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Abstract: The link between obesity and colorectal cancer risk in man is well established. This review investigates the role 
that the intestinal microbial population plays in this link and the impact of weight-loss diets on colorectal cancer risk. 
Changes in the composition of the intestinal bacterial community have been implicated in contributing to obesity. The 
robustness of these claims is analysed here, along with the role of bacterial metabolism in colon cancer risk. Weight-loss 
diets, low in carbohydrate and high in protein and fat, present an additional hazard to individuals struggling with obesity. 
Intestinal bacteria ferment carbohydrates to products that are generally regarded as being beneficial to health and 
protective against cancer. Some commensal species also appear to suppress inflammation. On the other hand, when 
carbohydrate limits the growth of intestinal bacteria, protein is broken down and the amino acids released are fermented to 
products that are inflammatory and possibly carcinogenic. We advocate the inclusion of non-digestible but fermentable 
carbohydrate in weight-loss diets to avoid these problems. High-fat diets enhance the escape of fats to reach the intestine, 
the implications of which are not fully understood. Even more fat reaches the intestine when dietary lipase inhibitors or 
fat-absorbing non-digestible dietary additives are used. Consequences for gut health of the increased fat concentration in 
the intestine seem to vary between individuals, the possible reasons for which are discussed here.  
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1. INTRODUCTION 

 The evidence that obesity is a pre-disposing factor in the 
aetiology of cancer is becoming overwhelming [1,2]. Gastro-
intestinal cancers feature significantly in the associated risk. 
This review investigates the role that the intestinal micro-
biota has in relation to obesity and colorectal cancer, and 
how the microbiota may be an intermediary in linking the 
two. Is the increased risk of colorectal cancer because obese 
people consume more hazardous foods? Or because more 
food bypasses the small intestine, then forming carcinogenic 
or inflammatory products? If the latter, what is the role of the 
intestinal microbiota? Weight-loss diets are vital to restore 
obese individuals to a healthy weight, but do they by 
themselves introduce a hazard to gut health, and how may 
this be avoided? These questions will be addressed from the 
standpoint of gut microbiology. 
 The human intestine is colonised throughout by commu-
nities of resident micro-organisms. The large intestine in par-
ticular harbours vast numbers of micro-organisms (>1011/g 
contents) that gain energy largely from incompletely diges-
ted dietary components arriving from the small intestine. The 
full range of interactions between these complex communi-
ties and the host is still being uncovered, but gut micro-
organisms are known to influence many aspects of nutrition, 
health and gut development. The impact of gut pathogens is 
obvious and well known, but it is increasingly recognised 
that resident commensal microorganisms play an important 
role in health and normal gut function. Anaerobic fermenta-
tion of available substrates in the large intestine yields 
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organic acids that are taken up by the colonic mucosa and are 
utilised as energy sources by the host, contributing an esti-
mated 10% of total energy from the diet [3]. Overall, 
microbial activity produces a vast array of metabolites that 
include vitamins, antioxidants, anti-inflammatories, toxins, 
carcinogens, promoters of apoptosis, receptor ligands, hor-
mone analogues, regulators of gene expression and signal-
ling molecules [4]. Furthermore, interactions between micro-
bial cell components and the innate and adaptive immune 
system add a further layer of complexity with the potential to 
influence inflammation locally in the gut, as well as 
systemically. 
 The potential contribution of gut micro-organisms to the 
development of obesity and diabetes has been suggested by a 
number of recent papers [5-7] but although new information 
is emerging rapidly, the overall picture is far from clear. 
Here we discuss recent work relating to the role of colonic 
bacteria and their metabolites in obesity and obesity-related 
diseases such as diabetes and colorectal cancer. 

2. CONTRIBUTION FROM MICROBIAL FERMEN-
TATION OF DIETARY CARBOHYDRATES IN THE 
COLON TO ENERGY RETRIEVAL FROM THE DIET  

 ‘Non-digestible’ or ‘low-digestible’ carbohydrates that 
survive to the large intestine include non-starch polysaccha-
rides present in plant cell walls, resistant starch, inulin, and a 
range of oligosaccharides, sugars and sugar alcohols [8]. The 
host derives energy from these dietary components indirectly 
through absorption of the short chain fatty acid products of 
anaerobic microbial fermentation. Roberfroid [9] has sug-
gested a calorific value of 1.5 kcal/g for non-digestible inulin 
and oligofructose, compared with 3.9 kcal/g for fructose 
directly absorbed in the small intestine. While the theoretical 
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energy supply to the host from SCFA is 70% of that from 
directly absorbed sugar, other factors including bacterial 
growth requirements reduce the energy recovered [9]. 
Replacement of readily digested carbohydrate by an equi-
valent amount of non-digestible carbohydrate in the diet 
therefore reduces the energy supplied to the host. As there is 
evidence that non-digestible carbohydrates contribute to 
satiety, they can therefore be helpful in achieving a calorie-
controlled diet [10-12].  
 The three major SCFA products of bacterial fermentation 
in the colon have different fates and effects upon the host. 
Butyrate is the main energy source for the colonic epithe-
lium, and is considered to have a protective role against 
colitis and colorectal cancer [13-15]. Propionate is gluconeo-
genic and has been associated with reducing cholesterol [16] 
whereas acetate contributes to lipogenesis. SCFA also 
interact with gut receptors, and potentially influence a wide 
range of functions including gut motility and inflammation 
[17,18]. Changes in the production rates of the major SCFA 
resulting from changes in diet composition therefore have 
the potential to profoundly influence host physiology [19-
21]. 
 While the great majority of cultured colonic bacteria can 
utilise soluble carbohydrates for growth, a more limited 
selection appear able to degrade polysaccharides present in 
insoluble food particles [22,23]. Leitch et al. [24] found 
relatives Eubacterium rectale, Ruminococcus bromii and 
Bifidobacterium adolescentis to be the main colonisers of 
resistant starch particles, and these same species were 
detected using stable isotope probing with labelled starch by 
Kovatcheva-Datchary et al. [25]. Many other species ferment 
smaller soluble carbohydrates that are derived from the diet 
or are released by primary polysaccharide degraders [26-29]. 
Interestingly, a higher proportion of the gram-negative 
Bacteroidetes 16S rRNA sequences were recently shown to 
be present in the liquid phase compared with insoluble fibre 
particles in human stool [30]. This suggests that this group 
mainly utilises soluble carbohydrates, which seems 
consistent with what we know about the organisation of its 
carbohydrate-utilising enzyme systems [27]. In contrast, 
members of the low % G+C gram-positive Firmicutes phy-
lum, in particular a group of Ruminococcus-related orga-
nisms, showed a preferential association with the particulate 
phase [30]. There is evidence therefore that the major phylo-
genetic groups of colonic bacteria differ in their substrate 
preferences for soluble and insoluble dietary carbohydrates 
[30]. 

3. EVIDENCE FOR ALTERED GUT MICROBIOTA 
COMPOSITION IN OBESITY 

 The predominant groups of bacteria found in the large 
intestine and in faecal samples are obligate anaerobes belon-
ging to the phyla Bacteroidetes and Firmicutes [31-33] with 
Actinobacteria, Proteobacteria and Verrucomicrobia also 
present. Butyrate-producing species belong to the Firmicutes 
[34,35] while Bacteroidetes are likely to contribute greatly to 
propionate production via succinate [19]. 
 Ley et al. [36] reported that the fecal microbiota of 
genetically obese (ob/ob) mice showed higher % Firmicutes 
and lower % Bacteroidetes when compared with lean 

controls. The explanation for this might lie with altered gut 
transit, gut environment and substrate supply resulting from 
higher feed intakes in the obese animals. Gut pH for example 
is known to correlate with transit [37-39] and can affect the 
composition of the gut microbiota [40,41]. Alternatively, 
these changes might be the consequence of differences in 
host physiology, e.g. interactions with the immune system, 
associated with the obese state.  
 These studies also pose the question whether the com-
position of the gut microbiota plays a role in obesity, either 
by changing the recovery of energy from the diet or by 
altering host physiology. Turnbaugh et al. [6] inoculated 
germ free mice with fecal microbiota from either ob/ob or 
lean animals. Animals receiving microbiota from ob/ob 
animals showed greater fat deposition over a two week 
period than those receiving lean microbiota. Although feed 
intakes differed slightly, the difference was not statistically 
significant [6]. It was therefore proposed that the ob/ob 
derived microbiota were more effective in releasing energy 
from dietary residue and in driving lipogenesis than the lean-
derived microbiota. Microbial fermentative activity is also 
reported to influence the production of fasting induced 
adipose factor, which may also account for changes in lipo-
genesis [42]. Based on these small animal studies, therefore, 
the obese state is proposed to influence gut microbiota 
composition, while the gut microbiota composition is also 
proposed to be a factor contributing to the obese state. 
 In a study on twelve obese human subjects, Ley et al. [5] 
suggested that such effects might be important in human 
obesity. Crucially it was claimed that the % of total bacteria 
represented by Bacteroidetes in fecal samples from obese 
subjects was far lower (at around 2% of total bacteria) than 
in lean controls (at around 25% of total bacteria). 
Furthermore low carbohydrate or low fat diets resulting in 
weight loss appeared to result in a gradual recovery of the % 
Bacteroidetes over a 52 week period. These findings have 
not been corroborated, however, in studies published 
subsequently. Duncan et al. [43, 44] found no significant 
BMI-related changes in % Bacteroidetes and Firmicutes in 
fecal samples among 47 subjects whose BMI ranged from 19 
to 43. These studies employed both FISH microscopy and 
real-time PCR to examine the microbiota composition of 
freshly recovered fecal samples without storage. Detection of 
the Bacteroides-related bacteria by Duncan et al. [43, 44] by 
FISH microscopy relied on the Bac303 probe that recognises 
the great majority, although not 100%, of representatives of 
the Bacteroidetes phylum [45]. Subsequent studies using 16S 
rRNA sequence analysis have also failed to detect a lower % 
Bacteroidetes in obese compared with non-obese subjects 
[46, 47]. Indeed a recent study by Schwiertz et al. [48] that 
examined 98 individuals detected the same numbers of 
Bacteroides, and the same total bacterial cell counts, by 
FISH microscopy in faecal samples from obese and lean 
volunteers. Based on median proportions, however, the 
Firmicutes to Bacteroidetes ratio was somewhat higher in 
lean (BMI<25) compared to overweight (BMI>25<30) or 
obese (BMI>30) subjects [48] which is the opposite of the 
difference reported by Ley et al. [5]. Interestingly these 
changes in bacterial phyla correlated with higher total SCFA, 
and a higher proportion of propionate, in faecal samples 
from the obese compared with the lean group [48]. Zhang et 
al. [46] noted that their three obese subjects harboured 
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methanogenic archaea, whereas their three lean subjects did 
not. Since methane-excretors represent around 50% of the 
human population [49], much larger subject numbers are 
clearly required to assess whether there is any statistically 
significant association between obesity and the possession of 
methanogens. Indeed Schwiertz et al. [48] reported a signifi-
cantly lower incidence of carriage, and also lower popula-
tions, of methanogens belonging to the genus Methano-
brevibacter in obese compared with lean individuals. 
 It is not clear at present whether these contrasting find-
ings from different studies on the faecal microbiota of obese 
subjects reflect technical differences in storage procedures or 
in methods of microbial community analysis, or differences 
in diet composition or subject groups. We can conclude, 
however, that dramatic shifts in microbial community 
composition are not an invariable consequence of the obese 
state in humans. The more subtle changes suggested by the 
work of Schwiertz et al. [48] seem most likely to be related 
to differences in dietary intake between lean and obese 
individuals. The influence of weight loss diets on the colonic 
microbiota has been clearly demonstrated [43, 44] and is 
considered below. 

4. CONSEQUENCES OF REDUCED CARBOHYD-
RATE WEIGHT-LOSS DIETS FOR GUT MICRO-
BIOTA COMPOSITION AND METABOLISM 

 Diets that are low or very low in carbohydrates, but 
relatively high in protein, offer an important approach for 
achieving weight loss in overweight individuals. Johnstone 
et al. [50] designed medium- and low-carbohydrate, high 
protein weight loss diets, producing non-ketogenic and 
ketogenic conditions respectively, and showed that both diets 

resulted in significant weight loss when provided ad libitum 
to male volunteers over four week periods. The low 
carbohydrate diet however entailed the almost complete 
elimination of starch, and a fourfold reduction in fibre (non-
starch polysaccharides). This diet had a major effect on 
fermentative activity in the large intestine, reducing total 
fecal short chain fatty acids two-fold and butyrate four-fold 
[43] (Fig. (1)). Analysis of faecal bacterial populations 
showed that a major group of butyrate producing bacteria, 
those related to Eubacterium rectale and Roseburia spp., 
became reduced fourfold in the low carbohydrate diet, 
correlating with the reduction in butyrate. Since the study 
involved a cross-over design it was possible to show that the 
bacterial changes were related to the dietary shift rather than 
to weight loss [44]. Another recent study involving 91 
overweight or obese volunteers also reported significant 
reductions in faecal SCFA, and especially butyrate, on low 
carbohydrate weight loss diets [51]. The disproportionate 
reduction in faecal butyrate concentration with reduced 
carbohydrate intake in these studies implies reduced butyrate 
production rates in the colon. Since there is persuasive 
evidence that butyrate plays a role in protection against 
colorectal cancer [14,15] adoption of reduced carbohydrate 
diets in the long term may increase the risk of colorectal 
cancer. The potential additional consequences from inc-
reased protein and fat intake in such weight loss diets for 
colorectal cancer risk will be considered further below  
 Ley et al. [5] reported longer term changes (over 52 
weeks) in the faecal bacterial community of obese subjects 
during weight loss resulting from low fat or low carbohy-
drate diets. This study reported a progressive increase in % 
Bacteroidetes on weight loss diets that was apparently 
related to weight loss. As noted earlier, however, the initial 

 
Fig. (1). Effect of reduced carbohydrate intake (M = weight maintenance diet, HPMC = medium carbohydrate weight loss diet, HPLC = low 
carbohydrate weight loss diet) upon faecal butyrate concentration in obese male volunteers. 
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values reported for % Bacteroidetes in the twelve obese 
subjects in this study were far lower than have been reported 
elsewhere. 

5. IMPACT OF HIGH PROTEIN INTAKES UPON 
GUT METABOLISM 

 One of the commonest dietary strategies to help the obese 
to lose weight is to restrict the intake of carbohydrate. The 
foods consumed thus become high in protein and fat. The 
protein component is believed to have important effects on 
satiety [50]. A side effect of this type of diet may be that it is 
harmful to gut health, a risk that will be discussed in this and 
the next section. The consumption of high-protein diets is 
often associated with the aetiology of colonic cancers. The 
consumption of meat is usually cited as a cause of this 
correlation, partly due to the formation of toxic products in 
the stomach and intestine. These products are formed mostly 
by the action of intestinal bacteria. The way that meat is 
cooked is an important factor: cooking itself can induce the 
formation of carcinogenic compounds, but also over-cooking 
can lead to the passage of more protein to the large intestine, 
where it is broken down by bacterial proteases. Numerous 
products of the subsequent metabolism of amino acids by 
intestinal bacteria have been suggested to be toxic. The 
bacteria responsible for protein metabolism are considered to 
be Bacteroides and related genera. Here we review the 
evidence for these assertions, and attempt to identify areas of 
knowledge that are weak and need to be improved in order to 
understand how high protein intake affects gut health, 
including interactions with other constituents of the diet. 
 The epidemiological evidence linking high protein con-
sumption, particularly meat, is much less clear than is 
sometimes implied. COMA’s [52] report concluded, 
regarding the relation between colorectal cancer and meat 
consumption: “There is inconsistent evidence from cohort 
studies and weakly consistent evidence from case-control 
studies of an effect of total meat consumption on risk of 
colorectal cancer. There is moderately consistent evidence 
from cohort studies of a positive association between the 
consumption of red or processed meat and the risk of 
colorectal cancer with the higher scoring studies tending to 
find a significant effect of increased risk although the 
strength of the association is small.” The World Cancer 
Research Fund/American Institute for Cancer Research [53] 
made a similar report: “The epidemiological evidence for an 
association of protein with colorectal cancer is inconsistent.” 
Significantly, they added: “The data are not fully separable 
from data on calories and fat; no judgement is possible.” 
Other confounding factors, including physical activity [54], 
consumption of food and vegetables – with their intrinsic 
beneficial effects – are closely linked as lifestyle parameters. 
Hill [55] concluded that the evidence was so weak that meat 
consumption should be positively encouraged for the other 
nutritional benefits that they provide. A more recent review 
[56] even concluded that the high-protein, high-fat Atkins 
diet might actually help reduce the risk of colorectal cancer. 
The overall picture can be seen in a study of half a million 
people which concluded that there was indeed an increased 
mortality associated with red and processed meat consum-
ption, partly due to cancer [57]. 

 There is, on the other hand, abundant evidence that 
would support the view that the cooking, digestion and 
metabolism of protein, particularly in the form of red meat, 
leads to the formation of potentially mutagenic or genotoxic 
compounds in the gastrointestinal tract. The method of 
cooking meat may be a contributory factor. Charring of meat 
during cooking, e.g. by barbecue, forms heterocyclic aroma-
tic amines (HAA), including 2-amino-1-methyl phenylimi-
dazo (4,5-b)pyridine, 2-amino-2-amino-3-methylimidazo 
[4,5-f]quinoline (IQ) and 2-amino-3,8-dimethylimidazo [4,5-
f]quinoxaline (MeIQx). HAA are highly mutagenic and are 
considered to be initiators of the carcinogenesis sequence. 
Activation occurs by hepatic N-oxidation, then O-acetylation 
may occur in other tissues [58], yielding more potent carci-
nogens. Norat and Riboli [59] conducted a survey of 
available epidemiological evidence from 32 case-control and 
13 cohort studies: while the confounding factors were 
bewilderingly complex, their conclusion was that the 
consumption of meat led to a modest increase in risk of 
colorectal cancer; the relation between methods of cooking 
and colorectal cancer incidence were not consistent and the 
evidence was not conclusive. The review of epidemiological 
evidence by Cross and Sinha [60] provided a comprehensive 
analysis of cooking, red meat and colon cancer; their 
conclusions were slightly stronger in favour of a link. Most 
recently, Ferrucci et al. [61] found that, in asymptomatic 
women undergoing colonoscopy, colorectal adenomas were 
associated with high intake of red meat, pan-fried meat, and 
the heterocyclic amine, MeIQx. The intestinal microbiota 
appears to be important in modulating the effects of HAA 
[62]. DNA damage caused by IQ in germ-free rats was 3-5 
times less than in conventional animals [63]. HAA are 
converted by human intestinal microbiota to direct-acting 

genotoxins [64-66] and detoxification products of HAA 
formed in the liver are reactivated in the gut by bacterial 
enzymes [67,68]. In contrast to this apparent activation by 
bacteria, fermented dairy products [69] and lactic acid 
bacteria [70] have apparent antimutagenic properties that 
may be protective against HAA toxicity. The mechanism 
was suggested to be one whereby the bacteria bound the 
toxic HAA, thus preventing their absorption from the gut 
[69]. The reader is directed to Cross and Sinha [60] for a 
more complete review of HAA and colon cancer. 
 A simpler effect of over-cooking might be that over-
cooking, particularly ground or minced meat (usually red 
meat), causes protein to resist digestion, leading to the 
passage of more protein to the colon and its subsequent 
digestion by intestinal bacteria. There, the release of high 
amounts of amino acids may lead to the production of 
potentially hazardous products, as described below. 
 The other class of compounds derived from meat/protein 
consumption and metabolism that appear in the gastrointes-
tinal tract and that have been studied in most detail is N-
nitroso compounds (NOC). The general formula for NOC 
and some examples are given in Fig. (2). NOC are DNA-
alkylating agents that are mutagenic and potentially carcino-
genic [71]. NOC occur in some foods, such as cured meats, 
sausages and smoked fish. Knekt et al. [72] found that 
consumption of these foods gave a two-fold increase in 
colorectal cancer risk. The genotoxicity of faecal water and 
its NOC content both increase markedly with diets high in  
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Fig. (2). The general formula of N-nitroso compounds. R1 and R2 
can be the same (CH3 as in N-nitrosodimethylamine) or different, 
and can be alkyl, aliphatic or other organic derivatives. R1 and R2 
can combine in a ring system, as in N-nitrosoproline. See Mirvish 
[175]. 

protein and low in carbohydrate [73,74]. Most problems 
associated with NOC arise from their endogenous formation 
in the digestive tract. NOC are formed both in the stomach 
and in the large intestine. In the acid conditions of the 
stomach, nitrite, which is derived from dietary nitrate, reacts 
with secondary amines to form NOC. Red meat rather than 
white meat stimulates endogenous intestinal N-nitrosation 
[75,76]. The haem present in red meats enhances the acid-
catalysed reaction in the stomach. Haem becomes nitrosy-
lated and then becomes a nitrosating agent, reacting with a 
variety of diet-derived constitutents to form NOC and others 
such as nitrosothiols. Haem alone, supplied as an 8 mg 
dietary supplement, caused an increase in faecal NOC in 
man [77]. Thus, the formation of N-nitroso compounds 
seems to begin with a chemical reaction. Subsequent 
bacterial activity in the colon appears to modify the nitroso 
compounds of gastric origin. It is believed that the mixture of 
amines found in gut contents, which include polyamines, 
histamine, piperidine, tyramine and 2-phenylethylamine 
[78,79], may be precursors to carcinogenic NOC [80]. As 
with HAA, lactic acid bacteria may be beneficial in 
protecting against the genotoxic effects of NOC [81]. Some 
results are confusing, however. Massey et al. [82] found that 
germ-free rats did not produce NOC in their faeces, implying 
that the intestinal microbiota are essential for NOC to appear 
in the colon and faeces. On the other hand, the composition 
of NOC in ileal contents from ileostomy patients did not 
appear to be different from that of faeces [83], implying 
perhaps a minor role for bacterial metabolism in NOC 
formation and any associated mutagenic or genotoxic hazard. 
Plant porphyrins inhibit the nitrosation of haem [84]. Since 
porphyrins are abundant in plants, in chlorophyll, for 
example, and are structural analogues of haem, one of the 
beneficial effects of consuming fruit and vegetables may be 
to lower the formation of NOC and nitro compounds in 
general in the stomach.  
 In spite of the attention given to NOC, and previous 
claims about relations between NOC and genotoxicity and/or 
cancer [85], in a study of 11 human volunteers, Cross et al. 
[86] failed to find a correlation between total faecal water N-
nitroso compounds and genotoxicity as measured by the 
comet assay.  
 Other compounds derived from protein breakdown have 
been implicated in colonic cancer [80]. Ammonia results 
from the deamination of amino acids. Faecal ammonia 
concentrations increased in response to increased meat in the 
diet [77,87]. Ammonia has been shown, perhaps surpri-
singly, to be damaging to intestinal cells at concentrations of 
5-10 mM [88], which is similar to colonic concentrations.  
 

Hydrogen sulfide is produced by intestinal bacteria from 
dietary sulfate [89] and also the metabolism of the sulfur-
containing amino acids, cysteine and methionine, in the 
colon [90]. Dietary protein from meat is an important 
substrate for sulfide generation by bacteria in the human 
large intestine [91]. Concentrations are relatively low, at 0.3 
to 3.4 mM, in faeces [91-93]. Sulfide is an irritant and has 
been shown to interfere with tissue metabolism in a manner 
that would make the cells more vulnerable to carcinogenesis. 
Moore et al. [92] found inhibition of butyrate oxidation 
caused by sulfide, and Christl et al. [93] showed that low 
concentrations of sulfide significantly increased cell prolife-
ration rates and other changes normally seen in ulcerative 
colitis. A direct effect of sulfide on carcinogenesis seemed 
improbable until it was demonstrated by Attene-Ramos et al. 
[94] that sulfide concentrations as low as 1 mM caused DNA 
damage in an in vitro system. The damage was only evident 
when cellular DNA repair mechanisms had been inactivated 
by hydroxyurea and 1-β-arabinofuranosylcytosine. The che-
mical nature of the damage indicated a free-radical mediated 
effect. Thus, sulfide must be considered as a potential geno-
toxin in the colon. Aromatic amino acids form various 
phenolic compounds as the result of intestinal metabolism. 
These include p-cresol, phenylpropionate, phenol, indole and 
phenylacetate [95]. The role of these compounds in carcino-
genesis is for the most part unclear. Phenol reacts with nitrite 
to form the mutagen, diazoquinone [96]. Indole and other 
tryptophan metabolites have been linked to cancer [97], 
though the mechanism seems to be as a promoter rather than 
as a direct carcinogen [98]. 
 The microbiology associated with the formation of 
hazardous, perhaps carcinogenic, products from protein in 
the gut is rather out-of-date. Moore and Moore [99] used 
traditional anaerobic culture techniques to show that high 
numbers of Bacteroides spp. were associated with patients at 
risk for colon cancer. Bacteroides vulgatus was most stron-
gly associated with high-risk groups of polyp patients and 
Japanese Hawaiians. Although B. vulgatus did not appear to 
be proteolytic from Tannock’s [100] survey of mouse 
isolates, nor did B. fragilis, the proteolytic properties of the 
latter species have subsequently been documented in some 
detail [101,102]. Amine production appeared from most-
probable-number estimates to be a property of the great 
majority of the intestinal microbiota [103], but the bacteria 
were not identified. Many pure cultures were aminogenic, 
but no representatives of Roseburia or Faecalibacterium – 
species that we now know to be among the predominant ones 
in the ‘core’ bacterial community of the colon [104] – were 
tested. Amino acid fermenters were enumerated in a 
comprehensive study by Smith and Macfarlane [105]. 
Numbers were high, with most isolates being Firmicutes. 
However, the methodology would not have resulted in the 
cultivation of the non-saccharolytic ‘hyper-ammonia-pro-
ducing’ bacteria that have been found to be so important in 
ammonia production in the rumen [106,107]. Other key 
microorganisms that participate in key aspects of intestinal 
metabolism include sulfate-reducing bacteria (SRB) and 
methanogens. Although an inverse relation between metha-
nogenesis and sulfate reduction, due to a competition for 
hydrogen, was reported in some studies [108,109], Florin 
[110] reported compelling evidence to the contrary. SRB are  
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ubiquitous in the bowel [111], which is not consistent with 
the ideas of Gibson et al. [108,109]. The relations between 
diet, different human subjects and their intestinal bacterial 
community studies should now be probed using modern 
sequencing-based methods, which have been used success-
fully to characterise the gut microbiota in other areas of 
health [26]. For example, Firmicutes are under-represented 
in cultural isolations, probably because they are more diffi-
cult to grow than some other species; molecular microbial 
ecology eliminates that cultural bias. 
 Although diet has a major part to play, protein will 
always be present in the gut, whether from endogenous 
secretions of from intestinal bacterial themselves. Many 
important issues remain with protein nutrition, both 
fundamentally and in relation to gut health and obesity: 
• Protein passing to the intestine threatens gut health. The 

method of cooking protein affects its digestibility. Thus, 
the method of food preparation must be crucial in 
weight-loss diets. 

• The type of protein is important too. Red meat is a high-
protein food with many nutritional virtues, but its haem 
content causes concern. It is clear that plant porphyrins 
inhibit the gastric reactions that convert haem to 
hazardous N-nitroso compounds. Should high-protein 
weight-loss diets rich in animal protein routinely be 
amended by the addition of chlorophyll-rich vegetables?  

• The intestinal microbiota from vegetarians was more 
protective against the toxic effects of IQ than that of 
meat eaters [112]. Are there key protective effects of the 
microbiota that we can enhance using appropriate 
dietary ingredients? 

• Obesity tends to increase with age. The genotoxicity of 
faecal waters increases with age [86]. Are the two 
linked? We also know that age has a major influence on 
the predominant bacteria present in the colon [113], but 
how are these changes linked to genotoxicity?  

• Faecal water genotoxicity was positively associated with 
faecal nitrogen concentration [114]. As most faecal 
nitrogen is of bacterial origin, is bacterial load impor-
tant, and why?  

• Fecapentaenes are mutagenic products of intestinal 
bacterial metabolism [115,116]. The origin of their pre-
cursor is uncertain, but it seems that vegetarians excrete 
more fecapentaenes than omnivores [117]. A survey of 
718 faecal samples indicated that 50% of samples that 
were mutagenic contained higher concentrations of feca-
pentaenes [118]. In view of their possible importance, it 
is very odd that no research has been carried out on 
fecapentaenes in recent years. 

 The solution to many of the problems associated with 
protein breakdown products in the colon is for the intestinal 
bacteria to assimilate these products during growth. If fer-
mentable carbohydrate is available, bacteria will assimilate 
ammonia and amino acids rather than ferment amino acids to 
generate ATP. Thus, non-digestible but fermentable carbo-
hydrate not only provides beneficial effects to the colon in 
the form of butyric acid, it removes potentially hazardous 
protein breakdown products too. 

6. IMPACT OF HIGH FAT INTAKES UPON GUT 
METABOLISM 

 The average Western adult consumes about 100 g of 
triacylglycerols (TAG) and 4–8 g of phospholipid each day 
[119]. The efficiency of absorption in the small intestine is 
generally high (76–99%, depending on the TAG ingested 
[120]. Dietary medium-chain fatty acids are absorbed 
completely from the upper GI tract and do not appear in 
significant quantities in the large intestine [121]. Unsaturated 
FAs are much more readily absorbed than saturated fatty 
acids [122]. In addition, the specific distribution of fatty 
acids as glycerol esters in TAG influences their absorption 
[123]. Therefore, the nature of the lipid entering the small 
intestine, and its absorption through the stomach wall, 
directly affects the amount and type of lipids entering the 
large intestine. 
 Lipid passage to the large intestine is increased under 
conditions where there is a lack of lipase, or lipase is 
inhibited, or bile salts are absent. Under these conditions, the 
flow of lipids to the colon can be significant, the effects of 
which seem to vary from individual to individual. Flows of 
up to 134 g were observed in individuals suffering from 
cystic fibrosis, or a pancreatic deficiency, or those who had 
undergone GI resectioning [124,125]. Orlistat, an anti-
obesity drug that acts by inhibiting GI lipases, decreased fat 
absorption by approximately 30% and led to increased faecal 
fat [126]. Other treatments for obesity include the absorption 
of fats onto matrixes that decrease absorption, such as 
chitosan [127]. The obesity epidemic will inevitably lead to 
more use of these and similar treatments, and the consequent 
effects on gut metabolism and health. Common side-effects 
of increased lipid entering the colon include bloating, GI 
discomfort, faecal incontinence and urgency, increased 
steatorrhoea, oily spotting and increased defecation [128], 
and losses of fat-soluble vitamins [129]. The increased flow 
of dietary lipids entering the large intestine may also lead to 
an increase in faecal bile acid content, with its own health 
implications [130]. Fatty acids released by host and bacterial 
lipases may also have a detergent effect that damages the 
mucosa, predisposing to tumor development [131]. 
 Large differences seem to occur naturally between 
individuals in the flow of lipid to the intestine, for which 
there is presently no explanation. DAG concentrations in ten 
faecal samples from healthy donors examined by Morotomi 
et al. [132] indicated that the amount of faecal DAG varied 
considerably (>27-fold) among the individuals, but that there 
was little variation (<4-fold) in samples taken from one 
donor over a period of 115 days. The study of Vulevic et al. 
[133] using batch culture fermentations (at pH 6.8, 7.5 and 
8.5) to monitor DAG production by faecal bacteria also 
demonstrated inter- and intraindividual variation in DAG 
production. One might speculate that several factors will 
influence lipid flux, including the dietary lipids consumed, 
the lipid-metabolising activity of the GI microbiota and the 
activity of bile acids production. The first step in the 
metabolism of TAG and its constituent fatty acids, glycerol 
and glycerides is lipolysis. In spite of its importance to gut 
health, there seems to have been no systematic study of 
lipolysis in the mixed intestinal microbiota or of lipase 
activity in individual bacterial species from the human 
intestine. This lack of knowledge about intestinal bacterial 
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lipase seems to be an important deficiency in our unders-
tanding of the human colon, especially with fat passage to 
the intestine likely to be of increasing importance in coming 
years as we combat the global obesity problem. 
 The composition of fatty acids in human faeces differs 
greatly from the fatty acid composition of foods [134]. 
Partly, this may be due to differential absorption of fatty 
acids from the GI tract, and partly it is due to the metabolic 
activity of bacteria in the intestine. There are two main 
routes for fatty acid metabolism in the intestine – hydration, 
leading to the formation of hydroxy fatty acids (HFA) from 
monounsaturated fatty acids, and reduction (known as 
biohydrogenation) that leads ultimately to the formation of 
saturated fatty acids such as stearate and palmitate. The first 
evidence was that some HFA were present in faeces but not 
in the diet [134]. This work showed that hydroxystearic acid 
(HAS) was produced in significant amounts only from oleic 
and linoleic acids when incubated with human faeces. Thus, 
HSA were formed by hydration of the Δ9 double bond in 
unsaturated FAs rather than by the oxidation of the saturated 
acid. Thomas [135] showed that many anaerobic bacteria, 
including some colonic species, carried out hydration of 
oleic acid to HSA. Clostridium perfringens was the most 
active species. Pearson [136] incubated 228 strains of intes-
tinal bacteria from five genera with oleic acid, and found that 
103 strains formed HSA. Thus, HSA formation from 
unsaturated fatty acids is a widespread function among 
intestinal bacteria. Other HFA may be formed as 
intermediates in the metabolism of PUFA. Devillard et al. 
[137] found that some Roseburia strains formed a hydroxy 
fatty acid, identified as a 10-hydroxy,cis-12-18:1. Strains of 
Lactobacillus, Lactococcus, Eubacterium, Propionibacte-
rium, Bifidobacterium and Faecalibacterium produced the 
same HFA, although to a lesser extent than most Roseburia 
strains. The 10-hydroxy,cis-12-18:1 was converted by the 
mixed intestinal flora transiently to cis-9,trans-11-18:2 then 
to trans-11-18:1 [137]. 
 The other main route of fatty acid metabolism, biohydro-
genation, as had been found in the rumen [138] and in mixed 
intestinal bacteria from rats [139], was not confirmed in the 
human intestine until the work of Howard and Henderson 
[140]. The biohydrogenation of linoleic acid (LA, cis-9,cis-
12-18:2), occurs mainly by conversion to the conjugated 
dienoic acid, rumenic acid (RA, cis-9,trans-11-18:2; a conju-
gated linoleic acid or CLA), which is then hydrogenated to 
vaccenic acid (VA, trans-11-18:1), then to stearic acid (18:0) 
(Fig. (3)). α-Linolenic acid (LNA, cis-9,cis-12,cis-15-18:3) 
is also metabolised rapidly by the faecal microbiota, a 
similar metabolic route forming a mixture of 18:3 and 18:2 
isomers [140]. Butyrivibrio fibrisolvens, Roseburia inulini-
vorans and Roseburia hominis produced VA rapidly from 
LA, presumably via RA. The bacteria responsible for the 
conversion of vaccenic acid to stearic acid in the human 
colon are unknown. Identification of these bacteria may be 
difficult. Experience with ruminal bacteria [141,142] 
demonstrated that the bacteria responsible, Butyrivibrio 
proteoclasticus, are extremely sensitive to the toxic effects of 
unsaturated fatty acids. Growth of the bacteria was necessary 
for stearate formation to occur, but, as LA was toxic at 
concentrations as low as 5 µg/ml, growth was inhibited by 
the substrate. qPCR based on 16S rRNA gene sequences 
indicated that B. proteoclasticus was present only at very 

low numbers in human faeces (S. Muetzel, unpublished 
results), indicating that, as with the earlier steps in the 
pathway, the species responsible for stearate formation in the 
two gut ecosystems might be different. 

 
Fig. (3). Metabolic pathway of the conversion of linoleic acid to 
stearic acid by colonic bacteria 

 HSA concentrations in faeces increase as a consequence 
of various clinical conditions [143]. Patients with ileal 
disease, ileal resections or small intestinal bacterial colonisa-
tion all had more than 5% HSA in their faeces. Whether 
HSA has any implications for health other than a con-
sequence of disease or abnormality is less clear. HSA is 
chemically similar to ricinoleic acid (12-hydroxy-cis-9-
octadecenoic acid), the major FA in castor oil, a known 
cathartic. The presence of HSA in human feces led to the 
suggestion that it contributes to the diarrhoea frequently 
associated with steatorrhoea [134]. Wiggins et al. [143] 
demonstrated that, in general, the percentage of HSA in 
faeces increased as the faecal fat output rose. In individuals 
without steatorrhoea and excreting 20 g fat/day, less than 5% 
of the faecal fat comprised HSA, while in individuals with 
steatorrhoea (and, consequently, excreting more fat), 
between 6 and 23% of the faecal fat comprised HSA. 
However, no correlation was found between HSA levels and 
steatorrhoea in the majority of cases. 
 In addition to converting VA to RA, Δ9-desaturase in host 
tissues converts stearic acid to oleic acid (cis-9-18:1). Oleic 
and stearic acids are known to decrease plasma cholesterol 
concentrations [144], so biohydrogenating C-18 PUFA and 
MUFA might be considered in some ways beneficial to 
health. However, it is the MUFA and PUFA themselves that 
many view to be more beneficial to health. 
 RA and VA are considered to have possibly potent 
effects on human health. In vitro and in vivo animal studies 
have suggested that RA has anti-carcinogenic, anti-
atherosclerotic and immune-modulating effects, as well as 
favourable influences on body composition, blood lipids, 
liver metabolism and insulin sensitivity [145-147]. As yet, 
there is insufficient evidence to evaluate the impact of RA in 
humans [148]. VA may arguably be considered to be 
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functionally equivalent to RA. VA is converted to RA via the 
host’s Δ9-desaturase, an enzyme present in the intestine and 
liver [149-151]. VA suppresses the growth and affect cellular 
responses of human mammary and colon cancer cell lines 
through its conversion to RA by Δ9-desaturase in these cells 
[152]. Therefore, increasing RA and VA supply may have 
potential benefits on health.  
 One possible delivery mechanism to increase RA and VA 
availability to the host is to utilise the biohydrogenating 
ability of intestinal bacteria. RA formed in the intestine 
might be absorbed and contribute to systemic RA. However, 
experiments with germ-free rats inoculated with a human 
faecal microbiota and fed a diet enriched with sunflower-
seed oil indicated that no benefit accrued in terms of tissue 
concentrations of CLA [153]. Kamlage et al. [154] found 
that glucose inhibited CLA formation by mixed faecal 
microorganisms, and speculated that this may be the reason 
for the earlier result. It is also possible that CLA was not 
absorbed from the intestine. Nevertheless, even if CLA 
absorption from the intestine is minimal, there may be in situ 
benefits from intestinal CLA production. In mouse models of 
inflammatory bowel disease, CLA were shown to exhibit 
anti-inflammatory properties via endoplasmic and nuclear 
mechanisms [155,156]. Further studies demonstrated that 
RA exerted anti-carcinogenic activity in the rat colon [157] 
and exhibited anti-proliferative properties on the growth of 
human colon cancer cells in vitro [158]. Therefore, 
mechanisms by which RA might be delivered to and formed 
in the intestine have important implications for long-term 
human gut health. 
 In an effort to increase the amount of RA available to 
humans, probiotic bacteria have been suggested as a possible 
method for increasing CLA in the human intestine [159]. 
The reasoning in this approach is that ingested bacteria could 
use dietary LA to produce CLA. Lactobacillus, Propionibac-
terium and Bifidobacterium species are known to be 
involved in the formation of CLA from LA [136]. In the 
study of Coakley et al. [159], strains of Bifidobacterium 
breve and Bifidobacterium lactis were identified that were 
able to convert LA to CLA highly efficiently. Bifidobacteria 
have long been used as probiotics in human foods and they 
have been shown to elicit specific health benefits upon the 
host [160,161]. Therefore, the identification of probiotic 
bifidobacteria with the ability to synthesise RA may offer 
novel opportunities in the rational design of improved 
health-promoting functional foods [159]. 
 There seems little doubt that the consumption of diets 
high in fat is a risk factor for colonic cancer [130]. While in 
some studies [74] it is not possible to separate the effects of 
fat and high protein, often meat, there is good reason to 
suppose that a high-fat diet in general predisposes to colonic 
disease. The effects may be direct, as with the examples 
already cited, but they may be indirect, via the passage of 
bile acids to the colon. Faecal bile acid concentrations are 
higher in populations with a high incidence of colon cancer 
[162-164]. Bile acids are converted to secondary bile acids 
by the colonic microbiota. Secondary bile acids are car-
cinogenic [130,165]. Thus, if high dietary fat leads to the 
escape of sequestered lipids to the intestine, the associated 
bile acids may be released by bacterial bile salt hydrolases 
and form their toxic products [166]. Faecal water from 

people receiving a high-fat diet [167] contained much higher 
concentrations of secondary bile acids than samples from 
individuals on a normal diet [130,168]. 
 Thus, the high fat component of common weight-loss 
diets could be hazardous for gut health, but the effects would 
be expected to vary according to the chemistry of the lipids. 
Vegetable oils with a high linoleic acid content, such as 
sunflower oil, could be anti-inflammatory if delivered in the 
correct amounts. 

7. INFLUENCE OF GUT MICROBES UPON THE 
DEVELOPMENT OF DIABETES  

 Recent studies using mice have suggested the hypothesis 
that circulating lipopolysaccharide (LPS) originating from 
Gram-negative gut bacteria may promote inflammation and 
the development of diabetes [169]. It is further proposed that 
high fat diets cause an increase in circulating LPS either 
because of increased gut permeability, or increased transport 
of LPS across the gut wall, in the presence of dietary fat 
[169-171]. Supplementation of a high fat diet that contained 
almost no fermentable carbohydrate with fructo-oligosaccha-
rides reversed some of these effects at the same time as 
increasing the population of bifidobacteria detected in faeces 
[172]. Although it is suggested that this effect of FOS might 
be mediated through an influence of bifidobac-teria on 
intestinal permeability, this group accounted for only a small 
% of total bacteria. Thus it is not ruled out that other 
bacterial groups, or indeed an overall stimulation of 
microbial fermentation, might account for the beneficial 
effects of FOS in this case. There is also evidence from 
animal models for complex involvement of the gut micro-
biota in type 1 diabetes [173]. Human studies have indicated 
that diets supplemented with resistant starch may help to 
reduce insulin resistance, possibly as a result of the increased 
supply of fermentation acids [174]. 
 If high fat diets do indeed promote LPS-driven inflam-
mation, this could be an important factor in explaining the 
increased cancer risk that is associated with obesity, given 
the linkage between inflammation and cancer. On this 
hypothesis it would be the dietary intake associated with the 
obese state, rather than obesity itself, that increases cancer 
risk.  

CONCLUSIONS 

 The involvement of the gut microbiota as a possible 
causative agent in human obesity and diabetes remains 
unclear despite some very interesting, high profile papers 
over the last few years. A number of new mechanisms and 
hypotheses have been suggested, however, that will continue 
to drive investigations forward in this area. The WCRF [54] 
report recognises obesity as a significant risk factor in 
colorectal cancer. The mechanistic reasons for this remain 
unclear. Either the obese state itself increases the risk of 
cancer initiation and growth, or the habitual dietary intake of 
obese individuals increases the risk of colorectal cancer. In 
the latter case, particularly, the gut microbiota may play a 
contributory role via the metabolic transformation of high 
intakes of dietary fat and protein to produce toxins and 
carcinogens, or as agents of inflammation. This applies even 
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if the species composition of the colonic microbiota is 
substantially unaltered in the obese state; increased microbial 
loads and metabolic outputs in the colon resulting from high 
dietary intakes, together with effects of dietary components 
(e.g. fats) on gut permeability, have the potential for 
considerable physiological impact on the obese host. 
 Studies conducted recently with obese human volunteers 
on high protein, reduced carbohydrate weight loss diets show 
that they result in multiple changes in large intestinal meta-
bolism that would be predicted to increase the risk of 
colorectal cancer in the long term. Since obesity is consi-
dered to be an important factor in increasing colorectal 
cancer risk, as discussed above, it might be argued that the 
weight loss achieved through such short term diet change 
justifies the potential negative aspects of the diet. It appears 
desirable however to achieve weight loss and weight control 
regimes that do not compromise gut health, and this goal 
should be achievable at least partially by the judicious design 
of weight-loss diets, recognising the impact of different 
constituents of food on gut microbiology. The types of 
dietary carbohydrate need to be considered carefully so as to 
ensure that sufficient non-digestible but fermentable carbo-
hydrate reaches the colon, and these should be a substantial 
component of weight-control diets. Any increase in dietary 
protein and fat intake needs to involve careful choice of 
ingredients and cooking methods, and meals with high meat 
content should be balanced with green vegetables.  
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