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SUMMARY

Asperuloside (ASP) is an iridoid glycoside that is extracted from Eucommia
leaves. Eucommia is used in traditional Chinese medicine and has a long history
of benefits on health and longevity. Here, we investigated the impact of ASP
on obesity-related metabolic disorders and show that ASP reduces body weight
gain, glucose intolerance, and insulin resistance effectively in mice fed with a
high-fat diet (HFD). Intestinal dysbiosis is closely linked with metabolic disorders.
Our data indicate that ASP achieves these benefits on metabolic homeostasis by
reversing HFD-induced gut dysbiosis and by changing gut-derived secondary me-
tabolites and metabolic signaling. Our results indicate that ASP may be used to
regulate gut microbiota for the treatment of obesity and type 2 diabetes.

INTRODUCTION

Obesity has recently become epidemic, with one in three people being obese or overweight worldwide, and as
such poses a major public health problem (Hoyt et al., 2014). Obesity has been linked to a variety of chronic dis-
eases often within the context of the metabolic syndrome, a cluster of symptoms that include insulin resistance,
type 2 diabetes, cardiovascular diseases, fatty liver, and even liver cancer (Osborn and Olefsky, 2012). According
to recent data, extreme obesity could shorten the average life expectancy by about 14 years (Kitahara et al., 2014)
and substances that prevent obesity could hence lead to the extension of a healthy lifespan.

Obesity results from the interaction of many genetic, metabolic, and environmental factors. In recent years,
knowledge about the gut microbiota in health has grown tremendously (Cani and Delzenne, 2009). Intestinal
bacteria contribute to the pathogenesis of obesity through a wide range of mechanisms that include, but are
not restricted to, the promotion of energy absorption from diet, alterations in the production of intestinal hor-
mones, and the induction of insulin resistance by obesity-induced inflammation (Béckhed et al., 2007; Kimura
etal., 2013; Ridaura et al., 2013). Antibiotics and prebiotics are being evaluated for the management of obesity
and related metabolic disorders. Administration of antibiotics improves impaired glucose tolerance, and prebi-
otics reduce the influx of the endotoxin, lipopolysaccharide (LPS), by strengthening the barrier function of the
intestinal tract. Antibiotics and prebiotics have also been reported to suppress and control obesity-induced
inflammation (Cani et al., 2008, 2009). Also, recent studies revealed that some bacteria can change metabolic
signaling pathways via their secondary metabolites. For example, in patients with type 2 diabetes, the intestinal
bacteria composition and metabolites are different from those of healthy subjects (Sato et al., 2014). In addition,
the presence of Akkermansia has been proposed to maintain gut health and glucose homeostasis, and recently,
Akkermansia abundance has been linked with increased level of nicotinamide (Blacher et al., 2019). Also, Para-
bacteroides have been shown to attenuate obesity and metabolic dysfunctions via the production of succinate
and secondary bile acids (Wang et al., 2019). Based on all these evidences, it is clear that change in the gut micro-
biota and their secondary metabolites are closely linked to the development of metabolic disease.

Asperuloside (ASP) is an iridoid glycoside derived from the leaves of the Eucommia tree (Eucommia ul-
moides Oliv.). Its bark (Cortex Eucommiae) has been traditionally used in Chinese medicine for its
analeptic, analgesic, sedative, antihypertensive, and diuretic properties. In recent years, Eucommia leaves
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reduced body weight gain by reducing visceral fat mass (Hirata et al., 2011). However, the underlying mech-
anism of how ASP affects weight gain and influences other obesity-related disorders remains unknown.
Several compounds included in Chinese medicine are metabolized by gut bacteria into active intermedi-
ates (Lee etal., 2012). Here we report that ASP changes the gut microbiota composition and the production
of secondary metabolites, affects whole-body signaling, and thereby curbs obesity and its related meta-
bolic dysfunctions.

RESULTS
ASP Prevents High-Fat-Diet-Induced Obesity

First, we evaluated the metabolic phenotype of male mice fed normal chow (control), a high-fat diet (HFD), or a
high-fat diet supplemented with ASP (HFD-Asp) for 12 weeks starting at the age of 5 weeks. When compared
with animals fed chow, high-fat-fed animals gained significantly more weight. However, mice fed a HFD with
ASP were resistant to body weight gain and their body weight remained similar to the control group (Figure 1A).
There was no significant difference between the energy intakes of HFD- and ASP-treated mice (Figure 1A). In
addition, liver, epididymal white adipose tissue (epiWAT), and mesenteric WAT (mWAT) mass were all
decreased in ASP-treated mice (Figure 1B). Furthermore, serum triglycerides (TG) were significantly lower and
total cholesterol levels tended to decrease in ASP-treated animals, whereas free fatty acid levels were similar
in the ASP and HFD treatment groups (Figure 1C). These results suggest that ASP reduces body weight gain
and fat accumulation, as well as serum lipid parameters induced by HFD.

ASP Improves Glucose Homeostasis and Insulin Resistance

Glucose metabolism is often abnormal in obese patients. Given the robust impact of ASP on body weight
gain, we next investigated the effect of ASP on glucose metabolism. The administration of ASP improves
glucose clearance during an oral glucose tolerance test (OGTT) (Figure 1D). The lower plasma insulin levels
during OGTT indicated that increased insulin sensitivity led to improved glucose metabolism in ASP-
treated mice (Figure 1E). Interestingly, the levels of active GLP-1, an incretin secreted from the gut L-cells
upon feeding and that induces insulin secretion, was increased in ASP-treated mice (Figure 1F). Further-
more, intraperitoneal insulin tolerance test (IPITT) showed that mice fed HFD became insulin resistant,
whereas ASP significantly improved insulin sensitivity (Figure 1G). Taken together, ASP improves glucose
tolerance and insulin sensitivity and increases GLP-1 levels. We next tested whether ASP may have a direct
effect to stimulate GLP-1 release from intestinal L-cells. We therefore incubated NCI-H716 cells, which
secrete GLP-1 (Reimer et al.,, 2001), with ASP for 30 min and é h. As positive control we used the bile
acid taurocholic acid (TCA). TCA stimulated GLP-1 secretion both after 30-min and é-h exposures, whereas
we did not observe an increase in GLP-1 concentration when cells were treated with ASP (Figures 1H and
S1). This result indicated that the observed effect of ASP on GLP-1 secretion in vivo is indirect.

ASP Reverses High-Fat-Diet-Induced Gut Dysbiosis

Given the importance of the gut microbiome in metabolic homeostasis (Cani and Delzenne, 2009), we next
performed bacterial 16S rRNA gene sequencing of cecal samples. First, we evaluated the groups fed with
control, HFD, and HFD-ASP diets for changes in the microbiome at the phylum level. UniFrac-based prin-
cipal coordinates analysis revealed a distinct clustering of the microbiota composition for each treatment
group (Figure 2A). Hierarchical clustering at the phylum level showed that the microbial communities in the
cecum of the ASP-fed mice were significantly different from those of the control and HFD-fed mice; ASP
treatment increased Bacteroidetes and Verrucomicrobia (Figure 2B). Also, the ratio of Bacteroidetes/Firmi-
cutes was increased in the HFD-Asp group (Figure 2C). To access specific changes in microbiota, we
analyzed the relative abundance of the predominant taxa identified from sequencing in the three diet
groups. Phylum-level changes further confirmed a higher level of Bacteroidetes to Firmicutes in mice
that received ASP supplementation (Figure 2D). In genus-level analysis, ASP increased Bacteroides and
Parabacteroides (Figure S2A).

ASP Increases Beneficial Gut Bacteria in an HFD-Fed Mouse Model

We next investigated, which specific bacteria at the genus level were increased by ASP supplementation.
Community structure analysis using correlation analysis at the genus level in HFD versus HFD-Asp group
showed that ASP supplementation correlated positively with Akkermansia, Parabacteroides, Bacteroides,
Sutterella, Anaerostipes, Roseburia, and Coprobacillus abundance (Figure S2B). Also, linear discriminant
analysis effect size analysis shows a similar pattern as that seen in the correlation analysis (Figure 2E).
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Figure 1. ASP Prevents High-Fat Diet-Induced Obesity and Improves Glucose Tolerance and Insulin Resistance
(A-G) Male C57BL/6J mice aged 5 weeks were fed with a control diet (10% kcal fat; Control), a high-fat diet (60% kcal fat;
HFD), or a high-fat diet supplemented with 0.25% w/w asperuloside (HFD-Asp) for 12 weeks (n = 5-7 for each group). (A)
Body weight evolution and food intake of C57BL/6J mice in the different diet groups. Energy intake was measured as the
average food intake per mouse in a week. (B) Comparison of liver, mMWAT, and epiWAT tissue weights after 12 weeks of
treatment with different diets. (C) Plasma total cholesterol (Tcho), triglyceride (TG), and free fatty acid (FFA) levels after
12 weeks of ASP supplementation. (D) Serum glucose levels and AUC during OGTT. (E) Plasma insulin concentration
during OGTT. (F) Plasma active GLP-1 levels 10 min after administration of glucose during the OGTT. (G) The reduction of
serum glucose levels and AUC during IPITT.

(H) GLP-1 concentration secreted from NCI-H716 cell line cultured for 6 h.

(A-G) Results are expressed as mean + SEM (n = 5-7 mice for each group). *p < 0.05, **p < 0.01, ***p < 0.001 HFD versus
HFD-Asp, #p < 0.05, ##p < 0.01, ##Hfp < 0.001 HFD versus Control, +p < 0.05, ++p < 0.01, +++p < 0.001 Control versus
HFD-Asp. Statistical analysis with one-way ANOVA followed by Tukey's multiple comparison test or Dunnett’s multiple
comparison test. (H) Results are expressed as mean + SEM. %p < 0.05, ¥ <0.01, versus TCA treatment. Statistical analysis
with one-way ANOVA followed by Dunnett's multiple comparison test. See also Figure S1.

We next measured the relative abundance of four bacteria, i.e., Akkermansia, Roseburia, Anaerostipes, and
Parabacteroides; ASP increases the actual abundance of all four bacteria (Figure 2F). Akkermansia has been
reported to strengthen intestinal tight junctions and control the inflow of LPS into the blood (Everard et al.,
2013). Roseburia and Anaerostipes produce short-chain fatty acids (SCFAs) via metabolization of carbohy-
drate (Basson et al., 2016), and Parabacteroides are known to improve glucose homeostasis by producing
succinate (Wang et al., 2019). These results show that ASP changes the microbial community and increases
the number of bacteria with a positive health impact.
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Figure 2. ASP Modulates the Composition of Gut Microbiota Community

(A-F) Analysis of the 165 rRNA gene sequences of cecal contents of the mice used in Figure 1. (A) Principal coordinates
analysis of the 16S rRNA data. (B) Heatmap of the microbiota components at the class level. (C) The ratio of Bacteroidetes/
Firmicutes. (D) Phylum-level taxonomic distributions of the microbial communities in cecal contents of mice fed with the
three different diets. (E) Linear discriminant analysis effect size (LEfSe) analysis. (F) Relative abundance of four prototypical
bacteria at the genus level.

Results are expressed as mean + SEM (n = 5-6 mice for each group). *p < 0.05, **p < 0.01, ***p < 0.001 HFD versus HFD-
Asp; #p < 0.05, ##p < 0.01, ###p < 0.001 HFD versus Control; +p < 0.05, ++p < 0.01, +++p < 0.001 Control versus HFD-
Asp. See also Figure S2.

ASP Alters Whole-Body Metabolism by Changing Cecal Metabolite Levels

Given the important changes in the intestinal microbiome analysis, we next measured changes in the me-
tabolome induced by ASP in the cecal content using Capillary electrophoresis with electrospray ionization
time-of-flight mass spectrometry (CE-TOFMS). Principal-component analysis of the cecal metabolites
showed a clear separation among three diets in the first component (Figure 3A). In mice receiving ASP
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Figure 3. ASP Remodeling of the Cecal Metabolite Profile and Increase in Succinate Concentration

(A-E) Cecal metabolome analysis on the mice used in Figure 1. (A) Principal-component analysis (PCA) of the cecal
metabolome profiles normalized by unit valiance (UV). (B) Enrichment analysis of cecal metabolites that were changed by
more than 2-fold between HFD after ASP supplementation. Bold character shows related to lipid metabolism. (C)
Heatmap showing the concentrations of the top 75 metabolites that were quantified. (D) Correlation analysis between
succinate concentration and glucose tolerance and insulin sensitivity. (E) Correlation analysis between succinate
concentration and Ucp-T expression in brown adipose tissue (BAT) and mesenteric white adipose tissue (NMWAT) weight.
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Figure 4. Impact of ASP on Several Organs

(A-E) Histological analysis, LPS measurement, and gPCR analysis on the mice used in Figure 1. (A) Histological analysis
and expression of mRNA levels of selected genes; gPCR analysis in the brown adipocyte. Brown adipocyte morphology
was assessed by H&E staining (scale bar, 50 pm). (B) Histological analysis and expression of mRNA levels of selected
genes; gPCR analysis in the mesenteric white adipose tissue (MWAT). Morphology of mMWAT was assessed by H&E
staining (scale bar, 50 pm). (C) Plasma level of TNFa and MCP-1 analysis measured by ELISA. (D) gPCR analysis in ileum. (E)
Plasma LPS concentration.

(F) Correlation analysis between Muc2 and Reg3y expression and Akkermansia abundance. y axis: expression of Muc2
and Reg3y; x axis: Akkermansia abundance of cecal contents. The intestinal portions are collected from a section 3 cm
above the cecum.
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Figure 4. Continued

Results are expressed as mean + SEM (n = 5-7 mice for each group). *p < 0.05, **p < 0.01, ***p < 0.001 HFD versus HFD-
Asp; #p < 0.05, ##p < 0.01, ###p < 0.001 HFD versus Control; +p < 0.05, ++p < 0.01, +++p < 0.001 Control versus HFD-
Asp. Statistical analysis with one-way ANOVA followed Tukey’s multiple comparison test. See also Figure S3and Table S1.

in the diet the most changed cecal metabolites were related to the metabolism of ketone bodies, butyrate,
and other fatty acids (Figure 3B). These results indicate that ASP may mainly affect lipid metabolism. The
hierarchical clustering of detected features showed qualitative differences between the HFD and HFD-Asp
groups (Figure 3C). In HFD, the levels of glycine, L-glutamic acid, and other amino acid-derived com-
pounds increased. In HFD-Asp, the levels of sarcosine and dimethylglycine (involved in methionine meta-
bolism) and succinate (a metabolite from the TCA cycle, ketone body metabolism, and other lipid meta-
bolism pathway) increased (Figure 3C). Considering the result from the enrichment analysis (Figure 3B),
we focused on the lipid metabolite succinate. Succinate, which is detected in HFD-Asp group, is the pre-
cursor of SCFAs. In addition, succinate is produced by gut microbiota Parabacteroides, which have
increased significantly in HFD-Asp mice. It is known to improve glucose intolerance and insulin resistance
(De Vadder et al., 2016). In our study, succinate was negatively correlated with the area under the curve
(AUC) during OGTT and was positively correlated with the drop rate in glucose during IPITT (AUC below
baseline), which are indicators of glucose intolerance and insulin sensitivity, respectively (Figure 3D).
From the result of enrichment analysis, we focused on the relationship between adipocyte metabolism
and succinate. Recent study reported that the accumulation of succinate activates brown adipose tissue
(BAT) thermogenesis (Mills et al., 2018), we also confirmed a positive correlation between Ucp-1 expression
which high expression in BAT and succinate concentration in our study (Figure 3E). Furthermore, there are
negative correlations with the weight of each white adipose tissue (WAT) depot and succinate levels (Fig-
ures 3E and S3B).

ASP Improves Adipose Tissue Metabolism

Obesity is typified by TG accumulation in adipocytes, which become enlarged and hypertrophic. Bloated
fat cells secrete tumor necrosis factor alpha (TNF-a) and resistin, which are mediators of insulin resistance
(Hotamisligil, 1999) that are closely linked to type 2 diabetes. A recent study reported that SCFAs often
derived from gut metabolites suppress fat accumulation (Kimura et al., 2013). As ASP administration atten-
uated the increase in mMWAT and epiWAT weight induced by HFD (Figure 1B), we investigated whether
adipose tissue morphology and gene expression patterns were changed by ASP. On histopathologic ex-
amination, adipocytes in the mWAT, epiWAT, and BAT were hypertrophic in HFD-fed mice, an effect that
was completely prevented by ASP (Figures 4A, 4B, and S3A). The adipocyte diameter was decreased in
mWAT, epiWAT, and BAT (Figures 4A, 4B, and S3A). In BAT, transcript levels of Ucp1, which uncouples
oxidative phosphorylation and utilizes B-oxidation of fatty acids released from triacylglycerol, were remark-
ably induced in the ASP group. Furthermore, transcript levels of Dio2 and Pgcla increased by ASP treat-
ment; Dio2 and Pgcla are two principal players that facilitate the induction of genes involved in BAT ther-
mogenesis. Also, mRNA levels of Ppardd were markedly increased in the ASP group (Figure 4A); the PPAR
family of nuclear receptors is the main regulator of fatty acid B-oxidation and energy homeostasis in mito-
chondria. These data support the fact that ASP induces the miniaturization at the histological level in BAT.

In WAT, mRNA levels of tumor necrosis factor alpha (Tnfa) and of monocyte chemoattractant protein 1
(McpT) that regulate migration and infiltration of monocytes/macrophages were reduced by ASP. Also,
the plasma protein level of TNFa and MCP-1 were decreased in accordance with results of relative
mRNA expressions (Figure 4C). Furthermore, the mRNA level of the fibrosis marker, collagen type 1 alphat
(Col1aT), was decreased upon ASP treatment. In addition, the transcripts coding for the lipolytic enzyme
lipoprotein lipase (Lpl) and carnitine palmitoyl transferase 1 (Cpt1) were significantly increased after ASP
treatment (Figures 4B and S3A). Of note is the fact that transcript levels were altered similarly in both
mWAT and epiWAT.

ASP Improves Intestinal Barrier Function

It has been reported that obesity is accompanied by a compromised intestinal barrier function, which in
turn is involved in the development of insulin resistance and impaired glucose tolerance (Monk et al.,
2019). In our study of the gut microbial structural community, Akkermansia was increased in ASP-supple-
mented mice. The presence of Akkermansia is associated with improved metabolic control and a reduction
of inflammation (Anhé et al., 2015). According to microbiome analysis, we investigated intestinal barrier
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function. In gPCR analysis, transcript levels of the anti-bacterial peptides (Reg3y, Pla2g2, Defa); of markers
of the intestinal mucous layer (Muc2, Muc3), which protect the epithelium against noxious agents, viruses,
and pathogenic bacteria (Hartmann et al., 2016); and of players in tight junctions (Tjp 1, Tjp2) are induced in
the ASP supplementation group (Figure 4D). Furthermore, plasma LPS concentration was decreased in
ASP-supplemented group (Figure 4E). These findings hence suggest that ASP improves intestinal barrier
function, which was corroborated by the tight positive correlation between Akkermansia abundance and
expression of Muc2 and Reg3y (Figure 4F).

DISCUSSION

Our study addressed the mechanism of how ASP, the active ingredient of Eucommia leaf, improves meta-
bolic health. Our findings revealed that changes in the gut microbiota community are an important aspect
involved in the efficacy of ASP to improve obesity and associated phenotypes, such as insulin resistance
and glucose intolerance.

ASP changes the gut microbiota at the phylum level with an important impact on the ratio of Bacteroidetes/
Firmicutes. Previous studies suggested that microbiota in obese mice are enriched in Firmicutes and
decreased in Bacteroides (Ridaura et al., 2013), an effect that we also observed in our HFD-fed mice. Impor-
tantly, ASP administration decreased the amount of Firmicutes and increased that of Bacteroidetes.

Also, at the genus level, ASP induced changes and increased the amounts of Parabacteroides. Parabacter-
oides, one of the 18 core members in the human gut microbiota (Falony et al., 2016), plays important func-
tions in modulating host metabolism (Wang et al., 2019). These findings suggest that gut microbiota is an
important target for both prevention and therapeutics of obesity and metabolic dysfunctions. A recent
study reported that Parabacteroides produces succinate, and succinate supplementation in the diet was
shown to decrease hyperglycemia in Ob/Ob mice via the activation of intestinal gluconeogenesis (IGN)
(Wang et al., 2019). Succinate-activated IGN suppressed hepatic glucose production by decreasing the ac-
tivity of G6Pase and by increasing the glucose-6-phosphate (Glu6P) content in the liver to modulate
glucose homeostasis. Our study also confirmed increased succinate levels in the cecal contents of the
ASP-treated mice, suggesting that ASP supplementation may modulate glucose homeostasis through Par-
abacteroides-derived succinate.

Parabacteroides, Roseburia, and Anaerostipes produce SCFA and were significantly increased by ASP
treatment. SCFAs are important secondary metabolites that activate certain G protein-coupled receptors
(GPCRs) and as such improve metabolite signaling (Kimura et al., 2013). We found that the active GLP-1
concentration was higher in the ASP-treated animals than in HFD groups. GLP-1 is an incretin, which stim-
ulates insulin secretion from pancreatic B-cell in a glucose-dependent fashion (Doyle and Egan, 2007), and
increasing and stabilizing GLP-1 levels is an important strategy to manage type 2 diabetes (Nauck et al.,
2011). The changes in GLP-1 levels induced by ASP can be explained by alterations in the gut microbiota
and their subsequent impact on secondary metabolites. Recently, SCFAs were shown to activate the gut
receptors, GPR41/43, and as such stimulate L-cells to release GLP-1. We observed that propionate and
a precursor of SCFAs, succinate, were increased by ASP treatment in the cecum, consistent with the enrich-
ment of SCFA-producing bacteria. These findings suggest that ASP may favor GLP-1 secretion by the acti-
vation of specific GPCR signaling cascades in colonic L-cells by increasing SCFA-producing bacteria.
Furthermore, GPR43 activation by SCFA suppresses insulin-mediated fat accumulation (Kimura et al.,
2013); this mechanism may mediate the reduction in mMWAT and epiWAT hypertrophy in the ASP groups.
Our in vitro data showing the absence of a direct effect of ASP on GLP-1 release in cultured NCI-H716 L-
cells are consistent with such an indirect effect mediated by the increase in SCFA levels (Figures TH and S1).

In addition, we found that Akkermansia muciniphila is robustly increased in ASP-treated mice. In type 2 dia-
betes, Akkermansia have been closely linked to the attenuation of insulin resistance and obesity (Everard
et al., 2011), and a recent clinical study showed that Akkermansia supplementation improves obesity
(Depommier et al., 2019). It has been reported that the increase in Akkermansia suppressed intestinal
inflammation, strengthens the barrier function of the intestinal epithelium, suppresses the inflow of LPS,
and prevents the development of liver steatosis, insulin resistance, and type 2 diabetes (Cani and de
Vos, 2017). Our study shows that Akkermansia was robustly induced in the HFD-Asp group. Improved
metabolic dysfunctions could be explained by the induction of Akkermansia. Furthermore, the changes
in gene expression observed in the intestine would support such a hypothesis as transcripts of Muc2,
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the predominant secreted mucin from the ileum and colon, were increased (Velcich et al., 2002), and Muc2
deficiency in mice is associated with disruption of epithelial homeostasis and the development of colon
cancer (Hsu et al., 2017). In combination, our results suggest that ASP has a major role on the gut micro-
biome, not only altering the production of metabolites with signaling and energetic functions but also
potentially strengthening gut barrier function.

In conclusion, our study suggests that ASP is an interesting naturally derived compound that through pleio-
tropic changes in the gut microbiota and an impact on intestinal barrier function and metabolite produc-
tion can improve obesity and associated metabolic dysfunction.

Limitations of the Study

In this study, we revealed that ASP changes gut microbiota composition and increases some beneficial bac-
teria. However, the detailed mechanism of how ASP affects gut microbiota is unknown. Further study is
needed to confirm whether ASP acts like prebiotics and has antibacterial activity. In addition, future studies
such as fecal transplantation are needed to strengthen our hypothesis that gut microbiota is beneficial for
HFD-Asp-fed mice. Our study shows the effect of BAT by ASP. However, the actual energy expenditure and
the beneficial effect of ASP under thermoneutrality are still to be determined.
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Transparent Methods
Materials

Asperuloside (ASP) was obtained from KOBAYASHI Pharmaceutical Co., Ltd. Japan.

Animal Studies

All animal experiments were performed in accordance with the standards set forth in the Guidelines for the
Use and Care of Laboratory Animals at Keio University, Japan. The protocols were approved by the
Institute for Experimental Animals of Keio University. Male C57BL/6] mice of 5 weeks of age, were
obtained from Japan SLC, Inc. All mice were maintained in a temperature-controlled (23°C) facility with
a 12-h light/dark cycle and were given free access to food and water. The mice were placed on the test diet
after one-week acclimation. The control diet and high fat diet were obtained from Research Diets, Inc. The
control diet (D12450B) contained 20kcal% protein, 70kcal% carbohydrate, and 10kcal% fat, and the high
fat diet (D12492) contained 20kcal% protein, 20kcal% carbohydrate, and 60kcal% fat. For treatment with
ASP, mice were fed high fat diets with 0.25% (w/w) ASP. The mice were fasted 6-h before harvesting

blood for subsequent blood measurements and tissues for RNA isolation and histology.

mRNA Expression Analysis by Quantitative RT-PCR

Total RNA was extracted from tissue samples using the RNeasy Mini Kit (QIAGEN, Hilden, Germany).
The cDNA was synthesized from total RNA with the Prime Script RT Reagent Kit (Takara Bio Inc., Shiga,
Japan). The expression levels were analyzed in cDNA synthesized from total mRNA using real time PCR.

The sequences of the primer sets used are displayed in Supplemental Table 1.

Oral glucose tolerance test (OGTT) and intraperitoneal insulin tolerance test (IPITT)
The OGTT was performed in animals that were fasted 6-h. Glucose (Otsuka pharmaceutical factory Inc.,
Tokushima, Japan) was administered by gavage at a dose of 2 g/kg. An IPITT was done in 6-h fasted
animals. Insulin (Humalin N, Eli Lilly Japan, Kobe, Japan) was injected at a dose of 0.75 units/kg. Glucose
quantification was done with the GUNZE Life check (GUNZE Limited, Osaka, Japan).

Plasma measurements

Lipid composition, plasma total cholesterol and NEFA were determined by enzymatic assay kits from Labo
Assay TM series (FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan). TG were measured by
determiner L TG-II (Hitachi Chemical Diagnostics System Co., Ltd., Chuo-ku, Tokyo). TNFo was
quantified by Quantikine ELISA Kit (R&D Systems, MN, USA). MCP-1 was measured by MCP-1 ELIZA
kit (Thermo Fisher Scientific, MA, USA). The level of the plasma lipopolysaccharide (LPS) was
determined by ELISA Kit for Lipopolysaccharide (LPS) (Cloud-Clone Corp., TX, USA) according to the

operating instructions.



Metabolite Extraction and CE-TOFMS-based Metabolome Analysis

Cecal contents were used for metabolite extraction as described previously with slight modification (Ishii
et al., 2018). Briefly, 10 mg of freeze-dried cecal contents were suspended in 500uL of methanol
supplemented with the internal standards (20uM each of methionine sulfone and D-camphor-10-sulfonic
acid (CSA)). The mixture was shaken vigorously with three 3-mm beads and 100mg of 0.1-mm zirconia
beads (BioSpec Products, Inc., OK, USA) by ShakeMaster® NEO (Biomedical Science, Tokyo, Japan).
After extraction of cecal metabolites by standard chloroform-methanol extraction method, the aqueous
phase was centrifuged at 4600 X g for 15min at 20°C, and the supernatant was transferred to a 5-kDa-
cutoff filter column (Ultrafree MC-PHHCC 250 / pk for Metabolome Analysis, (Human Metabolome
Technologies, Tsuruoka, Japan) and centrifuged at 9100 X g for 3 - 7h at 4°C. The filtrate sample was
dried under vacuum and the residue then was dissolved in 40 u of Milli-Q water containing reference
compounds (200 i M each of 3-aminopyrrolidine and time state). The level of extracted metabolites were
measured in both positive and negative modes using CE-TOFMS as described previously (Sugimoto et al.,
2010). All CE-TOFMS experiments were performed using an Agilent capillary electrophoresis system
(Agilent Technologies, CA, USA). Annotation tables were produced from measurement of standard
compounds and were aligned with the datasets according to similar m/z value and normalized migration
time. Then, peak areas were normalized against those of the internal standards methionine sulfone and CSA
for cationic and anionic metabolites, respectively. Concentrations of each metabolite were calculated based
on their relative peak areas and concentrations of standard compounds. The statistical analysis was

performed using online tool Metaboanalyst (Xia and Wishart, 2011).

DNA Extraction

DNA from cecal contents was extracted following methods as described previously (Furusawa et al., 2013).
In brief, cecal content samples were initially freeze dried by using VD-800R lyophilizer (TAITEC, Saitama,
Japan) for at least 12 hours. Samples were disrupted with 3-mm Zirconia Beads by vigorous shaking
(1,500rpm, for 10 min) using Shake Master (Biomedical Science, Tokyo, Japan). About 10 mg cecal
contents were suspended with DNA extraction buffer containing 200 uLL of 10% (w/v) SDS/TE (10 mM
Tris-HCI, 1 mM EDTA, and pH 8.0) solution, 400 puL of phenol/chloroform/isoamyl alcohol (25:24:1),
and 200 pL of 3 M sodium acetate. Obtained emulsions were further disrupted with 0.1 mm zirconia/silica
beads by vigorous shaking (1,500 rpm. for 5 min) using Shake Master. After centrifugation at 17,800 xg
for 5 min at 20°C, bacterial genomic DNA was purified by the standard phenol/chloroform/isoamyl alcohol
protocol. RNAs in the sample were removed by RNase A treatment, and then DNA samples were purified

again by the standard phenol/chloroform/isoamyl alcohol treatment.

Microbiome analysis by 16S rRNA gene sequencing



Genomic DNAs extraction was performed previously with some modifications (Ishii et al., 2018). 16S
rRNA genes in the fecal DNA samples were analyzed using a MiSeq sequencer (Illumina, CA, USA). The
V1-V2 region of the 16S rRNA genes was amplified from the DNA isolated from cecal contents using
bacterial universal primer set 27Fmod (5° -AGRGTTTGATYMTGGCTCAG-3" ) and 338R (5’ -
TGCTGCCTCCCGTAGGAGT-3" ). PCR was performed with Tks Gflex DNA Polymerase (Takara Bio
Inc., Shiga, Japan) and amplified according the following program: one denaturation step at 98°C for 1 min,
followed by 20 cycles of 98°C for 10's, 55°C for 15 s, and 68°C for 30 s, and a final extension step at 68°C
for 3 min. The amplified products were purified using Agencourt AMPure XP (Beckman Coulter) and then
further amplified using forward primer (5 -AATGATACGGCGACCACCGAGATCTACAC-NNN
NNNNN-TATGGTAATTGT-AGRGTTTGATYMTGGCTCAG-3" ) containing the P5 sequence, a
unique 8 bp barcode sequence for each sample (indicated in N), Rd1 SP sequence and 27Fmod primer and
reverse primer (5° -CAAGCAGAAGACGGCATACGAGAT-NNNNNNNN-AGTCAGTCAGCC- TGC
TGCCTCCCGAGGAGT-3" ) containing the P7 sequence, a unique 8-bp barcode sequence for each
sample (indicated by strings of Ns), Rd2 SP sequence, and 338R primer. After purification using Agencourt
AMPure XP, mixed sample was prepared by pooling approximately equal amounts of PCR amplicons from
each sample. Finally, MiSeq sequencing was performed according to the manufacturer’s instructions. In

this study, 2 x 300 bp paired-end sequencing was employed.

Microbiome Data Analysis Using QIIME

First, to assemble the paired end reads, fast length adjustment of short reads (FLASH) (v1.2.11) (Magoc
and Salzberg, 2011) was used. Assembled reads with an average -value < 25 were filtered out using in-
house script. 5,000 filter-passed reads were randomly selected from each sample and used for further
analysis. Reads were then processed using quantitative insights into microbial ecology (QIIME) (v1.8.0)
pipeline (Caporaso et al., 2010). Sequences were clustered into operational taxonomic units (OTUs) using

97% sequence similarity and OTUs were assigned to taxonomy using RDP classifier.

Sequence accession number
The microbiome analysis data have been deposited at the DDBJ Sequence Read Archive
(http://trace.ddbj.nig.ac.jp/dra/) under accession number DRA009825.

Histology and quantification of the adipocyte.

Adipose tissues were harvested and immediately fixed Tissue-Tek UFIX (Sakura Finetek Japan, Tokyo,
Japan). Hematoxylin and eosin (H&E) staining was conducted using paraffin-embedded tissue sections.
The adipocyte diameter was quantified by using Imagel software (NIH, MD, USA) (Schneider et al.
2012).



Cell culture

In vitro experiments were performed with NCI-H716 cells in RPMI1640 medium with 10% FBS with
vehicle (DMSO), TCA, or ASP at the indicated concentrations. Measurement of GLP-1 release was
measured in cultural medium after treatments with the chemical compounds, with supernatants of the
medium containing a protease inhibitor cocktail (Roche Diagnostics K.K., Tokyo, Japan). GLP-1
concentration was measured using the GLP-1 Active Assay Kit from IBL (IBL Co., Gunma, Japan). The
GLP-1 concentrations were normalized against total cell amounts measured by TaKaRa BCA protein Assay

Kit (Takara Bio Inc., Shiga, Japan).

Statistical analysis

Values were reported as mean = SEM. Statistical differences were determined by either one-way ANOVA
or Student’s t test with using Graph Pad Prism 8. Statistical significance is displayed as follows: *p < 0.05,
**p < 0.01, *p < 0.001 HFD vs HFD-Asp, #p < 0.05, ##p < 0.01, ###p < 0.001 HFD vs Control, +p <
0.05, ++p <0.01, +++p < 0.001 Control vs HFD-Asp.
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Figure S1. Related to Figure 1. Asperuloside (ASP) stimulates GLP-1 secretion indirectly. GLP-1
concentration secreted from NCI-H716 cell line cultured for 30 minutes in the absence or presence of
glucose and either treated with DMSO (vehicle), taurocholic acid (100uM), or ASP (100uM) added within

the medium.
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Figure S2. Related to Figure 2. ASP changes gut microbiota community and increases specific
bacteria in genus level. Analysis of 16s rRNA gene sequences on the mice used in Figure 1. (A) Genus
level taxonomic distributions of the microbial communities in cecal contents of mice fed with the 3 different
diets. (B) Bacterial community structure at genus level represented with a heat tree compared high-fat diet
(HFD) fed mice and HFD +0.25% asperuloside fed mice.
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Figure S3. Related to Figure 4. ASP changes adipocyte metabolism. Analysis on the mice used in Figure
1. (A) Histological analysis and expression of mRNA levels of selected genes qPCR analysis in the
epididymal white adipose tissue (epiWAT). Adipocyte morphology was assessed by H&E staining (Scale
bar: 50um). (B) Correlation analysis between succinate concentration and epiWAT weight. Y axis: weight
of epiWAT, X axis: succinate concentration of cecal contents. (C) Adipocyte diameter. Results are
expressed as mean £ SEM (n = 6-7 mice for each group). *p <0.05, **p <0.01, ***p < 0.001 HFD vs HFD-
Asp, #p < 0.05, ##p < 0.01, ###p < 0.001 HFD vs Control, +p < 0.05, ++p < 0.01, +++p < 0.001 Control
vs HFD-Asp. Statistical analysis with one-way ANOVA followed Tukey’s multiple comparison test.



Table S1. Related to Figure 4. Primer sequences.

Gene Forward primer (5'—3") Reverse primer (5'—3")

18§ TTCTGGCCAACGGTCTAGACAAC CCAGTGGTCTTGGTGTGCTGA

Acox TTCTACCAATCTGGCTGCAC GTGGGTGGTATGGTGTCGTA

Collal ~ CAACCTGGACGCCATCAAG CGTGGAATCTTCCGGCTGTAG

Cptl TCATTGGCCACCAGTTCCATTA CCAATGGCTGCCACACTCTC

Dio?2 TTCTGAGCCGCTCCAAGT GGAGCATCTTCACCCAGTTT

Defa GGTGATCATCAGACCCCAGCATCAGT AAGAGACTAAAACTGAGGAGCAGC
Lpl CAGCAGGGAGTCAATGAAGA ATCCGTGTGATTGCAGAGAG

Mcpl CTGGATCGGAACCAAATGAG CGGGTCAACTTCACATTCAA

Muc?2 GGGAGGGTGGAAGTGGCATTGT TGCTGGGGTTTTTGTGAATCTC
Muc3 AACTGCAGCTACGGCAAATGTC AGGTTTCGCCTACCATCGTAAC
Pgcla AAGGGCCAAACAGAGAGAGA GCGTTGTGTCAGGTCTGATT

Pla2g2  AGGATTCCCCAAGGATGCCAC CAGCCGTTTCTGACAGGAGTTCTGG
Ppars6  TCTGCCATCTTCTGCAGCAGCTT CTCTTCATCGCGGCCATCATTCT
Prdml6 CAGCACGGTGAAGCCATTC GCGTGCATCCGCTTGTG

Reg3y  CTGGGACAGTGACCTGGACT GCACCTCAGGGAAGAGTCTG

Tnfa CTGGGACAGTGACCTGGACT GCACCTCAGGGAAGAGTCTG

Tjipl GACCAATAGCTGATGTTGCCAGAG  TATGAAGGCGAATGATGCCAGA
Tjp2 GACATCTATGCGGTTCCAATCAA TGGTGTCCTGGTAAAGTCTGGAAG
Ucpl GGCCCTTGTAAACAACAAAATAC GGCAACAAGAGCTGACAGTAAAT

Ucp?2

AGAAGTGAAGTGGCAAGGGA

GCTGAGCTGGTGACCTATGA
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