al. Unstable composition of the fecal microbiota in 
ulcerative colitis during clinical remission. Am J Gastroenterol. 2008;103:643–8.  

      120.    Sokol H, Pigneur B, Watterlot L, et al.  Faecalbacterium prausnitzii  is an anti-infl ammatory 
commensal bacterium identifi ed by gut microbiota analysis of Crohn’s disease patients. 
Proc Natl Acad Sci U S A. 2008;105:16731–6.  

    121.    Nishikawa J, Kudo T, Sakata S, Benno Y, Sugiyama T. Diversity of mucosa-associated 
microbiota in active and inactive ulcerative colitis. Scand J Gastroenterol. 2009;44:180–6.  

      122.       Willing BP, Dicksved J, Halfvarson J, et al. A pyrosequencing study in twins shows that 
gastrointestinal microbial profi les vary with infl ammatory bowel disease phenotypes. 
Gastroenterology. 2010;139:1844–54.  

    123.    Mondot S, Kang S, Furet JP, et al. Highlighting new phylogenetic specifi cities of Crohn’s 
disease microbiota. Infl amm Bowel Dis. 2011;17:185–92.  

      124.    Walker AW, Sanderson JD, Churcher C, et al. High through put clone library analysis of 
mucosa-associated microbiota reveals dysbiosis and differences between infl amed and non- 
infl amed regions of the intestine in infl ammatory bowel disease. BMC Microbiol. 2011;11:7.  

       125.    Joossens M, Huys G, Cnockaert M, et al. Dysbiosis of the fecal microbiota in patients with 
Crohn’s disease and their unaffected relatives. Gut. 2011;60:631–7.  

    126.    Andoh A, Imaeda H, Anomatsu T, et al. Comparisons of the fecal microbiota profi les between 
ulcerative colitis and Crohn’s disease using terminal restriction fragment length polymor-
phism analysis. J Gastroenterol. 2011;46:479–86.  

      127.    Lepage P, Hasler R, Spehlman AE, et al. Twin study indicates loss of interaction between micro-
biota and mucosa of patients with ulcerative colitis. Gastroenterology. 2011;141:227–36.  

    128.    Strauss J, Kaplan GG, Beck PL, et al. Invasive potential of gut mucosa- derived  Fusobacterium 
nucleotum  positively correlates with IBD status of the host. Infl amm Bowel Dis. 2011;
17:1971–8.  

       129.      Meijer BJ, Dieleman LA. Probiotics in the treatment of human infl ammatory bowel diseases: 
update 2011. J Clin Gastroenterol. 2011;45 suppl: S139–44.  

      130.    Kruis W, Fric P, Pokrotnieks J, et al. Maintaining remission of ulcerative colitis with the 
probiotic  Escherichia coli  Nissle 1917 is as effective as with standard mesalazine. Gut. 
2004;53:1617–23.  

    131.    Vilela EG, Ferrari M, Torres HO, et al. Infl uence of  Saccharomyces boulardii  on the intestinal 
permeability of patients with Crohn’s disease in remission. Scand J Gastroenterol. 2008;
43:842–8.  

    132.    Giochetti P, Rizzello F, Venturi A, et al. Oral bacteriotherapy as maintenance treatment in 
patients with chronic pouchitis: a double-blind, placebo–controlled trial. Gastroenterology. 
2000;119:305–9.  

    133.    Gionchetti P, Rizzello F, Helwig U, et al. Prophylaxis of pouchitis onset with probiotic therapy: 
a double-blind, placebo–controlled trial. Gastroenterology. 2003;124:1202–9.  

    134.    Gosselink MP, Schouten WR, van Lieshout LM, et al. Delay of the fi rst onset of pouchitis by 
oral intake of the probiotic strain  Lactobacillus rhamosus  GG. Dis Colon Rectum. 2004;47:
876–84.  

     135.    Sood A, Midha V, Makharia GK, et al. The probiotic preparation VSL#3 induces remission 
in patients with mild–moderately active ulcerative colitis. Clin Gastroenterol Hepatol. 
2009;7:1202–9.  

    136.    Tursi A, Brandimarte G, Papa A, et al. Treatment of relapsing mild- to- moderate ulcerative 
colitis with the probiotic VSL#3 as adjunctive to a standard pharmaceutical treatment; a double-
blind, randomized, placebo–controlled study. Am J Gastroenterol. 2010;105:2218–27.  

2 Microbes in Colon Cancer and Infl ammatory Bowel Disease



57

    137.    Ishikawa H, Matsumoto S, Ohashi Y, et al. Benefi cial effects of probiotic Bifi dobacterium and 
galacto–oligosaccharide in patients with ulcerative colitis: a randomized controlled study. 
Digestion. 2011;84:128–33.  

    138.    Benjamin JL, Hedin CR, Koufsoumpas A, et al. Randomized double-blind, placebo–controlled 
trial of fructo–oligosaccharides in active Crohn’s disease. Gut. 2011;60:923–9.  

    139.    Phillippe D, Heupel E, Blum-Sperisen S, Riedel CU. Treatment with  Bifi dobacterium bifi dum  
17 partially protects mice from the Th1-driven infl ammation in a chemically induced model 
of colitis. Int J Food Microbiol. 2011;14:45–9.    

References



59© Springer Science+Business Media New York 2014 
I.W. Fong, The Role of Microbes in Common Non-Infectious Diseases, Emerging 
Infectious Diseases of the 21st Century 1, DOI 10.1007/978-1-4939-1670-2_3

    Chapter 3   
 The Role of Microbes in Obesity 

3.1                        Introduction 

 Obesity is a major public health concern globally and this condition is epidemic in 
North America and Western Europe [ 1 ]. It has been estimated that two thirds of adults 
and one third of children in the United States are overweight or obese [ 2 ]. The preva-
lence of obesity and of overweight has increased dramatically in affl uent countries in 
the past three decades. Adult obesity is defi ned as body mass index [BMI] greater than 
30 kg/m −2 , and overweight as BMI > 25 kg/m −2 . In the United States it had been esti-
mated in 2007–2008 that 32 % of men and 36 % of women were obese, and addition-
ally 40 % of men and 28 % of women were overweight [ 3 ]. The prevalence of obesity 
and overweight has increased by 134 % and 48 %, respectively, from 1980 [ 4 ]. 
Worldwide in 2008 there was an estimated overweight population of 1.46 billion 
adults or greater, and of these 1 billion were obese, 205 million men and 297 million 
women [    1 ]. Thus obesity is of pandemic proportions with excess mortality and mor-
bidity from cardiovascular diseases, type 2 diabetes, hypertension, some cancers, 
and musculoskeletal disorders such as osteoarthritis, causing nearly 3,000,000 
deaths each year [ 5 – 7 ].  

3.2     Pathophysiology of Obesity 

 It is most important to understand the pathophysiology of obesity to develop and 
design novel and more effective treatment for this prevalent condition. It has become 
clear over the past fi ve decades that dieting to combat obesity is not very effective 
over the long term. The reasons for the marked increase of pandemic obesity are not 
fully understood, but likely involves multiple factors besides social and lifestyle 
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changes in eating habits, which has been attributable to readily available and afford-
able sweetened drinks and large serving portions of meals, combined with decreased 
physical activity and exercise. 

 Obesity and overweight has long been recognized to run in families. Studies in 
families have estimated that hereditability may account for approximately 50 % of 
total body fat mass [ 8 ]. Large-scale genome-wide association studies have identifi ed 
multiple loci, up to 135 candidate genes, linked to BMI or obesity phenotypes [ 9 ]. 
A meta-analysis of the genome-wide association studies has defi ned 32 loci as more 
signifi cantly associated with obesity and BMI [ 10 ]. However, a few studies have 
examined the interaction between genetic susceptibility and social/environmental 
factors [ 11 ]. In a recent prospective study of 33,097 subjects, the genetic association 
with obesity appeared to be more pronounced with greater intake of sugar sweetened 
beverages [ 12 ]. Observational association and interventional studies have provided 
cumulative evidence that genetic predisposition may modify lifestyle effects [diet 
and physical activity] on the development of obesity [ 11 ]. The current impression is 
that genetic factors may only account for 20–25 % of the obesity in the population 
[ 13 ]. Genes that contribute to obesity generally involve mutations or abnormalities of 
one or more of the pathways that regulate the feeding center or satiety, and of those 
involving energy expenditure and fat storage. There are three monogenic causes of 
obesity, mutations of melanocortin receptor [MCR]-4 which is the most common, 
mutation of the leptin gene causing congenital defi ciency of leptin which is very rare, 
and mutation of the leptin receptor gene, which is also very rare [ 13 ]. Leptin generally 
decreases the appetite [anorexigenic]. 

 Although overweight and obesity likely result from the interaction of many 
factors including genetic, metabolic, behavioral, and environmental effects, there 
is increasing evidence in the last decade or more that the gut microbiota plays a 
signifi cant role. Some experts opine that the rapid increase of global obesity and 
overweight in the past three decades would unlikely to be secondary to biological 
changes, and suggest that behavioral and lifestyle changes are the main culprits [ 4 ]. 
Some but not all surveys have found that the average calories or energy intake have 
signifi cantly increased in the past 3–4 decades in the general population, with con-
comitant decrease in physical activity or energy expenditure [ 4 ]. A simplistic view 
of weight gain leading to overweight and obesity is the following paradigm: 
Excessive calories or energy consumption minus energy expenditure [decreased 
from low physical activity] equals positive energy or calorie balance, and thus fat 
storage. This assumes that all the calories or energy consumed is from food intake 
and that the energy expenditures are from purposeful physical activity [25 %], 
nonexercise activity [7 %], thermic effect of food [8 %], and the basal metabolic 
rate during sleep and arousal [60 %] [ 13 ]. The excess calories or energy that are not 
utilized during daily activities is stored as fat; for each 9.3 cal [K-calories] of excess 
energy that enter the body approximately 1 g of fat is stored. 

 The current defi nition of obesity as defi ned by BMI does not take into account 
individuals with large muscle mass. Experts in the fi eld considered that obesity is 
best defi ned as 25 % or greater of normal total body fat in men and 35 % or greater 
in women [ 13 ]. However, measurements of total body fat clinically are not readily 
available, and this is rarely used in practice. 

3 The Role of Microbes in Obesity
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3.2.1     Biology of Adipose Tissues 

 Fat is stored mainly in the subcutaneous adipose tissue and the intraperitoneal cavity 
and in obesity fat is also stored in the liver and in other tissues or organs. It was 
previously believed that the number of adipocytes [fat cells] could substantially 
increase only in childhood [hyperplastic obesity] and that it in adults obesity was 
associated mainly in increased size of adipocytes for fat storage [hypertrophic 
obesity]. Recent studies, however, have shown that new adipocytes can differentiate 
from fi broblasts-like preadipocytes at any period of life [ 13 ]. Thus, adult obesity 
results from both increased numbers and size of adipocytes. 

 Control for appetite and satiety are centered in the hypothalamus, the lateral 
nuclei serving as the feeding center and ventriculomedial nuclei as the satiety 
center. Signals from the gastrointestinal tract to the hypothalamus are mediated by 
neurotransmitters and hormones that infl uence feeding behavior. Increased appe-
tite or feeding is stimulated by orexigenic messengers which include cortisol, 
melanocyte concentrating hormone, endocannabinoids, ghrelin, neuropeptide γ, 
Agouti-related protein, endorphins, galanin A and B, and amino acids such as 
glutamate and γ-aminobutyric acid. Whereas, decreased appetite and reduced 
feeding is stimulated by leptin, α-melanocyte stimulating hormone, insulin, cho-
lecystokinin, corticotropin releasing hormone, peptide YY, glucagon-like peptide, 
and cocaine-amphetamine-related transcripts [ 13 ]. 

 Feedback signals from adipose tissue regulate food intake since most energy 
stored in the body consists of fat. There is marked individual variability in the regula-
tion of energy reserve and fat storage. Studies in animals and humans indicate that 
the hypothalamus senses energy storage through the action of leptin, peptide hor-
mone released from the adipocytes [ 14 ]. With increased fat storage increased amount 
of leptin is produced which act on the hypothalamus to decrease appetite stimulators. 
Thus leptin is an important means of controlling energy and fat storage as well as the 
intake of food. However, in obese individuals there is no evidence of defi cient leptin 
production, but it is postulated that leptin receptors or postreceptor signaling may be 
defective in obese people [ 13 ]. 

 Adiponectin, another cytokine or adipokine produced by adipocytes, has insulin- 
sensitizing and anti-infl ammatory properties, and is inversely associated with visceral 
obesity [ 15 ]. The secretion of adiponectin by visceral fat is markedly reduced in obese 
women [ 16 ]. Adipose tissue secretes other cytokines and factors that may be involved 
in the regulation of metabolic pathways. Obese subjects have altered secretion of 
tumor necrosis factor [TNF]-α, plasminogen activator inhibitor-1, and interleukin 
[IL]-6 which can affect lipolysis, insulin insensitivity, and fi brinolysis [ 8 ].  

3.2.2     Brown Fat and Obesity 

 It has been recognized for some time that most adipose tissue in adults is in the form 
of white fat or white adipose tissue [WAT] for storage of fat or energy. But in 
animals and human neonates, brown fat or brown adipose tissue [BAT] is involved 
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in energy expenditure as heat and is important for maintenance of body temperature 
[ 17 ]. BAT was considered unimportant in humans beyond early childhood due to 
rapid involution, until recent studies using FDG-positron emission tomography–
computed tomography [PET–CT] showed that BAT is present in adults, but with 
decreased activity in obesity [ 18 ]. BAT tissue infl uence on energy balance through 
thermogenesis is mediated by the expression of tissue-specifi c uncoupling protein-
 1. It has been postulated that brown fat may affect whole-body metabolism, insulin 
sensitivity, and infl uence the tendency for excessive weight gain [ 18 ]. In one study by 
Cypress et al. [ 18 ] of 1972 patients, BAT mass and activity was greater in women 
[7.5 %] compared to men [3.1 %], and was inversely correlated with age [ p  < 0.001] 
and body mass index [ p  = 0.007]. Brown fat was mainly located in the cervical, supra-
clavicular, axillary, and paravertebral areas. The morphology of BAT is signifi cantly 
different from WAT. The major difference is the abundant presence of mitochondria 
in BAT compared to the sparsity in WAT, which is a refl ection of their difference in 
function [ 17 ]. The cell size and cytoplasm of white adipocytes are larger than brown 
adipocytes and this could account for the greater capacity for fat storage.   

3.3     Gut Microbiota and Obesity 

 The intestinal microbiota, mainly from the distal intestine, is the home of up to 100 
trillion microbial community, which should be considered as an anaerobic bioreac-
tor programmed with an enormous pool of microbial genomes [microbiome] [ 19 ]. 
The gut microbiota consists of predominantly four bacterial phyla or divisions, 
the gram-negative  Bacteroidetes  and  Proteobacteria , and the gram-positive 
 Actinobacteria  and  Firmicutes , with a highly diverse number of strains or subspe-
cies, 1,100 or more prevalent species [ 20 ]. The gut microbiota may be envisioned as 
a microbial organ within the human or mammalian host [ 18 ]. These microbes can 
degrade a variety of indigestible polysaccharides, including plant-derived pectin, 
cellulose, hemicellulose and resistant starches, which could be a source of energy 
and calories for the human host. 

 Insights of the possible role of microbes in energy balance, weight gain, and fat 
storage were fi rst observed in animal experiments. Germ-free mice in comparison to 
conventional mice on the same diet have shed light on many biological effects of the 
gut microbiota and host, including energy balance [ 19 ]. Adult conventional mice con-
suming less chow than germ-free animals have 40 % more total body fat [ 21 ]. This 
was attributed to the gut microbiota breakdown of indigestible dietary polysaccha-
rides for energy absorption. Subsequent evidence of altered gut microfl ora associated 
with obesity was derived from genetic modifi ed murine model with leptin defi ciency. 
Compared to wild-type siblings and their mothers, all fed the same diet, analysis of the 
distal gut microbiota of leptin defi cient mice revealed a major reduction in the quan-
tity of  Bacteroidetes  and a proportional increase in  Firmicutes  [ 22 ]. Similar fi nding 
with the increased ratio of  Firmicutes / Bacteroidetes  was also reported in the large gut 
of obese humans [ 23 ]. In this study of 12 obese males and 2 lean controls, samples of 
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stools were obtained over a year for analysis with 4 specimens from the obese subjects 
and 2 from the controls. On dieting with a low- fat or carbohydrate restricted diet 
 Bacteroidetes  increased [ p  < 0.001] and  Firmicutes  decreased. The amount of 
 Bacteroidetes  correlated with the percentage loss of body weight. 

 In further studies by the same investigators utilizing the mouse model, it was 
determined that the obese-associated microbiome had increased capacity for greater 
energy harvest from diet [ 24 ]. Moreover, transmission of the colonizing “obese 
microbiota” in germ-free mice resulted in greater total body weight and fat than colo-
nization with a “lean microbiota.” Human studies, however, on the gut microbiota 
pattern in obesity have produced mixed results. A few studies have observed an 
increase in the  Firmicutes / Bacteroidetes  ratio in obese subjects [ 22 ,  25 ,  26 ], but oth-
ers failed to demonstrate a similar correlation [ 27 – 30 ]. In one of the larger studies 
with a total of 98 subjects, 30 lean, 35 overweight, and 33 obese volunteers, the ratio 
of  Firmicutes  to  Bacteroidetes  in feces was the opposite of previous reports, with 
changes in favor of  Bacteroidetes  in obese and overweight subjects [ 28 ]. In this study 
the main signal in the feces associated with obesity and overweight was the higher 
concentration of short-chain fatty acids [SCFA] compared to lean subjects,  p  = 0.024 
and  p  = 0.019, respectively [ 28 ]. This report suggests that the ratio of  Firmicutes  to 
 Bacteroidetes  may not be the important alteration of gut microbiota in obesity, but 
rather the pattern of microfl ora that leads to greater SCFA metabolism. 

 In an intriguing study from a group of international investigators recently 
reported the phylogenetic composition of 39 fecal samples from 6 nationalities 
compared to previously published datasets [ 30 ]. There was no correlation between 
BMI and ratio of  Firmicutes  to  Bacteroidetes . However, the metagenomic- derived 
functional biomarkers identifi ed three marker modules that correlated strongly with 
the subjects BMI; two of which are ATPase complexes and support the association 
of the gut microbiota’s capacity for energy harvest and obesity [ 30 ]. Based on the 
phylogenetic profi le and multidimensional cluster analysis of the gut microbiota, 
the investigators identifi ed three robust clusters or enterotypes:  Bacteroides  [entero-
type I],  Prevotella  [enterotype II], and  Ruminococcus  [enterotype III]. The entero-
types demonstrated variation in phylogenetic and functional aspects: enterotype I 
generates energy primarily from fermentation of carbohydrates and proteins, encod-
ing enzymes such as galactosidases, hexosaminases, and proteases for these sub-
strates; enterotype II degrades mucin glycoproteins present in the mucosa of the gut; 
and enterotype III also able to degrade mucins [ 30 ]. 

 Another recent study used a unique framework for studying the gut microbiome 
of healthy subjects, 82 lean or overweight and 42 obese, integrating metagenomic 
data systems-level network analysis [ 31 ]. This report indicated that lean and obese 
microbiomes differ primarily in their interface with the host and the interaction with host 
metabolism. A large fraction of the enzymes of the obese-associated microbiomes 
are involved in the phospho-transferase system [28.6 %] and the nitrate reductase 
pathway [17.1 %] [ 31 ]. The phospho-transferase system has been specifi cally asso-
ciated with the  Firmicutes  phylum, used by  Eubacteria  for transporting sugar into 
cell and has been implicated in carbohydrate uptake [ 32 ], and is upregulated in mice 
following switch to high fat/high sugar diet [ 33 ]. 
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 A more recent study of 68 obese subjects and 47 lean controls reported that the 
obesity-associated gut microbiota is enriched in  Lactobacillus reuteri  [ p  = 0.04], 
and depleted with  Bifi dobacterium animalis  and  Methanobrevibacter smithii , 
 p  = 0.05 and 0.03, respectively [ 34 ]. Other investigators have also explored the rela-
tionship of the gut microbiota with gene polymorphism in obese people [ 35 ]. In this 
study 52 obese subjects were compared to 52 normal weight controls, and the infl u-
ence of polymorphisms of 2 genes encoding the peroxisome proliferator-activated 
receptor-gamma [PPAR-γ] was analyzed. PPAR-γ receptors are found in target tis-
sues for insulin, i.e., adipose tissue, skeletal muscle, and liver. Activation of PPAR-γ 
nuclear receptors regulates fatty acid metabolism, glucose production and utiliza-
tion, and the maturation of preadipocytes. Obese subjects had lower amounts of 
 Clostridium perfringens  [ p  = 0.001] and  Bacteroides  [ p  = 0.012] than controls in 
their feces, but no difference was found in PPAR-γ, genotype between the two 
groups [ 35 ]. However, among the obese subjects those with PRO/ALa genotype had 
lower  Bacteroides  than those with PRO/PRO genotype.  

3.4     Oral Microbiota and Obesity 

 In the past 4 years, there have been a few studies assessing the oral microfl ora and 
association with obesity. In a study of 313 overweight or obese women and 232 
healthy normal weight subjects, the saliva bacterial population was measured by 
DNA probe analysis [ 36 ]. The main percentage difference of 7/40 bacterial species 
was greater than 2 % in saliva of overweight women. Classifi cation tree analysis of 
microbial composition showed that 98.4 % of those overweight could be identifi ed 
by a single bacterial species [ Selenomonas noxia ] at levels >1.05 % of the total sali-
vary bacteria [ 36 ]. Thus it was concluded that these salivary bacterial species could 
be biological indicators of developing obesity and that oral bacteria may participate 
in the pathobiology of overweight and obesity. 

 A novel study analyzes the subgingival plaque samples for 40 bacterial species by 
checkerboard DNA–DNA hybridization in 574 subjects with chronic periodontitis 
and 121 healthy controls [ 37 ]. Periodontitis was signifi cantly greater in overweight 
[odds ratio [OR] 3.1, 95 % confi dence interval [CI] 1.9–4.8] and obese people [OR 
5.3, 95 % CI, 2.8–90.5] compared to subjects with normal BMI. After adjusting for 
age, gender, and smoking status, the OR was 2.3 [95 % CI 1.2–4.5] for obese subjects 
to exhibit periodontitis. Only  Tannerella forsythia  differed  signifi cantly among the 
BMI groups and signifi cantly increased in obese persons compared to healthy sub-
jects or lean individuals with gingivitis [ 37 ]. A smaller but more recent study simi-
larly analyzed the oral subgingival biofi lm by the same methods in 29 obese and 58 
matched normal weight adolescent subjects with a mean age of 14.7 years [ 38 ]. 
Twenty-three bacterial species were present in approximately threefold higher 
amounts in obese persons compared to normal weight controls. The sum of bacterial 
cells in subgingival biofi lm was signifi cantly associated with obesity [ p  < 0.001] 
and was not confounded by any of the studied variables, i.e., chronic diseases, 
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medications, meal frequency, visible plaque index, bleeding on probing, or fl ow rate 
of the whole saliva.  Proteobacteria phylum ,  Campylobacter rectus , and  Neisseria 
mucosa  were sixfold higher in obese persons [ 38 ]. 

 Although these studies are very intriguing and the effects of multiple confounding 
variables were analyzed, the effect of diet such as the amount of sweetened food or 
drinks was not addressed in detail and could account for the differences in oral 
microfl ora found in these studies.  

3.5     Diet and the Effect on Gut Microbiota 

 Diet is a key factor in the development of obesity and diet may affect the intestinal 
microfl ora but this is not well understood. Studies in both animals and humans 
suggest different diets can modify the relative proportion of various gut microfl ora 
[ 39 – 41 ]. Westernized diet with high fat and high sugar, or diets rich in vegetables 
and fruits have been shown to signifi cantly alter the microbiome composition of the 
intestines at different phylogenetic level [ 40 ]. 

 In genetically modifi ed rodents [obesity-prone or obesity-resistant phenotypes], 
high fat diet resulted in a decrease in  Bacteroidetes  and increase in  Firmicutes  [mainly 
 Clostridiales ] and  Proteobacteria  phyla in the presence or absence of obesity [ 42 ,  43 ]. 
In mice with humanized gut fl ora a change in diet resulted in a shift in composition of 
the microbiota just within 24 h, along with changes in the metabolic pathways in the 
microbiome [ 33 ]. Thus obesity by itself is not responsible for the changes in composi-
tion of the bowel microbiota but is diet related. High carbohydrate and high fat diet 
result in similar alteration of the gut microbiome in mice [ 44 ]. 

 Although genetic modifi ed [RELM βKO]-mice resistant to obesity on high fat 
diet have similar changes in bowel microbiota as wild-type mice, they appeared to 
remain lean not by altered food intake or fat absorption but by increased energy 
expenditure [ 43 ]. Metagenomic analysis of the gut microfl ora, on standard chow 
and high-fat diet, has also provided some insights into the mechanism of the gut 
microbiome on weight and obesity. Genes for amino acid and carbohydrate metabo-
lism decrease in abundance from switch to high fat diet, whereas genes or signal 
transduction [two component response regulator system], and membrane transport 
[mostly ABC transporters] increase [ 43 ]. ABC transporters control transport of a 
variety of nutrients such as lipids, sugars, peptides, and metals. Genes involved in 
import and assimilation of sugars were more abundant as well on high fat diet. 
Similar to the murine obesity models, the human obese gut microbiome is enriched 
in phosphor-transferase systems involved in microbial processing of carbohydrates 
[ 31 ]. In the study of obese and lean twin pairs there were 383 genes that were 
 signifi cantly different between obese and lean gut microbiome [ p  < 0.05], 273 
enriched and 110 depleted in the obese microbiome. In contrast only 49 genes 
were enriched or depleted between all twin pairs [ 31 ]. Seventy-fi ve percent of obesity 
enriched genes were from  Actinobacteria  and 25 % from  Firmicutes , whereas 42 % 
of the lean enriched genes were from  Bacteroidetes  compared to 0 % of the obesity 

3.5 Diet and the Effect on Gut Microbiota



66

enriched genes. The main hypothesis of the increase in body weight with changes in 
the gut microbiota is associated with an increased capacity of the bowel microfl ora 
to extract nutrients from the diet not normally well absorbed, and inducing metabolic 
changes in the host including increased fatty acid oxidation in muscle and increased 
fat storage in the liver and subcutaneous and visceral adipose tissues [ 21 ,  24 ]. 
However, other mechanisms may also be implicated.  

3.6     Gut Microbiota and Infl ammation 

 Obesity and metabolic disorders, arising from excessive weight such as diabetes 
type 2 and atherosclerosis, are associated with chronic “low-grade” infl ammation 
[ 45 ]. Diet-induced obese mice displays a constant low-grade increase in blood 
endotoxin from endogenous bowel gram-negative bacteria lysis, which releases the 
membrane lipopolysaccharide [LPS] for absorption. LPS through LPS-receptor acts 
via toll-like receptor-4 [TLR4] to stimulate the infl ammatory pathway through pro- 
infl ammatory mediators such as tumor necrosis factor [TNF]-α and interleukin [IL]-6, 
which are associated with a low-grade infl ammation and insulin resistance [ 46 ,  47 ]. 
Mice defi cient in the TLR4 adopter protein CD14 [LPS receptor] do not develop 
diet-induced obesity and insulin resistance [ 46 ]. Continuous subcutaneous, low 
dose infusion of LPS in these mice with high fat diet resulted in increased adiposity, 
excessive weight, and insulin resistance [ 46 ,  48 ]. Furthermore modulation of the gut 
microfl ora by diet modifi cation with oligofructoses [prebiotic] or antibiotic treat-
ment reduced weight, infl ammation, and glucose intolerance in obese prone mice on 
high fat diet [ 49 ,  50 ]. Whereas high fat diet decreases bifi dobacteria in mice, adding 
the prebiotic to the diet selectively increases bifi dobacteria, suggesting a role of this 
species to control obesity [ 50 ]. 

 Obesity resulting from consumption of high calories and high fat diet leads to 
hyperphagia [overeating] which may be partly related to changes in the gut micro-
biota. Germ-free mice on high fat diet failed to gain weight or insulin resistance and 
are not hyperphagic compared to conventional mice. In Sprague–Dawley obese- 
prone rats, the obesigenic effect of high fat diet associated with hyperphagia and 
excessive weight is attributed to alteration in plasma leptin and activation of the 
vagal pathway in response to intestinal lipids [ 51 ]. Further studies in this model 
demonstrated that high fat diet caused an increase in the relative proportion of 
 Bacteroidales  and  Clostridiales  orders regardless of phenotype, but increase in 
 Enterobacteriales  was seen only in gut microbiota of obesity prone rats [ 52 ]. There 
was a strong link between gut infl ammation and obesity. The sequence of events 
following feeding high fat diet was fi rst altered gut microbiota leading to increase in 
luminal LPS, and an increase in TLR4 activation in the epithelium associated with 
decreased intestinal alkaline phosphatase activity, leading to the altered tight junc-
tion permeability, and subsequent increase in infl ammation [ 52 ]. Thus high fat feed-
ing appears to disturb food intake regulation via intestinal epithelial infl ammation 
which may be a trigger for hyperphagia and obesity. 
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3.6.1     Gut Microbiota on Energy Extraction and Balance 

 The large intestine has limited digestive capability and the indigestible carbohy-
drates and proteins received by the colon represent only 10–30 % of the total 
ingested calories or energy [ 40 ]. Microbiota of the distal gut ferments indigestible 
starches, sugars, cellulosic and noncellulosic polysaccharides, and mucin into SCFA 
and gases. The type and quantity of SCFA varies with the diet, age, and composition 
of the microbial community, and the major SCFAs produced are acetate, propionate, 
and butyrate [ 40 ]. In healthy adults on a westernized diet about 100–200 mM SCFA 
are produced per day in the colon, of which about 90–95 % are absorbed [ 53 ]. The 
absorbed SCFAs are utilized by the colonocytes as nutrients and transferred to other 
peripheral tissues or organs for metabolism. Butyrate is mainly utilized by the colo-
nocytes for metabolism and development, whereas a major proportion of propionate 
serves as substrate for gluconeogenesis and cholesterol synthesis in the liver [ 54 ]. 
Acetate is the main circulating SCFA in the blood and is a source of energy for the 
peripheral tissues, and in the liver it is used for lipogenesis and cholesterol synthesis 
[ 54 ]. The reservoir and concentration of SCFAs in the human intestine has recently 
been linked to obesity which is correlated with the gut microbiome [ 53 ,  54 ]. 
In adults a greater concentration of total SCFAs especially propionate is found in 
the feces of obese subjects compared to lean controls [ 28 ], and this has also been 
reported in children [ 55 ]. 

 The gut microbiota may affect energy balance not only through the process of 
colonic absorption of monosaccharides and SCFAs but by a complex mechanism 
through regulating gene expression. In addition SCFA produced by the gut micro-
biota activate gut hormone production [peptide Y Y], which slows the intestinal 
transit, allowing more complete absorption of intestinal nutrients including the fatty 
acids themselves [ 41 ]. Microbes of the intestines may also regulate energy metabo-
lism by reducing the expression of fasting-induced adipocyte factor [Fiaf] in gut 
epithelial cells. Fiaf, a member of the angiopoietin-like family of proteins, is a cir-
culating lipoprotein lipase inhibitor. Suppression of Fiaf results in degradation of 
lipoproteins and microbiota-induced deposition of triglycerides in adipose tissue 
[ 21 ]. However, other studies have indicated that the intestinal mucosa is not a major 
source of Fiaf in mice [ 56 ], and does not support the hypothesis that gut microbes 
infl uence accumulation of body fat via Fiaf gene expression [ 41 ]. 

 It has also been proposed that the intestinal microbial fermentation results in 
increase SCFA and plays a role in energy balance via stimulation of adipocytes to 
induce production of leptin and adiponectin [ 40 ]. Leptin increased production acts 
on the hypothalamus to decrease appetite and adiponectin stimulates glucose utili-
zation and fatty acid oxidation by inactivating AMP-activation protein kinase [ 57 ]. 
These counter regulating mechanisms would normally prevent obesity in the indi-
viduals and in germ-free mice on high fat diet. In obesity the level of adiponectin 
decreases resulting in deactivation of AMP-activated protein kinase and leading to 
reduced fatty acid oxidation and increased accumulation of free fatty acids in the 
liver [ 58 ]. 
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 Recently the gut microbiota has been proposed to affect the endocannabinoids 
system which is also involved in energy balance [ 59 ]. The endocannabinoids recep-
tor CB 1 [family of G-protein-coupled receptors] contributes to appetite regulation 
in conjunction with leptin and through other functions independent of food intake 
[ 41 ]. It has been hypothesized that the obese-prone gut microbiota leads to increase 
in plasma LPS levels, resulting in low-grade infl ammation and greater endocannabi-
noids system tone, which results in dysregulation of adipogenesis [ 59 ]. A combina-
tion of a westernized high fat diet rich in  n -6 polyunsaturated fatty acids and 
microbiota-mediated effects has been speculated to infl uence the endocannabinoid 
system in the metabolic syndrome [ 41 ].   

3.7     Viral Infection Implicated in Obesity 

 Some studies in adults and children have found greater seroconversion to certain 
viruses in obese subjects compared to lean controls. Adenovirus-36 is the most 
widely studied and this topic has recently been reviewed by Esposito et al. [ 60 ]. 
Adenoviruses are common causes of respiratory tract infections, gastroenteritis, 
and conjunctivitis in young children and young adults. There are over 50 serotypes 
of adenovirus and serotype 36 is the most widely studied in animal models and 
humans for the association with obesity. An animal virus, canine distemper virus, 
was fi rst shown to induce obesity in an experimental murine model in 1982 [ 61 ]. 
Subsequently Dhurandhar et al. [ 62 ] in 2000 demonstrated that chicken and mice 
infected with adenovirus 36 [AD36] showed marked increase in weight with sig-
nifi cant fat accumulation not seen in animals infected with avian adenovirus. 
Similar fi ndings were reported in rats [ 63 ] and in nonhuman primates [ 64 ]. There 
was a signifi cant a ssociation between spontaneous occurring AD36 antibodies and 
weight gain in 15 rhesus monkeys over 18 months [ 64 ]. Furthermore, 28 weeks 
after infection with AD36 three male marmosets showed a threefold increased 
weight gain with greater fat accumulation than three uninfected controls [ 64 ]. 
Transmissibility of adenovirus- induced obesity was also demonstrated in the 
chicken model by the same group of investigators [ 65 ] and it raised the possibility 
of transmissible obesity in childhood. 

 Several studies have been performed in humans to assess AD-36 antibodies and 
the association with obesity with varying results. Two studies in adults showed an 
association between obesity and AD36 antibodies [ 66 – 68 ], but three others failed to 
confi rm the association [ 69 – 71 ]. However, all three studies in children consistently 
found signifi cant association with AD36 antibodies and obesity [ 72 – 74 ]. 

 The possible mechanism of AD36 infection and link to adiposity has been postu-
lated to be a direct effect on adipose tissues by upregulation of one of the genes essen-
tial in preadipocyte differentiation [ 64 ,  75 ]. Although AD36 DNA has been found 
repeatedly in the fat cells of infected animals, it has not been detected in visceral 
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adipose tissue of 31 severely obese patients undergoing surgery [ 70 ]. Other proposed 
mechanism of the virus includes reduction of leptin expression and secretion with 
resulting increased appetite and glucose uptake [ 76 ], besides an indirect effect of 
chronic infl ammation on lipid metabolism [ 77 ].  

3.8     Conclusion 

 The current cumulative evidence supports a role of changes in the gut microbiome 
which are infl uenced by diet and interaction with the host genome, to produce changes 
in energy homeostasis that leads to increased lipogenesis and fat accumulation. 
Although relatively large population studies have found an association with increased 
gingival bacteria [associated with periodontitis] and obesity, this effect may also do to 
the infl uence of dietary factors. However, it is possible that changes in oral-dental and 
gut microbiota may contribute to obesity by increasing circulating LPS to produce 
sustained chronic low-grade infl ammation [through IL-6 upregulation], resulting in 
increased lipogenesis and insulin resistance   . This mechanism has also been postulated 
for the association of periodontal disease and atherosclerotic heart disease [ 78 ]. 
Although animal experiments do support a role of adenovirus 36 in obesity the rela-
tionships in humans only seem promising in children. The interactions of these various 
microbes and potential pathogenic mechanisms in human obesity are summarized in 
Fig.  3.1 . Although microbial pathogenesis may play a role in overweight and obesity it 
is almost certainly not the main driver of the global obesity pandemic.

3.8.1       Future Directions 

 It is quite evident that larger population-based studies are needed to defi ne the role 
of microbes in the pathogenesis of obesity. Large prospective observational studies 
on cohorts matched for known risk factors for obesity including diet and physical 
activity are needed. Future studies should also address the issue of multiple micro-
bial infl uence on the same groups of subjects, such as analysis of gut and gingival 
microbiota at the same time. 

 Large randomized trials should be performed in conjunction with counseling on 
diet and physical exercise on the value of prebiotics and probiotics to optimize the 
bowel microbiota along with the measurements of fecal and blood short-chain fatty 
acids. With respect to the role of adenovirus 36, larger population-based longitudinal 
studies over several years are needed to confi rm the role of this virus in childhood 
obesity. Preliminary studies, however, should also assess the detection of the virus 
by PCR intermittently over time from the nasopharynx and feces, as sero- prevalence 
data alone are not very convincing.      

3.8 Conclusion
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    Chapter 4   
 Microbes in the Pathogenesis of Diabetes 
Mellitus 

4.1                        Introduction 

 Diabetes Mellitus [DM], now considered a group of metabolic disorders rather than 
a single disease entity, was fi rst described in India about 600 BC [ 1 ]. Up till the 
1960s, diabetes was still considered a relatively uncommon disease occurring pre-
dominantly in developed nations [ 1 ]. In 2007 it was estimated that diabetes occurred 
in over 25 million people or more than 7 % of the population in the United States 
[US], with a rate of about 1 million new cases every year [ 2 ]. A recent estimate by 
the WHO indicates that greater than 347 million people    have diabetes worldwide 
[ 3 ]. The number of people with diabetes more than doubled since 1980 globally, 
from 153,000,000 to 347,000,000 in 2008 [ 4 ]. The diabetes pandemic [largely from 
type II DM] may be driven by the obesity pandemic and the increasing aging popu-
lation. The largest increase in prevalence of diabetes in the past three decades was 
found in Oceania [islands of the central and South Pacifi c], followed by South Asia, 
Latin America and the Caribbean, central Asia, North Africa, and the Middle East 
[ 4 ]. The prevalence of diabetes globally in adults >25 years was estimated to be 
about 10 %. 

 The complications of diabetes result in substantial morbidity and mortality, with 
an estimate of 3.4 million people died worldwide from diabetes in 2010, with more 
than 80 % occurring in low- and middle-income countries [ 3 ]. Diabetes increases 
the risk of heart disease and stroke and 50 % of diabetic patients die of cardiovascu-
lar disease and stroke [ 5 ]. DM is an important cause of blindness and is among the 
leading causes of kidney failure, peripheral vascular disease, and peripheral neu-
ropathy, which frequently leads to chronic ulcers, foot infections, and eventually 
lower limb amputations. Lower limb amputations are ten times more common in 
people with diabetes than nondiabetic subjects [ 6 ].  



76

4.2     Pathogenesis of Insulin-Dependent Diabetes Type 1 

 Insulin-dependent diabetes mellitus [IDDM] 1 is considered a chronic autoimmune 
disease causing destruction of the insulin producing pancreatic islet beta cells, 
resulting in insulin defi ciency. Although it occurs in all races of people it occurs 
most frequently from people of Northern European descent. The pathogenesis of 
IDDM-1 is quite different from that of DM2, in which both decrease insulin release 
[not on an autoimmune basis] and insulin resistance are important factors in the lat-
ter [    7 ]. Although inherited susceptibility and environmental factors play pivotal 
roles in both diseases, genome-wide association studies indicate that type I and type 
II DM genetic loci do not overlap, although interleukin-1 [IL-1] mediated infl am-
mation may play a role in both conditions [ 8 ]. The main gene associated with 
IDDM predisposition is on the major histocompatibility complex [MHC] loci on 
chromosome 6, in the region of the HLA immune- recognition molecules [ 9 ]. 
Polymorphisms of multiple genes infl uence the risk of IDDM [HLA-Dq-α, HLA-
Dq-β, HLA-DR, preproinsulin, PTP n 22 gene, and CT2A-4], and additional genes 
and loci recognized by whole genome analysis, such as KIAA0035 encoding a 
lectin [    7 ]. Although genes in both MHC and elsewhere in the genome infl uence the 
risk of IDDM only the HLA alleles have a major infl uence. 

 There are a number of autoantigens within the pancreatic islet cells associated with 
IDDM such as pancreatic sialoglycoconjugate, proinsulin, insulin, glutamic acid 
decarboxylase, insulinoma-associated protein 2, zinc transporter of islet beta cells, 
beta-cell sulfatides, 37-kDa and 52-kDa islet cell antigens [ 7 ,  9 ]. Although autoanti-
bodies to the enzyme glutamate decarboxylase may predict the disease, the presence 
of autoantibodies reactive to the 37-kDa antigen is a better predictor of IDDM [ 9 ]. 
Islet cell cytoplasmic autoantibodies and insulin/proinsulin autoantibodies appear 
years before the onset of hyperglycemia. Islet cell cytoplasmic autoantibodies are 
found in 70–80 % of newly diagnosed IDDM patients and only 0.5 % of normal con-
trols, and insulin autoantibodies are present in about 50 % of newly diagnosed IDDM 
subjects before any insulin treatment [ 9 ]. 

 The initial pathogenic event leading to IDDM in susceptible host has been pro-
posed to involve one of two processes, both ultimately resulting in autoimmune 
reactive damage to the pancreatic islet beta cells [ 9 ]. The fi rst event could be a viral 
coxsackie infection with viral proteins that shares amino acid sequence with a beta 
cell protein [i.e., molecular mimicry between coxsackie viral protein and glutamate 
decarboxylase] that result in infl ux of cytotoxic CD8-lymphocytes. Alternatively, an 
infection or environmental insult could produce infl ammation of pancreatic islet 
cells with generation of infl ammatory cytokines, activation of endothelial cells and 
adhesion molecules, with increased leukocyte infi ltration, further release and expo-
sure of the islet cell antigens to macrophages and lymphocytes then perpetrate a 
chronic autoimmune reaction [    9 ].  
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4.3     Microbes in IDDM-1 Pathogenesis 

 The concept that a microbial pathogen can play a role in the etiology of IDDM, 
especially in childhood, has been proposed for several decades. Much of the data to 
support the hypothesis has been generated in animal models, but human studies 
have been confl icting. Interest in this area has waxed and waned over the years, but 
renewed interest has appeared in the medical literature of recent. There are now 
three different theories that have been proposed by which microbial pathogenesis 
may infl uence the development of IDDM-1. The fi rst and foremost is the paradigm 
of childhood viral infection inducing pancreatic islet cell infl ammation and subse-
quent chronic low-grade autoimmune reaction. Second, the completely opposite 
term the hygiene hypothesis that relates to improved sanitation and decreased expo-
sure to microbial pathogens in early life may lead to increased risk of allergic and 
autoimmune disorders in developed nations, including autoimmune diabetes [ 10 ]. 
Third, in more recent years it has been proposed that specifi c patterns of gut micro-
biota can interact with the innate immune system to infl uence the development of 
IDDM in genetically susceptible individuals. 

4.3.1     Infection as an Etiological Factor in IDDM-1 

 The concept that IDDM may be of an infectious etiology was fi rst proposed in 1927, 
when it was reported that cyclical peaks of diabetes incidence were preceded by 
previous outbreaks of mumps [ 11 ]. Subsequently, IDDM was reported in children 
after rubella and coxsackie virus infections [ 12 ,  13 ], and coxsackie virus was sub-
sequently isolated from a child with acute onset diabetic ketoacidosis and the virus 
was shown to induce diabetes in mice [ 14 ]. The hypothesis of an environmental 
external trigger, such as a virus infection inducing diabetes, was consistent with the 
fact that hereditability alone could not fully explain the concordance rate of 50 % in 
human monozygotic twins with IDDM [ 15 ]. Human studies also indicated that 
there was a long prediabetic period in most cases of IDDM-1, and this differs from 
the acute viral-induced DM in earlier experimental models [ 16 ]. In previous animal 
experiments with pancreatic islet beta cell tropic viruses, i.e., encephalomyocarditis 
virus, mengovirus, and coxsackie virus, there was direct beta cell lysis and rapid 
induction of DM without evidence of autoimmunity [ 17 – 19 ]. 

 A low grade persistent infection in the pancreas would be more consistent with a 
prolonged human prodromal period in IDDM. A few experimental studies, how-
ever, have shown persistent infection in beta cells of mice with reovirus1 and rubella 
virus with the development of autoimmune insulitis [ 20 ,  21 ]. Autoimmune insulitis 
in humans may involve the overexpression of MHC class I molecules by beta cells 
[ 22 ]. In vitro infection of human and rat beta cells with reovirus has demonstrated 
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upregulation of MHC class I molecules’ expression on cell surfaces [ 23 ]. Although 
the glucose intolerance in the mice model of reovirus-induced diabetes appears 
to be immune related, there was no overt diabetes but only transient glucose intol-
erance [ 20 ,  24 ]. The most persuasive animal experiments of viral-induced autoim-
mune DM were demonstrated with inoculation of DR BB rat substrain with 
Kilham’s rat virus, which reproducibly produced insulitis and diabetes [ 25 ]. The 
DM was caused by self-reactive infl ammatory cells that appeared in the pancreatic 
islets and not by viral cell lysis or immune reaction to viral antigens bound to cell 
membrane [ 26 ].  

4.3.2     Specifi c Viruses in IDDM1 

 Coxsackie B virus had been most extensively investigated for its role in the etiology 
of IDDM. A review of this topic in 1996 by Yoon and Kominek [ 27 ] summarized 
the results of seroepidemiological studies with the correlation between a recent cox-
sackie B virus infection [<3 months] and the onset of IDDM. Sixteen of the studies 
showed a positive correlation between coxsackie B virus infection and IDDM but 
seven studies found no or reverse correlation. Some studies reported genetic suscep-
tibility to IDDM and antibodies to coxsackie B virus as being linked to HLA haplo-
types, but no consistent pattern was found although HLA–DR 3 and HLA–DR 4 
haplotypes were more commonly associated [ 27 ]. 

 Coxsackie B virus has been isolated or the antigen detected from the pancreatic 
islet beta cells of two children with recent onset IDDM [ 14 ,  28 ]. The potential of 
coxsackie B virus to produce DM in mice varies with the strain of mice, genetic 
background, and the strain of virus tested [ 27 ]. In one study using 37 coxsackie B 
isolates only 25 % of mice exhibited abnormal glucose tolerance when sequentially 
infected with coxsackie B3, B4, and B5 viruses [ 29 ]. Thus the diabetogenic poten-
tial of coxsackie B virus strains in nature may be limited. Although several studies 
demonstrated that coxsackie B virus can induce beta islet cell necrosis and lysis in 
some mice models, others found the virus can initiate or enhance an autoimmune 
reaction to glutamic acid decarboxylase [ 29 – 31 ]. An indirect autoimmune damage 
to beta cells in a coxsackie virus-mediated DM has been described more recently 
[ 32 ]. However, the diabetogenic potential of coxsackie B virus depends on an inad-
equate antiviral defense or can be triggered by cytomegalovirus infection [ 33 ]. 

 Production of DM in nonhuman primates with coxsackie B4 virus has been 
attained in pasta monkeys but not in others such as rhesus, cynomolgus, and cebrus 
[ 34 ]. These studies suggest that genetic factors are critical for glucose homeostasis 
in monkeys infected with coxsackie virus, and that cumulative insults to the beta 
cells are important for development of DM. 

 Studies of other viruses as possible triggers for IDDM are less robust and include 
cytomegalovirus [CMV], rotavirus, rubella, and mumps [ 35 ]. Although there have 
been limited reports of association with CMV infection and autoimmune DM [ 36 ,  37 ], 
others have failed to confi rm this association [ 35 ]. However, animal models do 
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support the concept that CMV infection could trigger IDDM by activation of 
macrophages and proliferation of autoreactive cells, or through enhancement of islet 
cells autoantibodies [ 38 ,  39 ].   

4.4     The Hygiene Theory of IDDM 

 Paradoxically microbial agents which can induce autoimmune disease experimentally 
and clinically can also suppress autoimmune and allergic diseases in certain settings [ 10 ]. 
Epidemiological studies in developed countries have shown an increasing trend of many 
allergic diseases, including IDDM, asthma, etc., in the past 60 years which has been 
paralleled with an increase in sanitation and decrease in incidence of infections. 
The decreased risk of exposure to microbial pathogens is especially striking for intestinal 
organisms including parasites. This is attributable to multiple factors including access to 
clean water, modern sanitation, vaccination, and possible antimicrobial agents. 

 There is a marked discrepancy in the distribution and incidence of many autoim-
mune and allergic diseases geographically in the world, with greater incidence in 
temperate developed countries compared to less developed nations in tropical and 
subtropical continents. This North–South gradient typifi ed by the higher incidence 
of multiple sclerosis and IDDM in Europe compared to Africa [ 10 ] could be 
explained by climatic differences and exposure to sun, genetic, and environmental 
factors, including exposure to microbes. Interaction of genetic and environmental 
factors is considered the key components in the pathogenesis of these allergic and 
autoimmune diseases, but the exact mechanisms are not fully understood. 

 There is epidemiological evidence even within countries of the northern hemi-
sphere that the exposure risk to microbial pathogens in childhood can infl uence the 
development of IDDM. A case-controlled study in Yorkshire [England] found a cor-
relation with type I DM and the attendance at day care centers, and number of infec-
tions before 1 year of age [ 40 ]. IDDM was lower in children attending day care centers 
with more frequent infections than children not attending day care centers and not 
exposed to older siblings [who presumably increase the risk for infections]. 

 The best evidence to support the hygiene hypothesis and development of autoim-
mune DM is derived from animal models. In an experimental rodent model using 
BB rats or nonobese diabetic [NOD] mice, caesarian delivery and isolation against 
microbial pathogens increases the incidence of DM from 40 to 80 % [ 10 ,  41 ]. 
Diabetes is also prevented in NOD mice by infecting young mice with various 
microbes including mycobacteria, viruses, and parasites [ 42 – 47 ]. The fi ndings that 
BCG vaccination and lymphocytes from infected animals can prevent IDDM in 
uninfected mice implicate T-cells in the mechanism of DM type I [ 48 ,  49 ]. 

 The protective effect of infectious agents against IDDM has been proposed to 
involve the following mechanisms: 1) homeostatic competition, infection induced 
lymphocytes competes with other lymphocytes involved in autoimmune pathogen-
esis; 2) and bystander suppression, immune response to infection suppresses the 
autoimmune process [ 35 ]. In the murine model protection against IDDM by bacterial 
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components involves Th2 cytokines within the islets [ 50 ], and this can be abrogated 
by antibodies against IL-4 and IL-10 [ 51 ].  However, the protective effect is more 
complex as mycobacteria can protective effect is more complex as mycobacteria 
can protect against DM even in IL-4/IL-10 defi cient mice [ 52 ]. The bystander sup-
pressive effect of infections are likely mediated by IL-10, transforming growth fac-
tor β (TGF-β) and other factors produced by regulatory T-cells, that inhibit Th1 and 
Th2 responses [ 53 ]. 

 Toll-like receptors [TLRs], which are receptors for various microbes, are important 
in the immune response to infectious agents and immune stimulation of mononu-
clear cells via TLR could downregulate allergic and autoimmune reactions [ 10 ]. 
Thus, TLRs are believed to contribute to the protective effect of infection on the 
development of DM [ 35 ].  

4.5     Intestinal Microbiota in the Development of IDDM 

 There is recent evidence that interaction between the gut microbiota and the host 
innate immunity may contribute to development of IDDM. The hygiene hypothesis 
of diabetes and the role of the gut microbiota in the pathogenesis of IDDM appear to 
be closely linked. There is increasing evidence to support the concept that changes in 
exposure to certain infectious agents and the composition or pattern of the intestinal 
microbiota in the early years of life can infl uence the development of IDDM [ 10 ]. 

 In NOD mice kept under specifi c pathogen-free [SPF] conditions the develop-
ment of spontaneous DM was accelerated compared to conventionally housed NOD 
mice [ 54 ]. There is also cumulative evidence that the gut immune system plays a 
part in the pathogenesis of IDDM, and the development of the immune system 
largely depends on the interaction with the bowel microbiota. Based on rodent mod-
els and to a lesser degree in humans, studies indicate that the pathogenesis of IDDM 
involves a complex interplay between aberrant gut microbiota, “leaky” intestinal 
mucosa barrier, and altered immune responsiveness [ 55 ]. In biobreeding diabetes- 
prone [BB–DP] rats, differences in bacterial composition of the gut microfl ora were 
observed in rats that eventually develop DM compared to those that did not [ 56 ]. 
This difference was observed long before development of overt IDDM. Rats resis-
tant to development of IDDM at a later age showed lower amounts of  Bacteroides  
species in the bowel fl ora. Moreover altering the intestinal microbiota with antibi-
otic decreased the development and delayed the onset of DM [ 56 ]. Other investiga-
tors have also found that lactobacillus species were negatively correlated with type 
I DM development in rats, and that administration of  Lactobacillus johnsonii , iso-
lated from BB-diabetes resistant rats, inhibits the onset of IDDM in the diabetic- 
prone rats [BB–DP] [ 57 ]. Therefore, supporting the concept that the gut microbiota 
is important in the pathogenesis of IDDM. 

 The innate immunity is critical in the development of the host defense and the 
intestinal homeostasis [ 58 ]. Thus it is postulated that certain innate immunity sig-
naling pathways in the intestine might account for the role of the gut microbiota 
in the pathogenesis of IDDM. Recent experiments in NOD mice with or without 
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the myeloid differentiation primary response gene 88 [My D88] elucidated some 
important mechanisms [ 58 ]. MyD88 is a key intracellular component of multiple 
TLR- mediated signaling pathways [except for TLR 3]. In their elegant experi-
ments, Wen et al. [ 59 ] discovered some important fi ndings: (1) genetic alterations 
of MyD88 protected against IDDM; (2) MyD88 defi cient NOD mice showed 
decreased reactivity to diabetes-associated peptide and decreased interferon-γ 
[IFN-γ] by pancreatic lymph nodes [PLN]-derived lymphocytes compared to 
wild-type animals; (3) transfer of CD4+ T-cells harboring a diabetogenic TCR-
receptor BD 2.5 failed to proliferate in the PLN of MyD88 defi cient mice, com-
pared to the MyD88 competent NOD animals; (4) this was not a systemic 
dysfunction of autoimmune T cells as no differences were observed in T cells from 
the spleen or mesenteric lymph nodes; (5) and genetic ablation of single TLR [TLR 
2, 3 or 4] was not suffi cient to attenuate the incidence or progression of IDDM in 
NOD mice. Hence, it was considered that abnormal sensing of certain commensal 
microbes at the gut barrier may play a role in the development of clinical DM 
through the host failure to prevent development of autoimmune T cells. The inves-
tigators then designed further experiments to determine whether the resistance to 
IDDM in MyD88 defi cient mice was related to certain microbiota-derived signals 
[ 59 ]. It was found that the absence of MyD88 was linked to a change in bowel fl ora 
pattern, in the ratio of  Firmicutes / Bacteroidetes  mainly due to increase in load of 
 Lactobacillaceae , a  Firmicute , and that antibiotic treatment could normalize the 
ratio. Furthermore, the microbiota of MyDD88 defi cient mice could protect germ-
free NOD mice from IDDM. These experiments indicate that host recognition of the 
gut microbiota is essential in the prevention and progression of IDDM through inter-
action of a MyD88-independent signaling pathway yet to be discovered. 

 In more recent studies in BB-DP and diabetes-resistant [BB-DR] rats, it was 
found that IDDM induction could be prevented or circumvented by gut fl ora- 
mediated Th17 differentiation, by feeding the probiotic  L. johnsonii  [ 60 ]. Previously 
Roesch et al. [ 61 ] had shown that feces of BB–DR rats contained much higher 
populations of probiotic-like bacteria such as  Lactobacillus  and  Bifi dobacterium , 
and BB–DP rats had greater numbers of  Bacteroides ,  Eubacterium , and 
 Ruminococcus  [ 61 ]. However, the differences in pattern of bowel microbiota 
between diabetes-prone versus diabetes-resistant rats are more complex, as a total 
of 24 bacterial species, and hundreds of bacterial taxa, not classifi ed to genus level, 
were found to differ in abundance. 

 Studies on human gut microbiota and development of IDDM are very limited. 
In a small study from Finland, stool samples were collected every 3 months from 
eight children, four with development of autoimmune IDDM and four healthy 
matched control children with similar age and HLA genotype [ 62 ]. Three stool 
samples were collected at different times, the fi rst sample at 4–8 months of age 
before development of autoantibodies, and the third sample within a few months of 
development of two autoantibodies [all four cases], and eventually IDDM with 
time. Feces were analyzed by high-throughput, culture independent methods to 
identify bacteria that correlated with the development of the disorder. The two main 
indicators of development of autoimmune diabetes were the instability of the auto-
immune microbiome and a high ratio of  Firmicutes  to  Bacteroidetes  in cases 
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[observed in the fi rst 6 months after birth] compared with a low ratio in controls 
[ 62 ]. These preliminary results suggest that there is an autoimmune microbiome for 
IDDM, which tend to have more classifi ed members, i.e.,  Bacteroides ovatus , which 
represented 24 % of the total increase in the phylum  Bacteroidetes  in DM, but 
decreased diversity and reduced stability when compared with the healthy microbi-
ome. Studies in murine models of autoimmune DM also suggest that host differ-
ences in the capacity to sense intestinal microbes and specifi c composition of the 
gut microbiota modulate susceptibility to IDDM [ 59 ].  

4.6     Other Microbes Implicated in IDDM-1 

 Other microbial exposures in early life implicated as possible triggers for autoim-
mune DM, especially in Europe, include  Mycobacterium avium  subspecies paratu-
berculosis [MAP], presumably from dairy milk ingestion as the organism can 
survive pasteurization [ 63 ]. There is some recent evidence that antibodies recog-
nizing MAP epitopes cross-react with pancreatic islet beta cell antigen ZnT8 in 
type 1 diabetes patients [ 64 ]. There have been a few small case-controlled studies 
from Italy that found greater prevalence of antibodies or DNA by PCR of MAP in 
pediatric and adult IDDM but not in type II DM [ 64 – 66 ]. Specifi c immunoassay 
was also used to confi rm the association of MAP with type I DM [47.3 %], but not 
type II DM [7.7 %] compared to healthy controls [12.6 %] [ 67 ]. Polymorphism of 
the gene encoding the membrane transporter [S LC11A1] that is expressed in 
endosomes of antigen presenting cells, implicated in the immunopathogenesis of 
IDDM, has also been found to be associated with the presence of MAP DNA in 
blood and type I DM [ 68 ].  

4.7     Type 2 Diabetes and Microbial Pathogenesis 

 Type 2 diabetes is the predominant form of DM accounting for at least 90 % of 
cases and largely responsible for the global pandemic of DM. The rise in prevalence 
is predicted to be much greater in developing than developed countries by 2030, 
69 % versus 20 % [ 69 ]. The increase in incidence of type II DM is linked to lifestyle 
changes, resulting in the rise in overweight and obese populations [ 70 ]. The main 
pathogenic mechanism of type II DM is the chronic excess of calories/energy with 
overweight and obesity, insuffi cient supply of insulin by islet beta cells, and insulin 
resistance in genetically susceptible individuals [ 71 ,  72 ]. It is estimated that heredi-
tability of type II DM is greater than 50 %, and the greatest risks are in subjects with 
at least two affected siblings irrespective of the parental status [ 72 ]. Islet beta-cell 
defi ciency or dysfunction mechanisms are complex and varied and include loss of 
beta-cell mass, islet amyloid polypeptide deposit, and glucotoxic/glucolipotoxic 
factors associated with hyperglycemia further accelerating pancreatic islet beta-cell 
failure [ 71 ,  72 ]. 
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 The potential role of microbial pathogenesis in type II DM would largely 
be similar to the mechanisms in obesity as previously described in Chap.   3    . 
Gastrointestinal microbes could enhance fuel consumption and excess storage with 
chronic stress on pancreatic islet cells leading to secondary insulin defi ciency. 
Moreover, raised concentrations of infl ammatory cytokines and nonesterifi ed fatty 
acids, due to decreased secretion of adiponectin and or bowel microbes, can lead to 
insulin resistance. Hence gut microbiota of susceptible host may infl uence the 
development of type II DM by increasing energy harvest from diet, changes in the 
host gene expression, energy expenditure and storage, and alteration in intestinal 
epithelial permeability with increased chronic low-grade endotoxemia, infl ammation, 
and insulin resistance [ 73 ]. In the mice model gut microbiota modulation with anti-
biotic improved glucose tolerance in both diet-induced obese and insulin- resistant 
diabetes mice [ 74 ]. This improvement in glucose tolerance was associated with 
reduction in plasma LPS and increase in adiponectin. Therefore it supported the 
proposal that modulation of gut microbiota alters the expression of intestinal and 
hepatic genes involved in infl ammation and metabolism and changes the hormonal, 
infl ammatory, and metabolic status of the host [    74 ]. This concept is further sup-
ported by recent fi ndings in obese diabetic patients compared to obese healthy vol-
unteers, and in obese mice, where there is elevation of IgG levels against specifi c 
bacterial antigens [ 75 ]. In addition, in a prospective longitudinal study of 3,280 
participants without diabetes or obesity at baseline, 16Sr DNA of bacterial gene was 
measured at baseline and its relationship with incident diabetes and obesity over 
9 years was assessed [ 76 ]. Bacterial 16Sr DNA was shown to be an independent 
marker of DM and supports the theory that bacteria are involved in the onset of type 
II DM in humans. 

 Limited studies on the gut microbiota and type II DM patients, not included in 
larger cohorts of obese subjects, have been performed on a few individuals. These 
studies used quantitative PCR to assess bacterial DNAs or 16Sr RNAs. In one study 
of fecal bacteria composition from 36 male adults, 18 with type II DM, the propor-
tions of phylum  Firmicutes  and class  Clostridia  were signifi cantly reduced in the 
diabetic group compared to the control group,  p  = 0.03 [ 77 ]. In addition, the ratio of 
Bacteroidetes to Firmicutes, as well as the ratio of  Bacteroides – prevotella     group to 
 C. cocoides – E. rectale  group correlated positively and signifi cantly with plasma 
glucose concentration [ p  = 0.04], but not with body mass index. The class 
 Betaproteobacteria  was also highly enriched in diabetic compared to nondiabetic 
subjects [ p  = 0.02] and positively correlated with plasma glucose,  p  = 0.04 [ 77 ]. 

 In another similar study of 16 type II diabetic patients and 12 healthy controls, 
the species diversity profi les were not signifi cantly different [ 78 ]. However, sequenc-
ing results showed that the bacterial composition of the feces in the diabetic group 
was different from the healthy group.  Bacteroides vulgatus  and  Bifi dobacterium  
were lowly represented in the microbiota of the diabetic patients   , and a decrease in 
 Bifi dobacterium  was signifi cant [ 78 ]. Together these two studies suggest that the gut 
microbiota of type II DM have some changes with the occurrence and development 
of diabetes. 

4.7 Type 2 Diabetes and Microbial Pathogenesis
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4.7.1     Other Microbes Linked to Type 2 Diabetes 

 Few studies have assessed the association of type 2 diabetes and the metabolic syn-
drome with  Helicobacter pylori  infection. In a large cross-sectional national survey, 
The Third National Health and Nutrition Examination Survey [NHANES 111], 
there were no consistent associations of  H. pylori  infection with diabetes prevalence 
or insulin resistance in American men age 40–74 years [ 79 ]. However, in diabetic men 
 H. pylori  infection was associated with the prevalence of coronary heart disease. 
However, in a more recent prospective study of senior Latino subjects, >60 years 
and diabetes free at the onset, 782 individuals were followed for 10 years and devel-
opment of incident diabetes type 2 was correlated with antibodies to various bacte-
rial, viral, and parasitic microorganisms [ 80 ]. Only subjects who were seropositive 
to  H. pylori  at enrollment were 2.7 times more likely to develop diabetes than sero-
negative individuals, hazard ratio 2.69 [95 % confi dence interval 1.10–6.60]. 
Subsequent cross-sectional analyses using data from 7,417 participants in the 
NHANES 111 [>18 years] found signifi cant association with  H. pylori  seropositiv-
ity and glycated hemoglobin [Hb A1c] levels after controlling for confounding fac-
tors,  p  < 0.01 [ 81 ]. In this study there was synergistic interaction between  H. pylori  
infection and higher BMI with increased levels of Hb A1c.   

4.8     Summary 

 There is good biological and plausible data, largely supported by animal experiments 
in rodents, that microbes play a role in both type I and type 2 diabetes pathogenesis. 
However, this is not yet proven in humans and more studies are needed to establish a 
microbial pathobiological role in DM. The cumulative evidence does suggest that 
some viruses, especially coxsackie B virus, may predispose to type I DM in geneti-
cally susceptible children, and that certain admixture of gut microbiota can infl uence 
the risk for IDDM by altering the innate immune response of the host. 

 The role of the gut microbiota on type II DM is through a somewhat different 
mechanism, but is likely driven by increased energy harvest and storage as proposed 
for obesity. However, there is also supporting evidence for increased infl ammatory 
cytokines, possibly through “leaky” intestinal barrier, mediated by the host response 
to gut microbiota causing insulin resistance.  

4.9     Future Directions 

 Large-scale studies need to be performed in early childhood in children with strong 
family history of IDDM prospectively for several years [7–10 years], randomized to 
probiotic/prebiotic, included in yogurt as part of the daily diet that will infl uence the 
bowel fl ora to a nonautoimmune microbiota compared to standard diet. 

4 Microbes in the Pathogenesis of Diabetes Mellitus
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 Similarly genetically susceptible individuals for type II DM could be random-
ized to a similar form of daily probiotic therapy, to enhance  Bifi dobacterium  and 
possibly  B. vulgatus  concentration in the gut microfl ora, compared to standard diet 
for several years in middle-aged adults. The main diffi culty in interpretation of a 
trial of this nature will be to differentiate the benefi cial effect of the probiotics as 
being due to antidiabetic effect from an antiobesity effect, particularly if there is 
signifi cant weight loss in the intervention group.     
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    Chapter 5   
 Asthma and Microbes: A New Paradigm 

5.1                        Introduction 

 Asthma is a heterogeneous disorder with interaction between genetic predisposition, 
atopy, and environmental factors, including environmental allergens, air pollution, 
and respiratory infections. The current defi nition of asthma combines clinical–
pathological presence of chronic infl ammatory airway with hyperresponsiveness 
and episodic airway obstruction with variable degrees of reversibility with treat-
ment or spontaneously    [ 1 ]. Asthma is worldwide and is of pandemic levels for the 
past 30 years, with >300 million people affl icted globally [ 2 ]. Although asthma is 
considered more common in affl uent and developed countries, approximately half 
are in developing countries [ 3 ], which account for more than two-thirds of the world’s 
population. It is estimated that asthma accounts for 25,000 annual deaths, and that by 
2025 the number of asthmatics will increase by more than 100 million new cases 
[ 2 ,  4 ]. In the United States 8.4 % of the population has asthma with substantial 
annual morbidity of 500,000 hospitalization and 1.9 million emergency visits, at an 
annual cost of $56 billion [ 5 ].  

5.2     Pathogenesis of Asthma 

 Traditionally asthma has been considered a condition as a result of a complex inter-
action between multiple genetic infl uences and environmental stimuli. Studies of 
twins in families of subjects with asthma show an inheritable pattern but the current 
data indicate that asthma is likely transmitted by multiple genes [ 6 ]. Different genes 
may lead to the same phenotype in separate individuals [locus heterogeneity], and 
multiple genes acting in the same individual [polygenic inheritance] may lead in the 
expression of the asthma phenotype [ 6 ]. Some genes infl uence the development of 
asthma and others may infl uence the severity of the disease or responses to treatment. 
Genome-wide association studies have recently identifi ed the number of genes that are 
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important in the development of asthma. Two key genes, IL-33 and IL-1 receptor-like 
1 [IL1RL1], act in this signal transduction pathway [ 7 ]. IL-33 encodes a cytokine 
released on damages cells and IL1RL1 encodes part of the receptor complex. 
Functional studies in humans and mouse models of allergic airway disease indicate 
a key role of IL-33 signaling in driving the Th2 infl ammation, which is pivotal in 
allergic asthma [ 7 ]. The IL-33/IL1RL1 pathway can activate innate immune cells to 
produce cytokines such as IL-5 and IL-13 in the lungs [ 8 ,  19 ]. 

 In a previous review of asthma genetics in 2006 [ 10 ], there were 118 genes impli-
cated or associated with asthma or atopy related phenotypes, 25 genes were consid-
ered true susceptibility genes, but there were 10 elite groups of genes associated with 
asthma or atopy in more than 10 studies. This elite group of genes, include those 
encoding IL-4, IL-13, ADRB2, TNF, HLA–DRB, FCER1B, IL4RA, CD14, HLA-
DQB1, and ADAM 33 [ 10 ]. Asthma susceptibility genes may be classifi ed according 
to four main functions: Innate immunity and immunoregulation [e.g., CD14, HLA 
genes, and TLR4]; Th2-cell differentiation/activity [e.g., IL4/IL4R, IL 13, and 
FCER1B]; epithelial biology and mucosal immunity [e.g., CCL genes and FLG]; 
and lung function, airway remodeling, and asthma severity [e.g., ADRB2 and TNF] 
[ 11 ,  12 ]. IL-13 has been one of the best studied candidate gene for asthma and allergy, 
and has been consistently implicated in genome-wide based studies [ 13 ,  14 ]. 

 The pathogenesis of asthma may also involve epigenetics, chemical reactions 
that may switch parts of the genome on and off, and thus may be one of the mecha-
nisms for interaction of the genome with the environment [ 6 ]. For example, envi-
ronmental factors may cause changes in gene expression through noncoding changes 
to the DNA, i.e., DNA methylation [ 15 ]. There are several observations supporting 
a pathogenic role of epigenetics, including the complexity of gene–environment 
interactions. The concordance rate of only 50 % in monozygotic asthmatic twins 
supports nongenetic factors [ 16 ]. Common epigenetic mechanisms, such as prenatal 
exposure to tobacco smoke or air pollutants altering DNA methylation, may result 
in increased or decreased gene expressions [ 121 ]. For example, expression of 
ADAM 33 in bronchial epithelial and fi broblasts cells has been shown to be con-
trolled by epigenetic mechanisms [ 12 ]. Currently epigenetic analyses in respiratory 
diseases have been limited to certain candidate genes, i.e., FOXP3 involved in regu-
lation of T-cell function and no large-scale studies have been published [ 17 ]. 

5.2.1     Pathological Aspects of Asthma 

 The hallmark of asthma from a pathological perspective is the presence of infl am-
mation with smooth muscle contraction and largely reversible airway obstruction. 
The infl ammation and exaggerated airway responsiveness is associated with 
mucus hypersecretion, often with increased eosinophils locally and systemically. 
At the cellular level the changes consist of airway remodeling characterized by 
smooth muscle hyperplasia, subepithelial cell fi brosis, goblet cell hyperplasia, and 
neovascularization [ 18 ]. The airway infl ammation which is a major component of 
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asthma involves infl ux of mast cells, neutrophils, Th-2 cells, and eosinophils. 
 On exposure to allergen or infectious agent the physiological changes that occur 
are driven by Th-2 infl ammation, with increased Th-2 cytokines [IL-4, IL-5, IL-9, 
and IL-13], and decreased anti-infl ammatory cytokines, i.e., IL-10 [ 18 ]. The 
heightened Th-2 response causes activation of natural killer cells, dendritic cells 
and eosinophils, which result in eosinophilia, increased matrix metalloprotease 
activity, increase in serum IgE levels, and promotion of smooth muscle hypercon-
traction. IL-13 is central to the progression of asthma and is produced in response 
to toll-like receptor-4 [TLR-4] signaling, and many micro-RNAs are directly or 
indirectly involved in the production and upregulation [ 18 ]. 

 Asthma may be classifi ed as two forms, based on history and skin test reactivity 
to common inhaled allergens, atopic asthma in over 80 % of cases and nonatopic or 
intrinsic asthma in about 10 % [ 19 ]. Nonatopic asthma is usually late or adult onset 
with normal serum IgE levels, and more commonly associated with nasal polyps and 
aspirin sensitivity. However, there is data to suggest that IgE-mediated mechanism 
in the airway is involved and staphylococcal enterotoxins have been implicated [ 19 ]. 
The nonatopic form of asthma may be the commonest form in children of develop-
ing countries and has been related to exposures to environmental dirt, bacterial 
infection, and psychosocial distress of poverty [ 20 ].   

5.3     Infection and Asthma 

 Microbes have been recognized to be important in the exacerbation of asthma with 
precipitations of severe attacks for many decades. The pathogenic mechanisms 
could be either from respiratory infections worsening bronchial infl ammation or 
allergic reaction to environmental molds as in allergic bronchopulmonary aspergil-
losis. However, in recent years there has been cumulative evidence that repeated 
lower respiratory viral infections in early childhood may be responsible for later 
development of asthma. Conversely, lack of environmental exposures to common 
microbes in early life may be responsible for the asthma epidemic in developed 
countries, as part of the “hygiene hypothesis” of allergic diseases. 

5.3.1     Asthma Exacerbations and Infection 

 Respiratory viruses account for 50–60 % of asthma exacerbations in all age groups 
[ 21 ,  22 ]. Rhinoviruses [RV], common cause of the “common cold,” are the most 
frequent culprit and the genotypes C, [RV–C] may cause more severe exacerbation 
than other respiratory viruses [ 23 ]. Although RV–C infections are associated with 
asthma, recurrent wheezing, and bronchiolitis in children admitted to hospital with 
respiratory tract infection, no clinical differences were found from the RV–A geno-
type in one study [ 24 ]. In temperate regions infections with RV or other respiratory 
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viruses are associated with increased emergency room admissions for asthma 
exacerbations, and “asthma epidemics” have been associated with children returning 
to school in September [ 21 ]. In animal models RVs have been shown to exacerbate 
the airway infl ammation induced by airway allergen challenge [ 25 ], and this is 
likely similar for other respiratory viruses as well. 

 Bacterial infections were until recently not considered important in the patho-
genesis of asthma. However, there is evidence that asthmatics have increased sus-
ceptibility to bacterial respiratory infections. In children pneumococcal carriage is 
more common in asthmatics than nonasthmatics, and adult asthmatics have increased 
risk of invasive pneumococcal infections [ 26 ,  27 ]. There is also increasing evidence 
that  Mycoplasma pneumoniae  and  Chlamydophila pneumoniae  may play a role in 
promoting airway infl ammation that could contribute to the onset and course of 
asthma [ 28 ]. Neonates colonized in the hypopharynx with  Streptococcus pneu-
moniae  and  Haemophilus infl uenzae  and  Moraxella catarrhalis  are at increased risk 
for recurrent wheeze and asthma in early life [ 29 ]. 

 Prospective studies in Europe have also found increased frequency of  C. pneu-
moniae  detection by RT-PCR from asthmatics compared to their normal spouses 
from October to December, 22 % versus 9 % [ 30 ]. Bronchial lavages of children 
with asthma were also found to have slightly greater prevalence of  C. pneumoniae  
[40 % by PCR and 20 % by cultures] compared to nonasthmatics with various respi-
ratory disorders [35.7 %]. However, blood culture positivity for  C. pneumoniae  
from asthmatics [40.5 %], other respiratory disorders [29 %] versus matched 
nonrespiratory controls [11 %] was signifi cantly greater,  p  < 0.01 [ 31 ]. 

 The role of viruses and atypical bacteria in exacerbation of asthma for hospital-
ized children was prospectively evaluated in Europe [France] over a 9-month period 
in 15 hospitals. Viruses were detected in 38 % [enterovirus 15.8 %, RV 12 %, and 
respiratory syncytial virus [RSV] in 7 %], and atypical bacteria in 10 % [ 32 ]. 
Persistent clinical symptoms were more frequently associated with atypical bacte-
rial infections. A similar prospective study was performed in the Southern hemi-
sphere [Argentina] over a year [ 33 ]. Two hundred nine patients were assessed and a 
potential causative agent was detected in 78 % of the children. The most frequently 
detected viruses were RSV [40 %] and RV [24.5 %], with  M. pneumoniae  and  C. 
pneumoniae  in only 4.5 % and 2 % of the cases, respectively [ 33 ]. The impact of 
acute respiratory infections with viruses and atypical bacteria, on severity and reso-
lution of symptoms, in children with nonhospitalized exacerbation of asthma was 
also assessed in Australia [ 34 ]. Respiratory viruses were detected in 54 % of 78 
nasopharyngeal aspirates but there was no difference in clinical outcome between 
those with or without proven infection. 

 Currently the overall data from multiples studies indicate that viruses are 
much more important and frequent than atypical bacteria in precipitating exacerba-
tions of asthma. There is no good evidence that this is related to any specifi c 
respiratory virus. The relative frequency of the various respiratory viruses reported 
may vary according to age group, season, and geography, as well as methods of 
detection. A large diversity of viruses have been found in the respiratory tracts of 
adults with and without asthma using the Virochip, a DNA microarray-based 
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detection method [ 35 ]. These include a set of 5 divergent isolates that formed a 
distinct genetic subgroup, besides >20 different serotypes of RVs and multiple 
serotypes of human coronaviruses. 

 The exact mechanism by which upper respiratory tract viral infection induces 
asthma attacks is not fully understood. In established asthma respiratory viral infec-
tions attract bronchial infl ammatory cells, alter airway receptor expression on 
smooth muscle cells, and modulate neuroimmune mechanisms, leading to broncho-
spasm and exacerbation of disease [ 36 ]. Multiple mechanisms are probably involved 
including loss of function or downregulation of M2 muscarinic receptors on the 
airway parasympathetic nerves, which normally inhibit vagal-mediated broncho-
spasm [ 37 ]. Interferons produced in response to viral infections downregulate the 
expression of the M2 receptor gene, and eosinophils recruited by allergens release 
major basic proteins, which bind to the M2 receptors and block their function [ 37 ]. 
Thus a multitude of respiratory viruses that can cause upper and lower respiratory 
tract infections and a few atypical bacteria can cause exacerbation of asthma.  

5.3.2     Viruses in Early Life as a Cause of Asthma 

 Lower respiratory viral infections commonly cause wheezing in young children 
<2 years of age, and there is increasing evidence that repeated viral bronchiolitis in 
early life predispose to asthma in later childhood. Development of new onset of 
asthma has been correlated with a variety of respiratory viruses, most commonly 
RSV bronchiolitis in infancy and RV infection in older children [ 39 ]. Wheezing 
illness in infancy is most commonly caused by marked RSV bronchiolitis [70 % of 
episodes], and less frequently with parainfl uenza virus, infl uenza, and metapneumo-
viruses [ 39 ]. Although RSV infection is almost universal in young children only 
about 40 % develop clinically overt disease and some develop severe bronchiolitis 
with recurrent infection and wheezing. Risk factors for severe lower respiratory 
tract infection include younger age, small lungs size, passive smoke exposure, and 
virus-induced immune responses [ 39 ]. 

 In the Tucson Children’s Respiratory Study 880 children were followed from 
birth for over a decade, and development of lower respiratory tract infection in the 
fi rst 3 years of life was later correlated with diagnoses of asthma or recurrent wheez-
ing at ages 6 and 11 years [ 40 ]. Although RSV bronchiolitis increase the risk of 
frequent [>3 episodes per year] or infrequent [<3 episodes per year of wheezing], 
the risk gradually decreased by age 13. The results of this study may be explained 
by a more recent study assessing recurrent wheezing and development of asthma in 
a birth cohort followed for 13 years, and the relationship to perennial allergen expo-
sure and sensitization [ 41 ]. Chronic asthma developed in atopic children in the fi rst 
3 years of life to repeated exposures to allergens, and determined by continuing 
allergic airway infl ammation characterized by airway-hyperresponsiveness and 
impairment of lung function at a later age school age. Whereas children with non-
atopic wheezing phenotype lose their symptoms over school age and retain normal 
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pulmonary function at a later age [ 41 ]. Other studies have suggested that RSV bron-
chiolitis predispose to recurrent wheezing and asthma in the genetically predisposed 
children [ 42 ,  43 ]. A large epidemiological study from Tennessee [USA] found that 
children born approximately 120 days before the peak RSV season were at the high-
est risk for hospital admission with wheezing, and at a higher risk for later develop-
ment of asthma [ 44 ]. However, the association of severe RSV infection in infancy 
and later development of asthma overlapped with genetic determinants in a study of 
8,280 twin-pairs [ 45 ]. The investigators of this study concluded that severe RSV 
infection may not be the cause of asthma, but there was a genetic predisposition to 
both RSV bronchiolitis and asthma. The best evidence to date in support of a causal 
association between RSV infection and asthma is the result of the long-term study 
over 18 years in Swedish children. Children who had RSV bronchiolitis as infants 
compared to matched controls had a greater prevalence of asthma at 18 years old, 
39 % versus 9 % [ 46 ]. The affected children also demonstrated increase in perennial 
allergens sensitization [41 % versus 14 %] and recurrent episodes of wheezing, 30 % 
versus 1 %. In a previous study children with past bronchiolitis had an enhanced IL-4 
response to RSV and cat allergen [Th-2 response], whereas controls had an equally 
strong interferon-gamma [IFN-γ] response [Th-1 type] to RSV antigens [ 47 ]. 

 Controlled studies with prophylactic therapy with anti-RSV monoclonal antibody 
[palivizumab] in infancy also support a causal role of RSV in asthma. In one study 
of 191-palivizumab treated and 230 untreated premature babies, the rate of recurrent 
wheeze was 50 % lower at 24 months in the treated babies [ 48 ]. The investigators 
later showed that RSV prophylaxis treatment had a similar protection against recurrent 
wheeze in older children age 2–5 years. However, the protective effect of recurrent 
wheezing was primarily in children without a family history of asthma or atopy, and no 
effect on subsequent wheezing was demonstrated in 90 children with the family history 
of asthma or atopy [ 49 ]. 

 Human rhinoviruses [RVs] are recognized as a common cause of the “common 
cold” and exacerbation of asthma, but these viruses can also cause lower respiratory 
tract disease leading to hospitalization in children with or without asthma [ 50 ]. 
There is increasing evidence that RV infections can lead to the development of 
asthma [ 50 ], and bronchial epithelial cells of asthmatics have a defi cient innate 
immune response to RV infection [ 51 ]. In a recent prospective longitudinal study of 
285 children with high risk for allergic diseases and asthma followed from birth, 
allergic sensitization leads to increased risk of RV-induced wheezing but not RSV 
infection up to 6 years [ 52 ]. However, viral wheeze did not lead to subsequent aller-
gic sensitization. In an earlier study sensitization to common aeroallergens nearly 
doubled the risk for asthma at 6 years, and viral respiratory tract infection with 
wheezing quadrupled the risk for asthma over this time [ 53 ]. The combined effect 
appeared to be synergistic as the risk of asthma was ninefold greater with both 
wheezing episodes from respiratory infections and allergic sensitization. Recent 
evidence also suggests that RV infection induces bronchial epithelial production of 
a number of growth factors and other mediators [chemokines and cytokines] that 
could contribute to the development and progression of airway remodeling present 
in asthma [ 54 ].  
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5.3.3     Mechanisms of Virus-Related Asthma 

 A variety of mechanisms have been proposed to explain increased susceptibility 
of asthmatics for certain respiratory pathogens. These include impaired innate 
immunity in asthma and atopic diseases, including defi cient epithelial cell function, 
mucus hypersecretion, decrease in interferon responses, and impaired alveolar 
 macrophage function [ 55 ]. However, it is unclear how repeated viral bronchiolitis in 
early childhood could lead to asthma in later years. 

 Viral bronchitis or bronchiolitis precipitation of acute attacks of wheezing or 
exacerbation of asthma seems to involve local infl ammation of the epithelial lining 
and enhanced airway bronchoconstriction. Experimentally induced viral infections 
in animals and human volunteers indicate that viruses can enhance airway hyper-
responsiveness [ 56 ]. Virus-induced airway hyperresponsiveness is multifactorial 
and involves changes in neural control of the airways, impaired inactivation of 
tachykinins, and effects on nitric oxide production [ 57 ]. There is further evidence 
that atopic or allergic subjects with increased IgE and eosinophilic airway infl am-
mation have greater risk of virus-induced wheezing than nonallergic individuals [ 58 ]. 
Although several studies suggest that there is an interaction between response to viral 
infection and aeroallergens in asthma the mechanisms are unclear. Viral infections 
could damage the epithelial airway barrier to enhance absorption of aeroallergens and 
thus enhance airway infl ammation [ 59 ]. Generation of various cytokines and chemo-
kines by viral infection may upregulate cellular recruitment to enhance allergen-
induced infl ammation and airway hyperresponsiveness. Experimental RV infection 
can enhance lower airway histamine responses and eosinophils recruitment to aller-
gen challenge [ 60 ]. The possibility that allergic infl ammation might intensify the host 
response to viral respiratory infections or impair viral clearance has been suggested by 
some studies but not confi rmed by others [ 39 ]. 

 The evidence that the strongest predictor of subsequent asthma is the presence of 
both atopy and severe lower viral respiratory tract infections in infancy suggests that 
there is a virus–allergen interaction at least in some asthmatics. This simply could 
imply that there is a common predisposition or susceptibility to both asthma and viral 
infections [ 61 ]. It has been hypothesized that severe, recurrent lower viral expiratory 
infections hinder proper lung growth and development at a very vulnerable age, lead-
ing to changes in the airway structure that promote asthma [ 62 ]. There is experimen-
tal evidence that RSV and RV in vivo and in vitro increase the synthesis of factors 
that can modulate lung growth, development, and repair [ 63 ,  64 ]. 

 A central role in the pathogenesis of asthma is the allergen-specifi c IgE, the 
production of which is mediated by the Th-2 cytokines, IL-4 and IL-13 [ 38 ]. IgE 
 receptors on mast cells and basophils bind to allergens, resulting in release of medi-
ators such as histamine which produce airway infl ammation and hyperreactivity. 
It has been proposed that the immune dysfunction in infancy could predispose to 
recurrent viral lower respiratory tract infection and be involved in the pathogenesis 
of asthma. In a community-based cohort of children, with a family history of atopy, 
relative defi ciency of circulating plasmacytoid dendritic cells in infancy was correlated 
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with increased frequency and severity of viral respiratory infections, wheezing, 
and diagnoses of asthma [ 65 ]. The usual response to viral respiratory infections by 
a mature immune system is to stimulate proliferation of cytolytic T cells and the 
Th1-CD4 helper T cells. This results in release of IFN-γ, upregulation of IL-12, and 
stimulation of macrophages [ 66 ], typical for the Th1 response. However, there is 
experimental evidence that severe RSV infection in neonates could determine the 
pattern of T-cell-mediated disease during later life. Primary RSV infection in neo-
natal mice was associated with reduced and delayed IFN-γ responses, and subse-
quent reinfection resulted in increased infl ammatory cell recruitment, with a shift to 
increased Th2-cytokine and increased eosinophils, typical for allergy and asthma 
[ 67 ]. A similar animal model also confi rmed that viral respiratory infection in early 
life results in overproduction of the Th2-cytokines, IL-13, with increased risk for 
respiratory allergies, and changes in the airway structure conducive for asthma 
[ 68 ]. In clinical studies of acute exacerbation of asthma induced by viral infection, 
the peripheral blood mononuclear cells demonstrate increased expression of IFN- 
responsive genes and increased expression of Th2-chemokines, indicating enhanced 
allergic infl ammation linked to the innate antiviral response [ 69 ,  70 ].   

5.4     The Hygiene Hypothesis of Asthma 

 In 1989 Strahan fi rst observed that the risk of allergic rhinitis [hay fever] was 
inversely linked to the size of the family and hygiene [ 71 ]. He proposed that increased 
infection in childhood had a protective role in allergic rhinitis and this concept was 
labeled the “hygiene hypothesis”. However, it has since been noted by others that 
repeated viral lower respiratory tract infections in the fi rst 3 years of life appear to be 
associated with asthma at 7 years of age, whereas recurrent upper respiratory tract 
infection in early life reduced the risk of asthma at school age [ 72 ]. Multiple epide-
miological studies from Europe and elsewhere have shown that people living on 
farms from childbirth through to adults, especially with exposure to livestock or 
consumption of unpasteurized milk, have signifi cantly lower prevalence of asthma 
and allergic rhinitis than the general population [ 73 ]. This is presumably due to 
greater environmental exposure to higher burden of multiple pathogens and 
microbes. The timing and duration of exposure to unhygienic environment appears 
to be critical, as the reduction in risk of allergic disease is greatest for those exposed 
prenatally and continuously until adulthood [ 73 ]. The maternal exposure to animal 
sheds and unpasteurized cow’s milk has also been shown to infl uence the production 
of IgE antibodies in the cord blood of neonates [ 74 ]. Furthermore, children living on 
farms are exposed to higher bacterial components, endotoxin and muramic acid, 
from abundant mattress dust compared to nonfarm children. Exposure to the micro-
bial laden mattress dust has been associated with lower frequency of wheezing, 
asthma, and hay fever [ 75 – 77 ]. Similar fi ndings were reported in a case-controlled 
study from Chile, where daycare attendance and regular farm animal contact were 
inversely related to childhood asthma [ 78 ]. In a case- controlled study from Brazil the 
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effect of crowding in the home environment was also associated with the development 
of asthma, crowding in the home was associated with a 60 % reduction in incidence 
of asthma, yet there was a 2.5-fold increase in incidence of lower respiratory tract 
infections [ 79 ]. 

 The microbial burden and exposures in homes, even in Urban areas, may vary 
with overcrowding, presence of pets, and social status. In a longitudinal birth cohort 
study from Boston with enrollment of approximately 500 children, followed until 
school age, dust samples were collected and analyzed for bacterial biomarkers [ 80 ]. 
Multiple exposures to both gram-negative and gram-positive bacteria were associ-
ated with decreased asthma, and school age, endotoxin exposure remained protec-
tive for allergic disease adjusted for early life endotoxin. In a preliminary study 
utilizing molecular methods [PCR–the nature ring gradient gel analysis] to analyze 
home dust, differences in the dust bacterial community were associated with asthma 
outcomes in young children, including wheezing and specifi c IgE [ 81 ]. The bacterial 
community structure of the house dust was signifi cantly impacted by the presence 
of dogs or cats in the homes. Experimental fi ndings in pregnant mice with asthmatic 
phenotype indicate that prenatal exposure with farm-derived bacteria operate by 
means of epigenetic mechanisms, altering the activity of genes without changing 
their structure to protect against transmaternal asthma [ 82 ]. 

 Not all studies, however, support the hygiene hypothesis in the pathogenesis of 
asthma. In a longitudinal study of birth cohort, 3,963 newborn children were 
prospectively followed for 8 years in the Netherlands [ 83 ]. Early daycare provided 
no protection against asthma or allergic sensitization at the age of 8 years. A pro-
spective study of allergic prone children from birth to 6 years [ n  = 620] was assessed 
for the effect of early childhood infections and immunizations on the development 
of asthma in Melbourne, Australia [ 84 ]. Recurrent gastroenteritis in early childhood 
was associated with greater risk of asthma, and Sabin polio vaccination in the sec-
ond year of life was associated with a decreased risk. 

 In Africa studies have shown that allergic diseases have shown a steady 
increase over the past 10 years or more. Allergic diseases, IgE, and skin reactiv-
ity to allergens increase with increasing affl uence and greater gross national 
income of the countries [ 85 ]. Association between helminthic infections and 
allergies was contradictory but rural living was associated with a decreased risk 
of allergic diseases [ 85 ]. 

5.4.1     Microbial Colonization and Asthma 

 In a cross-sectional study of 7,412 children [3–19 years of age], participants of the 
National Health and Examination Survey [NHANES],  Helicobacter pylori  sero-
positivity was inversely associated with asthma in children [ 86 ]. Colonization of the 
gastrointestinal tract may be a refl ection of sanitation and exposure burden of 
microbes and this could support the hygiene hypothesis. The same investigators had 
previously reported that colonization with  H. pylori  [Cag A+] in adults was inversely 
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associated with the presence of asthma or allergic rhinitis in a study of 7,663 subjects 
[ 87 ]. The combined infectious burden of  H. pylori ,  Toxoplasmosis gondii , hepatitis 
A, herpes simplex 1,  C. pneumoniae , Epstein–Barr virus, and  Cytomegalovirus  
[determined by presence of antibodies] was associated with lower risk of atopy, 
asthma, and allergic rhinitis in 1,249 adults in Europe [ 88 ]. However, in other cross-
sectional studies in adults there was no association of  H. pylori  serological status 
and asthma or atopy [ 89 ]. Although in an experimental mouse model of allergic 
asthma,  H. pylori  infection could prevent asthma development through the induc-
tion of regulatory T cells [ 90 ]. 

 The relationship between intrauterine bacterial colonization at delivery and 
development of asthma 15–17 years later in 460 children has been reported from 
Finland [ 91 ]. In vitro growth of pathogenic anaerobic bacteria, and streptococcus 
species from the maternal womb at birth was associated with signifi cant increased 
risk of asthma diagnosis compared to those with negative bacterial cultures. There 
are several limitations of this study, however, including the small sample size and 
failure to provide information on other potential risk factors, such as household 
environments and previous lower respiratory tract infection in infancy. This study 
may be worthwhile repeating in a larger population with molecular methods to 
assess the microbial environment of the vagina, uterine cavity, and the household 
dust, especially in women with a family history of asthma or atopic diseases. 

 Can oral microbial pathogens infl uence development of allergic diseases? This 
topic was reviewed in 2011, with the conclusion that it is biologically plausible that 
oral bacteria through immune mechanisms could infl uence the risk of allergic dis-
eases, but the data was insuffi cient to draw any conclusions [ 92 ]. In a childhood 
birth cohort prospective study from Copenhagen, aspirates of the hypopharynx were 
obtained from asymptomatic 1-month-old infants of asthmatic mothers for bacterial 
culture and subsequently correlated with later development of asthma at 5 years of 
age [ 29 ]. Colonization of the hypopharynx with  S. pneumoniae ,  H. infl uenzae , or 
 Moraxella catarrhalis  or with a combination of these organisms was at increased 
risk for recurrent wheeze and asthma in early life. A subsequent study has shown 
that polymorphism of the IL-17 gene was associated with childhood asthma and 
bacterial colonization of the hypopharynx in bronchiolitis [ 93 ]. Thus bacterial colo-
nization of the hypopharynx in neonates and childhood asthma may be linked to a 
genetic predisposition. However, there is no evidence that antibiotics use in early 
life decreases or increases the risk for later development of asthma [ 94 ]. It has been 
postulated that bacterial colonization of the airway could be related to development 
of IgE against bacterial antigen, implicating a role for bacterial-specifi c type-2 
immunity in the pathogenesis of asthma. Titers of IgE against  H. infl uenzae  and 
 S. pneumoniae  and  Staphylococcus aureus  were measured in 1,380 teenagers and 
correlated with asthma and immunophenotypes [ 95 ]. IgE titers against  S. aureus - 
derived  enterotoxins were highest among atopic subjects and were associated with 
increased risk of asthma. However, high IgE titers against  H. infl uenzae  and  S. pneu-
moniae  were associated with a decreased risk of asthma. The investigators postu-
lated that lower availability of soluble forms of  H. infl uenzae  and  S. pneumoniae  
antigens reduces the cross-link with IgE receptors systemically, but the availability of 
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these antigens at the mucosal level to antigen presenting cells and type-2 memory cells 
could lead to mucosal secretion of IL-4/IL-13 producing an atopic response [ 95 ]. 

  S. aureus  enterotoxin [a super-antigen]-specifi c IgE antibodies have been associ-
ated with asthma severity and the various phenotypes in other studies [ 96 ]. In a 
review and meta-analysis of ten studies, patients with asthma or allergic rhinitis 
were more likely than controls to have serum-specifi c IgE to  S. aureus  enterotoxins 
[ 97 ]. In a more recent case-controlled study  S. aureus  enterotoxin IgE antibodies, 
but not IgE against inhalant allergens [grass pollen and house dust mite], were risk 
factors for asthma severity [ 98 ]. 

 The intestinal microbiota appears to be important in development of the host 
innate immunity and may play a role in the pathogenesis of other allergic and auto-
immune diseases. A recent study investigated the relationship between fecal micro-
biota composition, mode, and place of delivery with atopic diseases [ 99 ]. Fecal 
samples were collected from neonates at age 1 month [ n  = 1,176] to determine 
microbiota composition, and blood samples were collected at ages 1, 2, and 
6–7 years to determine specifi c IgE levels. Colonization by  Clostridium diffi cile  at 
1 month of age was associated with wheezing and eczema throughout the fi rst 
6–7 years of life and with asthma at age 6–7 years. Vaginal delivery at home was 
associated with decreased risk of eczema, food allergy, and asthma in comparison 
to vaginal delivery in hospital [ 99 ]. 

 Previous but smaller prospective birth cohort of 117 children had found that 
 Bacteroides fragilis  fecal colonization at the age 3 weeks was an indicator of possible 
asthma in later life, asthma predictive index was positive in 64 % versus 34 % in 
those without  B. fragilis ,  p  < 0.05 [ 100 ]. In another study of 76 infants at high risk 
for atopic diseases, intestinal microbiota were analyzed at 3 weeks and 3 months of 
age and subsequently correlated with skin reactivity at 12 months [ 101 ]. Atopic 
children had more clostridia and fewer bifi dobacteria, reduced ratio of bifi dobacte-
ria to clostridia than nonatopic infants,  p  = 0.03. Moreover, experimental studies in 
mice have shown that alterations of the gut microbiota can play an important role in 
regulating immune responses in the lungs to inhaled antigens [ 102 ]. Antibiotic-
induced perturbations of the gut microbiota can produce allergic airway response 
that is mediated by IL-13 and CD4 T cells [ 102 ]. 

 There is also evidence that the normal bronchial tree is not sterile and contains 
a mean of 2,000 bacterial genomes per square centimeter of surface area [ 103 ]. 
Pathogenic  Proteobacteria  [especially Haemophilus species] were signifi cantly 
increased in asthmatic children and adults than controls; conversely,  Bacteroidetes , 
particularly  Prevotella  species, were more frequent in controls than in asthmatics 
[ 103 ]. It remains unclear from the results of this cross-sectional study whether the 
asthmatic airway predisposed to specifi c bacteria or vice versa. A subsequent study 
in 65 adults with suboptimally controlled asthma and 10 healthy controls assessed 
the bacterial burden of bronchial epithelium by 16S ribosomal RNA amplicon 
 concentration [ 104 ]. Bacterial diversity and concentrations were signifi cantly 
higher among asthmatic patients than controls. The relative abundance of particu-
lar phenotypes including members of  Comamonadaceae ,  Sphingomonadaceae , 
 Oxalobacteraceae , and other bacterial families were highly correlated with the 
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degree of bronchial hyperresponsiveness [ 104 ]. These two studies suggest that the 
microbiome of the airways may contribute to the pathogenesis of asthma. However, 
another recent study using molecular methods found the bacterial communities of 
the lungs are indistinguishable from the upper airways, but the microbial biomass 
was 2–4 logs lower in healthy adults. Thus there is no unique lung microbiota 
or microbiome.   

5.5     Microbes and Asthma at the Cellular Level 

 At the cellular and molecular level the mechanisms of viral lower respiratory tract 
infections and asthma, and bacterial colonization of the airway, or environmental 
exposure with development of asthma may be different. Eosinophils, the key effec-
tor cells of atopic asthma, are considered the potential link between viral infections 
and asthma [ 106 ]. Recruitment of eosinophils in the airway is the main trigger for 
infl ammation and bronchoconstriction on exposure to aeroallergens, and may play 
a role in the antiviral immunity to eradicate viruses and to decrease invasion of epi-
thelial cells [ 106 ]. Neutrophils, which are considered more important in bacterial 
infection as part of the innate immune response, appear to be important in the patho-
genesis of nonatopic intrinsic asthma. It is estimated that about 20 % asthmatic 
patients have neutrophilic airway infl ammation which is associated with bacterial 
persistence, such as  H. infl uenzae , in the airway and steroid resistance [ 107 ]. 

 Host factors are likely important in the association of viral infections in infancy 
proceeding development of asthma. Polymorphism in genes controlling innate 
immunity, antiviral and Th1 and Th2 immune responses are associated with both 
asthma and severe respiratory tract infections in early childhood [ 108 ]. However, it 
is unclear whether or not these genetic predispositions are present in only a fraction 
of children who develop asthma after severe recurrent lower respiratory infections. 
There is experimental evidence that viral respiratory infection in atopic children 
may initiate an atopy-dependent cascade that amplifi es and sustains airway infl am-
mation initiated by antiviral immunity by utilizing underlying atopic-associated 
mechanisms [ 70 ]. Recent evidence that anti-IgE monthly prophylactic therapy can 
signifi cantly reduce asthma exacerbations in children, particularly during the 
 common cold season [ 109 ], supports a mechanistic interaction of the viral Th1-type 
response and the allergic Th2-type response which result in increased IgE. This has 
been attributed to a defective type-1 response to rhinoviruses in atopic asthma, with 
reduced IFN-γ and shift toward a type-2 phenotype [ 108 ]. 

 The relationship between commensal microbiota colonization in early life and later 
development of asthma may partly be explained by recent experimental fi ndings. 
Previous investigations have demonstrated that infl ammasome activation and down-
stream cytokines play a role in innate and adaptive antiviral immune defense in vivo 
[ 111 ,  112 ]. Recent studies in mice demonstrate the importance of gastrointestinal 
commensal microbiota in regulating immunity, through establishment of Th1, CTL, 
and IgA responses in the respiratory mucosa following infl uenza infection [ 113 ]. 
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The data indicate that commensal microbiota responsible for conferring an immu-
nogenic environment in the lungs is either gram-positive bacteria of the gut and pos-
sible commensal of the nasal mucosa. These results provide a link between commensal 
microbiota and infl ammasome-dependent cytokine activation [ 113 ].  

5.6     Alternative Hypotheses Linking Microbes and Asthma 

 Although the hygiene hypothesis is currently in vogue to explain the rising incidence 
of asthma in prosperous countries, there are other theories. It has recently been 
postulated that changes in diet, which is different in developed countries from devel-
oping nations, and associated changes in the gut microbiota are driving the increas-
ing incidence of autoimmune and allergic diseases in developed countries [ 114 ]. Diet 
itself has considerable effect on the composition of the gut microbiota, and experi-
ments in mice show changes in their microbial composition, metabolic pathways, 
and gene expression just after 1 day on the Western diet [ 115 ]. The Western diet 
causes an increase in bacteria of the  Firmicutes  phylum and a decrease in those of the 
 Bacteroidetes  phylum. The gut microbiota of children in Africa is greatly different 
from those in Europe, and this is attributed primarily to dietary differences [ 115 ]. 
The examples provided by the authors to support the hypothesis of diet rather than 
hygiene affecting the incidence of asthma are the relatively low prevalence of 
asthma in Japan compared to Australia and the United States [ 115 ]. Japan has high 
a degree of sanitation and urbanization but much different diet that would infl uence 
the gut microbiota/microbiome. In addition, the urban poor in the USA with greater 
frequency of infection, crowding, and likely less sanitary habits still have a high 
incidence of asthma. 

 Vitamin D defi ciency could be the common factor linking asthma, allergy, and 
respiratory infections [ 116 ]. Vitamin D is important for effective function of the 
innate and adaptive immunity. Vitamin D is associated with a dose-dependent 
reduction in the transcription of Th1-cytokines such as IL-2 and IFN-γ and increase 
in the Th2-cytokines, IL-4, IL-5, and IL-10, in peripheral blood mononuclear cells 
culture [ 116 ]. Thus vitamin D has a key role in the Th1-Th2 balance. Defi ciency of 
vitamin D is common in children and adults of temperate regions of the world, and 
is associated with higher risk of upper and lower respiratory infections, especially 
in children. Only 10 % of vitamin D is acquired from ingested food and 90 % from 
synthesis after sunlight exposure. Therefore, the higher prevalence of vitamin D 
defi ciency seen in countries of the Northern hemisphere could explain the greater 
incidence of asthma in prosperous countries compared to poorer nations, which are 
predominantly located in tropical and subtropical regions of the globe. The link 
between vitamin D defi ciency and respiratory infections is particularly relevant in 
children who develop asthma after recurrent respiratory tract infection in early 
childhood. This seasonality of infl uenza and RSV-induced bronchiolitis has been 
linked to the greater prevalence of vitamin D defi ciency in the winter [ 117 ,  118 ]. 
In a recent prospective birth cohort study of 156 healthy neonates, low concentration 
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of vitamin D from cord blood was associated with increased risk of RSV bronchiolitis 
in the fi rst year of life [ 119 ]. 

 Several epidemiological studies have suggested that vitamin D defi ciency is 
associated with increased risk of asthma and allergic diseases [ 120 – 124 ]. In a study 
from Costa Rica, where sunlight exposure should be uniform throughout the year, 
insuffi cient levels of vitamin D were associated with higher eosinophil count and 
IgE levels and increased airway hyperresponsiveness [ 124 ], while higher vitamin D 
levels were associated with lower risk of asthma exacerbation and hospitalization. 
These results were confi rmed in another study by the same group of investigators in 
a cohort of 1,024 children, and it was suggested that vitamin D may protect against 
respiratory infections and symptoms of asthma by reducing bronchial infl ammation 
[ 125 ]. This postulate was confi rmed by a small double-blind randomized study that 
showed vitamin D supplementation reduced the risk of asthma exacerbation by 
respiratory tract infections from fall to spring [ 126 ]. 

 However, not all studies have found an association between vitamin D defi ciency 
and asthma and atopy. In fact, some reports suggest that vitamin D supplementation 
can increase the risk of asthma and atopic diseases [ 127 ]. A birth cohort study from 
Finland found that subjects given regular vitamin D supplements in the fi rst year of 
life had a somewhat higher risk of asthma, atopy, and allergic rhinitis as adults com-
pared to controls, not previously given supplements [ 128 ]. Similarly, a Swedish 
study reported that high vitamin D intake in infants correlated with greater risk of 
eczema at 6 years of age [ 129 ].  

5.7     Probiotics for Allergic Diseases 

 The concept that commensal microbiota of the gut plays an important role in the 
pathogenesis of asthma and allergic diseases suggests that probiotics should be use-
ful. Atopic eczema is the earliest manifestation of allergic diseases in children, and 
often precedes development of atopic asthma. In mice feeding of  Lactobacillus 
casei  strain Shirota was effective in inhibiting IgE production to a commonly used 
allergen [ 130 ]. The value of probiotics in allergic diseases has been assessed in 
several randomized, controlled trials, but mainly involving subjects with atopic 
eczema, allergic dermatitis, and allergic rhinitis. The main limitations of these trials 
have included small sample sizes, heterogeneity, and lack of a standardized accept-
able probiotic mixture. This topic was last reviewed by Yao et al. who came to the 
conclusion that there was insuffi cient evidence to recommend probiotics for allergic 
diseases, including asthma [ 131 ]. The authors noted that the preventative studies 
failed to show a signifi cant reduction in atopic sensitization, and there have been 
reports of probiotics administered during the perinatal period being associated with 
greater risk of later development of wheezing or asthma [ 131 ].  
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5.8     Conclusion 

 It is generally accepted that viral and some bacterial respiratory tract infections 
can exacerbate asthma. However, it is still not clear or well established that 
microbes can cause asthma, but it is biologically plausible that microbes could 
play a signifi cant role in the pathogenesis of asthma and there is accumulating 
supportive evidence over the past 10 years. A diagrammatic paradigm of the role 
of microbes in the pathogenesis of asthma is shown in Fig.  5.1 . It is quite possible 
that microbes infl uence the development of asthma in different ways, depending 
on the underlying genetic predisposition and that asthma is truly a heterogeneous 
group of disorders with different pathogenic mechanisms but with similar clinical 
manifestations.

Atopy Genome in 80-90% 10-20% Non-Atopy Genone

Aeroallergens
Viral Bronchiolitis
neonate - 3 years

Pollutants
Bacterial Infections

Poverty

Th-2  Immune Response
Airway/ Gut

microbiota on innate/
adaptive immunity

 

Eosinophils, IgE -
Histamine

Respiratory Tract
Infections

Exacerations

Bronchial hyperresponsiveness,
altered lung function 

Asthma

Aberrant
Th- 1 response

Inflammation

hyperresponse

mucus secrthon

  Fig. 5.1       Paradigm of microbes in asthma pathogenesis       
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5.9        Future Directions 

 Further studies to elucidate the role of microbes in the causation of asthma are 
 defi nitely needed and should combine the various aspects in the same high-risk birth 
cohorts. For example, studies starting in the antenatal period through school age 
should assess by modern molecular methods the environmental microbial composi-
tion, i.e., house dust, the microbiota of the maternal feces, vagina and uterine cavity 
at delivery, and in the newborn samples from the upper airway or hypopharynx and 
fecal specimens all should be tested together; plus documentation of subsequent 
lower respiratory tract infections up to 3 years of age. Then analyze and correlate 
these various factors with development of school-age asthma. 

 Before embarking on any large randomized controlled trials in early childhood 
of the value of probiotics in prevention of asthma several elements should be met. 
There should be agreement among a committee of experts on the composition of 
the probiotics chosen to be studied. Pilot studies should be performed on a small 
sample of subjects to determine whether or not the probiotic supplements produced 
the desired changes in the gut or upper airway microbiota composition. Endpoints 
should include skin test reactivity to aeroallergens, atopic manifestations such as 
eczema, development of wheezing and asthma, and the persistence in subsequent 
years in school. 

 Another prospective, longitudinal study in high-risk birth cohorts that is warranted 
is the assessment of diet on fecal and oro-pharyngeal microbiota, levels of vitamin 
D and respiratory infections over 8–10 years or more, and later development of 
asthma in a large sample of children.        
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    Chapter 6   
 Chronic Fatigue Syndrome: Searching 
for a Microbial Etiology 

6.1                        Introduction 

 Chronic fatigue syndrome [CFS] is a perplexing symptom complex of unknown 
cause, affecting 0.2–0.4 % of the population in epidemiological studies [ 1 ]. 
It is more common in women, accounting for 75 % of the cases, and the mean age 
of onset is between 29 and 35 years. This condition has also been called myalgic 
encephalomyelitis or myalgic encephalopathy [ 1 ], and likely has existed for over a 
century under a different synonym, such as chronic brucellosis syndrome, and more 
recently has been labeled by some medical practitioners as chronic Lyme disease. 
In 1959 the name epidemic neuromyasthenia was proposed by Henderson and 
Shelokov [ 2 ], and at that time there was limited medical interest in this condition. 
They observed at that time that patients experience CFS-like syndrome after 
episodes of infl uenza or fl u-like illness or infectious hepatitis, and postulated an 
infectious etiology or initiator. But unlike infl uenza, outbreaks of CFS occurred 
spontaneously in several states of the United States and isolation in the absence of 
intervening cases [ 3 ]. It was felt by the investigators in the 1950s that CFS was a 
real illness of infectious origin and was likely caused by an unknown virus [ 4 ]. 

 CFS is characterized by a combination of serious symptoms with prominent 
chronic fatigue, headaches, sleep disturbance, sore throat, tender lymph glands, 
myalgia and arthralgia, feverish sensation or low-grade fever, cognitive disturbance, 
and other neurological symptoms. Fibromyalgia, also a common functional disor-
der of unknown cause, overlaps with CFS, but the generalized aches and pains of the 
muscles are more prominent than chronic fatigue [ 5 ]. While most cases of CFS are 
seen in adults under -50 years of age, it has been noted occasionally in children and 
adolescents    [ 6 ]. The defi nition of CFS as defi ned by the Centers for Disease Control 
and Prevention [ 7 ] includes two major criteria that must be met: (1) new onset of 
persistent or relapsing, debilitating fatigue or easy fatigability, not relieved by bed 
rest, that last at least 6 months and reduce the patient’s daily activity below 50 %; 
and (2) by examination and investigations must exclude known medical conditions 
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and major psychiatric conditions [schizophrenia, bipolar disorder, and major depression] 
that can cause similar symptoms. The inclusion of the case defi nition of CFS 
required two major defi nitions and eight of eleven minor symptoms criteria, or six 
minor symptoms criteria and two of three physical examination criteria, such as cervi-
cal or axillary lymphadenopathy, nonexudative pharyngitis, and low-grade fever. In 
1994 CDC and the International Study Group revised the defi nition of CFS [ 8 ]. 
Besides new onset disabling fatigue for at least 6 months, four additional symptoms 
should be present, such as muscle and joint pains, sore throat, headaches, unrefresh-
ing sleep, and cognitive dysfunction. Further modifi cation of the defi nition of CFS/
ME was advanced in 2007 by the National Institute of Health and Clinical Excellence 
[NICE] guidance in the United Kingdom [ 9 ]. This new criteria specifi ed that the 
symptoms should be persistent for at least 4 months, and besides chronic fatigue only 
one or more minor symptoms need to be present. Adding more controversy to the 
defi nition is an independent international group of practitioners redefi ning CFS as 
myalgic encephalitis [ME], on the assumption that it is a neurological disease, and 
dropping the 6 months duration requirement with no specifi c duration, plus three 
other symptoms besides postexertional exhaustion [ 10 ]. To date, the scientifi c com-
munity has not adopted the latest defi nition, and the CDC revised defi nition of 1994 
is the most universally accepted defi nition of CFS. 

 The prognosis for full recovery from CFS in longitudinal studies has been poor, 
with only about 5 % of patients reporting full recovery at 1–5 years, and with 40 %, 
showing some improvement in the same time [ 11 ]. Thus, the economic impact from 
unemployability and disability insurance is very substantial. However, these data 
were derived from specialty centers where the more severe cases of CFS were seen 
or referred by family physicians.  

6.2     Is Chronic Fatigue Syndrome a Psychosocial Disorder? 

 Despite intensive medical research over the past 30 years, no reproducible organic 
basis has been established as the etiologic explanation for CFS. There are several 
similar or related conditions associated with multiple symptoms, suffering, and dis-
ability with no demonstrable abnormalities of organ structure or function, termed 
functional somatic syndromes. These syndromes include multiple chemical sensi-
tivity, the sick building syndrome, chronic whiplash, chronic Lyme disease, candi-
diasis hypersensitivity, the Gulf War syndrome, and others; CFS, fi bromyalgia, and 
irritable bowel syndrome [IBS] were added to the list in a previous review of 1999 
[ 12 ]. It was noted by the authors that somatic functional disorders share many 
similar features: high rates of co-occurrence, similar epidemiological characteris-
tics, and higher than expected prevalence of psychiatric comorbidity. 

 Several prospective studies have found a high rate of premorbid psychosocial 
factors for the onset of CFS, such as depression, anxiety, and psychological distress 
[ 13 – 15 ]. In a prospective birth cohort study from 1946 in the UK of 5,000 individu-
als followed until development of CFS, individuals with prior psychiatric disorders, 
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especially anxiety and depression, were two and a half times more likely to develop 
CFS [ 16 ]. Patients with functional somatic syndromes, including CFS, have a higher 
prevalence of somatization and medically unexplained symptoms unrelated to their 
functional somatic syndrome, which often predate their main disability, suggest-
ing pre-existing tendency to experience and report bodily distress [ 12 ]. CFS shears 
other features typical of other functional somatic syndromes, such as chronic intrac-
table symptoms refractory to treatment and palliative measures, and the patient’s 
belief that he or she has a serious disease, exacerbated by a self- perpetuating cycle 
[ 12 ]. Several prospective and cross-sectional studies have shown that CFS patients 
have greater incidence of overactive perfectionism-premorbid personality compared 
to controls [ 17 ]. However, one large birth cohort study of data collected from 1970 
found childhood experience of sedentary lifestyle and a limiting illness were predic-
tors of CFS [ 18 ]. It has been suggested that predisposing genetics, personality 
factors, activity patterns [too much or too little], and distress may be interlinked as 
predisposition for CFS. In a Swedish twin cohort of about 20,000 subjects, person-
ality traits of emotional instability, experience of psychological distress, and 
premorbid levels of perceived stress signifi cantly predicted onset of CFS [ 19 ]. 
Although genes may play a role in the predisposition to CFS and emotional stability, 
no specifi c genes have been identifi ed, and a review of the evidence concluded that 
environmental infl uence is a more prominent factor [ 20 ].  

6.3     Pathobiology of Chronic Fatigue Syndrome 

 The pathogenesis of CFS is not well understood, and most earlier studies had 
addressed the psychosocial factors. Disturbances in various physiological states of 
the body have been proposed and investigated for the root cause of CFS. These 
include persistent chronic infl ammation, immune system activation, autonomic 
dysfunction, dysfunction of the hypothalamic–pituitary–adrenal [HPA] axis, and 
neuroendocrine dysregulation----have all been suggested as causes of CFS. Studies 
on the biomarkers of chronic fatigue associated with CFS/ME, and other diseases 
associated with fatigue had recently been reviewed by Klimas et al. [ 21 ]. Moderate 
to severe fatigue has been reported in 50–70 % of cases with immune-mediated 
infl ammatory diseases, such as Sjogren syndrome or infl ammatory bowel disease 
[ 22 ,  23 ].    Fatigue in these disorders have been associated with increased blood levels 
of proinfl ammatory cytokines, interleukin-1 [IL-1], interferon alfa [IFN-α], tumor 
necrosis factor alpha [TNFα], and IL-6 in both humans and some animal models 
[ 21 ]. However, in a cohort of patients with rheumatoid arthritis the strongest correlate 
of fatigue was depression [ p  < 0.001] and anxiety [ p  < 0.001] [ 24 ]. 

 Several studies in patients with CFS have found evidence of low-grade infl am-
mation as indicated by mild elevation of the C-reactive protein [CRP] compared to 
healthy controls [ 21 ]. The largest population-based study performed by CDC 
researchers of 21,165 residents found CRP levels >3 mg/L was signifi cantly higher 
in subjects with CFS [34.4 %] compared to healthy controls [20.7 %], odd ratio 
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[OR] = 2 [ 25 ]. However, this was similar to fatigued individuals not fulfi lling the 
criteria for CFS, and was not signifi cantly different after adjustment for other 
factors, such as body mass index and depressed status, etc. In the general population 
study of 63,000 people, the mean CRP concentration was 1.53 mg/L, but 34 % of 
the population had levels of greater than 2 mg/L and 97 % had levels less than 
10 mg/L [ 26 ]. Thus, CRP levels >2–3 mg/L are commonly found in the population and 
maybe associated with underlying atherosclerosis, and in patients with symptomatic 
infl ammatory diseases the CRP levels are usually greater than 8–10 mg/L. 

 The presence of increased plasma proinfl ammatory cytokines at rest or after 
exercise, or from stimulated peripheral blood mononuclear cells [PBMC] in CFS 
patients compared to healthy controls has been reported, but not all studies have 
confi rmed these fi ndings [ 21 ,  27 ]. Also natural killer cells quantity and function have 
been reported to be low in a few studies in CFS subjects compared to healthy con-
trols [ 28 ,  29 ]. Similar fi ndings have also been reported in the Gulf War illness and 
may be a refl ection of the stress-mediated activation response of the immune system 
[ 30 ]. The stress hormone, neuropeptide Y, has been reported to be elevated in CFS 
patients and it appears to correlate with the severity of symptoms such as fatigue [ 31 ]. 
Limited studies have also shown that with moderate exercise there is increase in 
gene expression in CFS patients, greater than controls, for genes essential for sym-
pathetic nervous system processes, such as sensory and adrenergic receptors, and 
genes that can detect increases in muscle produced metabolites [ 32 ,  33 ]. These 
postexercise increases correlated with symptoms of fatigue and pain in 71 % of CFS 
patients, but 29 % had decreased or unaltered gene expression [ 33 ]. 

 Dysfunction of the HPA axis has also been reported in CFS and is considered 
clinically relevant according to a recent review [ 34 ]. The dysfunction in CFS 
includes mild hypocortisolism with attenuated variation of cortisone, enhanced 
negative feedback, and blunted HPA axis responsiveness. Hypoactive HPA axis has 
also been associated with a number of neuroimmune disorders, and dysfunction of 
this axis has been correlated with severe fatigue in breast cancer survivors [ 35 ]. 
Investigations over the past decade have established that multiple factors can 
moderate changes in the HPA axis. These include lower level activity, depression, 
and early life stress, which are associated with reduced cortisone levels, whereas 
 psychotropic drugs and cognitive behavior therapy can increase cortisone levels 
[ 34 ,  36 ]. Stress    management has been shown to improve diurnal cortisol slope, 
lower IL-2 levels and resulted with less fatigue in CFS patients, with the greatest 
benefi t in those with elevated IL-6 levels [ 36 ]. Interestingly, the glucocorticoid 
receptor gene NR3C1 polymorphism has been implicated as a possible mechanism 
for CFS symptoms, through alteration of the HPA axis regulation [ 37 ]. 

 A few studies have assessed the metabolic cellular functions in CFS patients, by 
examination of the cerebrospinal fl uid or circulating blood cells for metabolite pro-
fi ling. Quantitative proteomic analysis of the cerebrospinal fl uid, by liquid chroma-
tography with high-resolution mass spectrometry, has been performed in patients 
with CFS and Lyme disease compared to healthy controls [ 38 ]. The cerebrospinal 
fl uid protein profi les were unique and could distinguish the patient groups from 
each other and from the controls. A prior smaller pilot study had detected unique 
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proteome profi le of the spinal fl uid of CFS patients compared to healthy controls, 
but 20 unique proteins were also shared with patients diagnosed with Gulf War 
illness [ 39 ]. It has also been reported that there is increased ventricular fl uid lactic 
acid in patients with CFS as determined by special neuroimaging [ 40 ]. In one study 
evidence of mitochondrial dysfunction in 71 CFS subjects compared to 55 normal 
controls was reported, by measuring adenosine triphosphate [ATP] in circulating 
blood leucocytes [ 41 ]. 

 Analysis of gene expression of the regulatory machinery for cell signal transduc-
tion and metabolism has also been performed in CFS patients to understand the 
mechanism of the disorder. In a study of 111 female subjects, there were associations 
of 17 transcripts related to cellular processes involving cell signaling, ion transport, 
and immune function [ 42 ]. The most signifi cant fi nding in CFS was increased Sestrin 
1 [SESN1], supporting the involvement of oxidative stress in this condition. Kerr 
et al. [ 42 ] had previously reported on the presence of CFS “signature genes” from a 
44-gene classifi er set that could discriminate between CFS and healthy controls sub-
jects with a 95 % sensitivity [ 42 ]. Only 5 of the 44 genes were related to immune 
function. A subsequent study by the same group using a variety of methods and 
blinded sample sets, found that the 44 gene classifi er was not as sensitive and accu-
rate in identifying patients with CFS    [ 43 ]. Furthermore, other investigators could not 
identify any biomarker of gene expression in circulating leukocytes of monozygotic 
twins discordant for CFS [ 44 ]. In a more recent study, metabolic, adrenergic, and 
immune gene expression [m RNA] were measured in patients with CFS [ n  = 22], and 
multiple sclerosis [ n  = 20], versus healthy controls [ n  = 23] at rest and after exercise 
[ 45 ]. Patients with CFS had greater postexercise increases in pain and fatigue, associ-
ated with greater mRNA increases than controls in purinergic type 2 × 4 receptor, 
CD14, and all adrenergic receptors above baseline,  p  = 0.04–0.05. Similarly, multiple 
sclerosis patients demonstrated signifi cantly greater postexercise increases than 
controls in β-1 and β-2 adrenergic receptor expression [ p  < 0.001], and greater 
decreases in toll-like receptor 4 [TLR4]. Thus, both CFS and multiple sclerosis 
patients showed abnormal increases in adrenergic receptors but the postexercise 
increase in metabolite detecting receptors was unique to CFS, and in multiple sclero-
sis greater fatigue was correlated with blunted immune marker expression [ 45 ]. 

6.3.1     The Central Sensitizing Theory 

 In the late 1990s it was hypothesized that CFS was distinguished by hypersensitivity 
of the central nervous system [CNS] to a variety of stimuli or inputs, and this was 
termed central sensitization [ 46 ]. The proposed mechanisms of central sensitization 
involve altered sensory processing of the brain with malfunctioning of the inhibi-
tory processes that could explain widespread pain in CFS and fi bromyalgia [ 47 ,  48 ]. 
In central sensitization the altered sensory processing results in an overactive pain 
neuromatrix with increased activity of the pain centers of the brain, i.e., the insula, 
anterior cingulate, and prefrontal cortex [ 49 ]. Long-term potentiation of neuronal 
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synapses of the anterior cingulate cortex and decreased gamma-aminobutyric acid 
[GABA]–neurotransmission may also be important in the overactive brain neuro-
matrix and altered sensory processing [ 46 ]. 

 Peripheral mechanisms may also take part in central sensitization as well. Various 
stressors such as injury and infections upregulate and increase infl ammatory cyto-
kines, with subsequent activation of the spinal cord neuroglia with increased expres-
sion of cyclooxygenase-2 and prostaglandin E2 in the CNS [ 50 ]. The increased 
sensitivity to variable stimuli, such as mechanical, chemical, sound, cold or heat, 
and light, results in decreased tolerance   . The clinical picture of central sensitiza-
tion is typical of the symptoms experienced in CFS and has been described in a 
variety of unexplained disorders, including chronic low back pain, chronic tension 
headaches, temporomandibular disorders, chronic whiplash syndrome, fi bromy-
algia, and others [ 46 ]. 

 There is cumulative evidence that central sensitization is a core feature of 
CFS. Generalized hyperalgesia has been described in ten studies of patients with 
CFS to various sensory stimuli, but fi ve of these were from the same group of inves-
tigators [ 46 ]. Normally pain threshold increases during physical activity as a response 
to release of endogenous opioids, growth factors, and inhibitory mechanisms by the 
CNS [ 51 ]. However, studies in CFS patients have found dysfunction or lack of 
endogenous nociceptive inhibition during exercise, with lower pain threshold postex-
ercise compared to controls and subjects with chronic low back pain [ 52 ,  53 ]. 
Reduction of serotonin transporters involved in descending inhibitory action of the 
pain center has been found in CFS patients compared to healthy controls by positron 
emission tomography [ 54 ]. Substance P, a neurotransmitter peptide of pain from the 
periphery to the CNS, is markedly elevated in the cerebrospinal fl uid of subjects with 
primary fi bromyalgia but not in CFS patients without widespread pain [ 55 ].   

6.4     Infections and Chronic Fatigue Syndrome 

 The observation that most patients with CFS report preceding viral-like prodrome 
and symptoms consistent with an infection, and reports of geographic and temporal 
clusters of cases have suggested a microbial causative agent. Moreover, the pattern 
of changes on analysis of cytokine networks and immune regulation in CFS are 
consistent with several processes active in latent viral infection [ 27 ]. In 1985 two 
reports stimulated a fl urry of interest in the Epstein–Barr virus [EBV] as a cause of 
CFS [ 56 ,  57 ]. This condition was then referred to as chronic EBV infection or 
chronic mononucleosis syndrome. However, further studies found lack of correla-
tion between EBV antibody titers and clinical status, and antibody titers to early 
antigens were present in many healthy subjects for 2–4 years after acute infection 
[ 58 ]. Also there was no clinical benefi t found in subjects with CFS treated with 
acyclovir which is active in vitro against EBV [ 59 ]. Chronic active EBV infection is 
a separate entity associated with high morbidity and some mortality, characterized 
by fever, lymphadenopathy, hepatosplenomegaly, anemia, thrombocytopenia, 
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leukopenia, and less commonly persistent hepatitis, interstitial pneumonia and 
uveitis, and may be a seen in apparently immunocompetent and immunosuppressed 
subjects [ 60 ,  61 ]. 

 However, acute EBV infection may be a precipitator of CFS and many patients 
suffering from this illness often have debilitating fatigue for several weeks to 
months. In a recent prospective cohort of 246 patients with acute infectious mono-
nucleosis, 7.8 % met the criteria for CFS at 6 months [ 62 ]. Logistic progression 
revealed that anxiety, depression, somatization, and perfectionism were associated 
with new onset CFS. In another prospective study of acute infectious mononucleo-
sis in adolescence [ n  = 301], followed for 2 years, at 6 months after the diagnosis 
39 [12.9 %] patients met the criteria for CFS [ 63 ]. Physical activity levels before, 
during, and after infection did not predict the development of CFS but those with 
severe fatigue and daytime sleepiness soon after infection were more likely to 
develop CFS. The female gender and greater fatigue severity at the time of the acute 
infection were the primary risk factors for CFS, as reported in an earlier report by 
the same group of investigators [ 64 ]. 

 In a prospective cohort study from Australia, 253 patients with acute infections from 
EBV, Q-fever, or Ross River virus were followed over 12 months [ 65 ]. At 6 months 
12 % of patients developed CFS but at a similar incidence after each infection. 
Therefore, this indicated that there was no specifi city of EBV to predispose to CFS.
In a retrospective review of 873 patients with CFS referred to a tertiary center, initial 
infection was reported in 77 % and 75.3 % were females [ 66 ]. This study highlights 
the importance and frequency of an infectious illness as an initiator or precipitator of 
CFS and the greater propensity of females to become affl icted. The main limitation of 
this study, however, is that cases being referred to this center may be more severe and 
introduces a selection bias, and a population-based study would be more unbiased and 
better refl ect cases of CFS seen by community physicians. A previous study of 548 
patients with CFS used viral serology only for diagnosis which is not ideal, could not 
support the role of active infection with common viruses such as herpes simplex type 
I and 2, EBV, cytomegalovirus [CMV], rubella, adenovirus, coxsackievirus-B, and 
human herpes virus 6 [HHV6] [ 67 ]. 

 Enteroviruses, especially coxsackie B virus, are common causes of acute respira-
tory and intestinal infection, with tropism for the central nervous system, cardiac 
and skeletal muscle. Moreover, there is evidence that enterovirus can persist in 
humans [ 68 ]. Cohort studies for the seroprevalence rates of enterovirus in CFS have 
reported mixed results [ 69 – 71 ]. However, the presence of enterovirus sequences in 
muscle of patients with CFS had suggested a role in the causation of weakness and 
fatigue [ 72 – 74 ]. The fi ndings of enteroviral RNA in muscle of patients with CFS 
may not be specifi c as this has been reported in other neuromuscular disorders, even 
without active infl ammation at a similar rate, 26.4 % and 19.8 % [ 75 ]. The presence 
of enterovirus sequences in infl ammatory muscle diseases such as dermatomyositis 
or polymyositis, which are considered autoimmune diseases, suggests that this rep-
resents an epiphenomenon although absent in healthy subjects [ 76 ,  77 ]. One study 
has reported the fi nding of enteroviral sequences and blood of CFS patients [ 78 ], but 
others failed to confi rm this fi nding [ 79 ,  80 ]. In more recent studies by Chia and his 
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group, enterovirus RNA were detected from blood leukocytes in about 35 % of 518 
CFS patients [ 81 ]. However, the importance of enteroviral RNA in CFS still remains 
undefi ned. Small pilot studies of antiviral agents, ribavirin, combination of alpha 
and gamma interferon, and more recently pleconaril [specifi c activity for enterovi-
rus and rhinovirus] have been reported by the same group in uncontrolled trials with 
various degrees of symptomatic improvement, but often with later relapse [ 81 ,  82 ]. 
These reports are diffi cult to interpret due to the small sample sizes and lack of 
controls and the symptoms and course of CFS are often variable and fl uctuating. 
Hence, these reports are not conducive for further larger randomized, placebo, 
controlled trials with these agents. 

Some studies have investigated the role of parvovirus B19 in CFS. Patients with 
CFS have been found to have raised IgG antibodies to parvovirus B19 NS1 protein 
[41.5 %] compared to healthy blood donor controls [7 %] [ 83 ]. Also viral DNA was 
detected in 11 of 200 CFS patients and none of 200 healthy controls. It was postu-
lated that impaired cellular immunity may contribute to inadequate control of par-
vovirus B19, resulting in chronic arthralgia in some cases of CFS. In a more recent 
study, 210 patients were followed after parvovirus B19 infection to determine the 
correlation of prolonged viremia with the presence of persistent symptoms [ 84 ]. In 
this study there was no difference in the rate of blood DNA positivity in patients 
with or without persistent symptoms, but complement levels were persistently 
decreased in a greater proportion of patients with prolonged symptoms. 

 The unique feature of the herpesviruses with lifelong latency after primary infec-
tion and with intermittent reactivation after certain immunological conditions led to 
the suspicion that the herpes virus member was involved in the pathogenesis of 
CFS. EBV association with CFS has been discussed earlier in this chapter. 
Investigations have also been performed on the association of CMV and HHV-6 
with CFS. IgM antibodies to nonstructural genes of CMV have been detected in 16 
of 34 CFS patients and 0 of 59 controls, 40 of whom were CMV IgG positive [ 85 ]. 
The presence of IgM antibodies to early antigen products was considered indicative 
of active CMV infection. In a more recent study by the same group of investigators, 
using a more sensitive immunoassay only 51 of 517 CFS patients [11.8 %] had 
detectable IgM antibodies but all were positive for CMV IgG [ 86 ]. Results of this 
study would suggest that only 10 % of patients with CFS were precipitated by acute 
CMV infection. 

 HHV-6, the cause of a mild childhood exanthem, exanthem subitum or roseola 
infantum, has been associated with reactivation in immunosuppression    that can lead 
to bone marrow suppression, encephalitis, or neurological dysfunction [ 87 ]. 
Frequent HHV-6 reactivation has been reported in a study of 35 CFS patients by 
detection of raised anti-HHV-6 IgM and the presence of the antigen in PBMC cul-
tures [ 88 ]. In an earlier study of 259 patients with symptoms consistent with CFS 
[before the case defi nition was developed], 70 % showed active HHV-6 replication 
versus 20 % of controls by culture of lymphocytes [ 89 ]. Another study using similar 
culture methods detected active HHV-6 infection in 30 of 52 [57.7 %] CFS patients 
and 6 of 51 [11.7 %] matched controls [ 90 ]. The role of HHV-6 infection and 
its association with CFS was previously reviewed in 2006 by Komaroff [ 91 ]. 
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The conclusion of this review was that studies showing a slightly positive associa-
tion with CFS and HHV-6 relied primarily on serological methods [ n  = 48], whereas 
other studies utilizing PCR of serum or plasma, IgM of early antigen, and primary 
cell culture techniques [ n  = 717] found a stronger positive correlation between the 
two. In vitro ampligen [poly[I].poly[C12U]] has demonstrated antiviral activity 
against HHV-6 [ 92 ]. A preliminary randomized, placebo-controlled trial of this 
agent in 92 CFS patients showed signifi cantly greater improvement in global perfor-
mance after 24 weeks treatment than placebo [ 93 ]. Of the 39 patients undergoing 
primary PBMC culture, 69 % demonstrated evidence of HHV-6 reactivation. 
Unfortunately no long-term follow-up result was provided as to the proportion in 
each group that was able to return to functional daily activity and the rate of later 
relapse. Furthermore, no confi rmatory trial on a larger sample size has been pub-
lished [to the author’s knowledge] since the initial report in 1994 [ 93 ]. Valganciclovir 
also has activity against HHV-6 and EBV, and a small preliminary study reported 
resolution of symptoms in 9 of 12 patients with CFS [ 94 ]. Absence of further larger 
trials on this readily available oral agent in the past 6–7 years or reports in the medi-
cal literature on this topic is not an encouraging sign. However, a recent review on 
the role of viruses in CFS stated that a double-blind, randomized trial [not yet pub-
lished] failed to show a signifi cant benefi t of valganciclovir [ 95 ]. A previous uncon-
trolled    retrospective study of valganciclovir or valacyclovir for long-term treatment 
in 142 CFS patients reported an improvement in energy, particularly in those with 
evidence with active replication of HHV-6, CMV, and EBV [ 96 ]. In patients with 
only herpesviruses infection, 79 of 106 responded to this therapy with return to 
near-normal functional life. The publication of the results of a large randomized, 
controlled trial is therefore eagerly awaited. 

 In 2009 a report in Science attracted major international attention of the scien-
tifi c community, when it was reported that detection of a murine retrovirus, XMRV, 
was found in the lymphocytes of 68 of 101 [67 %] CFS patients [ 97 ]. This gam-
maretrovirus, xenotropic murine leukemia related-virus, was also implicated in the 
pathogenesis of prostate cancer. Subsequent studies by other researchers and labo-
ratories failed to confi rm these fi ndings in patients with CFS, and investigations 
concluded that the previous results in humans were likely the result of laboratory 
contamination [ 98 ]. 

6.4.1     Interpretation of Current Data on Microbes 
in Chronic Fatigue Syndrome 

 Although several epidemiological and biological studies lend support for a role of 
microbes in the pathobiology of CFS, the available data do not strongly support a 
causal role of any specifi c microbial agent. The evidence does suggest that certain 
individuals, especially females, with underlying genetic predisposition and psycho-
logical premorbid profi le, are at risk for development of postinfectious fatigue 
which may persist to become CFS. However, no specifi c genetic marker has been 
identifi ed [ 99 ]. CFS is a heterogeneous disorder and it has been suggested that 
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genetic subtypes exist and that precipitation of the illness with different triggers 
may depend on the genetic subtype. A recent study of 68 CFS and 14 depressed 
patients, compared to 29 normal controls, defi ned 8 genomic subtypes of CFS from 
the expression level of 88 genes [ 100 ]. There was evidence of subtype-specifi c rela-
tionships for EBV and enteroviruses, probably the two most common triggers for 
CFS. Gene expression in patients with endogenous depression was similar to nor-
mal controls and different from CFS, suggesting that endogenous depression and 
CFS are biologically distinct [ 100 ]. This is at variance with the common opinion 
that depression and CFS are co-associated disorders with manifestations of aberrant 
infl ammatory, oxidative, and nitrosative pathways [ 101 ]. 

 Despite the observation that multiple studies have found evidence of reactivation 
of one or more herpesviruses in a high proportion of CFS patients, a more recent 
well conducted but small study could not confi rm these fi ndings    [ 102 ]. The hypoth-
esis that active or reactivation of persistent latent viruses is responsible for CFS is 
thus very questionable and controversial. Moreover, CFS has occurred after bacte-
rial infections such as brucellosis and Q fever, and more recently has been described 
after parasitic infection such as giardiasis [ 103 ]. The mechanisms by which preced-
ing infections could lead to CFS are speculative and are not well understood. Various 
postulates have been proposed and a more recent hypothesis suggests that a viral 
infection can induce defi cient cell stress response and thereby impairs stress toler-
ance and makes tissues vulnerable to damage [ 104 ]. Others have proposed that 
infection or peripheral infl ammation in certain risk individuals results in aberrant 
immunological physiology of the brain that leads to symptoms of CFS    [ 105 ]. 

 An animal model of CFS would assist to unravel the relationship of this condi-
tion and various infections, as well as provide better understanding of the pathogen-
esis. However, it would be diffi cult to produce a suitable animal model, as there are 
no objective fi ndings in CFS. Despite this obstacle Japanese researchers have 
described a mouse model of CFS, which has the main feature of this condition 
reduced physical activity [ 106 ]. Although this is not a perfect or ideal model of CFS, 
it may elucidate some of the mechanism of CFS pathogenesis. This CFS model was 
induced by six injections of killed  Brucella abortus  antigen in BALB/C mice. 
Reduced daily activity was associated with decreased hippocampal brain- derived 
neurotrophic factor mRNA expression, hippocampus apoptosis, and atrophy [ 106 ]. 
A further study by these investigators demonstrated resveratrol, a polyphenolic acti-
vator of sirtuin 1, by repressing apoptosis and promoting neurogenesis could 
improve physical activity in the animal by more than 20 % [ 107 ]. A notable dif-
ference between CFS and this model is the presence of structural and functional 
changes in the hippocampus of mice, not reported in patients of CFS by neuroimag-
ing. There are, however, some reports of signifi cant changes in the brain of CFS 
patients by special neuroimaging techniques. Reduced absolute cortical blood fl ow 
of middle cerebral arteries in patients with CFS compared to healthy controls had 
been reported in one study [ 108 ]. The volume of the gray matter has been estimated 
to be reduced in CFS patients compared to controls [ 109 ], and subjective mental 
fatigue was correlated with decreased gray matter volume of the right prefrontal 
cortex [ 110 ]. Signifi cant greater activity in several cortical and subcoritcal 
regions of the brain on functional neuroimaging has been reported during 
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fatiguing cognitive task in CFS patients ( n  = 11) versus controls ( n  = 9) [ 111 ]. 
Despite these reports which involve limited number of subjects with CFS, further 
studies are needed in larger number of patients and healthy controls, subjects with 
anxiety and depression, matched for age and gender, in order to determine the speci-
fi city and consistency of these fi ndings. 

 A rat model of CFS has also been described which was produced by prolonged 
physical activity and stress by the forced swim test [ 112 ]. In this model there were 
structural changes in the spleen and thymus, and accompanied by increased levels 
of TNF-α in the serum, and enhanced oxido-nitrosative brain stress. Interestingly 
these changes could be attenuated by probiotics,  Lactobacillus acidophilus  [ 112 ]. 
It has recently been suggested that CFS may be related to changes in the gut micro-
fl ora. In a recent study of 108 CFS patients on 177 controls, there was a signifi cant 
increase in  D -lactic acid producing enterococcus and Streptococcus species [ p  < 0.01] 
in the CFS group [ 113 ]. The authors postulated that the cognitive impairment which 
is commonly present in CFS may be secondary to  D -lactic acidosis. To strengthen 
their hypothesis, the investigators should have demonstrated signifi cantly increased 
 D -lactic acid in the blood of CFS patients compared to the controls. Irritable bowel 
syndrome [IBS] is commonly associated with CFS and is believed to be related to 
changes in the normal bowel microbiota after gastroenteritis. In a large study of 
4,388 CFS patients, matched with two groups attending for IBS or for another rea-
son at UK primary care centers, prospectively collected General Practice Research 
Database, it was found that viral infections were more commonly a risk factor for CFS 
compared to IBS [OR, 2.8], while gastroenteritis was a greater risk factor for IBS 
[OR, 2.4] [ 114 ]. While these fi ndings are intriguing the results need to be reduplicated 
by multiple independent investigators to verify their validity and reproducibility, espe-
cially for the animal models. 

 Furthermore, it is unclear as to the duration of the abnormalities detected after the 
initiating trigger in these models. To be directly correlated with the course of human 
CFS we should expect chronic persistent abnormalities.   

6.5     Conclusion 

 CFS is a common chronic persistent disabling disorder still without an established 
etiology. The toll on individuals and families can be devastating and the economic 
burden is tremendous, estimated to be $7 billion annually in the United States [ 115 ]. 
Most but not all studies on the pathogenesis have reported mild increases in immune 
and infl ammatory biomarkers, which could be consistent with a chronic low-grade 
infection. However, these fi ndings of increased stress biomarkers may not be specifi c, 
as similar fi ndings have been reported in anxiety and other psychogenic- related 
stress. Based on the overall review of the literature I have outlined a diagram for the 
pathobiology of CFS in Fig.  6.1 .

   Although there are many studies showing a direct correlation with an acute 
 infectious illness, predominantly viral, and the onset of CFS the evidence does not 
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support a direct causal relationship by any specifi c microbe as seen with chronic 
infections, such as chronic hepatitis viruses C and B, and human immunodefi ciency 
virus [HIV]. It is possible, but not very likely, that CFS is caused by an unknown 
microbe/virus that we cannot detect with current methods of investigation. The obser-
vation    that cognitive behavior therapy and graded exercise have produced the 
most effective benefi t in the treatment of CFS [ 17 ,  114 ] strongly implicates psy-
chosocial causative factors but may not preclude an organic or microbial role in the 
pathogenesis. The value of these therapies is modest and the ultimate prognosis to 
return to normal activity after several is still poor [ 11 ].  

6.6     Future Direction 

 A full understanding of the pathogenesis of CFS is still needed and this may lead to 
more effective treatment. Larger population-based, prospective, multidisciplinary 
studies over several years need to be performed in both developed and developing 
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countries. Assessment of various factors should be repeated over time with appropriate 
matched controls, including healthy controls and those with stress, anxiety, or depres-
sion without chronic fatigue. Investigations with modern methods to determine 
the combined effects of microbes, including the gut microbiota, and interaction on 
the immune/infl ammatory pathways with psychosocial and genetic factors, should be 
performed   .     
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    Chapter 7   
 Can Microbes Play a Role in the Pathogenesis 
of Alzheimer Disease? 

7.1                        Alzheimer Disease Background 

 With the increasing age of the world’s population, greater in developed than 
d eveloping nations, it is predictable that there will be an epidemic of dementia. It is 
projected that by 2030 there will be 66 million people worldwide living with 
 dementia, and by 2050 this will rise to 115 million [ 1 ]. Alzheimer disease is the 
most common form of dementia with an estimated lifetime risk of nearly one in fi ve 
for women and one in ten for men. There are two forms of the disease, familial or 
presenile dementia which accounts for 5 % of the disease and represents the original 
description by Alzheimer, and sporadic disease which represents 95 % of the cases. 
The exact cause[s] of late onset alzheimer disease remains unknown or elusive 
despite extensive research for more than 50 years   . Based on our current understand-
ing of the pathogenesis of the disease, it is unlikely that a single etiology will be 
found to explain all cases of late onset or sporadic Alzheimer disease [AD]. There 
are some similarities between the development and pathogenesis of AD and athero-
sclerosis, and it would appear that both conditions could be the result of injury or 
stress to the cells [neurons or vascular endothelium] with subsequent pathological 
changes as a response to chronic injury. The main clinical manifestations of AD are 
selective impairment and dementia, usually preceded by a period of mild cognitive 
impairment, with gradual deterioration and death. 

 Sporadic AD is classically a disease of older age, especially after 80 years of age, 
and the incidence increases progressively after 65 years of age. AD is slightly more 
common in women than men, with a relative risk of 1.5 even after adjustment for 
greater longevity [ 2 ]. Patients with Down syndrome develop AD at a younger age, 
10–20 years younger than the general population [ 2 ]. 
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7.1.1     Genetics of Alzheimer Disease 

 Onset of early AD affects members of families between the ages of 30 and 60 years 
of age, with at least three affected individuals in two or more generations. Most but 
not all families have an autosomal-dominant inheritance pattern [ 3 ]. Responsible 
mutations in three genes identifi ed on chromosomes 1, 14, and 21 account for 
60–70 % of early onset AD [ 3 ,  4 ]. These genes encode the amyloid precursor pro-
tein [APP], presenilin 1 [PSEN 1], and presenilin 2 [PSEN 2]. 

 The genetic basis of late onset AD is more complex and until recently the only 
established risk factor was the apolipoprotein epsilon 4 allele gene [APOE-e4] [ 3 ]. 
The frequency of the APOE-e4 allele varies according to ethnicity, one e4 allele 
may increase the risk of late-AD 2–3 fold, whereas two copies [e4 homozygous] 
increase the risk 8–12 fold compared to noncarriers [ 3 ,  5 ]. Since 2009 genome-wide 
large-scale studies on the genetics of AD have revealed at least nine new risk loci 
[ 6 ]. These novel AD susceptibility variants’ risk-increasing effect is much smaller 
than the APOE-e4 gene variant, and the proportion of late AD in a population that 
may be attributable to the nine novel variants could be as high as 35 % [ 6 ].  

7.1.2     Pathogenesis of Alzheimer Disease 

 The neuropathology of AD was fi rst described about 100 years ago. The hallmark of 
the disease consists of abundant senile plaques, composed mainly of beta- amyloid 
peptide Aβ-42, outside neurons, and neurofi brillary tangles inside the neurons [ 7 ]. 
Based on the amyloid cascade hypothesis, amyloid-β [AB], accumulation is the 
trigger for AD pathogenesis. The exact mechanism for neuronal injury and neuro-
degeneration is unknown but several postulates exist. Extracellular Aβ is in close 
proximity to activated astrocytes and microglial cells [tissue macrophages] which 
are the source of infl ammatory cytokines. The endoplasma reticulum produces APP, 
which is important for maintaining synaptic function, but is degraded by proteolytic 
enzymes [a, b, and γ-secretase]which are increased with aging and AD, to form 
amyloid peptides. The presenilins 1 and 2 function as γ-secretase and mutations in 
the encoding genes result in excessive long-chain peptides [Aβ-42], which maybe 
cytotoxic and highly amyloidogenic [ 8 ]. However, the burden of Aβ does not 
 correlate well with the degree of neurodegeneration and dementia. The numbers of 
neurofi brillary tangles correlate better with neuronal loss and dementia than the 
amount of amyloid plaques [ 9 ]. In animal experiments the amount of neurofi brillary 
tangles is a marker of neurotoxic effect and neuronal response, and the critical 
 component appears to be a modifi ed tau protein [ 7 ,  10 ]. The tau protein is a normal 
constituent of microtubules of the cytoplasm of neurons and promotes growth, 
membrane interactions, and functioning of nerve terminals [ 8 ]. Phosphorylation 
of tau regulates microtubule binding and assembly. In AD the tau protein is 
 hyperphosphorylated [phospho-tau], which then accumulates in the neurons 
and form fi brillar tangles   . Phospho-tau leads to instability of microtubules and 
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subsequent neurodegeneration and is considered to be the main harmful entity [ 11 ]. 
Tau appears to play an essential role in the pathogenesis of AD, as reducing the level 
in animal models results in attenuation of neuronal dysfunction [ 12 ], and in humans 
the extent of tau pathology correlates with cognitive decline [ 13 ]. 

 Implication of the amyloid cascade in the pathogenesis of AD was based on the 
pathological fi ndings of accumulation of the Aβ protein in senile plaques, and in 
familial early AD genetic mutations lead to overproduction of Aβ. Another recent 
fi nding that a rare variant of the APP gene was associated with reduced production 
of Aβ and this protects the elderly from AD is supportive evidence of a pathogenic 
role of amyloid plaques [ 14 ]. However, failure of anti-Aβ targeted drugs in recent 
trials in large numbers of AD patients raises question about the critical role of the 
amyloid cascade in the pathogenesis of this disease [ 15 ]. Thus, the exact mechanism 
in the pathogenesis of AD remains unclear and the relationship between amyloid 
and phospho-tau accumulation, neurodegeneration, and cognitive decline needs further 
clarifi cation. There is pathological evidence that AD is associated with atrophy of 
the rhino-temporal and hippocampal cortex.  

7.1.3     Risk Factors for Alzheimer Disease 

 There are four well-established predispositions for late onset AD and these include: 
increasing age, being the strongest factor, APOE-e4 allele, Down syndrome, and 
recurrent traumatic brain injury. However, there is evidence of multiple other risk 
factors and many of these are also considered to be predisposition for atherosclerosis 
and vascular dementia. 

 Family history of a fi rst-degree relative with dementia has a 10–30 % increased 
risk of developing sporadic AD, but this is lower and similar to the general popula-
tion if the relative developed dementia at >85 years of age [ 16 ,  17 ]. Clustering of 
multiple risk factors may also have an additive effect [ 18 ]. In a longitudinal cohort 
study, the risk of vascular dementia and AD progressively increases with 1–3 risk 
factors, diabetes, hypertension, heart disease, and smoking, with a hazard ratio of 
1.8, 2.8, and 3.4, respectively [ 19 ]. 

 Disturbances in cholesterol metabolism and transport are directly involved in 
atherosclerotic diseases, vascular dementia, and sporadic AD. APOE-e4 allele is a 
strong genetic risk factor for late onset AD and is also a major atherosclerotic sus-
ceptibility gene factor [ 20 ]. APOE is a cholesterol transport protein found in plasma 
and cerebrospinal fl uid [CSF] and is implicated in the cholesterol homeostasis in the 
brain. APOE-e4 mediates neuronal protection and repair and may be involved in Aβ 
deposition [ 21 ]. Oxidized APOE-e4 binds Aβ and may affect the sequestration in 
plaques and in addition it appears to bind to tau protein and affect the function of 
neurofi brillary tangles [ 22 ,  23 ]. Besides the effect on the lipid transport system, 
APOE may be involved in compensation regrowth and adaptive remodeling following 
AD-associated brain injury [ 24 ], and differentially affect choline  acetyltransferase 
activity in the hippocampus of AD patients [ 25 ]. 

7.1 Alzheimer Disease Background
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 Hypercholesterolemia, independently of APOE status, has been associated with 
increased risk of dementia and AD in some but not all studies [ 18 ]. It is postulated 
that high cholesterol may enhance the formation and deposition of Aβ, or increase 
cerebrovascular risk and development of AD by increasing local infl ammation or 
affect tau protein metabolism [ 26 ]. Elderly patients on statins to reduce cholesterol 
and cardiovascular disease have been found to have substantially reduced risk of 
developing dementia, independent of the presence or absence of hyperlipidemia 
[ 27 ]. In a rabbit model fed high cholesterol diet, hypercholesterolemia increases 
Aβ production and accumulation in the brain, and this effect was associated with 
increased levels of beta-secretase [ 28 ]. Beta-secretase expression increases with age 
and is elevated in the brain cortex of AD patients [ 29 ]. 

 Several large, prospective, population-based cohort studies have found an 
increase of vascular dementia and AD with diabetes [ 18 ]. In a systematic review of 
the topic, diabetes was found to be associated with 50–100 % increased risk of AD 
and dementia overall, and a 100–150 % increased risk for vascular dementia [ 30 ]. 
Insulin modulates cognition and other activity of normal brain function, and insulin 
resistance is characterized by reduced brain insulin levels and activity, despite 
chronic elevated systemic insulin levels [ 31 ]. Insulin resistance increases level of 
Aβ and infl ammatory mediators in brain and increases the risk of the acquired 
immunodefi ciency syndrome [AIDS]-related memory impairment and AD. 

 Epidemiological studies show a greater predisposition of women to develop AD 
compared to men of the same age, which was assumed to be secondary to decline in 
estrogen levels in menopause. Therefore estrogen was thought to be protective for 
development of AD. However, The Women’s Health Initiative Memory Study 
[WHIMS] found no benefi cial effects of replacement estrogen, and there appeared 
to be an increased risk of dementia in a low-risk group [ 18 ]. It has recently been 
postulated that increased gonadotropin concentrations [luteinizing hormone and 
follicle-stimulating hormone] postmenopausal and not decreased in estrogen may 
be the central causative factor for greater risk of AD in elderly women [ 32 ]. Other 
potential risk factors with increasing cumulative evidence include recurrent trauma 
to the head, as in sport-related concussions, and more controversial factors such as 
hypertension, obesity, smoking, and alcoholism.   

7.2     Biomarkers in Alzheimer Disease 

 The molecular pathogenesis of AD may involve four major factors, in a setting of a 
variety of risk factors, and these include extracellular deposition of amyloid, accumu-
lation of intracellular phospho–tau, upregulation of infl ammatory cytokines, and oxi-
dative neuronal damage [ 33 ]. This neurodegenerative process is associated with 
decreased level of choline acetyltransferase in the brain. Accumulated evidence indi-
cates that lipid peroxidation occurs early in the development of AD, even in patients 
with mild cognitive impairment preceding development of overt AD [ 34 ]. In a longi-
tudinal study of 113 patients with mild cognitive impairment and 28 healthy controls, 
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baseline CSF samples underwent proteomic analysis by surface- enhanced laser 
desorption/ionization times-of-fl ight mass spectrometry. After 4–6 years follow-up, 
57 patients progressed to AD and 56 patients remained stable. Seventeen potential 
biomarkers could distinguish between patients with stable mild cognitive impairment 
and patients who progressed to AD [ 35 ]. Five of the biomarkers were identifi ed and 
may be important in the molecular pathways involved in the pathogenesis of AD. 

 The innate immune system is believed to play a role in the development of 
neurodegeneration. With increased aging there is a shift within the immunity toward 
a proinfl ammatory state. Cytokines such as tumor necrosis factor-alpha [TNF-α], or 
interleukin-1 beta [IL-1β], combined with interferon-gamma [IFN-γ] can affect the 
metabolism of APP, to increase the concentration of Aβ [ 36 ]. The production and 
degradation of AB can trigger chronic infl ammatory processes in microglial cells 
and astrocytes to perpetuate the disease. In both human and animal studies there 
were close communication with the systemic and central brain innate immune sys-
tems. In animal models systemic infl ammation exacerbates the central innate 
immune response which may cause progression of neurodegeneration [ 37 ]. Clinical 
studies in patients with AD also showed increased cognitive decline in response to 
systemic infl ammation. Increased plasma cytokines levels have been reported in AD 
and vascular dementia but the results were inconsistent. In a study of 60 patients 
with late onset AD, 80 patients with vascular dementia, 40 subjects with cerebrovas-
cular disease without dementia, and 42 controls, plasma levels of IL-6, TNF-α, 
IL-1β, and IL-10 were measured. Higher levels of IL-1β and TNF-α, but not IL-6, 
were associated with AD compared to controls, and high IL-6 levels were associ-
ated with vascular dementia compared to controls [ 38 ]. Another recent study mea-
sured multiple infl ammatory markers in the brain of 28 nonimmunized AD patients 
and 11 AD patients immunized against Aβ-42 [AW1792]. The fi ndings indicate that 
different microglia population exists in the brain of AD and that local infl ammatory 
status within the gray matter is linked to tau pathology [ 39 ]. The results of this study 
also suggested that long-term Aβ immunotherapy could reduce microglia activation 
and infl ammatory cytokines upregulation, and therefore possible decrease in neurode-
generation [ 39 ]. Several epidemiological studies also suggested that the infl ammatory 
pathway was important in the pathogenesis of Aβ, as patients on anti-infl ammatory 
nonsteroidal drugs [NSAIDS] for many years for rheumatoid arthritis had decreased 
risk of developing AD. However, randomized, controlled trials in patients with mild-
to-moderate AD with these agents failed to show any signifi cant improvement [ 40 ]. 

 The cumulative evidence over the years from animal and human studies, how-
ever, strongly supports a role of chronic low-grade infl ammation in the pathogenesis 
of AD, and the failure of anti-infl ammatory drugs maybe “too little too late.” 
The infl uence of chronic infl ammation on the biology of dementia has been postu-
lated to be related to aging, infl uence of hormone homeostasis, environmental 
factors, and polymorphisms of genes encoding infl ammatory mediators [ 41 ]. 
Support for the function of infl ammation is also derived from prospective cohort 
and  pathological studies. In a long-term study over 25 years of Japanese-American 
men, the Honolulu-Asian Aging Study, highly sensitive C-reactive protein [CRP] 
was correlated with the development of dementia. Men with CRP of the upper three 
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quartiles compared with those in the lowest quartile [<0.3 mg/L] had a threefold 
signifi cant increased risk for AD and vascular dementia [ 42 ]. Furthermore in other 
studies, immunohistochemical analysis of brain samples from AD patients demon-
strated that amyloid plaques and fi brillary tangles are infi ltrated with activated 
microglial cells, attempting to phagocytose and degrade amyloid components [ 43 ]. 
Microglia cells also activate and recruit astrocytes and together stimulate cytokines, 
prostaglandins, and generate free radicals and reactive oxygen species to contribute 
to neuronal damage [ 42 ,  43 ]. 

 There is also evidence that mitochondrial dysfunction is an early event in the 
mechanism of development of AD and is an initial trigger for Aβ production, which 
may further accelerate mitochondrial malfunction and oxidative stress [ 44 ].
Theoretically this may result in increased levels of CSF lactic acid and may warrant 
investigation in mild cognitive impairment or predementia, AD, and controls, to 
determine whether or not CSF lactic acid would be a useful biomarker of AD and 
the progression.  

7.3     Microbes and Alzheimer Disease 

 Microbes as a source of chronic low-grade infl ammation could potentially be impor-
tant in the pathobiology of AD. Chronic infection and AD share several common 
pathways considered necessary for the development of the disease. It has been pos-
tulated for more than a century that microbes could be involved in the etiology of 
AD. At about the same time, it was discovered that Treponema pallidum in tertiary 
neurosyphilis [general paresis] resulted in dementia, brain atrophy, and cerebral 
amyloidosis [ 45 ]. There is no substantial data, however, to indicate that AD is due 
to a chronic spirochetal infection although this has been suggested. 

7.3.1     Potential Microbial Agents 

7.3.1.1     Viruses 

 Interest in the herpes group of viruses as pathogenic agents in development of AD has 
existed for more than three decades   . Herpes simplex virus-1 [HSV-1] is the most 
widely studied and appealing candidate as it is a neurotropic virus that remains latent 
in the brain in most elderly people. It is postulated that although HSV-1 normally 
latently infects the trigeminal ganglia, immune protection decreases with aging and 
herpes reactivation may occur and spread to distant cortical cells to produce low-grade 
infl ammation. In a population-based cohort study of 512 elderly persons, initially free 
of dementia, and followed for 14 years the development of AD was correlated with 
IgG and IgM antibodies to HSV-1. Subsequently 77(15 %) patients developed    AD, 
and after controlling for age, gender, educational level, and APOE-4 status, subjects 
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with IgM antibodies showed a signifi cantly higher risk of developing AD [hazard ratio 
2.55, 95 % CI 1.38–4.72], but not for IgG antibodies [ 46 ], thus suggesting that HSV-1 
reactivation may contribute to the pathogenesis of AD. 

 Detection of HSV-1 in brain tissue of patients with AD compared to controls 
without dementia has been performed in at least 12 studies by 2011 [ 47 ,  48 ]. A total 
of 556 brains were examined, 210 of 344 [72.2 %] with AD had detection of HSV-1 
DNA, versus 118 of 212 [55.7 %] controls [ 48 ]. Three studies reported a signifi -
cantly higher prevalence of HSV-1 DNA in AD patients with APOE-e4 compared 
to controls [ 49 – 51 ], but this was not supported by another group [ 52 ]. In another 
study brain samples from 34 AD patients, 40 patients with Parkinson’s disease, and 
40 controls were examined for herpes viruses DNA by polymerase chain reaction 
[PCR]. Only one AD patient [2.9 %] was positive for HSV-1 DNA, 88.2 % for 
human herpes virus-6 [HHV-6] and 26.5 % for varicella-zoster virus [VZV] DNA; 
versus in controls 25 % were positive for HSV DNA, 87.5 % for HHV-6, and 27.5 % 
for VZV, not signifi cantly different between the groups [ 53 ]. Others, however, have 
reported the detection of HHV-6 in much higher proportion of AD patients than 
age- matched normal brains, 70 % vs. 40 %,  p  = 0.003 [ 54 ]. The presence of raised 
antibodies in the CSF compared to serum has also been examined. A raised antibody 
index in the CSF of >1.5 was defi ned as indicative of reactivation of the virus. Raised 
intrathecal HSV-Ig G was similar between 27 AD patients and 13 age- matched 
controls [52 and 69 %] [ 55 ]. Raised antibody index to HHV-6 was found in 22 % of 
AD patients and in no controls. This study does not support the hypothesis of repli-
cating HSV-1 as playing a substantial role in the development of AD, and a minority 
may have replicating HHV-6. 

 HSV-1 DNA has also been reported in 90 % of amyloid plaques in AD brains and 
80 % of plaques of normal aged brain, which contained lower burden of plaques. 
However, plaque-associated viral DNA in close proximity was found in 72 % of AD 
and 24 % of normal brains,  p  < 0.001 [ 56 ].The authors posit that HSV-1 is a major 
cause of amyloid plaques and that in normal aged people there is less production 
and greater removal of Aβ. An alternative explanation could be that this association 
represents an epiphenomenon, and the presence of HSV simply represents an inno-
cent bystander effect. However, there is some in vitro and animal data that provide 
biologically plausible role of HSV in Aβ genesis. HSV-1 infection of cells in culture 
causes Aβ and phospho-tau accumulation [ 57 – 59 ]. Also HSV-1 infection of mice 
exhibits Aβ formation [ 60 ], and treatment of infected cell cultures with antiviral 
agents can reduce Aβ and phospho-tau production [ 61 ].  

7.3.1.2     Bacteria and Alzheimer Disease 

 It has been known for over a century that chronic bacterial infection can be associ-
ated with amyloid accumulation. Several spirochetes have been found in the 
brain and CSF of patients with AD more than brains of controls, and these 
include oral Treponema spirochetes and even  Borrelia burgdorferi  [ 45 ]. However, 
these have been small studies and the fi ndings have been inconsistent [ 62 – 64 ]. 

7.3 Microbes and Alzheimer Disease
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Chronic periodontitis is a prevalent condition and has been associated with the 
pathogenesis of atherosclerosis and AD. It is caused by a dominance of gram-
negative anaerobic species and is associated with mild increase in systemic infl am-
matory markers such as CRP [ 65 ]. The prevalence of periodontitis increases with 
age and 50 % of people older than the age of 55 have this condition. One small study 
reported the detection of oral spirochetes, using PCR and monoclonal antibodies, in 
the brain of 14/16 [90 %] AD patients and 4/18 [22.2 %] controls [ 66 ]. In a more 
recent study of monozygotic twins [106 twin pairs] discordant for AD, tooth loss 
early in life before age 35 was found to be an increased risk factor for AD, odds 
ratio, 5.5 [ 67 ]. Tooth loss was used as a surrogate marker for periodontitis as it is a 
major reason for loss of teeth. Another more recent study reported that TNF-α and 
antibodies to periodontal bacteria were elevated in 18 AD patients compared to 16 
normal healthy controls, and were independently associated with AD [ 68 ]. In a lon-
gitudinal study of 158 subjects, cognitively intact, data was collected annually for 
up to 12.5 years, and baseline antibodies to periodontal bacteria were found to be 
signifi cantly increased in those developing AD several years later, compared to con-
trols who remained cognitively intact [ 69 ]. While these studies are intriguing much 
larger population-based, prospective studies over many years are warranted to con-
fi rm these fi ndings.  Chlamydia pneumoniae  is a common respiratory pathogen that 
infects more than 70 % of the population by age 60 years and can remain dormant 
intracellularly [ 70 ,  71 ].  C. pneumoniae , similar to periodontitis, has been linked to 
the pathogenesis of atherosclerosis and coronary artery disease.  C. pneumoniae  was 
fi rst linked to late onset AD in 1998, when the organism was detected in 17/19 
[89 %] AD brains and only 1/19 of control brains [ 72 ].The bacteria were localized 
to perivascular areas, microglial and astroglial cells, which were positive for tau 
protein. Subsequent studies by the same investigators reported that higher loads of 
 C. pneumoniae  DNA were detected in patients with APOE-e4 allele [ 73 ], and that 
the organism in AD brains was colocalized with amyloid plaques and neurofi bril-
lary tangles [ 74 ]. Several investigators, however, have failed to detect  C. pneu-
moniae  in the brain of AD patients [ 75 – 79 ]. Viable  C. pneumoniae  has been cultured 
from the brain of 2 AD patients, and amyloid plaques have been induced in the 
brains of the 3-month-old nontransgenic BALB/c mice by intranasal inoculation 
[ 80 ,  81 ].These studies were reported by members of the original team of investiga-
tors fi rst describing the association of AD with C pneumoniae and have not been 
confi rmed by others. A combination of antibiotics, doxycycline, and rifampin with 
antichlamydia activity was also tested in a randomized controlled trial of 101 
patients with mild to moderate dementia presumably due to AD [ 82 ]. Antibiotic 
treatment had minor benefi t on cognitive function at 6 months and no effect at 12 
months. Although this is not a very large trial and it is not powered to show even 
moderate clinical improvement, it does not support a major role of  C. pneumoniae  
in the pathogenesis of dementia or AD. Interestingly, both tetracycline and rifampin 
were previously shown to have antiamyloidogenic activity in vitro, independently 
of their antimicrobial properties [ 83 ,  84 ]. 

  Helicobacter pylori , the etiology of most peptic ulcer disease, can cause chronic 
persistent asymptomatic gastric infection for life from childhood and predisposed to 
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gastric cancer in the genetically susceptible subjects [ 85 ]. Few case-controlled studies 
have linked chronic  H. pylori  infection with dementia and AD. In a small case- 
controlled study of 30 AD patients and 30 controls, serum IgG and IgA antibodies 
against  H. pylori  were signifi cantly more prevalent in AD [ 86 ]. Another small study 
diagnosed  H. pylori  infection by gastric biopsy and found the microorganism in 
88 % [ n  = 50] of AD patients compared to 46.7 % [ n  = 30] of age-matched controls 
[ 87 ]. These investigators also found that  H. pylori -specifi c IgG antibody in the 
blood and CSF of 27 AD patients was signifi cantly higher than 27 controls [ 88 ]. 
Infection with  H. pylori  diagnosed by histology was also found to be signifi cantly 
higher in 63 subjects with mild cognitive impairment [predementia] compared to 35 
normal controls [ 89 ]. In a recent study from France, the impact of  H. pylori  infec-
tion was signifi cantly associated with greater cognitive impairment, higher CSF 
phospho–tau, and increased homocysteine levels in 53 AD patients [ 90 ]. Increase in 
plasma homocystine has been reported to be an independent risk factor for dementia 
and AD [ 91 ]. It has been postulated that chronic atrophic gastritis secondary to 
 H. pylori  infection could decrease absorption of vitamin B12 and folate, leading to 
hyperhomocysteinemia [ 45 ]. However, the prevalence of infection is much higher in 
Asia than Europe, and in a study from Japan 385 AD patients and 97 controls were 
assessed for the rate of  H. pylori  infection. There was no signifi cant difference in the rate 
of infection between patients and controls without dementia, 59.7 and 62.0 % [ 92 ].    

7.4     Unraveling the Link Between Microbes 
and Alzheimer Disease 

 The common link between seemingly unrelated predisposing conditions, such as 
aging, diabetes, APOE-4, Down syndrome, recurrent head trauma, and chronic 
infections, is the presence of chronic infl ammation or neuroinfl ammation [ 93 ]. 
Recent studies in the mouse model have further elucidated the role of infl ammatory 
cytokines in the pathogenesis of AD. Vom Berg et al. [ 94 ] demonstrated that inhibit-
ing the signal and expression of the cytokines interleukin-12 [IL-12] and interleu-
kin- 23 [IL-23] results in reduction of microglial activation, concentration of soluble 
Aβ, and in amyloid plaque burden [ 94 ].The current understanding of the sequence 
of events in the infl ammatory pathway begins with neuronal stresses which trigger 
the expression of amyloid precursor protein by neurons, resulting in the release of 
soluble fragments of APP extracellularly, which activates microglia to synthesize 
and release IL-1, resulting in further neuronal expression of APP and stimulation of 
IL-12 and IL-23 with proinfl ammatory activity. Binding of IL-12 and IL-23 to their 
common receptor is associated with increased concentration of soluble Aβ, elevation 
of plaque density, and cognitive decline [ 93 ,  94 ]. 

 There is evidence of connection between AD, APOE-4, lipid metabolism, and 
infections [ 95 ]. APOE, in addition to its role in lipid transport and regulation of lipid 
metabolism, have other physiological properties, i.e., antioxidant, antiapoptotic, 
immunomodulatory, and atheroprotective attributes [ 95 ].Some of the receptors 
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involved in APOE and lipoprotein cellular binding and uptake are also involved in 
virus entry and neutralizing of bacterial lipopolysaccharide. APOE-e4 may predispose 
to greater vulnerability to Aβ-induced oxidative damage and cytotoxicity [ 96 ,  97 ], 
lysosomal leakage [ 98 ], and increased secretion of infl ammatory mediators [ 99 ] and 
microglia activation. In animal models APOE-e4 is associated with greater risk of 
spread to the brain and establishing latency with HSV-1 [ 100 ].There is also some 
evidence that HIV-infected patients who are APOE-4 carriers have a greater 
tendency for developing dementia and neuropathy than noncarriers [ 101 ]. Also 
in vitro APOE-e4 positive neurons with HIV infection were more prone to oxidative 
damage from the viral neurotoxic tat-protein than APOE-e3 cells which provided a 
protective effect [ 102 ]. 

 HIV infection is the commonest infectious cause of dementia and analysis of the 
pathobiology may shed light on the pathogenesis of AD and the relationship with 
microbes. In the era before highly active antiretroviral therapy [ART], clinical 
dementia from subacute encephalitis was recognized in 50 % or more of patients 
with the acquired immunodefi ciency syndrome [AIDS]. Pathological studies of the 
brains of patients of AIDS-dementia revealed ventricular dilatation and sulcal wid-
ening, with chronic infl ammatory reaction and microglial nodules, foamy macro-
phages, sometimes associated with giant cells and variable areas of multifocal pale 
myelin, with axonal swelling and gliosis [ 103 ]. Initially pathological reports did not 
include the presence of amyloid plaques or neurofi brillary tangles. The HIV did not 
directly invade the neurons and oligodendrocytes but infected the mononuclear 
cells, macrophages, and microglia cells. Damage to the neurons is posited as sec-
ondary to the release of cytokines and soluble molecules produced by infected 
microglia. The believed pathogenesis of AIDS-dementia, although not clearly 
delineated, has some similarities to that of AD pathophysiology with the exception 
of the absence Aβ plaques and fi brillary tangles. Since the advent of ART AIDS- 
dementia has dramatically decreased and is replaced by HIV-associated neurocog-
nitive disorder [HAND], which is found in nearly 50 % of HIV-chronically infected 
patients irrespective of viral control and CD4+ cell count [ 104 ,  105 ]. Clinically 
HAND resembles the mild cognitive impairment that may precede development of 
dementia or AD. Also shared risk factors between the two conditions include 
increased age, underlying cardiovascular disease, and elevated infl ammatory mark-
ers. The neuropathogenesis of HAND is associated with neuronal damage and cell 
death, considered to be secondary to the infl ammatory response to viral particles 
[i.e., tat protein], with release of numerous soluble molecules by microglia or 
 macrophages [ 106 ]. The common key feature of both AD and HAND is the pres-
ence of neuroinfl ammation. Many in vitro and in vivo studies demonstrate that HIV-
induced neurodegeneration is associated with macrophage/microglia production of 
cytokines/chemokines, excitatory neuronal injury, and oxidative stress [ 106 ]. Recent 
pathological studies on the brains of HIV patients since the advent of ART have 
reported new fi ndings that were not appreciated before. In a study of 145 HIV- infected 
patients, 46 treated with ART and 99 without, signifi cant deposition of Aβ was dem-
onstrated by immunostaining in almost 50 %, predominantly in the frontal cortex and 
less abundant in the hippocampus [ 107 ]. Aβ was detected in both extracellular 
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plaques and within neurons, and there was a clear trend with greater amyloid 
d eposition in patients treated with ART. The main differences noted compared to the 
brain of patients with AD were less abundant extracellular deposition of Aβ and the 
absence of intracellular fi brillary tangles [ 107 ]. Amyloid plaques can be detected in 
the brains of patients with AD many years before development of dementia by posi-
tron imaging markers [ 108 ]. Whereas, a recent study failed to demonstrate any 
a myloid deposit by similar imaging of patients with HIV and cognitive impairment/
HAND [ 109 ]. 

 Two recent clinical trials have raised doubt on the critical role of Aβ in the patho-
genesis of AD, as being the main driver or force leading to the development of 
neurodegeneration and dementia in AD. In phase 3 double-blind, randomized trials 
of two humanized monoclonal antibody against Aβ, no signifi cant improvement in 
cognition or functional ability was found in two large trials involving 4,000 patients 
combined [ 110 ,  111 ]. The negative results maybe an indication that treatment was 
started too late to result in signifi cant benefi t, or that amyloid deposition is a marker 
or response to neuronal injury and is not a causative factor in the genesis of 
AD. Thus, the role of Aβ and neurofi brillary tangles in the mechanism of disease in 
dementia and AD needs further elucidation. Other pathways or molecules have 
recently been implicated in the pathogenesis of AD. Genome-wide association stud-
ies have found a signifi cant association of triggering receptor on myeloid cells 2 
[TREM2] protein and AD [ 112 ]. TREM2 is a member of the immunoglobulin fam-
ily and is a bacterial phagocyte receptor that also may be critical for microglia in the 
clearance of apoptotic neurons and has an anti-infl ammatory role [ 113 ]. Although 
variants of the TREM2 gene in the population are rare [ 114 ] this low frequency vari-
ability has a medium size effect modulating disease development that is similar to that 
of APOE-e4 [ 115 ].There is also evidence that the metabolic pathway that may infl u-
ence longevity and many chronic diseases later in life maybe important in the patho-
genesis of AD. The family of nicotinamide adenine dinucleotide [NAD]-dependent 
protein deacetylase, termed sirtuins, appears to be important as antiaging molecules 
[ 116 ]. SIRT1 upregulation in mice can reduce the Aβ burden in the brain by proteo-
lytic cleavage through the activation of α-secretase [ 117 ]. SIRT1 can also deacetylate 
tau protein to destabilize it and reduce neurofi brillary tangles in the brain of mice 
[ 118 ]. Based on our current understanding of the pathogenesis of AD, a diagrammatic 
outline of the mechanisms leading to its development is shown in Fig.  7.1 .

7.5        Conclusion 

 Dementia and AD are multifactorial disorders with strong genetic predisposition, 
with no single factor or agent that can account for the heterogeneous predisposition 
of these conditions. Although infections can clearly cause dementia syndromes, the 
present role in the etiology of AD is confl icting and it is unlikely that microbes are 
the primary culprit in the genesis of this prevalent disease. However, there is sig-
nifi cant biological plausible evidence that microbes, viruses, or bacteria may play 
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a secondary or adjunctive role in the pathogenesis of AD. The role of chronic infections 
in the presence of other factors in the genesis of AD will likely be the effect through 
sustained low-grade systemic infl ammation that infl uences biologic markers in the 
brain to drive neuroinfl ammation and causing neuronal loss with eventual dementia. 
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  Fig. 7.1    Pathogenesis of sporadic Alzheimer disease       
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 Determining the reasons for recent decline in the incidence of AD reported 
from affl uent countries would help provide clues as to the etiology of the disorder. 
It appears unlikely that this is due to improved lifestyle changes such as increased 
exercise activity and better dietary habits, as there should be a concomitant decline 
in rates of obesity and overweight populations. It is possible that increased liberal 
use of statins in the older population for prevention of cardiovascular disease could 
contribute to the recent decline of AD, but this will require further investigations to 
confi rm this theory. To fully understand the mechanisms in the genesis of AD we need 
to explain the observation that the risk of disease is lower in subjects with higher 
education, who maintain an active social life and, continue physical and mental 
activity in older age, compared to the general population   .  

7.6     Future Directions 

 Future large population-based, longitudinal studies over 20 years are needed to 
clarify the possible role of chronic infections, latent or active, in the pathogenesis 
and development of AD. There is increasing evidence that early changes on special 
imaging and certain biomarkers precede the development of dementia by 15–20 
years [ 119 ]. Therefore, further studies on the pathogenesis and therapeutic trials 
would best be performed on patients with predementia who are cognitively intact 
but with a high risk of AD and with imaging or biomarker changes indicative of 
early disease or in subjects with mild cognitive impairment. For example, a large 
population of people in their late 50s or early 60s could be enrolled in a longitudinal 
study until they reach the mid-80s and assessed on a yearly basis for periodontal 
disease, markers of AD, and clinical dementia. Randomized controlled trials with 
NSAIDS should also be tested in subjects with mild cognitive impairment or cogni-
tively intact for an accurate assessment of their therapeutic value.     
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    Chapter 8   
 Multiple Sclerosis and Microbes 

8.1                        Introduction 

 Multiple sclerosis [MS] is a chronic demyelinating, immune-mediated disorder of the 
brain and spinal cord of unknown etiology. Although MS is not considered a common 
disease as such, it is not a rare disorder and it is estimated to be the second commonest 
cause of neurological disability after traumatic injuries. There is a marked geographi-
cal variation in the incidence of the disease, more prevalent in temperate regions and 
rare in tropical and subtropical countries. In the United States MS affects about 
35,000 persons and worldwide 2.5 million people are affl icted [ 1 ]. In most temperate 
regions of the world [North America, Northern Europe, Southern Australia, and South 
New Zealand] the prevalence of MS is 0.1–0.2 % of the population, whereas in the 
tropics and Middle East the prevalence is 10- to 20-fold less [ 1 ]. The age of onset of 
MS is typically between 20 and 40 years, about 5–10 % occurs in children less than 
18 years, and women are affected threefold more common than men. 

 Based on the geographical variation it has been proposed that sunlight exposure is 
protective through the production of vitamin D. Low serum vitamin D levels are com-
mon in the population of temperate zones, and prospective studies show that vitamin 
D defi ciency is associated with a greater risk of MS and for relapses [ 1 ]. The clinical 
and pathological extent of MS is very variable and heterogenous, and the course is 
often characterized by spontaneous relapses and remissions early in the disease.  

8.2     Pathobiology of Multiple Sclerosis 

 Initially in the early stages of MS, patchy infl ammation with focal lymphocytic infi l-
tration is the primary pathological feature in the brain, which leads to damage of the 
myelin and axons [ 2 ]. The infl ammation is often transient with remyelination and 
recovery of neurological dysfunction early in the course. Over time the predominant 
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pathological changes consist of widespread microglial activation with extensive 
chronic neurodegeneration and plaques of demyelination [ 2 ]. Normally myelin is 
produced by mature oligodendrocytes which are adjacent to axons of the white 
 matter tracts in the central nervous system [CNS]. 

 It is believed that MS is initiated by some environmental factor that stimulates 
autoreactive lymphocytes in the CNS. Although MS is considered an autoimmune 
disease, transfer of antibodies directed against self-antigens [identifi ed in MS] 
failed to cause MS-like disease in animals [ 3 ]. Despite that, T-cells reactive to 
myelin components, especially myelin basic protein [MBP], are activated in MS 
patients but not in controls [ 4 ]. There is some evidence that uncontrolled autoreac-
tive lymphocytes may induce infl ammation [predominantly by perivascular CD8+ 
cells] to cause neuronal damage due to dysfunction of regulatory lymphocytes and 
regulatory mechanisms in the CNS of MS patients [ 5 ]. Failure of regulatory lym-
phocytes to suppress autoreactive T-cells appears to be related to overexpression of 
β-arrestin1, which is a promoter of naïve and activated CD4+ T-cell survival [ 6 ]. 
Previous animal models of experimental allergic encephalomyelitis had supported a 
critical role of Th1-type γ secreting cells [ 3 ], but recent studies indicate that the 
infl ammation in MS is driven by T-lymphocyte subtype that secretes interleukin 
[IL]-17 under IL-23 control [ 7 ]. 

 Myelin proteins may not be the only target of autoreactive lymphocytes, and 
there is evidence that antibodies against neurofascin may mediate axonal injury in 
MS [ 8 ]; and autoimmune response against αB-crystalline prevents counter- 
regulatory suppression of infl ammation [ 9 ]. Cortical biopsies of brain lesions in 
early MS have revealed perivascular infl ammation with CD3+ and CD8+ T cells 
in the majority of cases [which were highly infl ammatory], and 27 % of cortical 
plaques also contained B-cells [ 10 ]. In this study [ 10 ] cortical demyelination was 
present in 40 % of patients and 66 % of the lesions contained foamy macrophages, 
and all had activated microglia, indicating ongoing demyelination. 

8.2.1     Pathogenesis of Multiple Sclerosis 

 The pathogenic mechanisms of MS are complex and involve multiple genetic and 
environmental factors. Epidemiological studies have implicated increased risk of MS 
by gender, sex hormones, ethnic origin, geographical location/latitude/distance from 
the equator, smoking, viral exposure, and vitamin D status [ 2 ,  11 – 13 ]. In family stud-
ies, fi rst-degree relatives showed a 20- to 40-fold increased risk for MS, and identical 
twins display 300-fold increased risk over the general population [ 14 ]. Genetic stud-
ies have reported that genes in the major histocompatibility complex [HLA] region 
are associated with MS [ 15 ]. The primary association was with DRB1 gene in 
African Americans and individuals of European descent [ 16 ,  17 ]. Further genome-
wide association studies have reported about 50 genes associated with MS [ 18 ]. 
However, MS concordance rate in monozygotic twins is only approximately 30 % 
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and this suggests that environmental factors have a major infl uence on genetic trait. 
This would be consistent with epistatic interaction, where two or more independent 
factors promote disease only when combined [ 19 ]. In a large genome-wide associa-
tion study, DRB1 risk alleles had the strongest association with MS, and HLA-A 
gene variation had a protective effect [ 18 ]. A multitude of genes encoding cytokine 
pathways and immune related mechanisms were overrepresented, particularly those 
implicated in T-helper cell differentiation, and acting on cell surface receptors. This 
study also implicated genes encoding pathways for vitamin D function and targets 
for therapies for MS, such as VCAM1 [natalizumab] and IL2RA [daclizumab] [ 18 ]. 
Several of the genes are also associated with other autoimmune diseases [IL2RA and 
IL7RA], and these pathways are involved in regulation of autoimmunity in animal 
models [ 20 ,  21 ]. It has also been suggested that several genetic variants [IL7RA, 
IL2RA, MGAT1, and CTLA-4] lead to dysregulation of N-glycosylation that cause 
pathogenesis in MS [ 22 ]. Faulty N-glycosylation of cytotoxic T lymphocyte antigen 
4 [CTLA-4] and T-cell receptor [TCR] generates T-cell hyperactivity and promotes 
autoimmunity in mice, which induces a spontaneous MS-like disease [ 23 ,  24 ]. 

 It has also been proposed that environmental factors may regulate disease 
 manifestation by modulating the epigenome in MS to promote changes in the 
immune system and brain [ 25 ]. These epigenetic mechanisms include DNA meth-
ylation, regulation of noncoding miRNAs, and post-translational modifi cation of 
histone that can be affected by smoking, diet, exercise, and possible previous 
infection.  

8.2.2     Hypovitaminosis D in MS 

 Geographical regions of the world with limited sunshine for 4–6 months of the year, 
beyond the 40th parallels North or South, are those with the highest prevalence of 
MS [ 26 ]. Several epidemiological studies have found a vitamin D insuffi ciency in 
the great majority of MS patients, including in the early stages [ 27 ]. Vitamin D 
receptors are present in numerous tissues and cells, including circulating immunity 
cells [lymphocytes, macrophages, and monocytes], brain [microglia], intestine, 
bone, kidney, gonads, breast, pancreas, and cardiovascular tissues. Besides its clas-
sic role in calcium homeostasis and related metabolic functions, vitamin D and its 
active metabolite 1,25-dihydroxy vitamin D have other important functions: anti- 
infl ammatory, anti-infective, immunomodulatory, antiproliferative, and neurotrans-
mitter, which may be involved to prevent many autoimmune diseases, including MS 
[ 27 ]. The major action of vitamin D that may be important in the pathogenesis of 
MS is through immunomodulation. Hypovitaminosis D may affect cell proliferation 
of CD4+ T cells, the proportion and function of regulatory T lymphocytes [ 28 – 30 ]. 
Thus, in the fi nal global analysis, the current data is supportive of hypovitaminosis 
D as a risk factor for MS, but acting in combination with other environmental fac-
tors in the genetically predisposed individuals.   

8.2 Pathobiology of Multiple Sclerosis
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8.3     Role of Microbes in Multiple Sclerosis 

 Viruses have been suggested to play a role in the development of MS since the early 
1990s, and this debate still continues today [ 31 ]. There are several lines of evidence 
that link viral infections with MS and these include: (1) epidemiological evidence 
which consistently demonstrate increased risk of MS with some past infections; 
(2) the CD8+ lymphocyte infi ltration in MS lesions is consistent with a viral-
immune response; (3) and the CSF oligoclonal IgG bands typically present in MS 
are also present in CNS viral infections. Moreover, many naturally occurring demy-
elinating CNS diseases of animals and humans are of known viral origin. This topic 
of virus- induced demyelination was previously reviewed in 2003 [ 32 ]. There are 
two primary mechanisms by which viruses produce demyelinating CNS disease. 
The fi rst of these is by an autoimmune process, as exemplifi ed by postinfectious 
[also postvaccination] encephalomyelitis, which is preceded by a viral infection 
[i.e., an exanthema] with no evidence of direct invasion of the CNS [ 33 ]. For 
some viral demyelinating diseases there is direct CNS invasion and replication of 
the agent, with neuronal and axonal pathology. A very rare but well described 
example is subacute sclerosing panencephalitis due to chronic measles infection of 
the brain at an early age, <2 years old [ 33 ]. In this condition the measles virus can 
be recovered from the brain and histology demonstrates cytoplasmic and nuclear 
inclusion bodies, with signs of astrocytes and microglia activation and neuronal 
loss. Measles is also one of several viruses that can present more acutely with 
postinfectious encephalomyelitis. 

 In postinfectious encephalomyelitis the hypersensitivity reaction may occur both 
against viral and host antigen. In a study of measles postinfectious encephalitis, 
immune response was demonstrated to MBP with early destruction of myelin in 
about 50 % [ 34 ]. Other viral infections associated with demyelination include 
JC-virus in progressive multifocal leucoencephalopathy, seen mainly in immuno-
suppression, human immunodefi ciency virus [HIV] itself in subacute HIV encepha-
lopathy, and the human T-cell lymphotropic virus type 1 [HTLV-1]-associated 
myelopathy affecting the spinal cord [ 32 ]. There are also several naturally occurring 
animal viruses that produce demyelinating CNS disease, some of which are used as 
animal models to study the biology of MS. These include Theiler’s virus, neuro-
tropic strain of mouse hepatitis virus, and Semliki Forest virus [ 32 ]. 

 Exposure to microbes in early childhood has also been proposed to infl uence the 
development of autoimmune disorders such as MS, the hygiene hypothesis. This 
could explain the geographical differences in incidence of MS, greater in developed 
nations of the temperate zones with advanced hygienic communities compared to 
poorer countries in tropical and subtropical regions with substandard hygiene, but 
lower rates of MS. There are also marked differences in the incidence of MS 
in persons migrating from one country to another in which the rates are different. 
In Israel, MS is common in immigrants from Europe and rare among immigrants 
from Africa or Asia, whereas in native born Israelis of African or Asian descent have 
similar rates of MS as the European migrants [ 35 ]. These differences cannot be 

8 Multiple Sclerosis and Microbes



151

explained by sunlight exposure or genetic factors. Similar trends have been reported 
in US migrant studies with a large number of MS cases [>5,000] [ 36 ]. It is postu-
lated that multiple infectious exposures [even carriage of parasites in the gut] could 
reduce the risk of MS by modulating the immunity toward helper T cells [Th]2 and 
regulatory T cells, with attenuation of the proinfl ammatory Th-1 cellular immunity 
[ 37 ,  38 ]. Decreased antigenic stimulation from low childhood infections and 
reduced microbial exposure burden may result in decreased levels of regulatory 
cytokines, Il-10, and transforming growth factor B[TGF-B], which are produced 
by CD 25+ T cells and other regulatory T-cells, to downregulate both Th-1 and Th-2 
mediated immune responses [ 39 ]. Intestinal helminth, which induces predominantly 
Th-2 response, has been reported to produce a benefi cial effect in patients with 
MS [ 40 ,  41 ]. 

8.3.1     Specifi c Microbes 

 The role of microbes in autoimmune disorders is complex, some infections can 
 trigger autoimmune responses and others may prevent these reactions [ 37 ]. This 
could be related to the microorganism itself, host genetic trait, age of onset, and 
epistatic effect with other environmental factors.  

8.3.2     Epstein–Barr Virus 

 Epstein–Barr virus [EBV] is strongly implicated as playing an important role in the 
pathogenesis of MS. EBV is a human herpesvirus that infects B-cells in nearly 95 % 
of the population and persists latently in the memory B-cell pool for life. It was pro-
posed more than 50 years ago that MS may be caused by infection that is harmless to 
the host and confers protective immunity when acquired in early childhood, but 
become pathogenic later in life [ 42 ]. This could apply to EBV infection and the pattern 
of infection between resource endowed and resource deprived countries of the world 
could explain the discrepancy in geographic distribution of MS. Almost all children 
are infected with EBV at an early age in developing countries of tropical and subtropi-
cal regions of the world, with a seropositivity of >90 % by 4 years of age, whereas in 
Europe and the United States only 30–40 % are infected at the same age [ 42 ]. The 
prevalence of age-related EBV infection is also increased with lower socioeconomic 
status and overcrowding. Infection in later years is more commonly manifested by 
symptomatic disease and pathology, such as clinical infectious mononucleosis, peak 
incidence 15–25 years of age in developed countries, whereas infection at a very young 
age is largely asymptomatic [ 43 ]. The epidemiology of MS in developed countries is 
strikingly similar to that of infectious mononucleosis with respect to age of onset [ 44 ]. 
MS risk in EBV-negative adults is extremely low but is increased in those with previ-
ous infectious mononucleosis. There is a 20-fold increased risk of MS in adolescents 
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and young adults with a history of infectious mononucleosis compared to those who 
are EBV negative, even for similar childhood hygienic environment [ 45 ]. In a meta-
analysis of 13 case–control studies comparing MS patients and matched controls, 
99.5 % of MS patients were EBV seropositive compared to 94 % of controls, but the 
risk of MS in EBV-seronegative subjects was extremely low, odds ratio 0.6, highly 
signifi cant [ 46 ]. The mean interval between primary EBV infection and onset of MS 
[during the vulnerable age of 15–40 years] is estimated to be 5.6 years [ 47 ]. A clinical 
history of infectious mononucleosis increases the risk of MS more than twofold with a 
relative risk of 2.3    [ 48 ]. 

 A few prospective studies have reported that elevated IgG antibodies to EBV 
nuclear antigen-1 [EBNA1] were found to increase the risk of MS [ 49 – 51 ]. In a study 
involving US military personnel before onset of MS, high serum titers to EBNA1 
increased the risk 36-fold for developing the disease later [ 51 ]. Seroepidemiological 
studies of EBV in children with MS and matched controls have shown a similar pat-
tern as in adults but somewhat less robust. EBV- seropositivity rate in MS children 
varies from 86 to 94 %, compared to 64–72 % in age-matched controls [ 52 – 54 ]. 
It can be argued that EBV infection is not essential for development of MS, as 14 % 
of children with this disorder were EBV seronegative [ 53 ]. However, in a recent 
meta-analysis of 22 adult and 3 pediatric studies on the risk of development of MS in 
EBV seronegative individuals, it was concluded that EBV appears to be present 
in almost 100 % of MS patients [ 55 ]. 

 The increased synthesis of antibodies in the CSF as refl ected by the corrected 
Antibody Index [ 56 ], also support a role of EBV in the pathogenesis of MS [ 57 – 59 ]. 
CSF oligoclonal IgG bands in MS patients predominantly consist of antibodies 
against EBV proteins, EBNA1 and BRRF2 [ 58 ]. However, increase in CSF antibod-
ies to other viruses [measles and rubella] has also been reported [ 56 ,  57 ]. It is pro-
posed that EBV infection of the CNS could stimulate dominant anti-EBV antibody 
response and promote synthesis of other viral antibodies by infecting B-cells [ 60 ]. 

 A key issue in determining the pathogenic role of viruses in MS is the presence 
of the microorganism in the CNS and demyelinating plaques. Various studies have 
examined brain tissue samples for EBV by different methods, such as in situ hybrid-
ization, immunohistochemistry, and PCR, in subjects with MS with confl icting 
results. Serafi ni et al. [ 61 ] previously reported that B-cells and plasma cells of 21 of 
22 MS brain sections had detectable EBV by in situ hybridization and immunohis-
tochemical stains. However, Willis et al. [ 62 ] detected EBV in only 2 of 24 MS 
brains by real-time [RT] PCR and none by in situ hybridization nor immunohisto-
chemistry. A subsequent focused workshop was held in Vienna in 2011 to review 
the data of EBV in MS brain [ 63 ]. Overall most studies using PCR for EBV  detection 
from brain sections or CSF failed to detect the virus, except on rare occasions. The 
data on detection of EBV by in situ hybridization and immunohistochemistry were 
more mixed with varying results [ 63 ]. Hence, unequivocal proof that EBV exist in 
the brain lesions of MS patients, compared to EBV-related tumors, is still lacking. 

 The detection of EBV DNA in the blood of MS patients and matched controls by 
PCR methods also had been reported. In one study from Spain, EBV was detected 
in the blood of 70/75 [93.3 %] MS patients versus 123/186 [66.1 %] of controls, 
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 p  < 0.001 [ 64 ]. Moreover, dual infection with types 1 and 2 EBV was detected in 63 
[90 %] of MS patients and only 37 [30 %] of controls,  p  < 0.001. In contrast, in a 
nested study from Australia with 215 MS cases and 216 controls, detectable EBV in 
blood was similar [55.8 and 50.5 %], and there was no difference between the two 
groups in EBV DNA load [ 65 ]. However, similar to other reports, past history 
of infectious mononucleosis, high anti-EBV titers, and HLA-DR B1 status had 
additive risk for MS.  

8.3.3     Human Herpesvirus-6 in Multiple Sclerosis 

 Human herpesvirus-6 [HHV-6], which causes roseola in early childhood, infects 
>90 % of the population and remain latent probably in lymphocytes. The virus has 
been associated with meningoencephalitis in immunocompromised hosts on occa-
sion [ 66 ] and also has been associated with MS. There is evidence that there is cross 
reactivity with MBP and HHV-6 in MS patients, which could activate autoimmune 
reactivity through molecular mimicry [ 67 ]. Phosphorylation of HHV-6 protein U24 
may confound signaling and other pathways normally utilized by phosphorylated 
MBP that could precipitate the pathological process in MS [ 68 ]. Some studies have 
reported evidence of HHV-6 reactivation with MS activity but others have not. 
In one study measuring viral mRNA in peripheral blood mononuclear cells [PBMC] 
by RT-PCR, and plasma IgG and IgM antibodies, the prevalence of HHV-6 active 
infection was signifi cantly higher in MS patients than other neurological diseases 
and in blood donors [ 69 ]. Moreover, there was correlation with reactivation of 
HHV-6 and with relapsing and progressive MS. In another study with 1 year 
of follow-up, serum samples were analyzed by quantitative PCR to assess HHV-6 
prevalence and viral load. Among 63 patients with relapsing–remitting MS only 
19.1 % of samples in relapse had active infection compared to 7.9 % of samples in 
remission [ 70 ]. HHV-6 DNA was found in 16 of 64 [25.4 %] MS patients at least 
once but in none of 63 healthy blood donors,  p  = 0.04 [ 71 ]. In another report from 
the same group of investigators, only 16 % of 105 MS patients had active HHV-6 
infection versus 0 of 49 healthy controls, but the viral load was higher during attacks 
than during remission,  p  = 0.04 [ 71 ]. A subsequent study of 57 MS patients and 
57 controls followed for a year also found that reactivation or new infection with 
HHV-6 variant A was related to relapse of symptoms, with a prevalence of 80.7 % 
in MS cases and 29.8 % in controls [ 72 ]. These investigators also assessed the effect 
of beta-interferon [IFN-β] treatment on HHV-6 viral load in MS subjects. Treatment 
with IFN-β was given to 105 patients and 84 were untreated; the viral load of HHV-6 
was twice as high in untreated than treated cases in relapse [ 73 ]. IFN-β treatment 
reduced HHV-6 viral burden in patients in relapse but not in remission. 

 Other investigators have reported discrepant results of the presence of HHV-6 in 
MS. In the Finnish twin study of 17 MS twin pairs, serum and CSF were analyzed for 
HHV-6 DNA by PCR and for IgG and IgM antibodies [ 74 ]. The prevalence of anti-
bodies was similar between twins with MS and healthy twin siblings, 88 and 86 %; 
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and there were no detectable antibodies in any CSF sample and no HHV-6 DNA was 
found in serum or CSF. Other negative studies for HHV-6 DNA in serum or CSF in 
MS patients have been reported by several groups [ 75 – 77 ]. 

 Several studies have been performed to detect the presence of HHV-6 genome or 
antigen in brain lesions of MS patients with varying results. HHV-6 genome was 
reported in acute brain lesions of all fi ve MS cases [ 78 ] and in 58 % of established 
plaques [ 79 ]. However, HHV-6 viral mRNA can be detected in both MS plaques and 
normal appearing white matter, although at higher levels than normal control sam-
ples [ 80 ]. In another report HHV-6 DNA was detected at similar rates, 41 and 44 %, 
and quantity in MS and control samples [ 81 ]. 

 A previous systematic review of the association of HHV-6 and MS was reported 
in 2010. Overall, 25 of 61 [41 %] studies showed a signifi cant positive correlation 
but only 15 of the studies were considered of high [A] quality [ 82 ]. Thus, the role of 
HHV-6 in the pathogenesis of MS remains unclear and correlation with disease 
activity is not robust.  

8.3.4     Human Retrovirus in Multiple Sclerosis 

 Human endogenous retrovirus [HERV] genetic elements comprise about 1–8 % of 
the human genome and are believed to be remnants of ancestral infections of exog-
enous retroviruses during our evolution [ 83 ,  84 ]. HERVs are divided into specifi c 
families and may occur in up to 1,000 copies distributed throughout the human 
genome and inherited by a Mendelian pattern [ 85 ]. Although not replication com-
petent, HERV genes may be intact and encode functional proteins [ 86 ]. HERV have 
been implicated in carcinogenesis and autoimmune diseases in both animals and 
humans [ 84 ]. In the late 1980s a novel retrovirus element was isolated from cells 
derived from CSF of a MS patient and was named MS-associated retrovirus 
[MSRV], and later was incorporated in the HERV-W family [ 87 ]. Although HERV 
elements are considered normal constituents of the human genome which are rarely 
expressed in cells, activation in cell culture to develop viral bodies [and possibly in 
humans] may be precipitated by environmental and endogenous stress. Activation 
could be an epiphenomenon after fl ares of infl ammatory cytokines, but there is 
some evidence that specifi c HERVs may act as auto-, super-, or neoantigen that 
could enhance infl ammation or induce autoimmune reactions [ 88 ]. In a humanized 
SCID mouse model, MSRV retroviral particles injection caused acute neuropatho-
logical changes with multifocal brain hemorrhages, mediated by the expression of 
infl ammatory cytokines through T-cell stimulation [ 89 ]. 

 Viral RNA from HERVs has been detected by reverse-transcriptase [RT]-PCR in 
blood and brain of MS patients, but not exclusively [ 88 ]. It has been postulated that 
herpesviruses may activate [transactivation] HERV-W particles and enhance immu-
nopathological reactions in MS [ 90 ,  91 ]. In a recent in vitro study, EBV activated 
the potentially neuropathogenic HERV-W/MSRV/syncytin-1 in cells derived from 
blood and brain [ 92 ]. The authors proposed a model that include EBV as initial 
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 trigger of future MS, and years later interaction of HERV-W/MSRV/syncytin-1 
 contributes to MS pathogenicity, paralleling the observed relationship of EBV 
infection in MS patients. Several studies have found elements of HERV-W family 
in blood, CSF, and brain lesions of MS subjects and signifi cantly less in controls 
[ 93 – 95 ]. HERV particles in CSF of early MS cases, followed for 10 years, were 
associated with greater risk of disability and progression of disease in a small num-
ber of subjects [ 96 ]. Also B-cells and monocytes from patients with active MS 
exhibit increased surface expression and high antibody reactivities in sera to HERV 
epitopes, more than stable MS cases and controls [ 97 ]. 

 However, other studies have failed to confi rm the association of MS and HERV 
elements. In a study of 92 CSF samples, 48 from MS patients and 23    from other 
infl ammatory neurological diseases, and 21 from patients with non-infl ammatory 
CNS diseases no HERV sequences were found in any sample [ 98 ]. Analysis of 
humoral and cellular immune responses against MSRV/HERV-W antigens in 50 
MS cases and 59 controls, in another study failed to detect any appreciable immune 
responses [ 99 ]. The majority of HERVs are present in 100 % of healthy humans 
and the paucity of functional genes argues against a causative role in disease. 
However, recently a new class of polymorphic HERVs has been described with 
widespread differences in geographic and racial distribution that could explain the 
geographic variation in MS distribution, if implicated in disease pathogenesis. 
A subtype, HERV-K113 is present in 0–28 % of humans and could be a disease 
causing HERV [ 100 ]. In a large family-based study, genomic DNA samples from 
951 MS patients and 1,902 unaffected parents were tested for the presence of 
HERV-K113 allele by PCR [ 101 ]. HERV-K113 provirus was detected in only 70 of 
951 [7.3 %] MS patients and 6.5 % in the parents, which did not support a role in 
MS. To cloud the issue further, another member of the HERV-K family has been 
reported to be associated with MS in a large study population. HERV-K18 is con-
sidered an EBV- associated superantigen and is a plausible candidate to infl uence 
the genetic susceptibility to MS. In a nested case–control study of 207 MS cases 
and 403 matched controls, with analysis replicated in 909 MS patients and 339 
controls, risk of MS was threefold higher in individuals with HERV-K18 env 
alleles [ 102 ].   

8.4     Conclusion 

 Microbes, especially viruses that remain latent in the host for life, are biological 
plausible triggers or key factors in the development and pathogenesis of MS. 
This maybe through molecular mimicry, alteration of the immune response to other 
antigens, and by genetic infl uence [through HERV elements], acting in a manner 
similar to gene variation such as with single nucleotide polymorphism. However, it 
is diffi cult to explain the discrepancies noted with different viruses in various stud-
ies and their fi ndings on the relationship with MS. The most likely explanation is the 
difference in methods of detection used, which are not standardized or commercial-
ized but locally developed without independent validation. 
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 The present data indicate that the timing of primary EBV infection at a certain 
age or period in life [teenage to young adulthood] in those genetically susceptible 
plays an important role in the development of MS. The exact mechanism of this 
relationship remains elusive. The hypothesis that genetic infl uence of ancestral 
endogenous retrovirus interaction with latent EBV is an attractive paradigm but 
remain unproven.  

8.5     Future Direction 

 Further studies on the role of microbes in MS need to concentrate on the most 
attractive theory with the best data available, in order to expend valuable resources 
on a large, prospective cohort with observation over several years. This would pref-
erably be implemented by an international collection of interested investigators, 
with different interest and expertise, using standardized or validated methods of 
investigation, repeated at intervals over the years from blood, CSF, and brain sam-
ples where feasible. Such a study would be best performed in subjects with strong 
family history or evidence of genetic predisposition to MS.     
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    Chapter 9   
 The Role of Infections and Microbes 
in Atherosclerosis 

9.1                        Introduction 

 Atherosclerosis and its complications, strokes or heart attacks and gangrene of 
limbs, are the leading cause of death worldwide. It is a multifactorial disease with 
no single cause and the process of atherosclerosis starts in all humans from child-
hood, but without symptoms until later adulthood. The development of atheroscle-
rosis of arteries is a complex, active process and is not just deposit of cholesterol. The 
concept that atherosclerosis involves chronic low-grade infl ammation as a result 
of response to injury exists for well over a century [ 1 ]. Soon after the germ theory of 
disease was established by Robert Koch, in the latter part of the 19th century, it was 
proposed in Europe that atherosclerosis was the result of a microbial infection. 
Although this is an unproved hypothesis it is still a contentious issue. Interest in 
infections and relationships with atherosclerosis and coronary artery disease 
[CAD] was reignited in the late 1990s after several studies showed association with 
CAD and  Chlamydia pneumoniae  infection and periodontitis [ 2 ]. Although in vitro 
and ex vivo biological studies and animal models supported the concepts of 
microbes playing a major role in the pathogenesis of atherosclerosis [ 3 ], this was 
not confi rmed by several therapeutic clinical trials. Thus, after a series of negative 
antibiotic trials in adults with CAD, interest on this topic dramatically declined in 
the past decade. However, since the advent of highly active antiretroviral therapy 
[ART] for human immunodefi ciency virus [HIV], associated with longer survival 
of HIV infected patients and higher prevalence of symptomatic CAD in this popu-
lation, there is again renewed interest in the association of atherosclerosis and 
microbes.  
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9.2     Biology of Atherosclerosis 

 The pathobiology of atherosclerosis has been extensively studied for more than 
60 years, and the mechanisms of developing the pathological changes of the blood 
vessel walls are well established. The progression of the pathological changes is 
over many years and starts in young children as early lesions that are small lipid 
enriched deposits that do not affect blood fl ow but precede advanced lesions. 
Advanced atheromas cause disorganization of the structure of the intima and alter 
the contour of the arterial segment, and with progression leads to narrowing of the 
vessel lumen [ 4 ]. The earliest changes in the development of atherosclerosis are 
endothelial dysfunction and denudation of the endothelium, associated with adhe-
sions of leukocytes and platelets and increase in vascular permeability. There are 
many potential causes of endothelial dysfunction that could initiate the process, 
including genetic alteration, traditional risk factors of CAD, and infectious micro-
organisms [ 1 ]. Interaction of the leukocytes and endothelium in response to injury 
results in cascade of events with release of cytokines, growth factors, and chemo-
kines. This results in migration across the endothelium of monocytes, T-lymphocytes, 
and accumulation of foamy macrophages laden with lipids or oxidized low density 
lipoprotein [LDL] to form early lesions or fatty streaks. Activated macrophages and 
activated T-cells result in upregulation of the infl ammatory reaction, resulting in 
further accumulation of leukocytes, foamy macrophages, and smooth muscle cells. 
Production of growth factors and proteolytic enzymes, with fi broblast production 
leads to damage and repair of the vessel wall. Cell-mediated immune responses are 
also likely involved in atherogenesis [ 5 ]. Potential antigens that activate infl amma-
tory response include oxidized LDL, heat shock protein [HSP] through an autoim-
mune response, and infectious agents [ 6 ]. Eventually mature atheromas develop 
around the second to third decade of life or before, consisting of a necrotic core of 
degenerating foamy macrophages, extracellular lipids, cell debris and dead cells, 
smooth muscle cells, with an overlying fi brous cap, and encroaches on the arterial 
lumen [ 4 ,  6 ]. Further progression of mature plaques involves increased deposition of 
smooth muscle cells and increased synthesis of collagen to form fi broatheromas 
which can become calcifi ed. Most acute symptoms of ischemia [i.e., acute heart 
attack] do not occur from progressive narrowing of the lumen of arteries, but from 
complicated atheromatous plaques that fi ssure, rupture, or erode and produce an 
acute thrombus from activation of platelets and release of procoagulant material 
from the core. This results in acute occlusion of a partially obstructed blood vessel.  

9.3     Risk Factors and Pathogenesis 

 There are well-established traditional risk factors for atherosclerotic diseases 
[i.e., CAD] and risk factors which are less well established. The traditional caus-
ative risk factors include hypercholesterolemia, hypertension, smoking, obesity 

9 The Role of Infections and Microbes in Atherosclerosis



163

[now considered globally to be the leading factor], diabetes mellitus, dyslipidemia, 
and genetic predisposition [ 7 ]. The emerging risk factors include estrogen  defi ciency, 
markers of infl ammatory reaction [increased fi brinogen, C-reactive protein, cytokines 
and adhesion molecules, phospholipase A, and amyloid A], increased clotting factors    
[factor VII, endogenous tissue plasminogen activator, and plasminogen activator 
inhibitor type 1], chronic renal failure, homocystinemia, and certain infections [ 7 ]. 

 Chronic low-grade infl ammation plays a key role in the pathogenesis of athero-
sclerosis. The markers of infl ammation such as C-reactive protein [CRP] are predic-
tors of future atherosclerotic ischemic events, best established for cardiovascular 
events such as acute myocardial infarction [AMI]. Immune-mediated infl ammatory 
cells and effector molecules are involved in the initiation, progression, and precipi-
tation of acute ischemic events [ 8 ]. Although the infl ammatory markers are predic-
tors of atherosclerotic vascular disease, they are likely not causal factors but may 
refl ect the burden and extent of atherosclerosis in the body. However, it is unclear at 
present whether or not endogenous extravascular infl ammation plays a major role 
on the progression or precipitation of atherosclerotic events. There is also a close 
association and interaction between the infl ammatory and coagulation pathways. 
Platelets and leukocytes interaction occurs at the initial onset of atherogenesis, and 
tissue factor expression is increased in the developing stages of atherosclerosis, 
and these elements are key factors for the acute thrombotic stage of an ischemic 
event [ 9 ,  10 ]. Moreover, infl ammation can activate the coagulation pathway leading 
to thrombosis and thrombosis itself can amplify the infl ammatory pathway.  

9.4     Possible Mechanisms of Infection and Microbes 

 There are multiple possible mechanisms by which microbes and chronic infections 
could infl uence the development and pathogenesis of atherosclerosis. Indirectly the 
gut microbiota may play a role in the development of traditional risk factors such as 
diabetes and obesity [see previous chapters on these subjects]. Chronic infl amma-
tion and infections can affect cholesterol and low-density lipoprotein [LDL] metab-
olism by several mechanisms to produce an environment conducive to progression 
of atherosclerosis [ 11 ]. Oxidative modifi cations of lipoproteins play a major role in 
atherogenesis, and infl ammatory mediators induced by infection can induce LDL 
oxidation in vivo [ 12 ]. The main effect of infection and infl ammation on the metab-
olism and lipoprotein is hypertriglyceridemia. This is mainly due to increase in the 
very low density lipoprotein [VLDL]. In chronic infections with HIV there is a 
change in the large buoyant LDL component to a small dense LDL [subclass B] 
which is more proatherogenic [ 13 ]. 

 Another major role in atherogenesis of chronic infection/infl ammation is a conse-
quential reduction in serum levels of high density lipoprotein [HDL]. Low HDL has 
been shown to increase the risk of cardiovascular disease. The antiatherogenic proper-
ties of HDL may include removal of cholesterol from cells [i.e., foamy macrophages 
of atheromatous plaque] for elimination by the liver [reverse cholesterol transport] 
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and protection against LDL oxidation. Infection/infl ammation result in reduction of 
HDL concentrations, and there is evidence of impaired ability to prevent oxidation 
of LDL by several mechanisms, including decrease in transferrin concentration which 
is an antioxidant that improves HDL function [ 12 ]. 

 It is presently unclear whether the general increase in fi rst phase reactants [CRP 
and fi brinogen] seen with acute or chronic infection plays role by themselves in the 
progression and exacerbation of atherosclerosis. However, there is signifi cant clini-
cal evidence that acute infections, including infl uenza and pneumonia, can precipi-
tate acute ischemic events such as AMI. Many observational studies have found an 
increased incidence of acute vascular thrombosis [AMI and strokes] in previously 
stable patients after infl uenza or infl uenza-like illnesses [ 14 – 16 ]. Several case– 
control studies have reported that infl uenza vaccination before the winter season 
decreased the cardiovascular and cerebrovascular outcomes in high risk but stable 
patients [ 17 – 20 ]. In a large international study of 31,546 participants from 40 coun-
tries observed over 4 infl uenza seasons, infl uenza vaccination was associated with 
signifi cantly lower risk of major vascular outcomes [OR = 0.62], during the years 
that circulating infl uenza matched the vaccine antigen, but not during the years that 
there was an incomplete match between circulating infl uenza and vaccine antigen 
[ 21 ]. In a recent meta-analysis and review of high quality studies, infl uenza vaccina-
tion was found to be associated with a lower risk of composite cardiovascular 
events, 2.9 % versus 4.7 %,  p  = 0.003 [ 22 ]. 

 The possible explanations for these observations include a nonspecifi c effect of the 
stress of an acute infection in subjects with critical narrowing of coronary or cerebral 
arteries, with increased demand for oxygen and excessive secondary catecholamine 
production resulting in acute ischemia. In this situation it would be expected that the 
vascular events would occur primarily in patients with unstable CAD or advanced 
cerebrovascular disease. An alternative explanation is that this systemic infection 
causes local exaggerated infl ammation in atheromas, resulting in vulnerable plaques 
that erode or rupture to produce acute thrombosis and ischemia [ 23 ]. These effects 
could be mediated by the systemic production of cytokines, chemokines, and tissue 
factors to facilitate acute thrombosis on narrowed abnormal arteries. 

 It has been postulated that microbes could initiate the activation of infl ammatory 
cells to produce adhesion and migration through the vascular endothelium, result-
ing in endothelial dysfunction and the initiation of atherogenesis. This process 
could involve direct infection of endothelial cells, smooth muscle cells, or macro-
phages, or indirectly an autoimmune response via heat shock protein-60; or indi-
rectly via bacterial lipopolysaccharide    [LPS] from periodontal pathogens 
interacting with toll-like receptors [TLRs], scavenger receptors, and upregulation 
of cytokines [ 24 ,  25 ]. Moreover, microbes have been found both by cell culture 
methods and animal models to induce early lesions of atherosclerosis [fatty streaks] 
and caused acceleration of the existing lesions produced by lipid rich diet [ 24 ]. 
In addition, theoretically infections could lead to acute plaque rupture or erosion 
through increased upregulation of matrix metalloproteinases [MMP], increased 
apoptosis and necrosis, and stimulate thrombosis of plaques by increased tissue 
factor and activation of factor X [ 3 ].  
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9.5     Specifi c Microbes in Atherosclerosis 

9.5.1     HIV Infection 

 Since the advent of ART and prevention of opportunistic infections, chronic condi-
tions typical of the aging population such as cardiovascular disease, diabetes, bone 
disease, and non-AIDS related malignancies have become the major concerns of 
surviving HIV population. The rising rate of atherosclerotic vascular complications 
especially cardiovascular disease has become the biggest threat. The World Health 
Organization [WHO] projects that by 2030, ischemic heart disease will be the lead-
ing cause of death in both low and high income countries [ 26 ]. 

 Multiple studies comparing HIV-infected patients with control subjects have 
consistently shown an increased risk of CAD in HIV subjects over time in several 
countries. Data from the California Medicaid claims of >3 million patients had 
shown signifi cantly increased incidence of CAD in men age ≤34 years and in 
women age ≤44 [ 27 ]. In Boston data from the Partners Healthcare System also 
revealed an increased incidence of AMI in HIV-infected patients versus HIV- 
uninfected subjects, after adjusting for common CAD risk factors, relative risk [RR] 
for AMI 1.75 [95 % CI, 1.5–2.2] [ 28 ]. A population-based cohort study in Denmark 
reported a signifi cantly increased risk of fi rst hospitalization for CAD in HIV- 
infected patients compared to controls, adjusted RR, 2.2, 95 % CI, 1.62–2.76 [ 29 ]. 
Similar increased incidence of AMI in HIV-infected patients more than matched 
controls has been reported in France and Canada (Quebec) and as well in women    
[ 30 – 32 ]. The effect of HIV infection and the treatment [ART] on the incidence of 
cardiovascular disease appears to be greater for women than men [ 33 ]. In a recent 
systematic review and meta-analysis of studies on this topic, it was concluded that 
CAD is increased approximately twofold in HIV infection [ 34 ]. 

 There are a few studies reported in HIV-infected patients on the detection of 
subclinical atherosclerosis with imaging techniques. Computed tomographic [CT] 
angiography can be used to assess arterial wall, size, and characteristics of athero-
sclerotic plaques with a high degree of reliability [ 35 ]. An increased prevalence of 
subclinical coronary atherosclerosis has been reported in HIV-infected men using 
this technique [ 36 ]. Moreover, noncalcifi ed coronary plaques were associated with 
elevated soluble CD163, a marker of activated macrophages [ 37 ]. Similar fi ndings 
were also reported in young asymptomatic HIV-infected women compared to HIV-
uninfected controls, with similar demographic and cardiovascular risk factors [ 38 ]. 
The HIV-infected women had good immune control with CD 4+ T-cell count of 
597 ± 297 cells/μL and were infected for 15 years and had been receiving ART for a 
mean of 8 years. The HIV- infected women demonstrated increased noncalcifi ed 
coronary plaques and increased monocyte/macrophage activation [ 38 ]. 

 A more recent larger multicenter, cross-sectional, cohort study has been reported 
in men who have sex with men, age 40–70 years, with noncontrast CT performed on 
1,001 participants and coronary CT angiography on 759 of these subjects. HIV infec-
tion was associated with greater prevalence of any coronary plaques or noncalcifi ed 
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plaques compared to non-HIV controls, even after adjustment for traditional risk 
factors,  p  < 0.005 [ 39 ]. There was also greater prevalence of coronary artery stenosis 
≥50 % in HIV-infected men versus uninfected men,  p  = 0.02 [ 39 ]. The longer dura-
tion of ART and lower nadir CD4+ T-cell count were also associated with greater 
coronary artery stenosis ≥50 %,  p  = 0.005. There is also evidence that HIV infection 
signifi cantly impacts on pathogenic mechanisms in the early stages of atherogenesis, 
such as endothelial dysfunction [ 40 ,  41 ] and this is also seen with ART [ 42 ]. 
Furthermore, HIV infection or the treatment plays a role in progressive changes in 
the development of atherosclerosis, such as increased carotid intima- media thickness 
which is a validated marker of preclinical atherosclerosis [ 43 – 46 ]. 

9.5.1.1     Mechanisms in HIV-Associated Atherosclerosis 

 Development of atherosclerosis in HIV infection is likely a complex interaction of 
multiple factors, including traditional risk factors of vascular disease and factors 
associated with HIV infection itself, as well as the drugs used for treatment [ART]. 
Some traditional risk factors such as smoking, diabetes, hypertension, and dyslipid-
emias have been found to be increased in HIV-infected subjects over the general 
population [ 47 – 51 ], and their contribution to the development of vascular complica-
tions are probably similar to the general population. It has been found that genetic 
risk factors for cardiovascular disease in HIV-infected subjects had a similar effect 
as in normal uninfected persons [ 51 ]. 

 The chronic infl ammatory response to HIV infection itself may be causally related 
to the pathogenesis of atherosclerosis. There is indirect evidence that systemic 
infl ammation from chronic noninfectious infl ammatory diseases [i.e., rheumatoid 
arthritis] increases the risk of AMI and vascular complications from atherosclerosis 
[ 52 ]. Increased markers of infl ammation and enhanced atherosclerosis are present in 
both patients with uncontrolled HIV infection and in elite controllers, who demon-
strate good immune parameters and suppressed virus without any treatment [ 53 ]. 
Intima-media thickness of carotid arteries and highly sensitive CRP are greater in 
HIV-elite controllers compared to uninfected matched controls [ 53 ,  54 ]. It has been 
postulated that even in well-controlled HIV-infected patients that chronic immune 
stimulation and persistent infl ammation occurs from bacterial translocation from 
the gut [ 55 ]. Bacterial LPS bind to CD14+ monocytes and  macrophages to form the 
TLR-4/CD14 complex and induce systemic immune activation, and produce soluble 
CD14 [SCD14] [ 56 ]. In a study of 55 HIV-infected patients with good immunity and 
fully suppressed virus, serum markers of microbial translocation predicted subclini-
cal atherosclerosis progression over 3 years but not in uninfected controls [ 57 ]. 
Protease inhibitor therapy in this study was not associated with changes in carotid 
intima-media thickness but the sample size was likely inadequate to detect a signifi -
cant clinical difference. 

 The ART medications themselves have been implicated in the vascular complica-
tions of atherosclerosis. A large proportion of HIV-infected subjects on long-term ART 
have developed lipodystrophy, visceral lipohypertrophy, and metabolic disturbances 
conducive to accelerated atherosclerosis. HIV-infected people have higher prevalence 
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of dyslipidemia, insulin resistant diabetes, and consequential cardiovascular compli-
cations than the general population [ 58 ]. Fat redistribution occurs in about 50 % of 
HIV-infected subjects on ART for several years and general obesity is also common 
[ 59 ,  60 ]. Recent clinical and laboratory studies indicate that adipose tissue plays 
an important role in the systemic infl ammatory state and adaptive immune response in 
normal host and HIV infection [ 61 ]. Both viral proteins and ART can alter adipocyte 
biology to enhance infl ammation in untreated or treated HIV-infected persons. 
Excessive adipose tissue with high mitochondrial [mt] DNA load has greater capacity 
for excessive immune activation and sustained infl ammation, whereas adipose deple-
tion results in lower immune cells and reduced response to antigens [ 61 ]. 

 A new biomarker of infl ammation, lipoprotein-associated phospholipase A2 
[Lp-PLA2], is a promising marker of cardiovascular events in the general popula-
tion. Lp-PLA2, also known as platelet-activating factor acetylhydrolase, plays a key 
role in atherosclerosis development by oxidizing phospholipids on LDL in the arte-
rial intima to produce oxidized free fatty acids and lysophatidylcholine, molecules 
that are considered the main culprits in causing arterial damage [ 62 ]. Elevated 
Lp-PLA2 has been shown by multiple studies to be an independent predictor of 
future CAD events and other vascular complications [ 63 ]. In a study of 341 HIV- 
infected women, high Lp-PLA2 activity was correlated with abnormal carotid 
intima-media thickness and coronary artery calcium [ 64 ]. ART and protease 
inhibitor- based treatment were signifi cantly correlated with high Lp-PLA2 activity 
even after adjustment for multiple risk factors. 

 Protease inhibitors [PI] have been implicated in visceral fat accumulation, insu-
lin resistance, and dyslipidemia, associated with reduced adipokine expression and 
insulin signaling [ 61 ]. Some PIs increase very low density lipoprotein [VLDL] 
 particles in animal models and in HIV-infected patients [ 65 ]. It has been estimated, 
however, that only about half the PI effect on cardiovascular risk appears to be 
associated with changes in cholesterol and triglyceride levels [ 66 ]. Ritonavir, a 
commonly used PI to boost the blood levels of other PIs in combination, has been 
found in the atherosclerosis-prone mouse to enhance lipid accumulation in macro-
phages [foam cells] by a direct effect without plasma lipid alterations [ 67 ]. 
Although PIs have been associated with insulin resistance, clinical studies indicate 
that this is a temporary effect which correct over time by a compensatory increase 
in  adiponectin [ 65 ]. 

 There is evidence that insulin resistance from ART may be more likely secondary 
to the nucleoside reverse transcriptase inhibitors [NRTIs] [ 68 ]. It has been proposed 
that NRTIs, especially didanosine, stavudine, and zidovudine, cause insulin resis-
tance and lipoatrophy by mitochondrial dysfunction [ 69 ]. Four weeks of stavudine 
caused impaired insulin sensitivity and a decrease in mtDNA in skeletal muscle 
in HIV-infected volunteers [ 70 ]. Systemic infl ammation via cytokine upregulation in 
HIV infection itself may predispose to insulin resistance and diabetes [ 71 ]. This is 
associated with a baseline prevalence of diabetes in 14 % of HIV-infected men before 
starting ART compared with 5 % in matched controls and a fourfold increase risk of 
developing diabetes on ART [ 72 ]. Hence, diabetes which is a major established risk 
factor for atherosclerosis is increased from HIV infection itself and the medical treat-
ment, and the incidence increases with accumulative exposure to ART [ 73 ].   
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9.5.2      Chlamydia pneumoniae  and Atherosclerosis 

 A detailed review of the association of  C. pneumonia  with atherosclerosis including 
epidemiological data, biological in vitro and ex vivo studies, pathological and 
microbiological evidences, animal experimentations, and clinical trials was previ-
ously published by this author [ 24 ]. Since the publication of several negative thera-
peutic trials, no major advances have been made to settle the debate of the importance 
of  C. pneumoniae  in the development of atherosclerotic vascular complications. 
However, further in vitro and ex vivo studies have strengthened the possible biologi-
cal role of  C. pneumoniae  in the pathogenesis of atherosclerosis [ 3 ]. 

 There were over a dozen clinical therapeutic trials using antimicrobials with 
 antichlamydial activity that failed to show any clinical benefi t in patients with estab-
lished CAD [ 74 ]. This was based on the premise that a high proportion of patients 
with CAD, based primarily on serology, had viable latent intracellular  C. pneumoniae  
in coronary arteries that could cause or accelerate progressive atherosclerosis, or pre-
cipitate acute coronary events. Although the clinical trials may have failed to show 
any benefi t with antibiotic treatment because of an incorrect premise, there are sev-
eral other explanations even if the hypothesis were correct. Serology has been found 
to be inaccurate in predicting the presence of  C. pneumoniae  in atheromas [ 3 ,  24 ], 
and studies using this for patients’ selection may have been underpowered. 
Furthermore, no single antimicrobial agent was able to eradicate  C. pneumoniae  
 persistent latent form in either continuous cell culture methods or experimental pneu-
monitis animal models [ 75 ,  76 ]. Therefore, in the previous clinical trials the antibiot-
ics used would not be effective in eradicating  C. pneumoniae  from coronary atheromas 
or even within monocytes [ 77 ]. In addition, most of the patients entered in these trials 
were maintained on standard statin medications, which have been shown in cell 
 culture to suppress the infl ammatory or cytokine response to  C. pneumoniae  [ 78 ]. 
This effect appears to be due to the reduction of  C.  pneumoniae - mediated   histone 
modifi cation and gene expression to downregulate cytokine production [ 79 ]. There is 
also evidence that statins can prevent early endothelial dysfunction of coronary arter-
ies after acute  C. pneumoniae  infection in a swine model [ 80 ]. 

 It is almost a decade since the results of the negative therapeutic trials of antibi-
otic treatment for CAD were published [ 81 – 83 ]. Since then there has been no major 
study to disprove conclusively that  C. pneumoniae  can play a role in the pathogen-
esis of atherosclerosis nor establish a role in this process. Several studies continue 
to provide support for biological plausible role of  C. pneumoniae  in atherosclero-
sis. These include studies that demonstrate that this microorganism can promote 
vascular smooth muscle cell migration [ 84 ] and can initiate HSP 60-dependent 
infl ammation in the early stages of atherosclerosis. Previous animal studies have 
shown that  C. pneumoniae  can induce early changes of atherosclerosis de novo or 
accelerate cholesterol-induced atherosclerosis [ 24 ]. More recently  C. pneumoniae  
was shown to enhance atherosclerosis produced by secondhand cigarette smoke in 
the mouse model [ 85 ]. 
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 Although there is no good animal model of a vulnerable atheromatous plaque to 
test the hypothesis of infection ability to precipitate an acute vascular event, there is 
some indirect evidence to suggest that this is biologically possible. It is believed that 
matrix metalloproteinases [MMP] play an important role in plaque erosion or rup-
ture of vulnerable plaques, and a study of human coronary plaque specimens found 
a signifi cant association of MMP-9 and the intravascular presence of  C. pneumoniae  
[ 86 ]. There is also evidence experimentally that apoptosis of vascular smooth mus-
cle cells [VSMC] is important in the thinning of the fi brous cap of atheromas that 
leads to plaque instability [ 87 ].  C. pneumoniae  has been demonstrated to induce 
apoptosis and necrosis of human coronary artery epithelial cells [ 88 ] and can infect 
human VSMC [ 24 ]. In a minipig model infections with  C. pneumoniae  and infl u-
enza virus could    increase coronary endothelial cell death and exacerbate cholesterol- 
induced intimal thickening and foam cell accumulation [ 89 ].  

9.5.3     Periodontal Pathogens in Atherosclerosis 

 Interests in the concept that periodontitis and oral pathogens maybe important in 
atherogenesis started in the late 1990s and diminished after 2005. Over the past 
decade there have been no pivotal studies to confi rm or disprove this hypothesis. 
Comparable to the data on  C. pneumoniae , there are epidemiological, in vitro 
 biological, and human histopathological and some experimental animal models to 
support a role of periodontitis in atherosclerosis [ 25 ,  90 ,  91 ]. See Table  9.1  for a 
summary of the biological mechanisms by which some microbes can infl uence the 
development of atherosclerosis.

   In a cross-sectional study of 3,585 persons >40 years old, in the National Health 
and Nutritional Examination Survey [NHANES], a signifi cant association was 
found between periodontitis and peripheral vascular disease [OR = 2.25,  p  < 0.05], 
which remained signifi cant after adjustment for other factors [ 92 ]. There is also 
evidence of direct relationship between periodontal bacterial burden and subclinical 
atherosclerosis in 657 subjects assessed by carotid artery intima-media thickness 
[ 93 ]. In apolipoprotein E defi cient [APOE–null] mice, polymicrobial infection- 
induced periodontal disease was associated with accelerated atherosclerosis, along 
with increased serum amyloid A, and increased cholesterol and triglycerides [ 94 ]. 
Although genetic elements of a variety of oral and gut microbes can be found in 
atherosclerotic plaques by molecular methods their signifi cance remains unknown, 
as this could represent an innocent bystander effect from migrating phagocytic 
 leukocytes [ 95 ]. 

 Overall, the accumulating evidence is supportive of an indirect role of periodon-
tal pathogens on progression of atherosclerosis through low-grade chronic systemic 
infl ammation [ 90 ]. Oral pathogens via TLR-2-induced infl ammatory responses can 
maintain a chronic state of low-grade infl ammation systemically, at sites distant 
from the oral infection [ 96 ,  97 ].  
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9.5.4     Burden of Microbes and Gut Microbiota 
on Atherosclerosis 

 A variety of other microbes including the herpesviruses, especially cytomegalovirus 
[CMV] have been implicated in the pathogenesis of atherosclerosis in the past [ 98 , 
 99 ]. However, the cumulative evidence only supports a role of CMV in patients 
undergoing cardiac transplantation with the development of transplant accelerated 
atherosclerosis [ 98 ]. Hence further details of these infections will not be addressed 
in this chapter. 

 It has been opined by some experts that no specifi c microbes likely play a signifi -
cant function in the mechanism of atherosclerosis, but likely the burden of chronic 
infectious agents is important [ 8 ]. Since my previous review of this topic [ 99 ], there 
have been several studies to support this concept. In a prospective cohort of 1,625 
participants followed for a median of 8 years, quantitative weighted index of infec-
tious burden, including,  Helicobacter pylori , CMV, and herpes simplex 1 and 2, was 
associated with the risk of fi rst stroke [ 100 ]. Furthermore, in the stroke free partici-
pants [ n  = 861] infectious burden was associated with carotid plaque thickness in 
this multiethnic cohort [ 101 ]. In another multiethnic study of atherosclerosis, high 
antibody response to multiple pathogens showed graded and signifi cant associations 
with infl ammatory markers [IL-6, CRP, and fi brinogen] whereas seropositivity to a 
single pathogen did not [ 102 ]. It has been proposed that the high burden of latent 
microbes from early childhood, more common among the lower social economic 
strata, results in chronically higher levels of infl ammatory markers [ 102 ]. These 
mediators then act on the vasculature to promote and enhance atherosclerosis 
through the accumulation of leukocytes and lipids in plaques. 

 The gut microbiota which has been implicated as a contributor to metabolic 
 diseases, such as obesity and diabetes, through modulation of host metabolism and 
infl ammation, may also contribute to the development and progression of athero-
sclerosis. Shotgun sequencing of gut metagenome demonstrates that the genus 
 Collinsella  was enriched in 12 patients with symptomatic atherosclerosis [stenotic 
carotid artery plaques], whereas  Roseburia  and  Eubacterium  were enriched in 13 
healthy controls [ 103 ]. These differences in metagenome between patients and con-
trols were not related to smoking, diabetes, or body mass index. The metagenome 
of patients were enriched with genes associated with    peptidoglycan biosynthesis, 
which may act to prime the innate immune system and enhance neutrophil function 
and infl ammation. While in healthy controls, the metagenomes were associated 
with increased prevalence of phytoene dehydrogenase and β-carotene plasma levels, 
and with increased synthesis of anti-infl ammatory molecules [i.e. butyrate] and 
antioxidants to retard atherosclerosis [ 103 ]. 

 There is also a link between the intestinal microbiota, high red meat consumption, 
and cardiovascular risk. Dietary  L -carnitine, a trimethylamine [TMA] abundant in 
red meat, is metabolized by the gut microbiota to a proatherogenic species, trimeth-
ylamine- N -oxide [TMAO] [ 104 ]. Specifi c bacterial taxa in human gut were associ-
ated with dietary status and plasma TMAO concentration. Increased cardiovascular 
disease and major vascular events [AMI, stroke, and death] were associated with 
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high  L -carnitine and TMAO levels in a large cohort of 2,595 persons [ 104 ]. In mice 
chronic dietary  L -carnitine altered cecal microbiota with markedly enhanced synthe-
sis of TMA and TMAO and increased atherosclerosis. This could be prevented 
with changes in the gut microbiota. Previously it was shown that the metabolism of 
 phosphatidyl-choline [lethicin] by the gut fl ora contributes to the pathogenesis 
of atherosclerosis in animal models [ 105 ]. Plasma levels of TMAO have also been 
found to increase with dietary choline challenge [in 2 eggs] in healthy volunteers, 
suppressed with antibiotics and reappeared after withdrawal of antibiotics [ 106 ]. 
Furthermore, in the study of 4,007 patients, followed for 3 years, increased plasma 
levels of TMAO were associated with major cardiovascular adverse events, after 
adjustment for traditional risk factors,  p  < 0.001 [ 106 ]. TMAO appears to promote 
macrophage foam cell formation in association with increased expression of 2 scav-
enger receptors associated with atherosclerosis, CD36 and SR–A1 [ 105 ]. It has been 
speculated that TMAO might oxidize LDL as it promotes thiol-dependent oxidant    
stress [ 107 ]. However, one study in hamsters found TMAO plasma levels were nega-
tively correlated with aortic cholesteryl esters, which are considered precursors of 
foam cell formation [ 108 ].   

9.6     Conclusion 

 There appears to be a complex interaction of microbes and atherosclerosis and 
 vascular complications, and this may depend on genetic infl uence, diet, stage of 
development, and host response to the microbes. There is substantial evidence that 
acute infections [infl uenza] can precipitate acute cardiovascular events in the older 
population and this can be partially prevented with seasonal infl uenza vaccination. 
Although the exact mechanism is unclear, an experimental animal model demon-
strated a local effect in atherosclerotic arteries with increased macrophage density 
in plaques [ 109 ]. 

 HIV infection can promote atherosclerosis through sustained low-grade infl amma-
tion even when well controlled, and through the effects of medical treatment. Some 
ART may enhance atherosclerosis through dyslipidemia and insulin resistance, often 
acting in concert with traditional risk factors. It is very likely that chronic or latent 
infections in combination can promote atherogenesis through increase persistent low-
grade infl ammation   . However, there is some experimental evidence that chronic 
immune reactivity against persistent microbial antigen in the vasculature can occur 
[ 110 ], but this needs to be confi rmed by other studies. Another mechanism by which 
systemic chronic infection may enhance progression of  atherosclerosis is through the 
modulation of paraoxonases. There is increasing evidence that paraoxonase [PON] 
proteins, by protecting cells from oxidative stress, anti-infl ammatory properties, and 
enhancement of HDL-mediated cholesterol effl ux, can protect or retard atherosclero-
sis [ 111 ]. However, chronic or persistent latent infection can reduce the antiathero-
genic properties of PONs [ 111 ]. 
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 The most exciting research and fi ndings in the last several years, however, is a 
possible role of the gut microbiota in the development of atherosclerosis. These new 
fi ndings could tie-in the relations of age-related diseases and the biological role of 
the gut microbiota in such diseases as diabetes, obesity, and atherosclerosis and 
colon cancer [ 112 ].  

9.7     Future Directions 

 There is no need for further antibiotic clinical trials in atherosclerotic vascular 
 diseases, and it is unlikely that adding additional anti-infl ammatory agents will 
improve the outcome in patients with cardiovascular disease, who are already on 
standard medications such as statins and aspirin   . This is recently exemplifi ed by the 
failure of darapladib [an inhibitor of lipoprotein-associated phospholipase A2] to 
improve cardiovascular outcome over standard treatment in a randomized control 
trials of 15,828 patients, with stable CAD over 3.7 years [ 113 ]. 

 Future studies of the gut microbiota and microbiome need to be expanded in larger 
population-based prospective studies over several years to assess the relationship of 
diet, host intestinal microfl ora, plasma biomarkers of atherosclerosis, and develop-
ment of subclinical atherosclerosis. Furthermore, the impact of probiotics on the 
 biomarkers and subclinical vascular disease should be undertaken. It is of interest that 
a recent study in APOE [null]-mice has found that the administration of a probiotic 
 [Lactobacillus acidophilus]  could attenuate the development of atherosclerosis [ 114 ].     
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