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Abstract Sennoside A (SA) is a bioactive component of Chinese herbal medicines with an activity of
irritant laxative, which is often used in the treatment of constipation and obesity. However, its activity
remains unknown in the regulation of insulin sensitivity. In this study, the impact of SA on insulin
sensitivity was tested in high fat diet (HFD)-induced obese mice through dietary supplementation. At a
dosage of 30mg/kg/day, SA improved insulin sensitivity in the mice after 8-week treatment as indicated by
HOMA-IR (homeostatic model assessment for insulin resistance) and glucose tolerance test (GTT). SA
restored plasma level of glucagon-like peptide 1 (GLP1) by 90% and mRNA expression of Glp1 by 80% in
the large intestine of HFD mice. In the mechanism, SA restored the gut microbiota profile, short chain fatty
acids (SCFAs), and mucosal structure in the colon. A mitochondrial stress was observed in the enterocytes
of HFD mice with ATP elevation, structural damage, and complex dysfunction. The mitochondrial response
was induced in enterocytes by the dietary fat as the same responses were induced by palmitic acid in the cell
culture. The mitochondrial response was inhibited in HFD mice by SA treatment. These data suggest that
SA may restore the function of microbiota–GLP1 axis to improve glucose metabolism in the obese mice.
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1. Introduction

Insulin resistance contributes to glucose disorder in the pathophy-
siology of type 2 diabetes in various conditions, including obesity
and aging. Insulin resistance is a result of energy surplus with a
feature of increased production of ATP by mitochondria1. Down-
regulation of ATP production by decreasing energy intake or
increasing energy discharge represents a promising approach in the
treatment of insulin resistance, which are suggested by the
effective therapies including the gastric bypass surgery and
the sodium-glucose cotransporter 2 (SGLT2) inhibitor-based
medicines2,3.

Sennoside A (SA), a major active component of Chinese herb
Rhizoma Rhei, is widely used as irritant laxative in clinical
settings in China and other Asian countries. SA increases the
large intestinal transit by induction of spontaneous colon
contraction in a nerve-independent manner4,5, which leads to a
quick discharge of the intestinal content to cut down energy
harvest from the diet. As a result, SA is a popular ingredient in
variety of the weight-loss medicines or dietary supplements6,7. In
the mechanism of action, SA was also reported to inhibit the
enzyme activity of α-glucoamylase at a similar potency to
acarbose8. Those studies suggest that SA may decrease energy
harvest in the large intestine through acceleration of diet transit
or inhibition of α-glucoamylase activity. However, the impact of
SA on gut microbiota and intestine endocrinology has not been
reported yet.

Microbiota regulates host energy metabolism through fermenta-
tion of dietary fibers in the large gut. Microbiota disorders increase
the risk of insulin resistance, and type 2 diabetes9,10. The gut
microbiota has been a target in the treatment of the metabolic
diseases11. The gut microbiota catalyzes fermentation of dietary
fibers to generate SCFAs including acetate, propionate and
butyrate. SCFAs are energy sources for enterocytes in the
production of ATP, glucose, cholesterol and triglyceride12,13.
Butyrate is an important source of energy to the colon enterocytes,
which involve in the maintenance of mucosal function of the
colon14,15. SCFAs are reported to protect insulin sensitivity16,17,
improve glucose metabolism18, and regulate immune functions19,
suggesting that SCFAs represent a class of beneficial products of
gut microbiota in the regulation of host metabolism. It is unknown
how the colon SCFA profile is regulated by SA. In this study, we
investigated SA impact in the gut microbiota and SCFA in
HFD mice.

In this study, the effect of SA on insulin sensitivity was
examined in the HFD mice. SA impact in glucagon-like peptide
1 (GLP1), profiles of gut microbiota and SCFAs were determined
in the large intestine to understand the mechanism of SA
pharmacology activity. Mitochondrial function was examined in
the colon enterocytes for the GLP1 response in the SA-treated
mice. The data suggest that SA may regulate insulin action
through an impact on microbiota–GLP1 axis.
2. Materials and methods

2.1. Chemicals and reagents

SA was obtained from the National Institute for Food and Drug
Control (Beijing, China). The chemical standards included acetic
acid, propionic acid, isobutyric acid, butyric acid, isovaleric acid,
valeric acid as well as 2-methyl valerate. The purity of the above
standards was all over 98% in HPLC. Other chemicals included
fatty acid-free BSA, adenosine 50-diphosphate sodium salt (ADP),
carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP),
antimycin A, oligomycin, rotenone and succinic acid. Mitochon-
drial isolation buffer (MSHEþBSA) comprises 70 mmol/L
sucrose, 210 mmol/L mannitol, 5 mmol/L HEPES, 1 mmol/L
EGTA and 0.5% (w/v) fatty acid-free BSA (pH 7.2). Mitochon-
drial assay solution (MAS, 1�) was composed of 70 mmol/L
sucrose, 220 mmol/L mannitol, 10 mmol/L KH2PO4, 5 mmol/L
MgCl2, 2 mmol/L HEPES, 1 mmol/L EGTA and 0.2% (w/v) fatty
acid-free BSA, pH 7.2 at 37 1C. A 2–3� stock of MAS was
prepared for dilution of substrates, ADP and respiration reagents.
Stocks of succinate (0.5 mol/L) and ADP (1 mol/L) were made in
H2O and adjusted to pH 7.2 with potassium hydroxide. Stocks of
10 mmol/L FCCP, 2 mmol/L rotenone, 5 mg/mL oligomycin and
40 mmol/L antimycin A were made in 95% ethanol. All chemicals
were purchased from Sigma–Aldrich Co., Ltd. (Shanghai, China)
unless stated separately. All reagents were stored at –20 1C except
pyruvate, which was prepared fresh on the day of each experiment.

2.2. Animals

Eight-week old male C57BL/6 J mice (SPF grade) were obtained from
Shanghai Slac Laboratory Animal Co., Ltd. (Shanghai, China).
Animals were kept in an environment-controlled room (temperature:
2072 1C, humidity: 6075%, 12 h dark/light cycle). All animal
experiments were conducted in accordance with the protocol approved
by the Institutional Animal Care and Use Committee (IACUC) of
Shanghai Jiaotong University (Shanghai, China). Normal control group
(10 mice) was fed on a normal chow diet (NCD, 13.5% fat, Shanghai
Slac Laboratory Animal Co., Ltd). A total of 20 mice were fed on
HFD (60% kcal from fat, Research diets, # D12492) for 16 weeks to
generate a diet-induced insulin-resistant model as previously
described20. Insulin-resistant mice were divided randomly into 2 groups:
HFD group (10 mice) and SA-treated HFD group (10 mice). SA was
administrated at 30mg/kg/day through drinking water. The treatment
duration was 8 weeks, in which the body weight, food intake and water
intake were monitored in the mice during the study (Fig. 1). Fecal
moisture content was assessed by the ratio of fresh stool to dried stool.
Fresh stool samples were collected at 0, 4 and 8 weeks of treatment
and stored at –80 1C immediately for subsequent analysis. The fat pads
were collected and weighted at 8 weeks of treatment when the mice
were euthanized.

After 8 weeks of treatment, the animals were subject to tissue
collection under anesthesia by intraperitoneal injection of pento-
barbital (35 mg/kg). Blood was collected from the orbital plexus.
Serum was isolated by centrifugation at 3000� g at 4 1C for 10
min and stored at –80 1C until the biochemical assays. Following
blood collection, the anesthetized mice were sacrificed by cervical
dislocation. Visceral adipose tissues, livers and colons were
collected from the animals and immediately weighed. The samples
were flushed with phosphate-buffered saline (PBS, pH 7.4) and
instantly frozen in liquid nitrogen and then stored at –80 1C until
subsequent analysis.

2.3. GTT

GTT was performed in mice fasted for 16 h. Glucose (2 g/kg) was
peritoneally injected and blood glucose was determined in the tail
vein at 0, 15, 30, 60 and 120 min using a One Touch glucometer
(ACCU-CHEKs Performa, Roche).



Figure 1 Study design.
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2.4. Fasting insulin and glucose assays

Fasting insulin was determined in serum of mice fasted for 6 h
with an ELISA kit (Thermo Fisher Scientific, Waltham, MA,
USA). Fasting glucose was determined in serum of mice fasted for
16 h using a One Touch glucometer. According to the fasting
insulin and glucose concentration, the insulin sensitivity index
HOMA-IR was calculated according to Eq. (1) 21:

HOMA-IR¼ Fasting insulin mU=L
� �� Fasting glucose mmol=L

� �
=22:5 ð1Þ

2.5. Histological analysis

Colons were fixed in 10% phosphate-buffered formalin acetate at 4 1C
overnight and embedded in paraffin wax. Paraffin sections (5 μm) were
cut and mounted on glass slides for hematoxylin and eosin (H&E)
staining as described22. The paraffin sections of colons were stained by
Alcian blue-periodic acid-schiff (AB-PAS) staining according to the
manufacturer's instructions (Solarbio, Beijing, China).
2.6. Plasma GLP1 assay

Blood GLP1 was determined with the GLP1 platinum ELISA kit
(BMS2194, eBioscience, CA, USA). Mice were fasted for 12 h,
and anesthetized by intraperitoneal injection of pentobarbital
(35 mg/kg). Blood (300 μL) was collected in tube containing
EDTA and DPP-IV inhibitor (1 mmol/L). The plasma was
isolated by centrifugation at 3000� g for 10 min at 4 1C and
stored at –80 1C until test. DENLEY DRAGON Wellscan
MK 3 software (Thermo, with Ascent software for Multiskan)
was used in the analysis of GLP1 data.
2.7. Microbiota assay

The microbiota was tested in the fecal samples using the 16S
ribosomal RNA protocol23. Total bacterial genomic DNA samples
stored at –20 1C prior to further analysis were extracted using the
Fast DNA SPIN extraction kits (MP Biomedicals, Santa Ana, CA,
USA) following the manufacturer's instructions. The quantity and
quality of extracted DNAs were measured using a NanoDrop ND-
1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA,
USA) and agarose gel electrophoresis, respectively.

Amplification of the bacterial 16 S rRNA genes V3–V4 region was
performed using the forward primer 338 F (50-ACTCCTACGG-
GAGGCAGCA-30) and the reverse primer 806R (50-GGAC-
TACHVGGGTWTCTAAT-30) in PCR. Sample-specific 7-bp
barcodes were assembled into the primers for multiplex sequencing.
The PCR components contained 5 μL of Q5 reaction buffer (5�),
5 μL of Q5 high-fidelity GC buffer (5�), 0.25 μL of Q5 high-fidelity
DNA polymerase (5U/μL), 2 μL (10mmol/L) of dNTPs, 1 μL
(10 μmol/L) of each forward and reverse primer, 2 μL of DNA
Template, and 8.75 μL of ddH2O. Thermal cycling was comprised
of initial denaturation at 98 1C for 2min, followed by 25 cycles
consisting of denaturation at 98 1C for 15 s, annealing at 55 1C for 30 s,
and extension at 72 1C for 30 s, with a final extension of 5min at
72 1C. PCR amplicons were purified with Agencourt AMPure Beads
(Beckman Coulter, Indianapolis, IN, USA) and quantified using the
PicoGreen dsDNA Assay Kit (Invitrogen, Carlsbad, CA, USA). After
the individual quantification step, amplicons were pooled in equal
amounts, and pair-end 2 � 300 bp sequencing was performed using
the Illlumina MiSeq platform with MiSeq reagent kit v3 at Shanghai
Personal Biotechnology Co., Ltd. (Shanghai, China).

The Quantitative Insights Into Microbial Ecology (QIIME,
v1.8.0) pipeline was employed to process the sequencing data in
microbiota analysis. Briefly, raw sequencing reads with exact
matches to the barcodes were assigned to respective samples and
identified as valid sequences. The low-quality sequences were
excluded if the following criteria were not matched: (1) sequences
that had a length of o 150 bp, (2) sequences that had average
Phred scores of o 20, (3) sequences that contained ambiguous
bases, and (4) sequences that contained mononucleotide repeats of
48 bp. Paired-end reads were incorporated using FLASH. After
chimera detection, the remaining high-quality sequences were
clustered into operational taxonomic units (OTUs) at 97%
sequence identity by UCLUST. A representative sequence was
selected from each OTU using default parameters. OTU taxonomic
classification was conducted by BLAST searching the representa-
tive sequences set against the Greengenes Database using the best
hit. OTU abundance data were then used for the calculation of
ACE (abundance coverage-based estimator of species richness)
index and for rarefaction estimates via QIIME. Taxonomical
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assignments of representative sequences were determined using
the RDP classifier with a bootstrap cutoff of 50%.

2.8. SCFA assay

Freeze-dried fecal samples (0.1 g) were reconstituted in 0.4 mL
distilled water followed by centrifugation (5000 rpm, 20 min at 4
1C). The supernatant was acidified with a 1/5 volume of 50%
H2SO4 and 1/2 volume of dilution internal standard solution
(50 μg/mL), and then extracted with ethyl ether. The concentra-
tions of SCFAs including acetic acid, propionic acid, isobutyric
acid, butyric acid, valeric acid, and isovaleric acid were deter-
mined in the organic phase using Gas chromatography (GC-2010,
Shimadzu Cooperation, Kyoto, Japan), in which 2-methyl valerate
was the internal standard solution. It was equipped with a flame
ionization detector and an All-tech capillary column (AT-WAX,
30 m� 0.25 mm� 0.25 μm, Alltech company, ME, USA) oper-
ated in the split-less mode. The helium carrier flow was 37.0 cm/s
under a column head pressure of 68.0 kPa. The oven temperature
was initially 100 1C for 1 min, increased to 170 1C at a rate of
5 1C/min，gradually increased to 230 1C at a rate of 30 1C/min,
and maintained for 2 min. The injector and detector temperatures
were set at 220 1C and 250 1C, respectively.

2.9. Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted using the TRIzol RNA isolation reagent
(Invitrogen, Carlsbad, CA, USA). Reverse transcription of 500 ng
RNA was carried out according to the instructions of Prime
ScriptTM 1st strand cDNA synthesis kit (TaKaRa, Japan). The
qRT-PCR reaction was conducted in 20 μL (SYBRH Premix Ex
TaqTM, TaKaRa Japan) using the applied primer sequences listed
in Supporting information Table S1. The result was normalized
against Gapdh mRNA signal.

2.10. Mitochondria and ATP assays

Mitochondria were isolated from colons by differential centrifuga-
tion, and mitochondrial oxygen consumption rates (OCR) were
measured using an XF24 Analyzer (Seahorse Bioscience Inc.,
North Billerica, MA, USA)24. The mitochondrial complex assay
was performed with 5 μg mitochondria per well, 10 mmol/L
pyruvate, 2 mmol/L malate and 4 mmol/L FCCP. The inhibitors
included rotenone (2 mmol/L), succinate (10 mmol/L), antimycin
A (4 mmol/L final), and ascorbate plus 1 mmol/L N,N,N9,N9-
tetramethyl-p-phenylenediamine (TMPD, 10 mmol/L and 100
mmol/L, respectively). ATP level was determined in fresh tissues
with the EnzyLightTM ATP assay kit (EATP-100, BioAssay
Systems, Northern CA, USA). DENLEY DRAGON Wellscan
MK 3 software (Thermo, with Ascent software for Multiskan) was
used in analysis of insulin, GLP1 and ATP data.

2.11. Ultrastructure of mitochondria

The colon tissues were rapidly sliced on ice and fixed in 4%
glutaraldehyde solution. Then, specimen of electron microscope
was made through fixing in 1% osmium acid, dehydration of
gradient ethanol, epoxy resin embedding and ultrathin section. The
mitochondrial ultrastructure of mice liver and colon were observed
with a biology transmission electron microscopy (Tecnai G2 Spirit
Biotwin/*Tecnai G2 spirit Biotwin, 120 kV, Hillsboro, OR, USA).
2.12. Mitochondrial stress responses in cellular model

The L-cell line, NCI-H716 cells (CCL-251™, ATCC), was
purchased from the Cell Bank of the China Science Academy
(Shanghai, China). The cells were cultured in RMPI 1640 medium
with 10% fetal bovine serum in the absence of mycoplasma
contamination. Differentiation into L-cells was induced by grow-
ing cells in dishes coated with Matrigel (Becton Dickinson,
Bedford, MA, USA). In the assay, the cells were maintained in
DMEM medium supplemented with 0.2% bovine serum albumin
(BSA). Mitochondrial stress responses and cell apoptosis were
induced by treatment of the cells with palmitic acid (PA) for 24 h
at a final concentration of 500 mmol/L. SA was used at a final
concentration of 100 mmol/L to block the lipotoxicity.

Apoptosis was determined with an annexin V-FITC apoptosis
detection kit (Dojindo, Shanghai, China) and cell necrosis was
determined with propidium iodide (PI) staining using the flow
cytometry. Mitochondrial membrane potential was determined
with JC-1 fluorescent dye (Beyotime, Shanghai, China) in
combination with the flow cytometry. OCR was determined with
the Seahorse technology. ATP was determined in the cell lysate
using the EnzyLightTM ATP assay kit described above. For GLP1
secretion assay, the supernatants were collected and GLP1 levels
were measured with a GLP1 platinum ELISA kit after incubating
with the Krebs-Ringer bicarbonate buffer (128.8 mmol/L NaCl,
4.8 mmol/L KCl, 1.2 mmol/L KH2PO4, 1.2 mmol/L MgSO4,
2.5 mmol/L CaCl2, 5 mmol/L NaHCO3, 10 mmol/L HEPES,
and 0.2% BSA, pH 7.4). The average fluorescent intensities
(to correct for differences in cell number) were quantified using
ImagePro Plus version 5.0 imaging software (Media Cybernetics,
Rockville, MD, USA).

2.13. Data analysis

Results were expressed as the mean7standard deviation (SD). The
statistical analyses were conducted using two-way ANOVA and
Student's t-test. A P value o 0.05 is considered to be statistically
significant.
3. Results

3.1. Inhibition of obesity and hyperlipidemia by SA

SA is an ingredient in the herbal medicines or dietary supplements
for weight control on its laxative activity6,7. However, the SA
pharmacology activity has not been carefully examined in an
animal model of obesity. We tested the SA activity in diet-induced
obese model, which was established in C57BL/6 mice with HFD
feeding for 16 weeks. SA was administrated into the mice through
dietary supplementation for 8 weeks. Body weight was monitored
at the start, 4 and 8 weeks of the treatment. An increase in body
weight was observed in the untreated group. However, the increase
was significantly less in the SA-treated group (Fig. 2A). The
significance was also observed in the data analysis with two-way
ANOVA (Supporting information Table S2). The difference was
observed at 4 and 8 weeks without a reduction in calorie intake,
which was not decreased in the treated mice (Fig. 2B). A less gain
in fat tissue was observed in the lower weight of epididymal and
prerenal fat pads in the treated mice (Fig. 2C). The hyperlipidemia
was improved in the treated group as well for the reduction in the
low density lipoprotein C, total cholesterol, and total triglyceride



Figure 2 Inhibition of obesity and hyperlipidemia by SA. (A) Body weight at 0, 4 and 8 weeks of treatment. (B) Calorie intake. (C) Tissue
weight of perirenal fat and epididymal fat pads after 8 weeks of treatment. (D) Serum lipid levels after 8 weeks of treatment. (E) Fecal moisture
content. (F) Water intake at 0, 4 and 8 weeks of treatment. The SA treatment was administrated for 8 weeks in DIO mice after 16 weeks on high-fat
diet. Data are presented as the mean7SD (n ¼ 10). *P o 0.05, HFD versus NCD; #P o 0.05, HFDþSA versus HFD.
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in the blood. High density lipoprotein C was increased by the
treatment (Fig. 2D). The improvement in body weight, fat mass
and hyperlipidemia suggest that SA is able to attenuate the energy
surplus status in the obese mice. The mechanism is likely due to
loss of energy in feces from the laxative activity of SA. In support,
water content was increased in the feces of treated mice at 4 and
8 weeks (Fig. 2E), suggesting a less stay of feces in the colon. The
fecal water loss provides a basis for the increased water intake in
the treated mice (Fig. 2F). The diet-induced obesity (DIO) model
was successfully established in the mice with HFD feeding as
indicated by the body weight, fat mass and hyperlipidemia over
the chow diet-fed mice (Fig. 2A–D).

3.2. Improvement of insulin sensitivity by SA

SA is known to reduce obesity, but its impact on insulin sensitivity
remains to be tested. Insulin sensitivity was examined in DIO mice
at 4 and 8 weeks into SA-treatment. Fasting blood glucose was
decreased at both time points, but the reduction in fasting insulin
occurred only at 8 weeks (Fig. 3A and B). Insulin sensitivity index
of HOMA-IR was improved at both time points (Fig. 3C). The
change was also observed in analysis with two-way ANOVA
(Table S2). Intra peritoneal glucose tolerance test (ipGTT) was
conducted to determine the SA activity. An improvement was
observed at 4 and 8 weeks as indicated by the reduction in area
under curve (Fig. 3D–F). At the molecular level, insulin sensitivity
was observed in liver for a reduction in the gluconeogenic genes
(G6Pase and PEPCK) (Fig. 3G and H). This group of data
suggests that SA is able to improve insulin sensitivity in DIO
mice. Insulin resistance was successfully established in the model
as indicated by the increased value in HOMA-IR and GTT over
the normal control mice (Fig. 3A–H).

3.3. Restoration of GLP1 and Gpr43 by SA

GLP1 is a gut hormone secreted by L-cells in the mucosa of large
intestine. GLP1 analogues are widely used in the treatment of type
2 diabetic patients worldwide. It is unknown if GLP1 secretion and
expression are regulated by SA. To address the issue, GLP1 protein
was examined in the serum and mRNA was determined in the
colon. Plasma GLP1 was reduced by 90% in the DIO mice and the
80% reduction was normalized by SA treatment (Fig. 4A). mRNA
of Glp1 was determined by examining glucagon gene in the colon,
and a 80% reduction was detected in DIO mice. 90% reduction was
corrected by SA (Fig. 4B), which provides a mechanism for the
restoration of GLP1 protein in the serum. GPR43 and GPR41 are
receptors of SCFAs in the enterocytes of intestine to mediate
induction of GLP1 secretion by L-cells25. Their expression was
reduced in DIO mice, and the reduction was partially restored by
SA (Fig. 4C and D). The data suggests that SA may restore L-cell
function in the large intestine for GLP1 secretion.

3.4. Regulation of SCFAs and gut microbiota by SA

SCFAs are produced in the large intestine by microbiota in
fermentation of dietary fibers. Among SCFAs, butyric acid was
reported to improve insulin sensitivity16 and to induce GLP1
expression in L-cells26. It is unknown if SCFAs and gut microbiota
are changed by SA. To address the issue, butyric acid was
examined together with other 5 types of SCFAs (acetic acid,



Figure 4 Restoration of GLP1, GPR43 and GPR41 in large gut by
SA. (A) Plasma GLP1. (B) mRNA expression of Gcg in the colon
tissue. (C) mRNA expression of Gpr43 in the colon tissue. (D) mRNA
of Gpr41 expression in the colon tissue. Data are presented as the
mean7SD (n ¼ 3). *P o 0.05, HFD versus NCD; #P o 0.05,
HFDþSA versus HFD.

Figure 3 Improvement of insulin sensitivity by SA. (A) Fasting blood glucose. (B) Fasting plasma insulin. (C) HOMA-IR. (D) GTT at 4 weeks
of SA treatment. GTT was performed by intraperitoneal injection of glucose (2 g/kg body weight). (E) GTT at 8 weeks of SA treatment. (F) Area
under the curve of GTT assays. (G) mRNA of G6Pase in liver tissue at 8 weeks of SA treatment. (H) mRNA of Pepck in liver tissue at 8 weeks of
SA treatment. Data are presented as the mean7SD (n ¼ 10). *P o 0.05, HFD versus NCD; #P o 0.05, HFDþSA versus HFD.
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propionic acid, isobutyric acid, valeric acid, and isovaleric acid) in
the feces of mice to understand the effect of SA. Among SCFAs,
butyric, acetic and propionic acids were most abundant with
concentrations between 140–260 mg/mL in the normal control
mice (Fig. 5A–C). The other 3 types of SCFAs had 3–5-fold less
in concentrations at 20–35 mg/mL (Fig. 5D–F). Butyric acid
exhibited the most reduction in DIO mice although all of SCFAs
were significantly reduced (Fig. 5A–F). The reduction in most of
SCFAs was partially restored by SA.

To investigate the impact of SA in the gut microbiota, the fecal
samples were analyzed for microbiota using the 16S ribosomal RNA
protocol23. Microbiota diversity (richness and evenness) was deter-
mined in the mice. An increase in diversity was observed with the
ACE index in HFD mice over NCD mice (Fig. 5G). The increase was
suppressed by SA. At the phylum level, Firmicutes and Bacteroidetes
are the most abundant bacteria in the gut microbiota. Firmicutes was
increased, and Bacteroidetes was decreased by HFD (Fig. 5H and I).
The up-regulated Firmicutes was significantly reduced by SA, but the
down-regulated Bacteroidetes was not significantly changed. The
ratio of Firmicutes to Bacteroidetes, a widely used marker of gut
dysbiosis27, was increased by 10-fold in HFD mice, and the increase
was eliminated by SA (Fig. 5J). At the genus level, the relative
abundance of Clostridiales.g, Desulfovibrionaceae.g, and Oscillospira
was increased by HFD, and the increase was eliminated by SA
(Fig. 5K–M). In contrast, abundance of Allobaculum (a genus of
butyrate-producing bacteria)28 was continuously decreased by HFD
in the study, and the reduction was partially prevented by SA
(Fig. 5N). Abundance of Allobaculum was also reduced in NCD mice
at 8-week time point in the study with unknown reasons.
The data suggests that SA is able to correct dysbiosis in the gut of
obese mice.
3.5. Restoration of colon mucosa structure by SA

In the study of gastric bypass effect on insulin sensitivity, we
established a mouse model of Roux-en-Y bypass surgery
(RYGB)29,30. In the analysis of surgery effect on intestine, we
found that the total length of small intestine was reduced in DIO
mice over the normal control mice, suggesting that atrophy was
induced in the intestine by HFD. The reduction in GLP1 secretion
and expression may reflect the atrophy. To test the possibility, the
colon was examined for structural integrity under the microscope.
An impaired structure was observed in the colon mucosa of DIO
mice for de-attachment of epithelial cells and reduced mucosa
content in the colonic wall (Fig. 6). These defects were corrected
partially by SA in the colonic wall, suggesting that SA may protect
the structure of colon wall.



Figure 5 Regulation of SCFAs and gut microbiota by SA. (A)–(F) The concentration of acetic acid, propionic acid, isobutyric acid, butyric
acid, isovaleric acid and valeric acid in feces of HFD mice after 8 weeks of SA treatment. (G) Bacteria diversity in feces as indicated by ACE
richness. (H)–(I) The abundance of Firmicutes and Bacteroidetes. (J) The Firmicutes/Bacteroidetes ratio. (K)–(N) The abundances of Clostridiales.
g, Desulfovibrionaceae.g, Ruminococcaceae.g and Allobaculum. Data are presented as the mean7SD (n ¼ 10). *P o 0.05, HFD versus NCD;
#P o 0.05, HFDþSA versus HFD.

Figure 6 Protection of colon mucosa structure by SA. Colon tissue histology was examined in H&E and AB-PAS staining. The images of
representative fields were taken from the colon tissue slides (100 � , scale bar ¼ 100 μm).
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3.6. Protection of enterocyte mitochondria by SA

To understand the mechanism of SA activity, mitochondria were
examined in the colon enterocytes. Energy surplus leads to ATP
over production in DIO mice24,31, which may generate an impact
in mitochondria. To test the possibility, mitochondrial structure
and function were examined in the colon enterocytes. A structure
damage was observed in the DIO mice with mitochondrial
swelling, membrane rapture and loss of crista (Fig. 7A). The
structure defects were corrected by SA.

The function of mitochondria was examined by examination of
ATP level in the fresh tissue homogenization and mitochondrial



Figure 7 Improvement of mitochondrial structure and function by SA in colon enterocytes. (A) Mitochondrial structure under a transmission
electron microscope. The images of 98,000 � were derived from the mitochondria in the square of image of 23,000� . (B) ATP level in the fresh
colon tissue. (C) The complex activities of mitochondria. The complex activity was determined with the oxygen consumption rate (OCR) in
response to the complex inhibitors in mitochondria isolated from the fresh colon tissue. The order of inhibitor injection was rotenone, succinate,
antimycin A, and ascorbate plus N,N,N9,N9-tetramethyl-p-phenylenediamine (TMPD). (D) Mean value of maximal OCR in the complex assay.
(E) Mitochondrial function as indicated by respiration control rate. Data are presented as the mean7SD (n ¼ 6). *P o 0.05, HFD versus NCD;
#P o 0.05, HFDþSA versus HFD.
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complex activity. An elevation was observed in ATP level of the
colon tissue of DIO mice (Fig. 7B). The elevation was attenuated by
SA treatment. The complex activities of respiration chain were
examined using the isolated mitochondria with the Seahorse technol-
ogy. The complex I activity was increased; the complex II and IV
activities were decreased in DIO mice over the control mice (Fig. 7C
and D). The alteration in complex I was completely corrected,
partially corrected in the complexes II and IV by SA. The respiratory
control rate of mitochondria was dramatically decreased in DIO mice,
and partially restored by SA (Fig. 7E). These data suggest that
mitochondrial damage was induced in the colon enterocytes by HFD,
and the damage was attenuated by SA treatment.

3.7. Induction of L-cell stress response by dietary fat

The colon enterocytes use the short chain fatty acids (butyric acid) in
the fuel consumption for production of ATP by mitochondria.
However, this pattern of fuel consumption is interrupted by the dietary
fat of HFD and the SCFA reduction in the large intestine. The change
may lead to the stress response in mitochondria of the enterocytes of
DIO mice for the reduction in GLP1 secretion. To test this potential
mechanism, palmitic acid (PA) was used to treat L-cells derived from
the epithelial cell line NCI-H716 in the cell culture, which is a cellular
model to mimic the condition in DIO mice. GLP1 secretion and
mRNA expression were significantly inhibited in the model by PA
treatment (Fig. 8A and B). In the mitochondrial responses, ATP level
was increased, membrane potential and oxygen consumption were
significantly decreased by the treatment (Fig. 8C–E). Cell apoptosis
was induced as well by the treatment (Fig. 8F). This group of data
suggests that the L-cells suffer a stress response to the fuel supply by
the long chain fatty acids, which supports the potential mechanism of
enterocyte damage and GLP1 reduction in DIO mice.
4. Discussion

This study provides evidence that SA is able to improve insulin
sensitivity in obese mice. Natural products are resources of drug
candidates in the control of metabolism32,33. SA is a single
bioactive compound originally identified in the Chinese herb
Rhizoma Rhei (RR). In current study, SA improved insulin
sensitivity in DIO mice for the reduction in HOMA-IR and
improvement in GTT. The effect was associated with a body
weight reduction, which may reflect less energy absorption in the
gut due to the laxative effect. Weight loss contributes to insulin
sensitization through attenuation of energy surplus in the body.
Current study suggests that restoration of GLP1 may contribute the
weight loss and insulin sensitization in SA-treated mice. GLP1
protein was increased in the blood and its mRNA was increased in
the colon tissue of SA-treated mice, which represent a new activity
of SA in the regulation of glucose metabolism.

HFD induced mucosal damage in the large intestine of DIO mice,
which was attenuated by SA. GLP1 is secreted by L-cells in
the mucosa of large intestine upon stimulation by the nutrients. The
gene expression was decreased in the intestine of DIO mice in this
study and other study34. The mechanism is unknown for the reduction.



Figure 8 Inhibition of L cell activity by PA. Palmitic acid (PA) was used to represent the dietary fat in the induction of mitochondrial responses in
L-cells of the intestine epithelial cell line NCI-H716. (A) GLP1 levels in supernatant of PA-treated L-cells. (B) mRNA expression of GCG in PA-treated
L-cells. (C) ATP elevation in PA-treated L-cells. (D) Mitochondrial membrane potential in PA-treated L-cells. (E) Reduced OCR in PA-treated L-cells.
(F) Increased apoptosis in PA-treated L-cells. Data are presented as the mean7SD (n ¼ 3). *P o 0.05, **P o 0.001 PA versus blank control.
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Some studies suggest that the reduction is due to L-cell dysfunction
instead of a reduction in L-cell number35–37. However, mechanism of
the dysfunction remains unknown. Current study suggests that the
mitochondrial damage contributes to the cell dysfunction. In histology,
the DIO mice exhibited a structural damage in the colon mucosa, which
was observed with a reduction in thickness of mucosa, lack of mucus
content in the mucosal cells, and detachment of epithelial cells in the
mucosa surface. In support, mRNA expression of Gpr43 and Gpr41
genes was significantly reduced in the intestine epithelial cells of colon.
The tissue damages were prevented by SA in DIO mice, suggesting
that HFD may cause a mucosa damage in the colon of DIO mice to
inhibit the L-cell function. SA was able to correct the tissue damages.

HFD induced mitochondrial dysfunction in the colon enterocytes
of DIO mice, which was corrected by SA. To understand the
mechanism of tissue damage, we investigated mitochondria in the
enterocytes of colon. ATP level was examined in the colon tissue and
an increase was detected in the DIO mice, suggesting an over
production of ATP in the tissue due to "mitochondrial overheating"38.
To explore the mechanism, L-cells were treated with PA in the cell
culture to mimic the effect of HFD on the gut epithelial-cells.
Intracellular ATP was induced by the PA treatment, which was
companied by an elevation of ROS and damage of mitochondrial
function. Consistently, cell apoptosis was increased in the L-cells
with PA treatment. Mitochondria are able to generate more reactive
oxygen species (ROS) upon ATP over production following an
increase in substrate influx, which is known as "mitoflash" in
myocytes39,40. The ROS response is activated to decrease ATP
production through a reduction in the membrane potential of
mitochondria in mitoflash. The ROS response was observed in the
DIO mice with the increase in the complex I activity, a major source
of ROS in mitochondria. ROS is able to induce the damage of
mitochondrial structure, such as loss of crista, mitochondrial swelling
and membrane rupture, which were observed in the intestine tissue of
DIO mice. ROS impairs mitochondria through oxidation of lipids and
proteins in the mitochondrial membrane39,41. The mitochondrial
damage was corrected by SA likely through reduction of exposure
of enterocytes to the dietary fat following the laxative effect.

The data suggests that SA reduced ATP elevation in the large
intestine tissue. The ATP level was elevated in the intestine tissue of
DIO mice, suggesting a result of fuel switch from SCFAs to the long
chain fatty acids. Enterocytes of large intestine normally use SCFAs
in fuel consumption in the large intestine. However, the fuel supply is
switch to the long chain fatty acids in the HFD of DIO mice. The
switch induced ATP production and mitochondrial damage as a result
of the toxicity of the long chain fatty acids. The damage likely
happened in some of the cells, which was not sufficient to bring down
the elevated level of ATP in the colon tissue. In addition to
production of ATP, mitochondria also consume ATP to preserve
the membrane potential under stress conditions42. The mitochondrial
damage may contribute to the ATP elevation through a decrease in
ATP consumption in the DIO mice. SA reduced the ATP elevation,
which provides a mechanism for the SA activity in the protection of
colon enterocytes in DIO mice.

Restoration of SCFAs may contribute to the SA activity in the
regulation of mitochondrial function. Dysbiosis was observed in
the DIO mice for an increase in the gut microbiota diversity and
the elevated ratio of Firmicutes/Bacteroidetes, which is consistent
with the reports in literature27. The dysbiosis led to a reduction in
SCFAs in the large intestine. Six SCFAs were examined in this
study, and all of them were decreased in abundance in the large
gut of DIO mice. The dysbiosis was partially corrected, and SCFA
levels were mostly restored by SA in the DIO mice. As a major
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form of SCFAs, butyrate was restored in abundance by SA.
Relative to the long chain fatty acids, butyrate generates much less
ROS in the production of ATP in mitochondria. Substitution of
long chain fatty acids with butyrate should bring down the
ROS production in the enterocytes in the DIO mice. In support,
the abundance of butyrate-producing bacteria is positively asso-
ciated with the antioxidant capacity in the gut of type 2 diabetes
patients43. In addition, butyrate is able to stimulate GLP1 secretion
in L-cells through activation of the G-protein-coupled receptor
(GPR43 or GPR41)25. These lines of evidence suggest that the
alteration in microbiota and SCFAs may contribute to the SA
activity in the regulation of GLP1 secretion. However, this
possibility remains to be further tested using a germ-free system.

The SA dosage was 30 mg/kg/day in this study, which is
far below LD50 (1414 mg/kg/day) of SA in mouse. The dosage
was selected according to the safe and effective dosages
(12.5–200 mg/kg) in a study of the laxative44. In human, the
equivalent dosage will be 5 mg/kg/day according to the dosage in
current study as the mouse metabolic rate is 6 times of human.

There are several limitations in this study. The study was
conducted only in DIO model. The SA effect remains to be tested
in other animal models and even obese patients. A change in
electrolyte levels and water balance may contribute to the weight
loss in SA-treated mice. The possibility was not tested in this study.
The study suggests that SA protects L-cells through restoration of
SCFA profile in the large intestine. However, the possibility needs to
be examined by excluding a direct effect of SA on L-cells.
5. Conclusions

The study demonstrated that oral administration of sennoside A
increased glucose metabolism and insulin sensitivity in DIO mice.
The activity was observed with restoration of circulation GLP1,
colon Glp1 expression and protection of L-cells in the colon
mucosa by SA. The SA effect was associated with restoration of
the mitochondrial function in the large intestine enterocytes of
DIO mice following correction of gut microbiota and SCFAs. The
data suggests that restoration of GLP1 may contribute to the SA
activity in the regulation of insulin sensitivity.
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