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Failure to Ferment Dietary Resistant Starch in Specific Mouse
Models of Obesity Results in No Body Fat Loss
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Resistant starch (RS) is a fermentable fiber that decreases dietary energy density and results in
fermentation in the lower gut. The current studies examined the effect of RS on body fat loss in
mice. In a 12 week study (study 1), the effect of two different types of RS on body fat was compared
with two control diets (0% RS) in C57BI/6J mice: regular control diet or the control diet that had
energy density equal to that of the RS diet (EC). All testing diets had 7% (w/w) dietary fat. In a
16 week study (study 2), the effect of RS on body fat was compared with EC in C57BL/6J mice and
two obese mouse models (NONcNZO10/Ltd or Non/ShiLtJ). All mice were fed control (0% RS) or
30% RS diet for 6 weeks with 7% dietary fat. On the seventh week, the dietary fat was increased to
11% for half of the mice and remained the same for the rest. Body weight, body fat, energy intake,
energy expenditure, and oral glucose tolerance were measured during the study. At the end of the
studies, the pH of cecal contents was measured as an indicator of RS fermentation. Compared with
EC, dietary RS decreased body fat and improved glucose tolerance in C57BL/6J mice but not in
obese mice. For other metabolic characteristics measured, the alterations by RS diet were similar
for all three types of mice. The difference in dietary fat did not interfere with these results. The pH of
cecal contents in RS fed mice was decreased for C57BL/6J mice but not for obese mice, implying
the impaired RS fermentation in obese mice. Conclusions: (1) decreased body fat by RS is not
simply due to dietary energy dilution in C57BI/6J mice, and (2) along with their inability to ferment
RS, RS fed obese mice did not lose body fat. Thus, colonic fermentation of RS might play an
important role in the effect of RS on fat loss.
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INTRODUCTION

Since obesity and overweightness are serious health problems
worldwide, methods that are easily accepted by the general public
to decrease body fat are urgently needed. Dietary fiber has been
widely used as an effective way to decrease calorie intake and
maintain a healthy body weight (/, 2). Many dietary fibers are
indigestible and nonfermentable and therefore are simply used to
dilute dietary energy density. In contrast, resistant starch (RS) is a
different kind of dietary fiber. Resistant starch is indigestible in the
small intestine and arrives intact in the large intestine, where it is
fermented by microflora to produce short chain fatty acids (3, 4).
Incorporating RS into the diet can decrease body fat storage and
increase insulin sensitivity (3,5 —8) in humans. However, opposite
results have also been reported (9, 10). These equivocal results
might be due to differences in dietary components, texture, and
energy content between control diets and RS diets used. In
contrast to human studies, the effect of resistant starch on lowering
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body fat is consistent in animal models (//—15). In these animal
studies, regular cornstarch in the control diet was replaced by
resistant starch in the RS diet. Thus, control diets and RS diets
have the same gross energy density, but their metabolizable
energy densities are different. Metabolizable energy of the diet
is defined as gross energy of the diet minus the energy lost in the
feces, urine, and combustible gases (/6). Because resistant starch
is less digestible and metabolizable than regular starch, there is
more energy loss to microflora in fermentation and in the feces of
RS fed animals. Therefore, the metabolizable energy densities of
RS diets are lower than those of the control diets used in those
animal studies.

Dietary energy density is important for controlling body
weight (17, 18). There is a general assumption that resistant
starch, if it does reduce body fat, does so simply by diluting the
energy density of the diet. The uniqueness of dietary resistant
starch on body fat loss beyond energy dilution was not addressed
in those previous studies. We have shown that dietary resistant
starch can decrease body fat in rats even when compared with the
control diet that has the same metabolizable energy
density (19—22). To study the mechanism for body fat loss by
resistant starch beyond energy dilution, we plan to use several
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Table 1. Composition of Control and Resistant Starch Diets Used in Study 1
control diets

resistant starch diets

ingredient®? kJ/g keallg control EC® RS2 RS3
cornstarch 15.4 3.50 531 420 0 77
resistant starch 2 11.7 2.80 0 0 531 0
resistant starch 3 111 2.65 0 0 0 454
cellulose 0.0 0.00 50 161 0 50
sucrose 16.8 4.00 100 100 100 100
casein 15.0 3.58 200 200 200 200
soybean oil 35.4 8.45 70 70 70 70
mineral mix°® 35 0.84 35 35 35 35
vitamin mix° 16.2 3.87 10 10 10 10
choline chloride 0.0 0.0 1.3 1.3 1.3 1.3
L-cystine 16.8 4.00 3.0 3.0 3.0 3.0
metabolizable energy? 1000 g/kg (3.7 keal/g) 1000 g/kg (3.3 keallg) 1000 g/kg (3.3 keal/g) 1000 g/kg (3.3 keal/g)
fat content 7%(wiw) or 18% (cal/cal) 7%(w/w) or 18% (cal/cal) 7%(w/w) 18% (cal/cal) 7%(wiw) 18% (cal/cal)

resistant starch content’? 0% 0% 30% 25%

@ Amioca cornstarch (100% amylopectin, which has 0% RS), resistant starch2 (Hi-Maize 260), and resistant starch3 (Novelose 330) were provided by National Starch and
Chemical Company (Bridgewater, NJ). bOther ingredients were purchased from Dyets Inc. (Bethlehem, PA). ®Mineral mix and vitamin mix are both AIN-93G. “Metabolizable
energy values listed were obtained from National Starch and Chemical Company (Novelose 330) or our unpublished data based on bomb calorimetry for Amioca comstarch and
Hi-Maize 260. The metabolizable energy values for the rest of the ingredients were obtained from Dyets Inc. ® EC diet was similar to the regular control diet, but extra cellulose was
added to match its metabolizable energy density to that of the RS diets. "The resistant starch content in the diet was calculated on the basis of the amount of Hi-Maize (56%
resistant starch) and Novelose (55% resistant starch) used. The resistant starch contents in Hi-Maize and Novelose were determined by the Englyst method and was provided by
National Starch and Chemical Company. YRS contents were slightly different between the RS2 and RS3 diets on a weight basis. This difference is due to the difference in
metabolizable energy value between the RS2 and RS3. To make the RS2 and RS3 diets have equal metabolizable energy densities, the RS contents are 30% for the RS2 diet and

25% for the RS3 diet on a weight basis.

mice strains with certain gene deletions. However, the fat loss
beyond energy dilution by RS has not been confirmed in the
mouse model, especially in the obese mouse model. Thus, the
following two studies were conducted to examine if dietary RS
decreases body fat in lean and obese mice.

EXPERIMENTAL PROCEDURES

We first tested the effect of resistant starch on body fat loss in
C57BL/6J mice (study 1). Two different control diets were used in
this study: a regular AIN-93G rodent diet and a modified AIN-93
control diet that has metabolizable energy density equal to that of
the RS diet. This experimental design allows us to compare the RS
diet with control diets that have either higher or the same
metabolizable energy density as that of the RS diet. In study 2,
we tested the effects of RS on body fat loss and related metabolic
characteristics in two obese mouse models: polygenic obese
diabetes mice (NoNcNZOI10/LtJ) and Non/ShiLt] mice.
C57BL/6J mice were also included as a positive control. Two
levels of dietary fat (7% and 11%) were used in study 2 to examine
whether the level of dietary fat could alter the effect of resistant
starch on body fat. More metabolic related characteristics were
measured in study 2, including food intake, body weight, body fat,
glucose tolerance, respiratory quotient, energy expenditure, and
physical activity. Because colonic fermentation of resistant starch
increases the weight of the cecum and decreases the pH of cecal
contents, we also measured these characteristics as indicators of
RS fermentation in the large intestine.

Animals, Housing Conditions, and Diets. Male C57BL/6J mice,
polygenic obese mice (NoNcNZO10/LtJ, Jackson lab stock no. 4456), and
Non/ShiLt] mice (Jackson Lab stock no. 2423) were obtained from
Jackson Laboratory (Bar Harbor, ME) at 5—7 weeks of age. Animals
were housed in shoe box cages (study 1) or suspended wire-bottom cages
(study 2) in a humidity and temperature controlled room (22 £+ 2 °C,
65—67% humidity) on a 12:12 h light/dark cycle with free access to food
and water. Wire-bottom cages were used for measuring food spillage in
study 2. All mice were fed semipurified powder diets prepared in our lab.
The control (0% RS) and RS diets were prepared on the basis of the AIN-
93 diet formula for laboratory rodents (23). After quarantine, mice were
fed the control diet and acclimated to experimental conditions until their
body weights were stable (at least for 7 days). Then, mice were divided into
different dietary treatment groups on the basis of their body weight.
Animal protocols were approved by the Pennington Biomedical Research

Center and the Louisiana State University Animal Care and Use Com-
mittees.

Study 1. The purpose of study 1 was to examine if dietary resistant
starch is more effective in decreasing body fat than simple energy dilution
in C57BL/6J mice. Two control diets were used: a regular AIN-93 rodent
diet (CC, 3.7 kcal/g metabolizable energy) and a modified CC diet with
metabolizable energy density equal to that of the RS diet (EC, 3.3 kcal/g
metabolizable energy). Two different types of RS were also tested in
study 1: RS2 (high amylose resistant cornstarch, Hi-Maize 260) and RS3
(retrograded resistant cornstarch, Novelose 330). Both types of RS diets
had 3.3 kcal/g metabolizable energy density.

Adult male C57BL/6J mice were randomly assigned to one of four diet
treatment groups (n = 10—20) for a 12 week study: (1) CC, (2) EC, (3)
RS2, and (4) RS3. The detailed diet composition is listed in Table 1.

After 12 weeks on their respective treatment diets, mice were killed by
CO; inhalation. Fat pads (epididymal fat, perirenal, and retroperitoneal
fat) from the abdominal cavity were dissected and combined as total
abdominal fat. Body fat results were expressed as percent of total
abdominal fat divided by final disemboweled body weight. Because RS
fed mice have a significantly higher gastrointestinal (GI) tract weight than
mice fed the control diet, the disemboweled body weight was calculated as
body weight minus total full GI tract weight and was used for the
calculation of percentage body fat. Liver weight and spleen weight were
also recorded for each mouse. Full and empty cecal weights were recorded,
and cecal contents weight was calculated as full cecal weight minus empty
cecal weight. The pH and short chain fatty acids of cecal contents were
measured as described previously (20).

Study 2. The purpose of study 2 was to determine if dietary resistant
starch also decreases body fat in obese mouse models and the potential
mechanism involved. Because fermentation of resistant starch is attenu-
ated in animals fed a higher fat diet (unpublished observation), the high fat
diet induced obese mouse model was not used here. Instead, two genetic
obese mouse models were used: NONcNZO10/LtJ mice (Obese 1, Jackson
Lab stock number 4456) and Non/ShiLtJ mice (Obese 2, Jackson Lab
stock number 2423). NoNcNZO10/L is a polygenic mouse model of
obesity-induced diabetes and also a model that most closely mimics human
obesity (24). Non/ShiLt] mice are controls for NoNcNZO10/L mice,
which are recommended by Jackson Lab as these two mouse models have
similar genetic backgrounds (24) . Non/ShiLtJ mice are also moderately
obese, but the obesity is adult onset, and they do not develop diabetes in
the early stage of life (25). For Obese 1 mice to develop hyperglycemia,
10—11% dietary fat is required (24), but the control diet used in study 1
only has 7% dietary fat. Thus, two dietary fat levels (7% and 11%) were
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Table 2. Composition of Control and Resistant Starch Diets Used in Study 2
7% dietary fat 11% dietary fat

ingredient (g/kg)®® control RS control RS
com starch®® 4245 0 432.5 0
resistant starch®® 0 530.7 0 540.7
sucrose 100 100 100 100
casein 200 200 200 200
soybean oil 70 70 70 70
lard 0 0 40 40
cellulose 156.2 50 108.2 0
mineral mix (AIN-93G) 35 35 35 35
vitamin mix (AIN-93G) 10 10 10 10
choline chloride 1.3 1.3 1.3 1.3
L-cystine 3.0 3.0 3.0 3.0

metabolizable energy 1000 g/kg (3.3 keal/g) 1000 g/kg (3.3 keal/g) 1000 g/kg (3.7 keal/g) 1000 g/kg (3.7 keal/g)
fat content 7%(w/w) or 18% (cal/cal) 7%(w/w) or 18% (cal/cal) 11%(w/w) 26% (cal/cal) 11%(w/w) 26% (cal/cal)

resistant starch content? 0% 30% 0% 30%

@ Amioca cornstarch (100% amylopectin, which has 0% RS) and resistant starch (Hi-Maize 260) were used for control and resistant starch diets, respectively. Both starches
were provided by National Starch and Chemical Company (Bridgewater, NJ). b Other ingredients were purchased from Dyets Inc. (Bethlehem, PA). °Metabolizable energy values
were 3.5 kcal/g for Amioca cornstarch (National Starch and Chemical Company) and 2.8 kcal/g for resistant starch Hi-Maize 260 (unpublished data based on bomb calorimetry).
The resistant starch content in the diet was calculated on the basis of the amount of Hi-Maize (56% resistant starch) used. The resistant starch content in Hi-Maize was
determined by the Englyst method and provided by National Starch and Chemical Company.

7% fat EC 7% fat EC
CS57BL/6J, or Obese 1 4‘:: 11% fat EC
or Obese 2 7% fat RS 7% fat RS
“;: 11% fat RS
6 weeks 10 weeks
Total 16 weeks study

Figure 1. Schematic illustration of design for study 2.

used in study 2 for both control and RS diets. Besides these two obese
mouse models, C57BL/6J mice were used as a positive control in study 2.
RS2 was used as the resistant starch source in study 2 because less adverse
effects (bloating and flatulence) were observed in RS2 fed mice compared
to the mice fed RS3 (unpublished observation). The detailed composition
of the diet is listed in Table 2.

The experimental design is schematically illustrated in Figure 1.

C57BL/6J, Obese 1, and Obese 2 mice (32 for each mouse model) were
fed the control (0% RS) or the 30% RS diet containing 7% fat for 6 weeks
(n = 16 for each diet group). At the seventh week, the dietary fat was
increased to 11% for half of the mice in each group, and the rest remained
on the 7% fat diet (n = 8). The study ended after 16 weeks. Food intake
and body weight were measured twice per week for the entire study. Body
fat was measured by NMR (26) before the study, at the Sth and 14th weeks,
and by fat dissection at the end of study. Fasting blood glucose and fasting
insulin were measured at the sixth week of the study. Respiratory quotient,
energy expenditure, and physical activity were measured using indirect
calorimetric chambers for the mice on 7% dietary fat during the 7th—9th
week and for the mice on 11% dietary fat during the10th—12th week. Oral
glucose tolerance was measured for all mice at the 14th week. The pH of
cecal contents was measured at the end of study.

Food Intake, Body Weight, and Body Fat Measurements. Food
intake was recorded by measuring food jar weight and spillage for each
mouse while the mice were in regular wire-bottom cages. When mice were
placed in metabolic chambers, the mice should eat the food from a special
tunnel, and there should be no spillage in the metabolic cage. However, we
observed that some mice moved food from the tunnel and ate in the
metabolic cages. Such eating behavior caused unexpected food spillage.
Thus, the food intake data from metabolic chambers were not used.
Cumulative food intake was calculated for a three week period, prior to
mice being placed in metabolic chambers for all groups. During this time
frame, mice had well adapted to the cages, food jars, and powder diets.
There were no new environmental factors that could influence food intake.
On the basis of this paradigm, the food intake data were collected for mice

on 7% dietary fat for a period from the 3rd to 6th week of the study and for
mice on 11% dietary fat for a period from the 7th to 10th week of the study.

Body fat was measured during the study by NMR (26) (Bruker
minispec Live Mice Analyzer model mq7.5, LF50, Bruker Optics, Inc.,
Woodlands, TX) and by dissection of epididymal, perirenal, and retro-
peritoneal fat pads at the end of the study. Body fat is calculated as fat mass
divided by body weight for NMR results and as the sum of epididymal,
perirenal, and retroperitoneal fat divided by disemboweled body weight at
the end of study.

Body weight and full GI weight were also recorded at the end of the
study. The disemboweled body weight was calculated as body weight
minus full GI weight for each mouse.

Similar to study I, the fermentation of RS should increase full and
empty cecum weight, and decrease pH of cecal contents. Thus, full and
empty cecal weights, and the pH of cecal contents were measured for Obese
1 and Obese 2 mice. Because we already confirmed that RS is fermented in
C57Bl/6J mice in study 1, the same fermentation related measurements
were not repeated for C57B1/6J mice in study 2. Instead, after weighing the
full GI tract, the whole cecum with cecal content for C57BI/6J mice were
collected for microbiota profile characterization. These data will be
published separately.

Fasting Glucose, Fasting Insulin, and Oral Glucose Tolerance
Test. For fasting glucose and fasting insulin measurements, all mice were
fasted overnight. Blood was collected from the tip of the tail (1-2 uL)
directly onto the test strip for the blood glucose measurement (FreeStyle
Glucometer, Abbott. Alameda, CA) and (~50uL) in heparinized tubes for
insulin measurements (Mouse insulin Ultrasensitive EIA, ALPCO Diag-
nostics, Salem, NH). For the oral glucose tolerance test (OGTT), mice
were fasted for 5 h during the light period and gavaged with glucose
solution (2.1-2.2 g glucose/kg of body weight). The blood glucose levels
were measured at 0, 15, 30, 45, 70, and 150 min after the glucose gavage,
and the area under the curve (AUC) during the OGTT was examined.
Insulin levels were not measured during the OGTT test because of the
limited blood volume collected at each time point and frequent blood
collection.

Indirect Calorimetry. Mice were placed in metabolic chambers
(Oxymax, Columbus Instruments, Columbus, OH) at room temperature
(23 °C) for 7 total days. The first three days served as adaptation. Oxygen
consumption (VO,), carbon dioxide expiration (VCO,), respiratory
exchange rate (RQ: VCO,/VO,), energy expenditure [EE (kcal/h) =
3.815 + 1.2329 (VCO,/VO,)], and total physical activity (XTOT: represent
all movement recorded by the counts of light beam breaks) were recorded
for the last four days continuously. The data collected from the middle 48 h
of the four day data collection period were used for analysis. Because of
large food spillage, the food intake data collected during this period were
not used.



Article

J. Agric. Food Chem., Vol. 57, No. 19,2009 8847
Table 3. Body Weight, Body Fat, Indicators of Fermentation, and SCFA in Cecal Contents for Four Groups of Mice at the End of Study 1%°

measurements cC EC RS2 RS3
body weight body weight (g) 30.1 £ 05 293 +05 288+ 0.7 284+04
disemboweled BW(g) 2844+05a 270+05b 26.0 & 0.7 be 2534 04c¢
body fat total abdominal fat (mg) 1512 £ 101 a 1261 £77b 1050 £ 66 be 861 £ 65¢
body fat? (%) 528 +0.27 a 464 +0.21 ab 403+0.17b 337+021¢
indicators of fermentation full Gl tract weight (mg) 1739 £ 69 a 2304 £70b 2785 +102 ¢ 3079 + 107 ¢
full cecum weight (mg) 244 +17 a 281 +17a 832+85b 888 + 56 b
empty cecum weight (mg) 709+31a 840+ 34a 155+ 15b 158 £ 7b
cecal content weight (mg) 173+ 15a 198+ 15a 677 £ 84b 730 £ 50 b
cecal content pH 8.08 + 0.06 a 8.28 £ 0.05a 7.69 +£0.08 b 7.64+0.10b
SCFA'in cecal content total SCFA® 575+ 127a 328+33a 171 £ 46 ab 243 +£73b
acetate 365+85a 210+21a 119 £ 34 ab 160 + 47 b
propionate 94+19a 49+£05a 35+ 10ab 59 +21b
butyrate 59+17a 32+04a 108 £ 2.6ab 177 £52b

@Each group has 12—16 mice except for RS2. Because of an unexpected disaster, there were five mice left in the RS2 group at the end of the study. ° Values with different
letters across rows indicate that they are statistically different (P < 0.05). ° Disemboweled body weight is calculated as body weight minus full gastrointestinal weight for each
mouse. ?Body fat (%) is calculated as total abdominal fat (g) divided by disemboweled body weight (g). ® Total SCFA includes SCFA with carbon numbers: C2, C3, C4, IC4, C5,

IC5, C6, C7, and C8. "The unit for SCFA measurement is SCFA (umol) in cecal contents (total g).

Table 4. Body Fat Measured by NMR during Study 2 for Three Types of Mice®

mice  %fatindiet diet beginning  6th week of study 14th week of study
C57B1/6J 7% EC 6.61+051 8.19+1.08 12.26 &+ 2.72
RS 6.08+051 659+ 0.80 8.59 + 1.49"°
1% EC NA N/A 11.23 &+ 1.49
RS N/A N/A 8.27 + 0.86"
Obese 1 7% EC 14.60 £0.91 23.30 + 1.65 26.44 £ 1.11
RS 14.34 £062 21.26 +1.16 23.76 + 1.89
1% EC NA N/A 28.74 £1.19
RS N/A N/A 28.87 £1.20
Obese2 7% EC 1317 £0.64 2586 +1.06 26.18 + 1.63
RS 12.89 +£0.62 24.95+0.85 2418 £1.23
11% EC NA N/A 29.66 + 1.90
RS N/A N/A 27.24 +£1.38

Body fat is calculated as percentage of fat mass divided by body weight. *P <
0.05 compared to the EC diet.

Exclusion Criteria. The data were not used for calculations if a mouse
lost more than 5 g of its body weight within a week during the study, the
body weight gain for the entire study period was less than 4 g for obese
mice, or a negative body weight gain for C57Bl/6J mice.

Statistical Analysis. The results are presented as the mean + SEM.
Forstudy 1, one-way ANOVA followed by F-protected LSD was used for
analyzing all data. Differences were considered significant if p < 0.05. For
study 2, because the aim of the study was to examine diet effects within
each type of mice, rather than compare the differences among three types
of mice, a two-way ANOVA with dietary fat and starch as two indepen-
dent factors was used to analyze data within each type of mice. The only
exception is analysis of physical activity. Because the two way ANOVA
model is not significant for all three types of mice, 2 x 2 x 2 way ANOVA
was used for physical activity data analysis. Fasting glucose, fasting
insulin, and HOMA index were analyzed by ¢ tests between control and
RS groups within each type of mice. For the OGTT, the area under the
curve (AUC) was determined by calculating the entire AUC (total area
AUC method). SAS 9.1 for Windows was used for analysis.

RESULTS

Study 1. The results from all measurements are summarized in
Table 3 for study 1.

Compared with mice fed the CC diet, mice in both RS groups
had significantly lower disemboweled body weight and body fat
(P < 0.01 for disemboweled body weight, retroperitoneal fat,
epididymal fat and total abdominal fat). Compared with mice fed
the EC diet, mice in RS2 and RS3 groups also had lower
disemboweled body weight and body fat, but reductions were
statistically significant only for the RS3 group. Notably, this

Body Iat

1 7% fat EC
m 7%fat RS
11% fat E(
|l 11% fat RS

CSTBI/6T Obesel

Obesc2

Starch: P<0.05
Dietary fat: NS

RN

Starch: NS
Dietary fat: P=0.05

A ETAWATS

Starch: NS
Dietary fat: NS
Tsat H . \s

Figure 2. Body fat measured at the end of the study for mice fed the
control diet or RS diet in study 2. Body fat was calculated as the percentage
of the sum of epididymal fat, perirenal fat, and retroperitoneal fat divided by
disemboweled body weight. Values are the mean + SEM with n = 6 to
8 per group.

might be due to the small number of mice in the RS2 group (n = 5),
which resulted from an unexpected disaster that affected the rest
of the mice in this group during the study. Compared with mice
fed the CC diet, mice in the EC group also had lower body weight
and body fats, but their percentages of body fat were similar to the
mice in CC group. Both types of RS are fermented in the cecum
asindicated by higher cecal content weights, empty cecal weights,
lower cecal content pH and higher amounts of short chain fatty
acids (SCFA) in RS groups compared to both CC and EC groups
(P < 0.01).

Study 2. Body fat is summarized in Table 4 for data obtained by
NMR during the study and in Figure 2 for data obtained by fat
dissection at the end of study.

The two obese mice were fatter than the C57BL/6J mice. Body
fat was significantly lower in the RS fed mice than in the controls
at the 14th week of the study as measured by NMR (P < 0.05) and
at the end of the study as measured by fat dissection (P < 0.05) for
C57BL/6] mice only, but not for obese mice. Increasing dietary fat
from 7% to 11% led to increased body fat for Obese 1 mice (P =
0.05). At the sixth week of the study, overnight fasting glucose
levels were lower in RS fed mice than that in the EC fed mice for
C57BL/6]J mice (P < 0.01), but not for obese mice (Figure 3).
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Figure 3. Assessment of insulin sensitivity by fasting glucose, fasting insulin, and HOMA index for mice fed 7% fat control diet (C0) or 7% fat RS diet (M) at
sixth week of study 2. Values are the mean + SEM with n = 14 to 16 per group. *P < 0.01 and *P < 0.05 compared to the mice fed the control diet within the

same genotyping group.
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Figure 4. Area under the curve of the glucose tolerance test was improved
in C57BI/6J mice fed the RS diet at the 14th week of study 2. Values are the
mean & SEM with n =7 to 8 per group.
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Figure 5. Cumulative food intake for mice fed the control diet or RS diet in
study 2. Food intake was measured from the 3rd to 6th week period for
mice on 7% fat diet (n= 14—16) and from the 7th to 10th week for mice on
the 11% fat diet (n = 7—8). Values are the mean + SEM.

Fasting insulin in RS fed C57BI/6J mice was also lower than
that in EC fed C57BL/6J mice, but the difference did not reach
statistical significance. Insulin resistance, indicated by the
HOMA index, was decreased in RS fed C57BI/6J mice (p <
0.05); and again, obese mice did not show improvements for the
same measurement. Similar to the fasting glucose and fasting
insulin results, the area under the curve from OGTT conducted in
thel4th week of the study was also decreased for RS fed C57BI1/6J
mice (P < 0.05) but not for obese mice (Figure 4).

Three weeks of cumulative food intake was significantly higher
in RS fed mice compared to EC fed mice for all three types of mice
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Figure 6. RQ, heat, and physical activity measurements from indirect
calorimetric chambers for lean and obese mice in study 2. Data were
collected for 48 h for the mice on 7% dietary fat during 7th—9th weeks and
for the mice on 11% dietary fat during 10th—12th weeks. Values are the
mean £ SEM with 6—8 mice per dietary group.

tested. Increasing dietary fat from 7% to 11% also further
increased food intake in the two obese mouse models but not in
C57BI1/6J mice (Figure 5).

Figure 6 summarizes metabolic characteristics obtained from
indirect calorimetry. Respiratory exchange rate (RQ: VCO,/
VO,) was lower in RS fed mice than the controls. Increasing
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Table 5. Body Weight and Disemboweled Body Weight at the End of Study 2°
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mice % fat in diet diet body weight (g) full Gl tract weight (g) disemboweled body weight (g)

C57B1/6J 7% EC 308+ 17 1.60 + 0.09 292 +1.7
RS 31.0+12 218 £ 0.17* 289+12

11% EC 312+1.0 1.51 £+ 0.09 29.7+£09

RS 309 +1.2 241 £0.14* 285+1.2

Obese 1 7% EC 415+12 213 +£0.07 393+1.2
RS 39.4+20 2.25 + 0.08" 371+20

11% EC 447+£15 1.98 £+ 0.10 397 +14

RS 442 +12 2.35+0.10 418+12

Obese 2 7% EC 387+1.3 2.06 £0.10 366 +1.3
RS 39.8 = 1.1 2.17 +£0.10 376 +£1.1

11% EC 404 +14 1.91 +0.06 385+ 14

RS 40.0 + 0.6 227 £0.13 378 +0.6

@*and **P < 0.05 or P < 0.01 compared to relative controls in the same dietary fat and type of mouse.

Table 6. Cecal Weight and pH of Cecal Contents at the End of Study 2

mice % fat in diet diet full cecum weight (mg) empty cecum weight (mg) cecum content(mg) pH of cecal content
C57B1/6J 7% EC N/A N/A N/A N/A
RS
11% EC N/A N/A N/A N/A
RS
Obese 1 7% EC 238 + 21 66 £7 172 £ 20 7.73 £0.15
RS 296 + 18*° 62+ 4 234 £ 17* 8.06 + 0.16
11% EC 212+ 15 70+9 140 £ 13 7.64 £0.19
RS 314 + 25* 72+7 246 + 23 7.99 + 0.16
Obese 2 7% EC 328 + 53 87 £10 241 £43 8.23 £0.16
RS 395 + 54 8347 313 + 48 7.85+0.13
1% EC 267 + 16 67 £9 197 £ 15 8.01 £0.16
RS 442 + 85 94 + 14 348 + 81 7.95 4+ 0.25

@*P < 0.01 compared to controls.

dietary fat further lowered RQ for all three types of mice tested.
All mice had significantly lower RQ during the light cycle than in
the dark cycle (data not shown). Energy expenditure or heat was
not different between the EC group and RS groups for C57BI/6J
mice and Obese 2 mice, but was higher in the RS group than the
EC group for Obese 1 mice. Increasing dietary fat from 7% to
11% did not change heat production in C57Bl/6J mice or Obese
1 mice, but heat production was increased in Obese 2 mice when
the dietary fat was increased. Physical activity was not different
between the RS and control diets for all mice. However, the two
obese mice strains did have less physical activity than the C57BI/
6J mice. Additionally, the two types of obese mice also had a
higher heat production than the lean mice. Because the aim of the
current study is to investigate the response to the RS diet in lean
and obese mice and not to compare the physiology differences
among the three types of mice used, the difference in heat
production and physical activity between lean and obese mice
was not considered, as all comparisons were made within the
same type of mice.

Body weight and full GI tract weight recorded at the end of
study is summarized in Table 5. RS fed C57Bl/6J mice had
significantly higher GI weights than the controls (P < 0.01).
Because of smaller numbers of mice in each group compared to
the number of mice used in study 1, the decreased disemboweled
body weight did not reach the statistical significance for RS fed
C57Bl/6] mice.

As indicators of RS fermentation, empty cecal weight, the
weight of the cecal contents, and the pH were measured for two
types of obese mice, and the results are listed in Table 6. Unlike
the results we observed in study 1, the RS diet and EC diet groups
did not show significant differences in both cecal pH and empty
cecal weights for the two obese mouse models. Although thereis a

significantly higher full cecum and cecal content weight for RS fed
Obese 1 mice on the 11% fat diet, the pH of their cecal contents
was not decreased compared to their relative controls. Thus, the
increased cecal contents in this group were simply due to large
amounts of food remaining in the cecum. The lack of data for
C57BL/6J mice is due to their cecal samples being used for
analysis of whole microbiota population profile in RS fed mice.
Such results will be published separately. However, we did
observe two types of bacteria, lactic acid bacteria and Clostridium
spp., were significantly higher in RS fed C57BI/6J mice than in the
control diet fed C57B1/6J mice. The increases of these two types of
bacteria represent the occurrence of fermentation and indicate the
increased short chain fatty acids in the cecal contents (27—29).

In summary, the data obtained from study 2 can be categorized
into two types: data observed only in RS fed lean mice and data
observed in all types of RS fed mice. Body fat and glucose
homeostasis were altered by dietary RS for C57BL/6J mice but
not for the other two types of obese mice. Food intake, RQ,
energy expenditure, and physical activity were altered in the same
direction by dietary RS for all three types of mice tested. Also, the
two types of obese mice show an impaired ability to ferment
dietary resistant starch in the large intestine.

DISCUSSION

The current studies support the conclusion that fermentation
and dilution of energy density might both contribute to resistant
starch’s effects on body fat loss in mice. Also, dietary resistant
starch is more effective in lowering body fat than simply diluting
dietary energy density. But the effect was only observed in lean
mice, not in the two types of obese mice tested. Interestingly, body
fat loss as well as improved glucose tolerance was associated with
colonic fermentation of resistant starch. Lean mice can ferment
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resistant starch, and obese mice cannot. Although the detailed
mechanisms remain to be learned, our data indicate that certain
actions of resistant starch are associated with its colonic fermen-
tation. This speculation is also supported by the Udagawa group.
They reported that dietary resistant starch lost its effect on
lowering serum cholesterol when there was a high level of
cholesterol in the diet. Coincidently, resistant starch was not
fermented in the gut when the dietary cholesterol was high in their
study (8, 10). Thus, any factor that may affect colonic fermenta-
tion of resistant starch should be considered for the clinical
application of resistant starch.

Colonic fermentation of resistant starch may also cause some
discomfort, which can be a concern for the clinical use of dietary
fermentable fiber. In our studies, we have used two types of
resistant starch at the concentration of 30% (w/w) in diets. RS2
fed mice initially have soft feces, but the symptoms are generally
ameliorated after a few days of adaptation. No other side effects
are observed in RS2 fed animals. Thus, the RS2 was used for
study 2. In study 2, all RS fed mice had greater food intake than
controls, suggesting no abdominal discomfort for RS fed mice, as
the discomfort would likely reduce food consumption. Although
the mice tolerated the 30% RS diet well, a further dose—response
study is still needed to test the minimal amount of RS in the diet
that still leads to body fat loss.

Besides fermentation and dilution of metabolizable energy
density, resistant starch also decreases the glycemic response of
the diet, which should lower the postprandial insulin concentra-
tion. The lower insulin should cause less glucose uptake into
insulin sensitive tissues and facilitate lipolysis. However, these
changes only had a minor contribution to the fat loss caused by
dietary resistant starch in current studies. The available carbohy-
dratesin the EC diet are only 1.14-fold higher compared to thatin
the RS diet in our study. Thus, the immediate postprandial
glycemia difference between the EC diet and RS diet are expected
to be minimal.

Study 2 also showed some unexpected results, which are
contradictory to our general assumptions. For example, although
RQ was decreased in RS fed obese mice, they did not lose body
fat. Three weeks’ cumulative food intakes were also increased in
all RS fed mice, regardless of whether the mice lost body fat.
Thus, food intake and RQ for RS fed mice might be influenced by
particular factors, which are independent of the RS effect on body
fat. Full cecal weights and cecal content weights indicate that the
RS is reaching the large intestine as expected for the obese mice.
However, the RS is unexpectedly not being fermented, demon-
strated by no decrease in the pH of cecal contents.

An unanswered question is why the RS is not fermented in
the obese mice. One speculation is the difference in the gut
microbiota profile between lean and obese mice (30). As a
prebiotic (a nondigestible food ingredient that stimulates the
growth or activity of beneficial bacteria in the gut), dietary
resistant starch might stimulate the growth of specific types of
microflora in the cecum of lean mice. If those types of microflora
are absent in the obese mice, RS cannot be fermented.

Regardless, the overall bacteria number in general could still be
increased in RS fed mice. The higher number of microflora
requires their host organism or RS fed mice to consume more
energy from the diet. This might be a reason that all RS fed mice
increased food intake, regardless of whether they lost body fat.

The lower RQ in all RS fed mice might also partially result
from the metabolic consequence of gut microflora in RS fed mice.
The current calorimetry method measured VO, and VCO, that
generated from both mice and microbiota inside of the mice.
Thus, an isotopic tracer method would be required to more
accurately evaluate the metabolic changes in RS fed mice.

Zhou et al.

The level of dietary fat used in study 2 did not affect the ability
of RS fed lean mice to lose body fat. However, caution should be
given in interpreting this result. The dietary fat levels used in study
2 were at the recommended levels for the AIN-93 diet and the
recommendation from Jackson Lab for obese mice. The 7%
(18% of energy) and 11% (26% of energy) dietary fat levels are
considered very low or as a moderate dietary fat diet for humans.
Although dietary fat used at these levels did not change the
response to RS diet in lean mice, the effect of resistant starch with
higher levels of dietary fat is still unclear and needs further
investigation.

Obese mouse models used in the current study have similar
genetic backgrounds. On the basis of the Jackson Lab descrip-
tion, Non/ShiLtJ mice (Obese 2 mice) have the same genetic
background as NoNcNZOI10/Lt] mice (Obese 1 mice), but
diabetes is not developed in their early life stage. We did see that
Obese 2 mice had a lower fasting glucose than Obese 1 mice at the
sixth week of the study. However, at the end of the study, the two
types of obese mice were very similar in terms of the metabolic
characteristics measured.

In summary, the findings from the current studies indicate that
resistant starch is more effective than a simple energy dilution for
body fat reduction in lean mice and that colonic fermentation of
resistant starch might play an important role in this regulation.
Obese mice used in the current study were unable to ferment
resistant starch and did not lose body fat with the feeding of
resistant starch. Because the origin of obesity is only one of many
factors that might influence the colonic fermentation of resistant
starch, caution should be given to the food industry, dietitian, and
consumers: any factors that influence the colonic fermentation of
resistant starch should be considered when using resistant starch
in the treatment of obesity and diabetes. Further studies are
required to determine if the origin of obesity (genetic, dietary, or
endocrine) has unique effects on gut mucosa and the fermentation
environment that alters microflora and thereby the response to a
dietary resistant starch.
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