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ABSTRACT

The emerging evidence supports the use of prebiotics like herb-derived polysaccharides for treat-
ing nonalcoholic fatty liver disease (NAFLD) by modulating gut microbiome. The present study was
initiated on the microbiota-dependent anti-NAFLD effect of Astragalus polysaccharides (APS)
extracted from Astragalus mongholicus Bunge in high-fat diet (HFD)-fed mice. However, the exact
mechanisms underlying the beneficial effects of APS on NAFLD formation remain poorly
understood.

Co-housing experiment was used to assess the microbiota dependent anti-NAFLD effect of APS.
Then, targeted metabolomics and metagenomics were adopted for determining short-chain fatty
acids (SCFAs) and bacteria that were specifically enriched by APS. Further in vitro experiment was
carried out to test the capacity of SCFAs-producing of identified bacterium. Finally, the anti-NAFLD
efficacy of identified bacterium was tested in HFD-fed mice.

Our results first demonstrated the anti-NAFLD effect of APS in HFD-fed mice and the contribution
of gut microbiota. Moreover, our results indicated that SCFAs, predominantly acetic acid were
elevated in APS-supplemented mice and ex vivo experiment. Metagenomics revealed that
D. vulgaris from Desulfovibrio genus was not only enriched by APS, but also a potent generator of
acetic acid, which showed significant anti-NAFLD effects in HFD-fed mice. In addition, D. vulgaris
modulated the hepatic gene expression pattern of lipids metabolism, particularly suppressed
hepatic fatty acid synthase (FASN) and CD36 protein expression.

Our results demonstrate that APS enriched D. vulgaris is effective on attenuating hepatic
steatosis possibly through producing acetic acid, and modulation on hepatic lipids metabolism in
mice. Further studies are warranted to explore the long-term impacts of D. vulgaris on host
metabolism and the underlying mechanism.
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Introduction compositional alteration of intestinal bacteria in

NAFLD patients was first reported in 1921 by
Hoefert.®

The causal role of gut dysbiosis in NAFLD
development has been extensively studied and

The human body is a “superorganism” with tril-
lions of commensal bacteria in its gastrointestinal
tract." Gut microbiota plays critical roles in mod-
ulating host physiology and metabolism,>™* and

therefore, gut dysbiosis contributes to the develop-
ment of many kinds of human diseases, in particu-
lar obesity-related metabolic diseases such as
nonalcoholic fatty liver disease (NAFLD), type 2
diabetes mellitus and metabolic syndrome.””” The

validated by targeting gut microbiota manipula-
tions such as probiotics, prebiotics’ or fecal micro-
biota transplants in either human patients or
animal models."®'* Although extremely challen-
ging, increasing evidence has demonstrated that
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some specific bacterium could either promote or
inhibit NAFLD development. For example, Wu
et al. revealed that the anti-obesity effect of poly-
saccharides from Hirsutella sinensis was due to
enrichment of the commensal bacterium
Parabacteroides goldsteinii and further, oral gavage
of live P. goldsteinii prevented body weight gain,
improved intestinal integrity and reduced inflam-
mation and insulin resistance.'” In contrast, Yuan
et al. have demonstrated that patients with NASH
accompanied with bacterially derived auto-
brewery syndrome showed high abundance of
Klebsiella pneumoniae in gut. Moreover, the
increased Klebsiella pneumoniae was accounted
for the alcohol production in these patients result-
ing to the occurrence of NAFLD.' Although
Klebsiella pneumoniae is a typical pneumonia-
causing pathogen,'> our previous study revealed
it metabolized melamine to cyanuric acid causing
kidney damage and crystal formation in rats'® .
Hence, the function of specific bacterium in gut is
usually complex and largely unknown.

Our report here was initiated by the observation
that Astragalus polysaccharides (APS) from
Astragalus mongholicus Bunge, an herbal medicine,
exhibited anti-NAFLD effects with efficacy in low-
ering  plasma lipids, improving insulin
sensitivity,'”'® and ameliorating metabolic risk in
metabolically stressed transgenic mice.”” Our
recent study demonstrated that APS was effective
in attenuating high fat diet-induced metabolic dis-
orders including reduced the extent of hepatic stea-
tosis, inhibiting body weight gain, and improved
insulin resistance.”® However, the mechanism
underlying the preventive effect of APS on
NAFLD was not elucidated. In our current study,
we first observed that the anti-NALFD effect of APS
was associated with gut microbiota modulation and
increasing of acetic acid in serum and feces.
Subsequent 16S rRNA gene sequencing and meta-
genomics analysis revealed that bacteria in the
Desulfovibrio genus were depleted by high-fat diet
(HFD) feeding and enriched in APS supplemented
mice, in particular Desulfovibrio  vulgaris
(D. vulgaris) with the highest abundance within
Desulfovibrio genus. Furthermore, we demon-
strated that D. vulgaris was not only a potent gen-
erator of acetic acid, but also attenuated HFD-
induced body weight gain, hepatic steatosis,

highlighting the novel anti-NAFLD effect of
D. vulgaris in mice.

Results

The anti-NAFLD effects of APS are associated with
gut microbiota modulation

In line with our recent report,” our current results
first confirmed that APS supplementation substan-
tially improved metabolic disorders in HFD mice
including decreases in body weight (p < .01), fat
index (p < .05), hepatic steatosis (p < .01), liver
triglycerides (TG) level (p < .05), and pro-
inflammatory cytokines expression (/13 and II6)
in liver and white adipose tissue (p < .05) in the
context of similar energy intake (p = .10) with
HFD-fed mice (Figure 1la-g). Nevertheless, the
hepatic IL-6 level was of no difference among the
three groups (data not shown). Twelve weeks of
APS supplementation reduced serum insulin level
(p < .05), but not fasting blood glucose in HFD-fed
mice (p = .23, Figure 1h-i). Expression of both fatty
acid synthase (FASN) and carnitine palmitoyltrans-
ferase-la (CPT1-a) proteins, the rate limiting
enzymes for de novo synthesis and -oxidation of
fatty acids, was also reduced in the livers of APS
supplemented mice compared to HFD mice,
respectively (p < .05, Figure 1j).

Emerging evidence has demonstrated the well-
established anti-obesity effect of polysaccharides
from Ganoderma lucidum,” Hirsutella sinensis,”
and Polygonatum odoratum®' through modulating
gut microbiota. Our recent study indicated that
APS supplementation also altered the composition
of gut microbiota in HFD-fed mice.?’ In addition,
our in vitro data indicated that APS could not
inhibit the TG accumulation in hepatocytes (data
not shown). We therefore wondered whether the
modulation on gut microbiota contributed to the
anti-NAFLD effect of APS. The gut microbiota
composition was compared among groups based
on 16S rRNA gene sequencing. An average of
38621 + 1058 (meants.e.m) valid reads were
obtained that covered the majority of bacterial
diversity (Supplementary Table 1). First of all, the
results showed that the gut microbiome of HFD
mice was characterized with reduced a diversity
indexes including Shannon, Sobs, Chao and Ace
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Figure 1. The anti-NAFLD effects of APS are associated with gut microbiota modulation. Male C57BL/6 J mice (4-week-old) were
treated with normal chow diet (Con) or high-fat diet (HFD) with or without APS supplementation (4% APS in HFD) for 12 weeks
(n=10). (a) Body weight (g). (b) Representative photomicrographs of adipose tissues with H&E staining (magnification, X200, 50 um),
and liver tissue with H&E (magnification, X200, 50 um) and oil red O staining (magnification, x400, 25 um). (c) Average energy intake
per mouse (kcal/day). (d) Fat index (%, epididymal fat mass (g)/body weight (g) *100%). (e) Hepatic steatosis scores. (f) The relative
mRNA expression of pro-inflammatory cytokines (//73 and //6) in white adipose tissues (WAT, %) and liver tissues (%). (g) Hepatic
triglycerides levels (TG, mmol/g liver). (h) Fasting blood glucose (mmol/L). (i) Fasting serum insulin (mIU/L). (j) The protein expression
of FASN and CPT1-a in liver tissues (%). Data are presented as the mean * s.e.m.; *p < .05, **p < .01.

compared to the Control group (Con, p < .001).
APS supplementation significantly increased these
indexes compared to the HFD group (p < .05,
Supplementary Figure 1la), suggesting that APS
supplementation increased the bacterial richness
(increased Sobs, Chao, Ace and Shannon indexes)
and evenness (increased Shannon index) in HFD-
fed mice. Then, weighted UniFrac principal coor-
dinate analysis (PCoA) showed that samples from
both HFD and APS groups were separated from the
Con group on PCoA 1 (p = .001), while HFD and
APS groups were also separated with each other
(p = .004, Supplementary Figure 1b). In addition,
we observed significant changes in the relative
abundance of the main phyla including increased

Firmicutes and Proteobacteria (p < .01) and
reduced Bacteroidetes (p < .001) in the HFD mice.
APS supplementation mainly reduced the relative
abundance of Firmicutes (p < .01) and increased
Bacteroidetes (p < .001) leading to the reduction of
Firmicutes/Bacteroidetes (F/B) ratio compared to
the HFD group, while some unidentified bacteria in
HFD and APS groups were not detected in Con
group (Supplementary Figure 1c).

Next, to test whether the altered gut microbiota
was secondary or causative for APS effect, we
observed the impacts on gut microbiota by a short-
term (2-day or 2-week) APS intervention in HFD-
fed mice. The results showed that even short-term
APS supplementation (either 2-day or 2-week)
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significantly altered the main composition of gut
microbiota, specifically reduced Firmicutes and
increased Bacteroidetes abundance leading to the
decrease of F/B ratio (p < .05, Supplementary
Figure 2). Therefore, the change of gut microbiota
by short-term APS intervention suggested that the
altered gut microbiota was not a consequence of
APS effect in HFD-fed mice. Altogether, these
results implied that the anti-NAFLD eftect of APS
was associated with the modulation of gut micro-
biota in HFD-fed mice.

The remodel of gut microbiota by APS is robust and
sustained

Given the coprophagic character of mice, the bac-
teria transfer through fecal-oral route is highly
probable.”” To further test the role of gut micro-
biota in the anti-NAFLD effect of APS, a co-
housing experiment was performed, where two
subgroups of mice from either HFD or APS sup-
plemented groups were co-housed (HFD_CoH and
APS_CoH) and kept on HED for continued 8 weeks
without APS supplementation in both APS and
APS_CoH groups (Seeing experimental design in
Figure 2a). Although energy intake was similar
among groups, co-housing narrowed the difference
in final body weight between HFD_CoH and
APS_CoH, as well as serum alanine aminotransfer-
ase (ALT) levels (Figure 2b-d). The extent of hepa-
tic steatosis in both HFD_CoH and APS_CoH
groups was affected by each other characterized
with reduced volume of fat cavitation compared
to HFD group (Figure 2e). To test whether the
phenotypic changes of co-housed mice were due
to the bacteria transfer, the compositional structure
of gut microbiota was compared based on 16S
rRNA gene sequencing. First of all, the results
revealed that the bacterial richness and evenness
of APS supplemented mice was higher than HFD
group, as well as the differences in bacterial com-
position (figure 2f-g, Supplementary Figure 3a).
Co-housing mainly resulted in the assimilation of
gut microbiota to that of APS supplemented mice
in both a and B diversity, rather than HFD mice
including the changes of indexes of Shannon, Chao,
Ace and Sobs, and the diversified composition (fig-
ure 2f, Supplementary Figure 3a, Supplementary
Table 2). The weighted UniFrac PCoA showed the

HFD group was distinctly separated from the rest
three groups on PCoA 1 (p = .004), as well as the
separated trend with APS (p = .051) or HFD_CoH
group (p = .034). However, samples from APS and
APS_CoH groups showed no separation (p = .529)
(Figure 2g). In addition, the data also showed the
ratio of Firmicutes/Bacteroidetes (F/B) was consis-
tently reduced in APS, HFD_CoH and APS_CoH
groups compared to HFD group (Supplementary
Figure 3b). These results demonstrated that the
remodeled gut microbiota during co-housing con-
tributed to the metabolic benefits of APS, and the
impacts of APS on gut microbiota were also more
robust and sustained than HFD.

The anti-NAFLD effects of APS are associated with
increased bacteria-derived acetic acid

Given the anti-NAFLD effect of APS is related with
altered gut microbiota and some herb-derived poly-
saccharides are usually fermented into short-chain
fatty acids (SCFAs, mainly acetic acid, propionic
acid, and butyric acid) by gut microbiota,®> which
play important roles in attenuating metabolic
diseases,”****> we hypothesized that the anti-
NAFLD effect of APS was probably due to
increased production of SCFAs. We then quantified
the absolute contents of SCFAs in both fecal and
serum samples of mice with authentic standards
and calculated sample concentrations based on
the derived standard curves (Supplementary
Figure 4a-b). The results showed that acetic acid,
propionic acid, and butyric acid were significantly
reduced in both feces and serum of HFD mice,
whereas APS supplementation increased the levels
of acetic acid in both feces (2.072 + 0.154 nmol/mg
to 4272 + 0356 nmol/mg) and serum
(0.103 £+ 0.034 mM to 0.219 + 0.039 mM), and
butyric acid in feces (0.055 + 0.008 nmol/mg to
0.360 + 0.056 nmol/mg) (Figure 3a). In addition,
we found that the serum level of acetic acid, but not
propionic acid and butyric acid, was increased in
HFD_CoH group compared to HFD group
(p < .001, Figure 3b).

To further determine whether the increased
acetic acid levels were derived from APS or gut
microbiota itself, we detected SCFAs production
by fecal bacteria from mice with or without oral
antibiotic pre-treatment (500 mg/L vancomycin in
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Figure 3. The anti-NAFLD effects of APS are associated with increased production of acetic acid. (a) Feces (n = 6-8) and serum
(n = 4) samples of normal chow diet (Con) and HFD mice supplemented with or without APS were analyzed using targeted
metabolomics for SCFAs (acetic acid, propionic acid, and butyric acid) levels by GC-TOF-MS. (b) Serum levels of SCFAs in mice in co-
housing experiment (mM, n = 4-5). CoH represents co-housing. (c) Contents of SCFAs were measured at the 0, 3%, 6™, 12, and 24"
h of anaerobic culturing in the presence of intestinal bacteria from HFD-fed mice with or without vancomycin treatment (500 mg/L in
drinking water for 5 days). (Bac: Culture medium containing the bacteria from HFD mice without APS; Bac_APS: APS (200 mg/L) added
ex vivo to medium containing the equal amount of bacteria from HFD mice; Bac_AB_APS: APS added ex vivo to culture medium
containing the bacteria from HFD mice with antibiotic treatment, n = 2-3). Data are presented as the mean + s.e.m.; *p < .05, **p < .01
*¥*¥p < .001. *p < .05, ***p < .001 vs Bac; ##p < .01, ###p < .001 vs BAC_AB_APS at Panel c.

drinking water for 5 days) under anaerobic culture
condition. As expected, the SCFAs were accumu-
lated in the medium containing fecal bacteria over
time, in which acetic acid and propionic acid were
found in higher concentrations than butyric acid
(Figure 3c). The addition of APS to the bacterial
medium further increased the contents of acetic
acid time-dependently (p < .001) but not that of
propionic acid or butyric acid. The capability for
acetic acid and butyric acid production was abol-
ished in bacteria that were pre-treated by antibio-
tics even in the presence of APS (p <.001, Figure 3c,
Supplementary Figure 5). On the contrary, the
levels of propionic acid were increased in bacteria
from antibiotic-treated mice (p < .01, Figure 3c).
These results indicated that APS was mainly

fermented into acetic acid by gut microbiota,
instead of propionic acid and butyric acid.

Since the physiological functions of acetic acid in
metabolic diseases are sometimes discrepant,”® >
the action of acetate is supposed to be context
dependent, such as mode and location of adminis-
tration, metabolic and anatomic differences in spe-
cies and so on.”” We then tested whether the acetic
acid supplementation could produce similar effect
with APS in HFD-fed mice. The results showed that
acetic acid treatment significantly inhibited the
HFD-induced body weight gain (p < .05), reduced
the size of white adipocytes and fat index (p < .05),
attenuated hepatic steatosis (p < .01) and reduced
liver TG levels (p < .01) and serum ALT (p < .01), as
well as fasting blood glucose (p < .01), with no


https://doi.org/10.1080/19490976.2021.1930874

a

507 © Con @ HFD @ AA

B 45 ;

£ 40

=]
© 35
01 2 3 456 7 8

*

* k|

Z 30
225
o

Energy intake (kcal/day)

Time (week)

o
M

=
o

Fat index (%)
o N b O ®
Hepatic steatosis scores
o - N w >

Con HFD AA Con HFD AA

250kDa—I—--‘—'----

40 kDa i

75 kDa [ — —

L e —— - ——

40 kDa

S E T FSFE T SE T

Con HFD AA

FASN

B-ACTIN

CPT1

B-ACTIN

GUT MICROBES €1930874-7

HFD |-

o
IS

a o n
o o

Serum ALT(U/L)
N

Fasting blood
glucose (mmol/L)

5
0

o

Con HFD AA

N
=3
1=

-
a
S

-
=
1=

-a

FASN/B-ACTIN ratio (%)
o
S

CPT1-a/B-ACTIN ratio (%)
o

Con HFD AA Con HED AA

Figure 4. Male C57BL/6 J mice (4-week-old) were treated with either Con or HFD for 8 weeks and then mice in HFD group were
subdivided into two groups with or without sodium acetate (AA, 3.7% in HFD) for another 8 weeks (n = 7-9). (a) Body weight (g). (b)
Average energy intake per mouse (kcal/day). (c) Representative photomicrographs of liver and adipose tissues with H&E (magnifica-
tion, X200, 50 pm).(d) Fat index (%, epididymal fat mass (g)/body weight (g) *100%). (e) Hepatic steatosis scores. (f) Hepatic
triglycerides levels (mmol/g liver). (g) Serum ALT level (U/L). (h) Fasting blood glucose (mmol/L). (i) The protein expression of FASN
and CPT1-a in liver tissues (%). Data are presented as the mean + s.e.m.; *p < .05, **p < .01, ***p < .001.

difference in energy intake (p = .17, Figure 4a-h).
Moreover, acetic acid also suppressed the expres-
sion of hepatic FASN protein (p < .05), but with
minor impact on CPTIl-a expression (p = .66,
Figure 4i). Altogether, the results indicated that
the anti-NAFLD effects of APS were mainly asso-
ciated with the increased acetic acid derived by gut
microbiota.

D.vulgaris is a potent generator of acetic acid
enriched by APS supplementation

Next, we expected to find the specific bacterium that
was responsible for acetic acid generation by mining
the 16S rRNA gene sequencing data. For such
a purpose, only bacteria that were significantly
enriched by APS supplementation were selected for
turther analysis as shown in Supplementary Figure 6
and Supplementary Table 3. There were nine
enriched OTUs in the APS supplemented mice, in
which only four of them were annotated at the genus
level, including Desulfovibrio, Parabacteroides,

Acetatifactor, and Alistipes. We then performed
a Spearman’s correlation analysis between these 4
genera and metabolic disorder-related parameters,
as well as acetic acid levels in both feces and serum.
Among these 4 genera, Desulfovibrio was not only
the highest in abundance, but also negatively corre-
lated with most of the metabolic disorder-related
parameters such as levels of liver TG level (p < .05),
fasting serum insulin (p < .001), pro-inflammatory
cytokines in liver or white adipose tissue (WAT,
p < .05), and positively correlated with serum acetic
acid level (p < .05, Figure 5a, Supplementary
Table 4), suggesting that bacteria in the
Desulfovibrio genus were associated with the activity
of APS, especially acetic acid production. In agree-
ment with the results based on OTUs analysis
(Supplementary Figure 6), the relative abundance
of the Desulfovibrio genus was significantly enriched
in APS supplemented mice compared to the HFD
group (Figure 5b). Then, we further explored the
relative abundance changes of bacteria within the
Desulfovibrio genus at species level with
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Figure 5. D. vulgaris is a potent generator of acetic acid that is enriched by APS supplementation. (a) Spearman’s correlation
analysis between the 4 bacteria genera enriched by APS supplementation and hepatic steatosis traits (including body weight, liver
triglyceride level, fasting serum insulin level, /73 and /l6 gene expression in liver tissues, //713 and /l6 gene expression in white adipose
tissues (WAT), and acetic acid levels in serum and feces tissues. (b) Relative abundance of Desulfovibrio genus from 16S rRNA gene
sequencing data in APS supplement expression. (c) Relative abundance of species from Desulfovibrio genus in cecum samples of mice
analyzed by using metagenomics sequencing (*p < .05, One-way ANOVA, n = 3). (d) OD600 were measured at the 0, 3", 6, 12", 24™,

and 48™ h of anaerobic culturing of D. vulgaris with or without APS

(2000 mg/L). (e) Contents of SCFAs (acetic acid, propionic acid, and

butyric acid) were measured at the 3, 12", and 48™ h of anaerobic culturing of D. vulgaris with or without APS (2000 mg/L, n = 3). (f)

Chow diet fed mice were supplemented phosphate buffer solution

(PBS) or D. vulgaris for 1 week, and the targeted metabolomics for

SCFAs level of serum samples were analyzed by UPLC/TOF-MS (mM). Data are presented as the mean * s.e.m.; *p < .05, **p < .01,

*¥**¥p < .001. *p < .05, **p < .01, ***p < .001 vs D. vulgaris at panel

metagenomics data. A total of 27 Desulfovibrio spe-
cies were identified, and most of them were reduced
in the HFD group, and enriched by APS supplemen-
tation, while only some of them differed significantly
across the three groups (p < .05) including
D. wvulgaris, D. desulfuricans, D. alaskensis,
D. acrylicus and D. frigidus. In addition, D. vulgaris
was the one with the highest relative abundance

d, e.
within  Desulfovibrio ~ genus  (Figure  5c,
Supplementary Table 5).

Since D. vulgaris was of the highest abundance
among the enriched Desulfovibrio genus and its
negative correlation with metabolic disorders,
a specific strain of D. wvulgaris (D. vulgaris
Hildenborough, ATCC 29579) from ATCC was
used and tested its capacity for SCFAs generation.
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Figure 6. D. vulgaris attenuates hepatic steatosis and reduces body weight gain in HFD mice. Normal chow diet (Con) fed mice and
HFD-fed mice were treated with phosphate buffer solution (PBS) or D. vulgaris bacteria liquid (1 x 10° colony-forming units, DV) by oral
gavage for 12 weeks (n = 10). (a) Body weight (g). (b) Representative photomicrographs of liver tissues with H&E (magnification, X200,
50 um) and oil red O staining (magnification, X400, 25 um). (c) Average energy intake per mouse (kcal/day). (d) Brown adipose tissue
(BAT) index (%, brown adipose tissue weight (g)/body weight (g) * 100%). (e) Hepatic triglycerides levels (mmol/g liver). (f) Hepatic
steatosis scores. (g) Serum ALT level (U/L). RNA-seq was performed on liver tissues in Con or HFD with or without D. vulgaris
supplement mice (n = 3). (h) Principal component analysis (PCA) between HFD and HFD_DV groups. (i) GSEA analyses of energy
metabolism, carbohydrate metabolism, lipid metabolism, and metabolites biosynthesis between HFD group and HFD_DV group.
Positive and negative NES indicate higher and lower expression in HFD group, respectively. Data are presented as the mean * s.e.m.;

*p < .05, **p < .01, ***p < .001.

Our results showed that D. vulgaris growth was
significantly stimulated by APS from 3 to 48 h dose-
dependently (p < .001, Figure 5d, Supplementary
Figure 7a-b). In addition, we also tested whether
the growth of D. vulgaris could be stimulated by
other polysaccharides like inulin, a dietary herbal
polysaccharide mainly consists of fructose with
well-established benefits in metabolic
disorders.”™*" Our results showed that inulin addi-
tion did not stimulate the growth of D. vulgaris at
all even at very high concentration (Supplementary
Figure 7c-d). Moreover, we observed that the con-
centration of acetic acid, but not propionic acid or
butyric acid in D. vulgaris medium elevated time-
dependently, and was further increased with addi-
tion of APS (p <.001, Figure 4e). In agreement with

the short-term in vitro data, the in vivo study indi-
cated that D. vulgaris gavage significantly increased
the levels of serum acetic acid (p < .05), but not
propionic acid or butyric acid (figure 5f,
Supplementary Figure 8a-b).

D. vulgaris attenuates hepatic steatosis and its
related metabolic disorders

D. vulgaris is a sulfate-reducing bacteria capable of
producing hydrogen sulfide (H,S) in the mamma-
lian intestinal tract,”> however, the physiological
functions of sulfate-reducing bacteria in the mam-
malian gut are not well understood. Given its
potent capacity for acetic acid production and its
enrichment in APS-supplemented mice, we
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Figure 7. (a) The relative mRNA expression of genes for lipid metabolism (Fasn, Cd36, Cptla, Ppar-a) and pro-inflammatory cytokines
(II1B, ll6, Tnfa) in liver tissues (%, n = 10). (b) Representative photomicrographs of jejunum, ileum, and colon tissues with H&E staining
(magnification x 200, 50 um). (c) The relative mRNA expression of genes for intestinal integrity (Ocln, Tjp1), SCFAs receptor (Ffar2), and
inflammation (116, ll6, Tnfa, Cd14) in ileum tissues (%, n = 6). (d) The relative mRNA expression of genes for intestinal integrity (Ocln,
Tjp1), SCFAs receptor (Ffar2), and inflammation (//18, Il6, Tnfa, Cd14) in colon tissues (%, n = 6). (e) The protein expression of GCK, CD36,
p-AMPK/AMPK, FASN, and CPT1-a in liver tissues (%, n = 9-10). Data are presented as the mean * s.e.m.; *p < .05, **p < .01.

hypothesized that D. vulgaris might have anti-
NAFLD effects in HFD mice. To test this hypoth-
esis, male C57BL/6 ] mice were maintained on
either normal chow diet or HFD with or without
D. vulgaris supplementation (DV) by oral gavage
for 12 weeks. The results showed that D. vulgaris
supplementation significantly reduced body weight
gain (p < .05), increased the brown adipose tissue
(BAT) index (p < .05), attenuated hepatic steatosis
(p < .01) and TG accumulation in hepatocytes
(p < .05), reduced serum ALT levels (p < .05), and
reduced trend of liver index (p = .08) in HFD-fed
mice, whereas no significant differences were found
in the context of normal chow diet (p > .05, Figure
6a-g, Supplementary Figure 9). These results

indicated that D. vulgaris supplementation attenu-
ated HFD-induced hepatic steatosis and its related
metabolic disorders in mice.

D. vulgaris regulates hepatic gene expression
profiles in HFD-fed mice

To further understand the potential mechanism
underlying the anti-NAFLD effect of D. vulgaris,
the liver gene expression profiles were investigated
in mice with or without D. vulgaris treatment in
the context of either normal chow diet or HFD.
First of all, the principal component analysis
(PCA) showed a distinct separation among the 4
groups on PC1 with respect to the types of diets,



and subsequent analysis showed that D. vulgaris
treatment resulted in a clear separation in gene
expression in the context of HFD, but not normal
chow diet (Figure 6h, Supplementary Figure 10a).
In agreement with our observation on the anti-
NAFLD effect of D. vulgaris (Figure 6a-g), our
transcriptomic analysis showed a substantial num-
ber of altered genes in the HFD_DV group com-
pared to that of HFD group, but not between
Con_DV and Con groups (Supplementary Figure
10b-c). Then, we performed gene set enrichment
analysis (GSEA) based on all annotated genes to
determine which pathways were regulated by
D. vulgaris in HFD mice. Totally, there were 29
pathways in energy metabolism, carbohydrate
metabolism, lipid metabolism, and metabolites
biosynthesis (Supplementary table 6). Among
them, galactose metabolism pathway had the high-
est positive normalized enrichment score (NES),
suggesting this pathway was significantly enriched
in HFD group (p adjust = 0.017). In addition,
steroid biosynthesis pathway had the lowest nega-
tive NES, indicating this pathway was significantly
enriched in HFD_DV group (p adjust = 0.047,
Figure 6i, Supplementary Figure 10d). Moreover,
the expression of genes or proteins that are
directly involved in metabolic disorders including
fatty acid metabolism, inflammation, and intest-
inal integrity was validated in liver and intestinal
tissues. D. vulgaris treatment did not change the
expression of genes for intestinal integrity (Ocln,
TjpI), SCFAs receptor (Ffar2), or inflammation
(Il1B, 1l6, Tnfa, Cd14) in either liver or intestine,
as well as histological damage in intestine tissues
(Figure 7a-d). Notably, D. vulgaris treatment sig-
nificantly inhibited the expression of hepatic glu-
cokinase (GCK), CD36, and FASN proteins
(p < .05), as well as stimulation on Cptla and
peroxisome  proliferator-activated  receptor-a
(Ppara) mRNA expression (p < .01, Figure 7a, e),
suggesting the anti-NAFLD effect of D. vulgaris
was mainly associated with inhibition of fatty
acid de novo synthesis and p-oxidation in liver of
HFD-fed mice.

In summary, our current study revealed
a bacterium, D. vulgaris, with potent capacity for
acetic acid generation in APS treated mice. A novel
role of D. vulgaris was preventing HFD-induced
NAFLD formation in mice through inhibiting
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fatty acid de novo synthesis and stimulating (-
oxidation of fatty acid was demonstrated.

Discussion

Although the underlying mechanism is largely
unknown, gut dysbiosis has emerged as a central
initiator of obesity-related diseases including
NAFLD, type 2 diabetes and metabolic
syndrome.”'*** Increasing evidence indicates that
modulation of gut microbiota is a practical and
effective way for the prevention or therapy of gut
microbiota-related diseases by using probiotics or
prebiotics.'>***> Some herb-derived polysacchar-
ides also exhibit anti-obesity and -NAFLD effects
by modulating gut microbiota such as polysacchar-
ides from Ganoderma lucidum, Hirsutella sinensis
or Astragalus membranaceus.”'>*° Based on the
results of our previous study as to the anti-
NAFLD effects of APS,* our current study aimed
to identify the key bacterium responsible for
attenuating NAFLD by investigating the bacteria
that were specifically enriched in APS treated
mice. In agreement with our previous report,20
our results further demonstrated that the anti-
NAFLD effects of APS was associated with its mod-
ulation on gut microbiota resulting in dramatic
increase of serum acetic acid in HFD mice.
Moreover, by screening the bacteria that were spe-
cifically enriched by APS, we identified the relative
abundance of D. vulgaris was enriched, which was
demonstrated to be a potent generator of acetic acid
and was effective for preventing NAFLD formation
in HFD-fed mice.

Emerging evidence has demonstrated that the
metabolic benefits of some herb-derived polysac-
charides are associated with the production of
SCFAs (acetic acid, propionic acid and butyric
acid) by gut microbiota.’*® We hypothesized
that the anti-NAFLD effects of APS were probably
associated with production of SCFAs by gut micro-
biota. The targeted metabolomics revealed
increased SCFAs levels in both feces and serum of
APS treated mice with only acetic acid being con-
sistently and highly elevated in both (Figure 3a). In
contrast, the latest research has revealed that diet-
ary fructose supplement resulted in enhanced hepa-
tic lipogenesis through microbial fermentation into
acetic acid that served as the substrate acetyl-CoA



e1930874-12 (&) Y.HONG ET AL.

for lipid production.®® These findings provide
a new perspective on the relationship between
diet, flora and host metabolism in fatty liver and
other metabolic diseases. However, studies under-
taken so far provide conflicting evidence concern-
ing the role of acetic acid on host metabolism
involving lipid synthesis, insulin secretion, hyper-
phagia and obesity,”>*”****! which is supposed to
be context-dependent such as mode and location of
administration, metabolic and anatomic differences
in species, as well as metabolic phenotypes of
host.*” Therefore, though our results indicated
acetic acid production was stimulated by APS, it
was uncertain whether increased acetic acid was
accounted for the anti-NAFLD effects of APS in
HFD mice. According to previous report,** acetic
acid treatment inhibited the HFD-induced body
weight gain and hepatic lipids accumulation
through up-regulating expression of hepatic
Ppara, Cpt-1, acetyl-CoA oxidase (Aco) and uncou-
pling protein 2 (Ucp2) genes in mice. In line with
the observations in mice*>** and obese subjects,**
our results demonstrated that dietary supplement
of acetic acid significantly prevented the formation
of NAFLD and inhibited body weight gain in HFD
mice, and inhibited hepatic FASN protein expres-
sion, the rate-limiting enzyme for de novo fatty acid
synthesis in liver (Figure 4). These results gave
supporting evidence for the anti-NAFLD effect of
acetic acid and also suggested that increased acetic
acid might account for the anti-NAFLD effects of
APS. Moreover, we demonstrated that the quantity
of microbiota-derived acetic acid was enhanced in
the presence of APS and abolished by vancomycin
pre-treatment ex vivo, suggesting that bacteria
responsible for the fermentation of APS to acetic
acid might be vancomycin sensitive.

The relative abundance of bacteria with well-
established SCFAs-producing power such as
Bacteroides, Roseburia, Akkemansia muciniphia,
Streptococcus, and Bifidobacterium were first exam-
ined. Nevertheless, the alteration in relative abun-
dance of these SCFAs-producing bacteria was
either not consistent between short-term and long-
term APS treatment, or not statistically different
among groups (data not shown). We then paid
attention to the bacteria that were significantly
enriched in APS group compared to the HFD
group. Desulfovibrio genus drew our attention

because of its negative correlation with the traits
of metabolic disorders and positive correlation with
serum acetic acid levels (Figure 5a). Desulfovibrio
bacteria are capable of producing H,S in the mam-
malian intestinal tract and are usually found in
a variety of habitats including soil, intestine and
feces of animals, and both salt and fresh water.*>”
* In addition, either increased or decreased abun-
dance of Desulfovibrio bacteria was observed in
NAFLD animals,** ™ therefore, the exact role of
Desulfovibrio bacteria in NAFLD is not clear. Our
results revealed Desulfovibrio bacteria were posi-
tively correlated with acetic acid levels and nega-
tively correlated with metabolic disorders
suggesting Desulfovibrio bacteria were beneficial
rather than detrimental bacteria for metabolic dis-
ease. Further analysis revealed D. vulgaris species
was of the highest abundance within Desulfovibrio
genus that was dramatically enriched by APS.
Therefore, a specific strain of D. vulgaris species
(D. vulgaris Hildenborough, ATCC 29579) was
adopted for further functional trial. Interestingly,
the growth of D. vulgaris was stimulated by APS
dose- and time-dependently, but not by inulin,
another type of polysaccharides consisting of fruc-
tose with well-established metabolic benefits such
as improving insulin sensitivity, attenuating hepatic
steatosis and modulating gut dysbiosis.”’>> The
difference in affecting D. vulgaris growth between
APS and inulin was possibly due to the fact that the
compositional monosaccharides and chemical
bonds are different between APS and inulin. The
former is mainly composed of glucose through
alpha-(1-4) linkage,”* while the latter is beta-
(1-2)-D-fructosidic  linkage.>> The alpha-type
bonds in polysaccharides are usually broken down
by alpha-amylases. It seems that alpha-amylases is
encoded in some species of Desulfovibrio,”® but not
inulinases. Therefore, it is possible that D. vulgaris
could ferment APS due to the presence of alpha-
amylases, but not inulin in our current observation
(Supplementary Figure 7c-d). Since the monosac-
charides composition of APS consists glucose
(70.55%), arabinose (23.39%), galactose (3.61%),
rhamnose (1.6%), and xylose (0.84%).%° It was com-
pletely different with the monosaccharide composi-
tion of inulin, or polysaccharides from Ganoderma
lucidum and Hirsutella sinensis which also did not
enrich Desulfovibrio in HFD mice,”"? suggesting
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the interaction between D. vulgaris and polysac-
charides was monosaccharides composition- and
chemical bonds-dependent. Moreover, we observed
increased contents of acetic acid and propionic acid
in the medium of D. vulgaris, while only the con-
centration of acetic acid was further elevated with
the addition of APS, but not propionic acid or
butyric acid (Figure 5e). SCFAs (mainly including
acetic acid, propionic acid and butyric acid) have
tremendous functions on host, including energy
source for colonocytes,”””® as well as modulator
of immune system and metabolism.>>***"*> The
theory of “the acetate switch” describes the ability
of bacterial cells to either deplete the acetic acid-
producing carbon (acetogenic) sources like glucose
and serine, or scavenge environmental acetic acid
for survival when carbon sources are scarce.”
A recent study revealed the metabolic process for
the degradation of a plant sugar, sulfoquinovose
(6-deoxy-6-sulfoglucose) by an anaerobic co-
culture of Escherichia coli K-12 and Desulfovibrio
sp. Strain DF1 which resulted in the production of
acetic acid and H,S.°° Since glucose is the main
monosaccharide component of APS we used, and
our in vitro experiment demonstrated that glucose
also promoted the D. vulgaris growth similar to the
effect of APS (Supplementary Figure 11), glucose
may serve as the carbon source for D. vulgaris
growth and acetic acid production.

Given the fact that either elevated or decreased
abundance of Desulfovibrio bacteria in metabolic
diseases was reported,®" > the exact role of bac-
teria in Desulfovibrio genus like D. vulgaris in
metabolic diseases was not clear. In line with
the in vitro observation, we demonstrated that
oral gavage of D. vulgaris in mice led to signifi-
cant increase of serum acetic acid, but not pro-
pionic acid or butyric acid (figure 5f).
Furthermore, our data indicated that D. vulgaris
treatment protected C57BL/6 ] mice against
12 weeks of HFD-induced substantial metabolic
disorders including body weight gain, hepatic
steatosis and TG accumulation, whereas no effect
was observed in the context of normal chow diet
(Figure 6). As a result, our current study indi-
cated that D. vulgaris prevented mice from HFD-
induced metabolic disorders. To the best of our
knowledge, this is the first report on the anti-
NALFD effect of D. vulgaris in mice.
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In addition to acetic acid, D. vulgaris, as a sulfate
reducing bacteria, is also a producer of H,S. Based
on the existing evidence, H,S is regarded as a toxic
gas for a long time,* but also plays critical roles in
host metabolism such as glucose and lipid home-
ostasis, oxidative stress reduction.®* " Supplement
of exogenous H,S in the form of NaHS, a H,
S donor, or stimulation of endogenous H,
S production from hepatocytes were beneficial for
liver injury or chronic liver diseases including
NAFLD etc.®”~ In contrast, Bilophila wadsworthia
is also a producer of H,S,”® which aggravates meta-
bolic dysfunction in HFD mice through promoting
intestinal barrier dysfunction, bile acid dysmetabo-
lism and decreasing butyrate production.”" Unlike
the endogenously produced H,S in liver where H,
S performs its multiple functions as a gas signaling
molecule directly in host metabolism,”*”” the exact
role of gut microbiota-derived H,S in host metabo-
lism is poorly understood, except for the local
impact on mucosal inflammation and tissue
damage in inflammatory bowel disease.”*”> We
therefore wondered whether the H,S levels were
elevated by D. vulgaris with or without APS addi-
tion in vivo or in vitro. Our results first confirmed
the capacity of H,S production of D. vulgaris, while
APS addition substantially increased H,S content
in medium of D. vulgaris in parallel to the stimula-
tion on its growth (Supplementary Figure 12a,
Figure 5d). Meanwhile, D. wvulgaris treatment
resulted in mild increase of H,S in either serum
and liver tissue compared to HFD group, but of no
statistical difference (Supplementary Figure 12b-c).
However, we found that hepatic H,S was increased
by HFD feeding compared to Con group, whereas
no additional impact was observed in the presence
of APS supplement on hepatic H,S level
(Supplementary Figure 12d). Therefore, we believe
that the anti-NAFLD effect of D. vulgaris in our
current study had a weak connection with the
capacity of H,S production by D. vulgaris.
Nevertheless, further study is needed to determine
whether the bacteria-derived acetic acid is critical
for the effect of D. vulgaris in HFD-fed mice by
knocking down the expression of gene ackA (gene
ID: 2796447), encoding rate-limiting enzyme for
acetic acid generation in D. vulgaris.

The subsequent transcriptomic analysis revealed
that D. vulgaris treatment extensively altered the
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hepatic gene expression profiles in HFD mice.
Energy and glycolipid metabolism-related path-
ways were significantly modulated by D. vulgaris
treatment including galactose metabolism, steroid
biosynthesis, nitrogen metabolism, citrate cycle
(TCA cycle), starch and sucrose metabolism, sphin-
golipid metabolism, fructose and mannose metabo-
lism, amino sugar and nucleotide sugar
metabolism, butanoate metabolism, and glyceroli-
pid metabolism (NES top 10, Supplementary
Table 6). Previously, the interactions between gut
microbiome and host lipids metabolism have been
extensively investigated where the microbiota-
derived acetic acid serves as precursor for fatty
acid synthesis in liver and release of
glycerophospholipid.”® However, given the diversi-
fied functions of acetic acid including as building
block for fatty acid synthesis, or signaling molecule
of host metabolism through its receptors,”” the
altered fatty acid metabolism-related pathways in
liver of D. vulgaris-treated mice suggested that bac-
teria-derived acetic acid might mediate the cross-
talk between D. vulgaris and host metabolism.
Further analysis indicated that D. vulgaris treat-
ment significantly suppressed the expression of
hepatic FASN, CD36 and GCK proteins, as well as
upregulating expression of Cptla and Ppara
mRNA (Figure 7a, e). Liver-specific Geck knockout
mice showed decreased hepatic Fasn gene expres-
sion, in addition to altered glucose metabolism.”®
CD36 is a transmembrane glycoprotein that takes
up fatty acid and increased expression of CD36
involves in the development and progression of
NAFLD.” As a result, these data collectively indi-
cated that D. vulgaris treatment prevented mice
from HFD-induced NAFLD, which was associated
with inhibition of fatty acid de novo synthesis and
uptake, and stimulation on fatty acid f-oxidation in
liver.

Limitation of the study

First, although the preventive effect of APS against
metabolic disorders in HFD-fed mice was demon-
strated, we were not sure whether APS could pro-
duce satisfactory therapeutic effect on hepatic
steatosis, which is of vital significance for the poten-
tial application of APS as a prebiotic to treat
NAFLD in future. Second, since D. vulgaris is

a potent generator of both acetic acid and H,S, it
was inconclusive on the exact role of these two
important metabolites of D. vulgaris, and further
studies are needed to determine the safety of a long-
term usage of D. vulgaris, as well as the underlying
mechanism. Third, although our current study
demonstrated D. vulgaris was beneficial for pre-
venting metabolic disorders, we should be cautious
in interpreting these results in respect to its poten-
tial application due to the fact that D. vulgaris was
not commonly present in human gut, as well as the
huge gap of gut microbiome between human and
rodents which hinders the clinical translation of
bacteria species identified from rodent model.
Finally, even within human beings, the taxonomic
composition of gut microbiome is highly influ-
enced by ethnicity, or geographic location,* there-
fore, more efforts should be paid to the functional
role of gut microbiota rather than identification of
specific bacterium species in respect to gut micro-
biota-targeted disease management.

Conclusions

In conclusion, our current study identified a potent
acetic acid-producing bacterium, D. vulgaris that
was enriched in APS supplemented mice. We
demonstrated that D. vulgaris treatment effectively
attenuated HFD-induced NAFLD development in
mice. This study highlights the novel role of
D. vulgaris, a traditional sulfate-reducing bacter-
ium, for improving metabolic disorders. Further
studies are warranted to systemically evaluate the
long-term impacts of D. vulgaris on host and gut
microbiota by taking its capacity of producing both
H,S and acetic acid into account.

Materials and methods
Mice

Male C57BL/6 ] mice were provided by Shanghai
Laboratory Animal Center (Shanghai, China) and
housed in a 12-hour light (7 AM to 7 PM) and
12-hour dark (7 PM to 7 AM) cycle. 4-week-old
mice were used in the study with free access to
water and standard chow diet or HFD (60% fat,
D12492, Research Diet). The caloric information
of standard chow diet and HFD with or without



APS supplement was provided in supplementary
table 7. The experiments were conducted under
the Guidelines for Animal Experiment of
Shanghai University of Traditional Chinese
Medicine and the protocol was approved by the
institutional Animal Ethics Committee (Approval
number: PZSHUTCM19010401, PZSHUTCM190
10402, PZSHUTCM19010404, and PZSHUTCM1
90628018).

The monosaccharides composition of APS and
animal intervention

The APS used in our current study was composed of
5 monosaccharides including rhamnose (1.6%), ara-
binose (23.39%), xylose (0.84%), glucose (70.55%)
and galactose (3.61%). The preparation method
and monosaccharides composition of APS were ana-
lyzed and described in our previous article.*’

High-fat feed pellets were first broken to the
powder form, next, APS was added in the high-fat
tfeed powder to the finial concentration of 4%, and
then mixed well and reshaped them from powder to
pellets in the sterile condition. After an accommo-
dation period of 1 week, mice were fed for 12 weeks
with chow-diet, or HFD with or without APS sup-
plementation (4% in HED, n = 10). At the end of
the experiment, mice were euthanized with 1%
pentobarbital sodium solution by intraperitoneal
injection. Serum, cecum contents, and tissue sam-
ples were collected, weighed, and immediately fro-
zen in liquid nitrogen and stored at —80°C for
further analysis. Additionally, part of the liver tis-
sue and epididymal fat tissue were fixed with 10%
neutral formalin.

Co-housing experiment

Mice after 12 weeks from either HFD or APS sup-
plementation (n = 9) groups were subdivided into 4
groups. Mice in co-housing cages were defined as
HFD_CoH (n = 5) and APS_CoH (n = 5), respec-
tively, while the 2 sub-groups of mice from HFD
(n =4) or APS (n = 4) groups were maintained in
separate cages as usual. Mice from either the HFD
or APS group were co-housed and maintained
within the same cages for another 8 weeks on
HFD with no APS supplementation.®'
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Sodium acetate treatment in HFD-fed mice

High-fat feed pellets were first broken to the powder
form, next, sodium acetate was added in the high-fat
feed powder to the finial concentration of 3.7%, and
then mixed well and reshaped them from powder to
pellets in the sterile condition. After 1-week accom-
modation, 25 mice were first fed with either chow-
diet (n = 7) or HFD (n = 18) for 8 weeks, then, HFD-
fed mice were sub-divided into two groups (n = 9)
with or without 3.7% sodium acetate supplementa-
tion for another 8 weeks.”> After that, all mice were
euthanized with 1% pentobarbital sodium solution
by intraperitoneal injection. Liver tissues were col-
lected and either fixed in 10% neutral formalin for
HE staining or frozen immediately in liquid nitrogen
and stored at —80°C for subsequent analysis.

D. vulgaris cultivation and treatment

D. vulgaris (D. vulgaris Hildenborough, ATCC 29579)
was grown at 30 °C in modified Baar’s medium for
sulfate reducers with fresh anaerobic gas (100% N,).
D. vulgaris was centrifuged, enriched, and resus-
pended in phosphate buffer solution (PBS). After an
accommodation period of 1 week, 40 mice were fed
with chow-diet or HFD with or without D. vulgaris
supplementation (1 x 10° colony-forming units) by
oral gavage for 12 weeks (daily for first 4 weeks, 3-4
times per week for next 4 weeks, twice a week for last
4 weeks, n = 10).%? Liver tissues and different intestinal
segments were collected and either fixed in 10% neu-
tral formalin separately for HE staining or frozen
immediately in liquid nitrogen and stored at —80°C
for subsequent analysis.

Gut microbiota analysis

The genomic DNA of gut microbiota was extracted
using the QIAamp DNA Mini Kit (51304,
QIAGEN) from cecum contents or feces for subse-
quent 16S rRNA gene sequencing. Raw fastq files of
this study were deposited in Sequence Read Archive
database (accession  number  SRP144843,
SRP144852, PRJNA527182, and PRJNA615253).
Detailed procedures and methods for data analysis
of 16S rRNA gene sequencing are provided in the
Supplemental Material.
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Transcriptomics

The transcriptomics of liver tissue was per-
formed by Shanghai Majorbio Bio-pharm
Technology Co.,Ltd (China). The detailed proce-
dure is provided in supplementary methods. The
original sequencing data were deposited in
Sequence Read Archive database (accession
number PRJNA647305).

Statistical analysis

Data are shown as means + s.e.m unless otherwise
noted. Statistical significance of body weight was
determined with the unpaired two-tailed Student’s
t-test. The statistical significance of hepatic steatosis
scores was evaluated with non-parametric the
Kruskal-Wallis test followed by the Mann-
Whitney U test. The 16S rRNA gene sequencing
data were analyzed with Tukey’s honest significant
difference post hoc test. Multiple comparisons were
performed by using one-way ANOVA followed by
Tukey’s honest significant difference post hoc test
with SPSS software (20). p < .05 was considered
statistically significant. For additional analysis
details in the 16S rRNA gene sequencing analysis
and liver transcriptomics analysis see supplemen-
tary materials.
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