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Tolerance, fermentation, and cytokine expression in
healthy aged male C57BL/6J mice fed resistant starch
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Health benefits of resistant starch (RS), a dietary fermentable fiber, have been well docu-
mented in young, but not in old populations. As the essential step of more comprehensive
evaluations of RS on healthy aging, we examined the effects of dietary RS on tolerance,
colonic fermentation, and cytokine expression in aged mice. Healthy older (18-20 months)
C57BL/6] male mice were fed control, 18% RS, or 36% RS diets for 10 weeks. Body weight
gain, body composition, and fat pad weights did not differ among the three groups after
10 weeks, indicating good tolerance of the RS diet. Fermentation indicators (cecum weights,
and cecal proglucagon and PYY mRNA expression) were enhanced in an RS dose-dependent
manner (p<0.01). Serum concentrations of soluble cytokine receptors (STNF-Rb, sIL-4R, sIL-
2Ra, sVEGFR1, and sRAGE) and TNFu expression (gene and protein) in visceral fat did not
differ significantly among groups. Adiponectin protein concentrations, but not gene
expression, were greater in epididymal fat of the 36% RS versus control groups (p<0.05). As a
conclusion in aged mice, dietary RS is well tolerated, fermented in the colon, and stimulates E]
colonic expression of proglucagon and PYY mRNA, and adiponectin protein in visceral fat. A
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Resistant starch (RS) is a fermentable dietary fiber used as a
carbohydrate source in food. Multiple animal and human
studies in young populations have shown that dietary RS
improves health indicators associated with aging [1-3],
including improving gastrointestinal health [4-6], glucose
tolerance and insulin sensitivity [7-11], and bone density
[12, 13]. However, the benefits of dietary RS in older popu-
lations are not clear.

RS resists digestion in the small intestine and is
fermented in the large intestine by gut microflora. Beneficial
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effects of dietary RS are dose related [14]. Increased dietary
RS consumption augments RS fermentation in the large
intestine, which may cause gastrointestinal discomfort.
Importantly, certain benefits of dietary RS are also asso-
ciated with its colonic fermentation, such as expression of
the gut anti-obesity/diabetic hormones GLP-1 and PYY, and
body fat loss [10, 15, 16]. At the dosages that show benefits,
young rodents and humans tolerate fermentation of dietary
RS well [4, 9-12, 16-19]. Given that gut microflora are
altered with aging [20], fermentation and toleration of diet-
ary RS may also change with aging. Thus, we investigated
tolerance, fermentation, tissue and systemic cytokine
expression in healthy aged mice fed two dosages of dietary RS.

Fifty healthy male C57BL/6] mice (18-20 months, analo-
gous to 5665 years of age in humans (http://research.jax.
org/faculty/harrison/gerlvLifespanl.html). [21]) were divided
into three dietary treatment groups for a 10-wk study: control
diet, 18% RS diet, or 36% RS diet. Amioca™ cornstarch
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(100% amylopectin) and Type 2 RS, (Hi-maize 260") were
used as starch sources in control and RS diets (for housing
and diet details, see Supporting information). All three diets
had the same metabolizable energy density and micro/
macro-nutrient contents. The protocol was approved by the
Animal Care and Use Committees of the Pennington
Biomedical Research Center (#419) and the Washington DC
VA Medical Center (01282). Data were analyzed by one-way
ANOVA followed by an F-protected t-test. Data obtained
from mice with tumors were not included for statistical
analyses.

Colonic fermentation of dietary RS may cause chronic
gastrointestinal discomforts and change appetite, food
intake and body weight. Thus, we measured body weight
changes over a 10-wk study period as indirect indices of
chronic tolerance of dietary RS. Body composition and
tissue weights were also recorded as general indicators of
tolerance to the RS diets. At week 8, total body fat, free body
fluid (body fluids not bound in tissues), and total lean body
mass measured by NMR were not differ among groups
(Supporting information). At the end of the study, total
abdominal fat was calculated as the sum of the epididymal,
perirenal, and retroperitoneal fat pads. Percentages of body
fat were calculated as the total abdominal fat divided by the
disemboweled body weights (obtained by subtracting the
full gastrointestinal (GI) weight from the whole body
weight). Disemboweled body weight was used here because
of the significantly greater GI weight in RS fed mice. RS and
control diets fed mice gained similar amounts of body
weight, and exhibited similar body compositions, and body
fat, liver and spleen weights (p>0.05, Table 1). These
results suggest that aged mice tolerated the 18 and 36% RS
diets well over a 10-wk study period.

Prior reports demonstrated that when control and RS
diets had the same metabolizable energy density, it took at
least 12 wk for RS fed young rodents to lose body fat [15, 16,
22]. Thus, the study duration of 10 wk allowed us to examine
possible changes in body weight and composition that
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affected by adverse effects of the RS diet, such as chronic GI
discomfort. It remains to be determined whether a longer
duration of RS ingestion would decrease body fat in old
mice.

Fermentation of the RS diet in aged mice was measured
at the end of study. Although aging affects certain gut
microflora [20], dietary RS is still fermented in the colon/
cecum of aged mice. Full GI tract (from proximal stomach to
anus) weight, full cecum weight, empty cecum weight and
cecal mRNA levels of proglucagon (gene encodes GLP-1) and
PYY were used as indicators of cecal fermentation of dietary
RS. All these indicators were increased in RS versus control
fed mice (p<0.01, Fig. 1). Moreover, GI and cecal weights,
and proglucagon and PYY gene expression increases were all
greater in mice fed 36 versus 18% RS diets. Thus, similar to
young mice, dietary RS can be fermented in a dose respon-
sive manner in aged mice.

Because age-related perturbations in body composition
and metabolic outcomes are often associated with altera-
tions in pro-inflammatory cytokine and adipocytokine
activity, we measured selected cytokine or cytokine receptor
levels in serum, liver and fat pads as biomarkers of systemic
and tissue inflammation. Serum concentrations of soluble
cytokine receptors (STNF-Rb, sIL-4R, sIL-2Ro, sVEGFRI,
SRAGE) measured by MILLIPLEX Mouse Soluble Cytokine
Receptor Panel did not differ among groups (Supporting
information). Similarly, expression of adiponectin, TNFaq,
IL-6, and leptin mRNA, measured by real time RT-PCR
(Tagman™ method, Applied Biosystems) in epididymal and
retroperitoneal fat and did not different among groups (data
not shown). Adiponectin and TNFa protein concentrations
in epdidymal fat and liver were determined by ELISA
(see Supporting information for details). Adiponectin
concentrations in epididymal fat were increased in RS fed
mice, with values in mice fed 36% RS greater than those of
controls (p<0.05). Liver adiponectin and TNFa in epididy-
mal fat or liver were not different among the three treat-
ment groups (Fig. 2). Adiponectin and TNFo protein

Table 1. Body weight, liver, spleen, and fat depot weights in control and RS treatment groups at the end of study

Number of mice (beginning) Control 17 18% RS 17 36% RS 16 p-Value
Initial body weights (g) 34.85+0.69 34.69+0.43 34.56+1.08 >0.05
Final body weights (g) 36.68+1.18 39.17+0.73 37.58+1.14 >0.05
Disemboweled body weights (g) 34.42+1.18 36.20+0.73 33.84+1.13 >0.05
Liver weights (g) 1.59+0.07 1.90+0.16 1.6240.07 >0.05
Spleen weights (g) 0.11340.009 0.168+0.038 0.112+0.011 >0.05
Epididymal fat (g) 1.851+0.187 1.967+0.163 1.78940.182 >0.05
Perirenal fat (g) 0.379+0.040 0.423+0.033 0.328+0.041 >0.05
Retroperitoneal fat (g) 0.568+0.061 0.589+0.045 0.507+0.053 >0.05
Total fat (g) 2.798+0.280 2.978+0.236 2.625+0.266 >0.05
% Fat/body weight 7.8440.61 8.10+0.53 7.554+0.55 >0.05
Number of mice that died during the study 1 1 0

Number of mice with tumor(s) at the end of study 1 1

Data shown are mean + SE values.
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Figure 1. Fermentation indicators (full GI weight, full cecal
weight, empty cecal weight, cecal proglucagon and PYY gene
expression) of mice fed control, 18% RS, and 36% RS diet for ten
weeks. Tissues were collected by dissection. mRNA was
measured by quantitative RT-PCR. Data shown are mean+SE
(n=13-15 per group), and are expressed as fold changes in RS
versus control mice. Values with different letters indicate
significant differences (p<0.01).
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Figure 2. Adiponectin (A, C) and TNFa (B, D) protein levels in
epdidymal fat (A, B) and liver (C, D) of aged mice fed control diet,
18% RS, or 36% RS diet for ten weeks. Adiponectin and TNFa
concentrations were detected by ELISA. Data shown are
mean+SE (n=12-15 per group). Values with different letters
indicate significant differences (p<0.05).

concentrations were not measured in retroperitoneal fat as
there was insufficient tissue for the measurements.

The aims of the current study were to examine the effects
of chronic dietary RS ingestion on tolerance, fermentation
ability, and systemic and tissue cytokine expression in
healthy aged mice. We compared two different doses of RS
diets with a control diet. In prior studies, 10-35% RS (w/w)
diets produced health benefits in young animals [10, 11,
15-17, 23-28]. Thus, our results provide useful dosage
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information that is necessary for varies evaluations of diet-
ary RS as a multifaceted nutritional approach to enhance
healthy aging.

Additional, two benefits of dietary RS were noted in the
aged mice: increased cecal proglucagon expression and
increased adiponectin level in visceral fat. Although circu-
lating GLP-1 was not measured due to limited blood volume
in current study, the increased cecal proglucagon expression
is always associated with increased circulating GLP-1 in
young rats [10, 11, 16]. GLP-1 can reverse the age-related
decline in glucose tolerance [29] in part by increasing
pancreatic insulin, glucose transporter 2 and glucokinase
mRNA, suggesting that GLP-1 reverses some of the aging
defects that arise in pancreatic beta cells. GLP-1 receptor
stimulation also reduces amyloid-f peptide accumulation in
animal models of Alzheimer’s disease [30]. Finally, GLP-1
preserves primary cortical and dopaminergic neurons in
cellular and rodent models of stroke and Parkinson’s disease
[31]. Further studies are necessary to determine whether
aged mice, like their younger counterparts, would benefit
from increased expression of proglucagon by dietary RS.

Of note, plasma adiponectin was not changed by dietary
RS in young people [9]. Thus, the increased visceral fat
adiponectin may only improve insulin sensitive in visceral
fat and is not accompanied by an increase in circulating
adiponectin improve in aged mice.

In conclusion, our data suggest that in aged male C57BL/
6] mice, dietary RS is well tolerated, is fermented in the
colon, stimulates gut proglucagon and PYY expression, and
increases adiponectin in visceral fat. Further studies are
required to determine the metabolic and other physiologic
consequences of RS ingestion in young and old rodents and
humans.
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