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Obesity is a growing global public health dilemma. The objective of this project is to develop and
validate a screening mechanism for bioactive compounds that may reduce body fat and promote
health. Resistant starch (RS) reduces body fat in rodents. Amylose starch that has a high content of
RS, endogenous compounds obtained from the ceca of amylose starch fed mice (fermented RS),
and individual short-chain fatty acids (SCFA) were tested. The Caenorhabditis elegans model and
Nile red staining were selected to determine the intestinal fat deposition response to bioactive
components. The fluorescence intensity of Nile red was reduced to 76.5% (amylose starch), 78.8%
(fermented RS), 63.6% (butyrate), or 28—80% (SCFAs) of controls, respectively (P < 0.001). The
reduced intestinal fat deposition suggests reduced food intake or increased energy expenditure.
C. elegans is a practical animal model to screen for bioactive compounds that may prevent or treat
obesity.
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INTRODUCTION

The prevalence of obesity is rising and is accompanied by an
increase in the prevalence of diabetes and other obesity-associated
diseases. Diabetes, in particular, is driving an increase in health
care costs and is compromising public health. Biological systems
have evolved a complex network of physiologic systems to
maintain food intake, body weight, and energy homeostasis.

Over the past half century, there has been growing acceptance
of obesity treatment interventions. A reduced energy intake
through reduced dietary energy density, increased energy expen-
diture through exercise, lifestyle modification, anorectic agents,
other drugs to treat obesity, and bariatric surgery have all been
used as treatment interventions. Stimulation of the sympathetic
nerves to the upper gastrointestinal tract is a new and promi-
sing method that is still under development (1, 2). Safety con-
cerns and limited efficacy have curtailed the use of antiobesity
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pharmaceuticals. There are only two obesity drugs presently
approved in the United States for long-term use. Sibutramine,
one of these drugs, causes a rise in blood pressure, and orlistat, the
other drug, is associated with embarassing gastrointestinal side
effects such as anal leakage and incontinence. Phentermine is
approved only for the short-term treatment for obesity, is a
stimulant, and is scheduled by the drug enforcement administra-
tion, suggesting that it has a potential for addiction. All three of
these antiobesity medications give < 5% greater weight loss than
a placebo (3). Because obesity is a prevalent chronic disease
without a cure, there remains a high demand for safe and effective
obesity treatments and a pressing need for the new innovative
treatment strategies that are emerging (). Many lines of evidence
suggest that food such as resistant starch (RS) provides medical
benefits beyond its function as a nutrient in rodents and may offer
a solution to reducing body fat in humans (5). RSs are macro-
nutrients that are divided into four categories, one that is physi-
cally inaccessible to enzymes and is stable to heat (RS;), one that
has limited access by enzymes through its special granular
(ungelatinized) form (RS;), one that can form retrograde starch
that is fermentable such as amylose starch and which is the most
abundant resistant starch (RS;), and one that does not have a
naturally occurring structure of chemically altered starch (RSy) (6).
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In particular, the dietary fiber fraction to which amylose starch
(RS,) belongs is thermally stable, is capable of escaping digestion
in the small intestine, and is fermented through the action of
anaerobic bacteria in the large intestine to yield short-chain
fatty acids (SCFA) (6, 7). Keenan et al. and Zhou et al. have
demonstrated that the RS fermentation product, SFCAs, plays a
major role in obesity prevention in RS-induced fat reduction in
rodents (8, 9).

The present study describes a method of screening for bioacti-
ves in an efficient manner. The nematode animal model, Cae-
norhabditis elegans (C. elegans), has been increasingly utilized for
biological and medical studies, and > 65% of the genes relating to
human diseases are conserved in C. elegans (10, 11). Three hund-
red and five genes in C. elegans have been shown to be involved in
reducing body fat, and 112 genes are involved in increasing fat
storage as demonstrated by RNAi and Nile Red staining (0).
C. elegans is well-suited to obesity studies, because deposits of fat
for energy storage can be found along its intestinal tract and the
bodies of C. elegans are transparent (12). Thus, lipid-staining dyes
such as Nile Red or BODIPY can be visualized directly and
quantitated photometrically in the intact animals (/3). The rapid
reproduction cycles and large brood sizes of C. elegans allow for a
variety of cellular, molecular, genetic, and behavioral analyses.
C. elegansis well-suited for use in large-scale and high-throughput
screening programs to discover drugs and bioactive materials
(14, 15). The objective of this study was to optimize the screening
of bioactive materials that might reduce body fat in the C. elegans
model. We tested the effects of amylose starch that has a high
content of RS, endogenous compounds obtained from the ceca of
amylose starch fed mice (fermented RS), and individual SCFAs.

MATERIALS AND METHODS

C. elegans and the food source, Escherichia coli (OP50), of this
study were obtained from the Caenorhabditis Genetics Center
(CGC, University of Minnesota).

Culture of Wild-Type C. elegans (N2 Strain). One day prior to
the experiment, 200 uL of a feeding medium containing E. coli,
OP50) (see below) was added to the agar dish. Animals were
cultured in the agar dish at 20 °C in a cold incubator (Revco Tech.,
Nashville, NC). Control animals were fed the E. coli only. The experi-
mental groups were fed additional amylose starch (Hi-Maize 260
contains 60% RS that is indigestible and fermentable), amylo-
pectin (AMIOCA, highly digestible starch; both from National
Starch and Chemical Co., Bridgewater, NJ), wash-out of gut
contents from amylose starch-fed lean mice, or four types of
SCFA, respectively. Intestinal fat deposition of the experimental
groups was compared with their paired control groups.

Culture of Nonpathogenic E. coli (OP50, Uracil Auxotroph).
E. coli was cultured according to the standard method. Briefly, a scoop
(10 uL=£) of stock E. coli was added to feeding medium (see solution com-
position below) and incubated at 37 °C for 48 h. E. coli was then sub-
cultured in Petrifilm (3M Corp., Minneapolis, MN) at 37 °C for 24 h to
confirm the colonies. Densities of 5 x 108—5 x 10" cfu/mL were selected,
and the animals were allowed to eat ad libitum (/6).

Fluorescence Microscopy. Prior to fixing the animals, an S-basal (see
below) solution (1 mL/dish) was used to wash the animals. The solution
containing the animals was centrifuged for 20 s at 3000 rpm, and this
procedure was repeated twice. Animals were then fixed with 4% paraf-
ormaldehyde for >2h at 4 °C and washed with PBS for 5 min three times.
Nile Red was dissolved in acetone (0.5 mg/mL), and glycerol/water (75:25)
was added into the solution. Fifty microliters of the solution was applied to
the animals/specimen for 10 min. A drop of Fluoromount-G (Southern
Biotechnology Associates, Birmingham, AL) was applied to a glass slide
followed by 20 uL of the medium containing Nile Red stained animals. A
cover glass was mounted on the glass slide. The slides were viewed with a
fluorescence microscope (Nikon Eclipse, Ti) equipped with a Texas Red
filter. Digital images were taken with the Retiga 4000R. The fluorescence
micrographs were analyzed using ImagePro Plus (Media Cybernetics, Inc.,
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Bethesda, MD). Line profiles of the optical densities (arbitrary units,
percent of control) of Nile Red labeled intestinal fat deposition were deter-
mined for each group. The animals were at mixed growing stages. Adult
animals (lavar 4) were selected for the measurement.

Starch Preparation. The amylopectin (AMIOCA) and amylose
starch (RS,, Hi-Maize 260 consists of 60% amylose starch and 40%
amylopectin) were gifts from National Starch and Chemical Co. The
absence or presence of amylose starch in AMIOCA or in Hi-Maize 260
was confirmed with differential scanning calorimetry (DSC) measure-
ments, respectively. A peak of Hi-Maize VII consisting of 38.2% RS was
detected in our Hi-Maize 260 sample. Trace levels of amylose starch
without the peak were found in AMIOCA (1.45%). Amylose starch and
amylopectin were added in sterile distilled water and sterile filtered before
use in the experiments. Endogenous colonic contents were collected after
30 days from mice fed either a high-amylose starch diet (28% RS, wt/wt) or
an amylopectin diet containing an equal energy density, respectively (n =
10) 8, 9). The cecal contents in succession were diluted with deionized
water and sterile filtered, and a final solution was obtained (diluted 1:4 with
deionized water), respectively. The final solution was filtered (& 0.20 um) to
eliminate any bacteria from the endogenous compounds and seeded into an
agar dish 24 h prior to the experiment. The fermented cecal RS from
amylose starch fed mice were previously measured as 243 + 73, 160 + 47,
59.0 £ 21, and 17.7 & 5.2 umol for total SCFAs, acetate, propionate, and
butyrate, respectively.

In Vivo Assays. Control animals were fed freshly cultured E. coli only.
In addition to feeding the E. coli, each experimental group was coadmi-
nistered one of the following compounds: (1) amylose starch (0.25, 0.5, and
1%); (2) amylopectin (0.25, 0.5, and 1%, served as a control); (3) fer-
mented RS (endogenous fermentation products of RS in high-amylose
starch obtained from filtered cecal contents; see Starch Preparation);
(4) no fermented RS (endogenous compounds from filtered cecal contents
from mice fed amylopectin; see Starch Preparation); (5) sodium butyrate
(300 uM); (6) sodium acetate trihydrate (5, 50, or 300 mM); and (7) sodium
propionate (0.1, 7, or 100 mM) or tributyrin (50 M, 500 uM, or 3 mM),
respectively.

Standard C. elegans (NGM Agar) Plates. Three grams of NaCl,
20.0 g of Bacto-agar (Becton), 2.5 g of Bacto-peptone (Becton), 0.1%
cholesterol solution (0.005/mL 95% ethanol), and 975 mL of dH,O were
mixed. The following were then added to the autoclaved solution: CaCl,,
I mL (1 M); MgSO,, 1 mL (1 M); and KPO,4, 25 mL (1 M) at pH 6.

E. coli (OP50) Culture Medium. Twenty-five grams of LB broth, I L
of dH,O (autoclave), one scoop (10 uL+) of E. coli (CGC), and 10 uL/mL
streptomycin were mixed for 16 h at 37 °C in a shaker—incubator and
stored at 4 °C. A final concentration of of 5 x 10°~5 x 10! cfu/mL (ad
libitum) was obtained.

S-Basal Solution. NaCl (5.8 g,0.1 M), KPO4 (50 mL, 0.05 M) at pH 6,
and cholesterol (1 mL) were made up to 1 L with dH,O and autoclaved.

Fixative. Four percent paraformaldehyde and 0.4 M PBS were used.

PBS: 115 mM NaCl, 75 mM Na,HPO,- 7H,0, and 7.5 mM KH,PO,,
pH 7.4.

Unless specified otherwise, all chemicals were purchased from Sigma-
Aldrich Chemical Co., St. Louis, MO.

Statistical Analyses. Results are expressed as means = SEM. Data
were analyzed with one-way ANOVA Tukey’s test (SigmaStat 3.5), and a
P value of <0.05 was taken as significant.

RESULTS

All of the study groups (RS, endogenous cecal compounds,
and SCFA) tested in the C. elegans showed reduction of the Nile
Red positive staining for fat deposition.

RS. Concentrations of 0.25, 0.5, and 1% amylose starch
containing RS or amylopectin were used (n = 4). After 7 days,
the fluorescence intensity of the Nile Red positive intestinal fat
deposition was significantly reduced to 76.5% in 1.0% amylose
starch treated animals compared to the animals that received
1.0% amylopectin (P < 0.001, Figure 1). The lower concentra-
tions of amylose starch had no significant effect on the intestinal
fat deposition (data not shown).

Fermented RS from Filtered Cecal Contents from Mice. When
filtered cecal contents from mice fed amylose starch that contained
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Figure 1. Nile Red staining of the intestinal fat in C. elegans (N2) fed with or
without unfermented RS (1.0%, 7 days). The fluorescence intensity of the
Nile Red positive intestinal fat was significantly reduced to 76.5% in animals
fed 1.0% amylose starch (60%, Hi-maize 260, black bar) compared with
animals that received amylopectin (AMIOCA, gray bar, P < 0.001).

fermented RS were fed to C. elegans, the same general results as
observed for feeding of amylose starch and SCFAs (see below)
were observed. The filtered cecal contents from mice fed amylose
starch would contain endogenous compounds from fermentation
of the RS component of the amylose starch. The fluorescence
intensity of the Nile Red positive intestinal fat deposition in the
C. elegans fed endogenous compounds from cecal contents of the
amylose starch fed mice was significantly reduced (78.8%, 4 days)
compared to the E. coli only fed C. elegans group (n = 5, P <
0.001) and the C. elegans fed filtered cecal contents from
amylopectin fed mice (n = 5, 90.7%, P < 0.001, Figure 2).
Individual SCFAs. Feeding of SCFA to C. elegans showed
similar effects to feeding of amylose starch or fermented RS from
filtered cecal contents from amylose starch fed mice. The reduc-
tion was found in all treated animals (5 days). The fluorescence
intensity of Nile Red positive intestinal fat depositions was
significantly reduced in butyrate (300 uM) treated animals
compared to control animals that were fed only E. coli. The fluo-
rescence intensity in butyrate-fed animals was reduced to 63.6%
of the control group (n = 3, P < 0.001, Figure 3). The sodium
acetate trihydrate reduction was more potent than the reduction
induced by sodium propionate. In the millimolar range, sodium
acetate trihydrate induced a reduction from 60.7% (30 mM) to
46.6% (300 mM) (n = 5, P < 0.001) and sodium propionate
induced a reduction to 79.8% (rn = 5, 100 mM) compared to
control. In the micromolar range, tributyrin induced a reduction
to 30% (3 uM) compared to control (n =5, P < 0.001, Figure 4).

DISCUSSION

We utilized the nematode model, wild-type C. elegans, to
screen the fat deposition effects of amylose starch with a high
content of resistant starch, fermented resistant starch (endogen-
ous compounds from filtered cecal contents from mice fed
amylose starch), and individual SCFAs. Our results indicate that
they all reduce intestinal fat deposition in C. elegans. These
outcomes are congruent with the findings in rodents. Thus, they
are predictive of the results seen in higher animal species.

RS and their fermentation products have increasingly caught
the attention of both the scientific and lay public due to its
benefits related to the improvement of metabolic syndrome
components and other obesity-related disease. Foods high in
dietary fiber are known to increase bowel movements, eliminate
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Figure 2. C. elegans fed with endogenous compounds from filtered cecal
contents from amylose starch fed mice, from amylopectin fed mice. The
reduction of Nile Red positive fat deposition showed trends similar in RS fed
C. elegans (see Figure 1). The reduction was significantly decreased to
78.8% in fermented RS group (black bar, n = 5, from amylose fed mice,)
compared to control group (n = 5, fed only E. coli) or compared to no fer-
mented starch group (gray bar, n=5, from amylopectin fed mice, 4 days, P <
0.0001).

fat from gastrointestinal tract, reduce body weight, decrease
calorie intake, and elevate metabolic rate (/7—19). We have
previously demonstrated that amylose starch (RS,) and the
butyric acid that results from its fermentation reduce body fat,
stimulate production of gut satiety hormones, increase insulin sen-
sitivity, elevate energy expenditure, boost mitochondria function,
and augment gastrointestinal motility in rodents (5,8, 9, 17, 20).
It needs to be pointed out that there are a variety of other poorly
digested carbohydrates that offer the potential to enhance buty-
rate production in the lower gastrointestinal tract (21).

The fermentation products of RS, in the fluid of the large
intestine are a complex mixture. Food intake containing RS directly
alters the colonic microflora and increases formation of SCFAs,
which are a major part of the mixture. The bacteria of the colonic
microflora in different animal species vary in their effect on RS.
Wang et al. found that after feeding amylose (400 g/kg) for ~30
days, butyrate concentration of the fecal slurry was ~30 mmol/mL
(gas chromatograph) (22). By way of contrast, in the sheep
rumen total fasted SCFA concentration is 50 mM, which reaches
160 mM with a ratio of 7:1.5:1.5 for acetic/propionic/butyric acids,
respectively, but this ratio is higher in the reticulorumen (23). Our
previous studies have demonstrated that SCFAs from fermentable
RS have beneficial physiological effects in the prevention of over-
weight and obesity in rodents (/7—19), and others demonstrated
increased motility of the gastrointestinal smooth muscle in vitro (24).

The ultimate goal of our research is to optimize the type and
source of RS that will prevent and/or reverse metabolic syndrome
and obesity-related diseases. We took advantage of the C. elegans
model when selecting an animal model for screening to detect the
effects of bioactive materials on fat reduction. A procedure is
carried out in the present study to remove the colonic contents
and isolate the endogenous compounds, presumably SCFAs
from ceca of the RS,-fed mice. The material washed out of the
ceca was sterile filtered prior to the study to ensure accuracy and
purity. We verified the RS, content from the commercial pro-
duct of RS (Hi-Maize 260) by differential scanning calorimetry
(DSC). The trace amount of amylose detected in the amylopectin
(AMIOCA), the commercial nonfermentable starch product that
we used as a control, was insignificant.
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Figure 3. Butyrate treatment reduced Nile Red staining of the intestinal fat deposition in C. elegans. (A) The arrow points indicates intestinal fat droplets in the
control animals that received only E. coli. (B and C) The fluorescence intensity of Nile Red positive intestinal fat deposition in butyrate (300 «M) treated animals
was significantly reduced to 63.6% compared to the control group (black bar, n =3, 5 days, P < 0.001).
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Figure 4. SCFA treatment reduces Nile Red positive intestinal fat deposi-
tion in C. elegans. The reduction was found in all treated animals. Sodium
acetate trihydrate (black circles, n = 5), however, is more potent than
sodium propionate (gray circles, n=5) induced reduction, which was in the
millimolar range. Tributyrin-induced reduction was in the micromolar range
and was more potent than sodium acetate trihydrate (white circles, n =5,
5 days, P < 0.001, see text).

C. elegans is an ectothermic animal, and a variety of metabolic
rate measures have been reported despite its diminutive size
(25—27). Nevertheless, measuring metabolic rate is beyond the
scope of this study. One of the strengths of using the C. elegans
model is the ability to monitor the Nile Red positive staining as a
marker of intestinal fat deposition through their transparent
bodies. The decreased intestinal fat deposition predicts an ele-
vated energy expenditure, a reduction in food intake, or both. In
the present study, reduction of the Nile Red positive staining of
the intestinal fat deposition was detected across all three groups
with remarkably distinguished efficacies. The reduction in Nile
Red staining was dose dependent and required a concentration of
at least 1.0% RS. The fermented RS (endogenous compounds in
cecal contents from mice fed amylose) were diluted 4-fold to be
able to pass through the sterile filter, which is necessary to
eliminate bacteria from the compounds that were to be tested.
The endogenous compounds are presumably highly bioactive,
because only one-fourth of the original dose was used. The
individual SCFAs provide more details about the efficacy. In
the millimolar range, sodium acetate trihydrate is 20-fold more
potent than sodium propionate, which can reduce cholesterol and
improve metabolism (28). Tributyrin gives the most dramatic
reduction in fat deposition with activity down to a micromolar

concentration range. The performance of tributyrin, three butyric
acids esterified to glycerol, is consistent with studies in rodents
showing that butyric acid plays the major role in reducing body
fat, preventing diet-induced obesity and averting insulin resis-
tance in muscle, adipose tissue, and liver (20). Butyrate is a histone
deacetylase (HDAC) inhibitor and regulates the transcription of
several genes (29). Considering that butyrate contributes only
~7% to the total endogenous SCFA, the high efficacy of butyrate
in the current study might be due to epigenetic factors involving
histone deacetylation, which is known to contribute to the
silencing of critical genes. In C. elegans, the hda-1 gene encodes
a histone deacetylase. Mutation of the hda-1 gene [hda-1(cw2)]
affects the development of the nervous system (30). The next step
in our series of studies will focus upon developing a sensitive
method to detect the concentration of the SCFAs fermented in
C. elegans and to evaluate the epigenetic impact of the SCFAs in
the C. elegans model.

Nematodes can survive under a hypoxic condition, and
C. elegans has both an aerobic and an anaerobic metabolism (37).
In C. elegans, daf-22 and dhs-28 are critical for synthesizing
SCFAs and are expressed primarily in the intestine, the major
organ for fatty acid metabolism (32, 33). In general, oxygen
diffuses bidirectionally between the intestinal tract and the ex-
ternal environment (through the cuticle). Vice versa, the intestinal
“hypoxia gradient” can also diffuse outward from the interior of
the alimentary tract to the exterior of the cuticle (37). The ingested
E. colitolerate anoxia as well. Fermentation pathways have been
described in C. elegans, and fermentation products can diffuse
across a hypoxic gradient when there is oxygen depriva-
tion (31, 34, 35). Thus, living in an anaerobic environment or
feeding on the products of anaerobic bacterial fermentation,
C. elegans nutrition would closely resemble the effect of colonic
RS fermentation and endogenous SCFAs on the gut in rodents or
in humans. For example, one sees similar results from the culture
of the C. elegans in aerobic conditions, the culture of C. elegans
with the anaerobic bacteria of the gut microflora in the cecal
contents, or the feeding of C. elegans with the culture medium in
which the anaerobic bacteria are grown containing fermentation
products. In the current study we cultured the C. elegans in
aerobic conditions and fed the C. elegans either filtered RS or the
cecal contents with fermentation products (SCFAs) of the gut
microflora. In the former, the C. elegans would ferment the RS
first. In the latter, the C. elegans would consume fermented
products (SCFAs) directly.

In conclusion, RS serves as a functional food that reduces body
fat deposition by an apparent inducement of negative energy
balance in C. elegans through its fermentation products. Thus,
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highly fermentable fiber sources can be screened with C. elegans
to isolate fermentation components and identify the most effec-
tive bioactives for body fat reduction. The short lifespan, low
cost, ease of cultivation, and predictive value for what will take
place in higher species of animals make C. elegans a more time-
efficient and cost-effective animal model than other preclinical
screening methods.
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