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The health benefits of a high fiber 
diet (HFD) result in part from 

the action of metabolic end products 
made by gut commensals on the host 
epithelium. Butyrate is one such 
beneficial metabolite; however, butyrate 
paradoxically enhances the capacity of 
Escherichia coli-produced Shiga toxin 
type 2 (Stx2) to kill tissue culture cells. 
We recently showed that mice fed an 
HFD exhibited increased butyrate in gut 
contents and had an altered intestinal 
microbiota with reduced numbers of 
Escherichia species. Furthermore, mice 
fed an HFD and infected with Stx-
producing E. coli (STEC) were colonized 
to a higher degree, lost more weight 
and succumbed to infection at greater 
rates compared with STEC-infected low 
fiber diet animals. The HFD animals 
showed higher levels of the Stx receptor 
globotriaocylceramide (Gb3) in both the 
gut and kidneys. We speculate that an 
HFD that leads to increased intestinal 
butyrate and Gb3 in the intestines and 
kidneys may explain the higher rate 
of the hemolytic uremic syndrome in 
females over males.

Introduction

Shiga toxin (Stx)-producing E. coli 
(STEC) are food- and water-borne 
pathogens that cause bloody diarrhea. 
The hemolytic uremic syndrome (HUS) 
occurs as a sequela of STEC infection 
in 4–30% of the cases.1-4 Possible host-
related influences on which patients will 
develop the HUS are not defined apart 
from younger age5 and female gender.6 
However, we recently showed that when 
the food regimen is altered in mice to 
a high fiber diet (HFD), there was an 

increase in butyrate in the gut, and 
the animals became more susceptible 
to infection by an E. coli O157:H7 
strain that produces Stx2.7 We further 
demonstrated that mice on an HFD not 
only had elevated levels of butyrate in the 
gut but also had enhanced expression of 
the Stx receptor, Gb3, in or on the mouse 
gut epithelia and kidney. We theorize 
that the enhanced virulence of Stx2+ 
O157:H7 in mice fed an HFD results 
from two factors. First, we hypothesize 
that high fiber diets increase local and 
systemic levels of butyrate and that these 
elevated butyrate concentrations lead to 
more Gb3-expressing colonic and renal 
tubular epithelial cells, respectively. The 
enrichment of Gb3 on cells in the gut 
results in more Stx2 binding to these 
enterocytes and more transfer of Stx2 into 
the blood stream. This increased toxemia, 
in turn, leads to more Stx2 that is 
available to bind to the renal tubules now 
enriched in Gb3. More tubular necrosis 
then ensues that ultimately causes more 
morbidity and mortality in HFD-fed mice 
than in low fiber diet (LFD)-fed animals. 
Second, an HFD reduces the population 
of commensal Escherichia species in the 
gut;7 therefore, we speculate that a niche 
is made available for the incoming STEC 
and facilitates the increased colonization 
by Stx2+ O157:H7 that we observed 
in the HFD mice. A model of the two-
pronged proposed mechanism of the 
enhanced virulence of STEC is shown in 
Figure 1.

Fiber, Butyrate, and Gb3

The amount of butyrate an individual 
produces in the gut is determined by diet 
and gut microbiota. Adding fiber to a low 
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fiber diet increases fecal butyrate and the 
concentrations of other short-chain fatty 
acids (SCFA).8,9 The specific fiber source 
plays a considerable role, however, in the 
amount of butyrate produced. What is 
popularly known as “dietary fiber” is the 
non-starch polysaccharide (NSP), or non 
α-glucan polysaccharide.10 NSP includes 
plant material such as pectins, guar and 
cellulose.10 Fiber in the human diet is 
typically NSP.11 Another fiber type is 
resistant starch (RS). RS is a type of starch 
that resists digestion in the small bowel 
and is thus available as a substrate for 
fermentation in the large bowel. Examples 
of RS include corn, peas, beans, cracked 
grains, potatoes and bananas.10 In general, 
the amount of butyrate produced in the 
gut for a given fiber type is governed by 
the fermentability of a given fiber substrate 
and the quantity of the fiber present in 
the gut. For example, pigs fed white rice, 
which contains low fiber content (RS 
type) have a distal colonic butyrate pool of  
0.06 mol, compared with 0.47 mol in 
pigs fed brown rice, which has high fiber 
content (RS type).12 In the latter example, 
most of the white rice was digested in the 
stomach and small intestines, while the 
brown rice was more resistant to digestion 
and provided fermentable material to the 
colon for production of SCFA such as 
butyrate.

Butyrate has a profound effect on 
cell morphology and function and acts 
as a primary energy source for colonic 
enterocytes.13,14 In fiber-rich diets, crypt 
deepening occurs, and crypt duplication 
can take place, events that increase the 
number of crypts per unit length and 
total crypt depth in response to diet.15 
Hence, butyrate levels alter the mucosa, 
although the possible effect of butyrate-
mediated anatomical and physiological 
changes in the gut on STEC colonization 
is unknown. However, butyrate and other 
SCFA are most concentrated on the right 
side of the colon and levels fall progressively 
toward the distal colon.10 Of note, STEC-
induced pathology occurs in that same 
region (the ascending and transverse 
colon).16 Indeed, in STEC infections, 
the cecum and right colon are described 
as markedly abnormal, exhibiting 
edema, erosion, hemorrhage and surface 
ulceration, whereas the descending colon 

typically has mild or no changes.17 We 
speculate that the reason for the apparent 
co-localization of the highest levels of 
intestinal butyrate and STEC-evoked 
pathology is due to butyrate-mediated 
increased levels of Gb3 expression in the 
same region. Despite the profound effect 
of butyrate on Gb3 expression, additional 
effects of the butyrate cannot be ruled out. 
Butyrate and other SCFA produced in the 
large bowel are rapidly absorbed and pass 
into the portal vein,18,19 encounter the liver 
and then circulate through the body to the 
kidney. The kidney naturally expresses 
high levels of Gb3, and we found that an 
HFD can increase those levels further.

Disparity in Cases of HUS  
between Different Groups

A disparity exists between those 
who develop the HUS following STEC 
infection and those who do not, i.e., 
children <10 years old are 10 times more 
likely on average to acquire that serious 
sequela.5 While there is some evidence 
of age-related changes in intestinal 
bacterial populations,20 we are not aware 
of any studies that assess general butyrate 
content as a function of age. We therefore 
asked whether an inherent difference in 
the capacity to produce butyrate exists 
between children and adults by assessing 

Figure 1. Model of diet-based enhanced susceptibility to E. coli o157:h7 infection. An hFd leads to 
an increase in gut butyrate (black), most concentrated in the cecum and falling in concentration 
(gray shading) toward the rectum. Butyrate enhances Gb3 levels in the gut and kidney (green) and 
thus results in enhanced sensitivity to Stx and more kidney damage (red); a concomitant decrease 
in the competitive resident Escherichia species in the intestinal tract due to the hFd allows for in-
creased colonization by o157:h7 and thus more Stx production in the intestine.
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the butyrate content in stool from those 
groups. The amount of butyrate measured 
in stool is likely an underestimate of the 
overall colonic concentration of that fatty 
acid because greater than 95% of gut 
butyrate is absorbed systemically by the 
time digesta reaches the anus.10 We found 
that although children exhibit a slight trend 
toward more abundant butyrate, there 
was no significant difference in butyrate 
content in the stool of children compared 
with adults in this study, Figure 2.

Another example of host-related 
differences found during STEC outbreaks 
is that in two recent large, produce-
associated outbreaks, women were more 
likely to develop the infection than 
children or men.3,21 Could the disparity in 
STEC cases for these two outbreaks simply 
be attributed to the healthier eating habits 
of women compared with men?22 Maybe 
so for the disparity in the number of STEC 
infections between females and males, 
but, for the HUS, women do appear to be 
generally more susceptible to that sequela.6 
Further, in one of the produce examples—
the sprout-linked German outbreak due 
to an unusual Stx2+ enteroaggregative  
E. coli—30% of the STEC cases in 
women resulted in the HUS, whereas 

just 15% of the infected men developed 
the HUS.23 So, if healthier eating habits 
alone cannot explain the difference in 
the rate of the HUS between females and 
males where else can we look for answers? 
A study by Lampe, et al. suggests that 
there may be gender differences in colonic 
function. In that study, despite equal 
fiber intakes by men and women, mean 
fecal transit times were consistently faster 
and fecal weights greater for men than 
women on all diets.24 This longer transit 
time resulted in enhanced digestibility 
in women and seemed to be primarily 
due to greater digestion of wheat bran 
and vegetable fiber diets.24 The increased 
digestion in women would lead to more 
gut butyrate as would the diet rich in fiber. 
Therefore, the reason females are more 
likely to develop the HUS than males may 
be due to their higher concentrations of 
intestinal butyrate that subsequently lead 
to increased Gb3 levels and enhanced 
susceptibility to Stx.

Finally, a Note of Caution  
about Oral Rehydration Therapy

No specific therapy for STEC 
infections exists. Treatments for STEC 

patients are symptom-based, and the use 
of antibiotics or anti-motility agents are 
generally contraindicated.25 However, 
intravenous volume expansion may reduce 
the likelihood of anuria and the HUS.26,27 
In contrast, for diarrhea due to cholera, oral 
rehydration (ORS) therapies can shorten 
the duration and volume of diarrhea. The 
addition of guar gum or amylase-resistant 
starch to ORS has in some studies reduced 
persistent diarrhea in children or reduced 
the duration and severity of cholera or 
non-cholera diarrhea.28-30 The hypothesis 
for why the addition of carbohydrates such 
as guar gum or amylase-resistant starch to 
ORS may reduce diarrheal symptoms is 
that those carbohydrates are fermented 
to SCFA in the colon, the SCFA are then 
absorbed, and as a consequence, net fluid 
absorption is increased and the volume 
and duration of diarrhea is decreased.31 
We caution however, that the use of 
starch- or guar gum-supplemented ORS 
for the treatment of non-cholera diarrhea 
mediated by STEC might be deleterious 
for the patient as the predicted increase in 
SFCA in the colon could lead to increased 
levels of Gb3 in the colon and the kidney 
and, consequently, could increase the 
susceptibility of the patient to the effects 
of the Stxs.
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Figure 2. Butyrate content in the stool of uninfected children and adults. Butyrate content in the 
stool of children <10 years old is not statistically different from adults >~25 y old. Butyrate was ex-
tracted from frozen stool samples and measured by acidic extraction followed by gas chromatog-
raphy/mass spectroscopy as described previously.7 error bars represent standard error of the mean.
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