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Conclusion .
This study identified the potential link between decreased CB abundance in gut microbiota and vascular inflammation in diabetes. Oral
administration of CB alleviates the vascular lesions of diabetes mellitus by activating the Nrf2/HO-1 pathway.
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* Hyperglycemic and high-fat diets decreased Clostridium butyricum (CB).

* Reduced butyrate levels led to diabetic vascular inflammation and dysfunction.

* Administrating CB improved diabetic vascular lesion by activating Nrf2/HO-1 pathway.
» CB probiotics offer potential for protecting against diabetic vascular complications.
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Supplementation of Clostridium butyricum Alleviates
Vascular Inflammation in Diabetic Mice

Tian Zhou"*, Shuo Qiu"*, Liang Zhang"*, Yangni Li’, Jing Zhang"?, Donghua Shen*, Ping Zhao', Lijun Yuan', Lianbi Zhao',
Yunyou Duan', Changyang Xing"*
'"Department of Ultrasound Diagnostics, Tangdu Hospital, Air Force Medical University, Xian,

Departments of *Aerospace Medicine, *Biochemistry and Molecular Biology, Air Force Medical University, Xi'an,
‘Department of Ultrasound Diagnostics, The PLA Rocket Force Characteristic Medical Center, Beijing, China

Background: Gut microbiota is closely related to the occurrence and development of diabetes and affects the prognosis of diabet-
ic complications, and the underlying mechanisms are only partially understood. We aimed to explore the possible link between
the gut microbiota and vascular inflammation of diabetic mice.

Methods: The db/db diabetic and wild-type (WT) mice were used in this study. We profiled gut microbiota and examined the
and vascular function in both db/db group and WT group. Gut microbiota was analyzed by 16s rRNA sequencing. Vascular func-
tion was examined by ultrasonographic hemodynamics and histological staining. Clostridium butyricum (CB) was orally admin-
istered to diabetic mice by intragastric gavage every 2 days for 2 consecutive months. Reactive oxygen species (ROS) and expres-
sion of nuclear factor erythroid-derived 2-related factor 2 (Nrf2) and heme oxygenase-1 (HO-1) were detected by fluorescence
microscopy. The mRNA expression of inflammatory cytokines was tested by quantitative polymerase chain reaction.

Results: Compared with WT mice, CB abundance was significantly decreased in the gut of db/db mice, together with compro-
mised vascular function and activated inflammation in the arterial tissue. Meanwhile, ROS in the vascular tissue of db/db mice
was also significantly increased. Oral administration of CB restored the protective microbiota, and protected the vascular func-
tion in the db/db mice via activating the Nrf2/HO-1 pathway.

Conclusion: This study identified the potential link between decreased CB abundance in gut microbiota and vascular inflamma-
tion in diabetes. Therapeutic delivery of CB by gut transplantation alleviates the vascular lesions of diabetes mellitus by activating
the Nrf2/HO-1 pathway.

Keywords: Clostridium butyricum; Diabetes mellitus; Gastrointestinal microbiome; NF-E2-related factor 2; Vascular diseases

INTRODUCTION

Vasculopathy is one of the most common complications of dia-
betes mellitus (DM), which is also the main cause of casualties

in diabetic patients [1]. The hyperglycemia, insulin resistance
and hyperinsulinemia are the main mechanisms of DM and
progression to diabetic vascular complications [2,3]. In the
conditions of hyperglycemia and insulin resistance, persistent
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hyperglycemia leads to the formation of sugar-derived adducts
referred as advanced glycation end-products (AGEs), which
predisposes vessel walls to lipid deposition and triggers inflam-
matory responses [4]. AGEs are inducers of oxidative stress
and inflammation through driving the production of reactive
oxygen species (ROS) and free radicals, interrupting the secre-
tion of nitric oxide, leading to endothelial dysfunction and ul-
timately accelerating the formation of atherosclerosis [5].

Currently, increasing evidence indicates that the pathogene-
sis of type 2 diabetes mellitus (T2DM) is closely related to the
gut microbiota of the host in addition to obesity, genetic, and
environmental factors [6]. The gut microbiota is referred as
“microbial organs” in the human body, which participates in
the body’s energy metabolism [7]. The gut microbiota is in a
relatively upstream position in the progression of pre-diabetes,
diabetes to diabetic complications, and mediates insulin resis-
tance [8,9], oxidative stress [10] and chronic inflammation
[11] mechanisms throughout the process. It is speculated that
the intestinal microbiota may be closely related to the vascular
complications of diabetes, and even the hyperglycemia and
glucose variability in T2DM may be the result of gut microbio-
ta imbalance [12-14]. However, the composition and function
of the gut microbiota related with diabetic macroangiopathy
have not been systematically studied, which may help us un-
derstand the occurrence and development diabetic vasculopa-
thy complications, and contribute to the finding of new and
early intervention targets.

In present study, we found that Clostridium butyricum (CB)
and its metabolites were significantly reduced in the intestinal
microbiota of diabetic mice, enhanced vascular oxidative stress
and inflammatory response, and aggravated the damage of en-
dothelial function. Therefore, in vitro and in vivo experiments
were performed to evaluate the effects of CB intervention on
vascular endothelial cells in mouse models of T2DM. In order
to further explore the association between the intestinal mi-
crobiota and the vascular damage of T2DM, pulse wave veloci-
ty (PWV) was determined to evaluate the vascular stiffness by
ultrasound. The anti-inflammatory and oxidative stress effects
of CB were also investigated.

METHODS
Bacterial preparation
CB bio-53296 (ATCC19398, Beijing baioubowei Biotechnology

Co. Ltd., Beijing, China) was grown on solid medium in agar-
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supplemented reinforced clostridial medium (RCM) broth
(Hopebio, Qingdao, China) for 48 hours in an anaerobic cham-
ber (5% CQO,) at 37°C, and cultured under RCM broth in an-
aerobic tubes sealed at 286 rpm at 37°C in an incubator shaker
for 24 hours. Then, centrifuged and resuspended in sterile
phosphate-buffered saline (PBS), and the final experimental
concentration was 1.0x 10'° colony forming unit/kg per 2 days.

Experimental animals and design

Male 5-week (Lepr) knockout (KO)/KO mice (db/db) and (Lepr)
wild-type (WT)/WT mice purchased from GemPharmatech
Limited Company (Nanjing, China) were fed in separate cages.
Mice were maintained under standardized conditions at 20% hu-
midity, and a temperature of 22°C to 24°C, and fed either a nor-
mal chow or high-fat diet with free access to water on a 12-hour
light/12-hour dark cycle.

For CB treatment, the experimental group (diabetic [DB]-CB)
mice were gavaged every 2 days with a suspension of CB (bio-
53296, ATCC19398, Beijing Baioubowei Biotechnology Co.
Ltd.) freshly prepared as previously described, once a day for 60
days. The DB-PBS group mice were gavaged with PBS instead.
The WT mice were used as the control group. All mice at indi-
cated time were subjected to PWV measurement as described
below at the indicated times. At the end of the experiment, all
animals were sacrificed and the tissues were isolated for further
analysis. All animal experiments were carried out in accordance
with the suspension guidelines of the Animal Care and Use
Committee of Air Force Medical University (TD-201903-02).

PWYV measurement

Animal PWV was performed by experienced ultrasound tech-
nicians using Vevo 2100 imaging system (FUJIFILM Visual-
Sonics, Toronto, ON, Canada). The mice were thoroughly depil-
ated in advance, and were fixed with tape on the heated mouse
plate with electrocardiogram connected. During pre-anesthesia,
the inhalation concentration of isoflurane was 3% to 4%, and
then maintained at 1.5% to 2.5% during the experiment. The
Doppler velocity spectra were obtained at the ascending and
abdominal aorta. PWV was calculated as the distance between
abdominal aorta and ascending aorta signals detected divided
by the time difference between two pulse arrivals relative to the
R-wave of the electrocardiogram [15,16].

Histology
At the end of the experiment, the aortic tissues of diabetic mice
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were fixed in 4% paraformaldehyde for 24 hours, followed by
embedding in paraffin sectioned at 10 um thickness. All cross
sections were immediately stained with hematoxylin and eo-
sin, Masson trichrome for histological analysis and observed
via light microscopy.

16S rRNA sequencing and analysis

The abdominal cavity was exposed immediately after euthana-
sia, and the feces of each mouse (300 to 500 mg per mouse)
were collected and stored immediately at ~80°C. The microbio-
ta was analyzed by 16S rRNA sequencing as previously de-
scribed [17] by Bioprofile (Shanghai, China). In brief, total
DNA was extracted from feces, DNA was quantified by Nano-
drop (Thermo Scientific, Waltham, MA, USA). Then, after
quantitative polymerase chain reaction (QPCR) amplification of
the sample target fragment, the library was quantified on the
QuantiFluor (Promega, Madison, W1, USA) fluorescence quan-
titative system using the Quant-iT PicoGreen dsDNA Assay
Kit. The processed sequences defined at a 97% similarity thresh-
old were assigned to operational taxonomic units (OTUs). Se-
quence denoising or OTU clustering was performed according
to the QIIME2 dada2 analysis procedure or the analysis proce-
dure of Vsearch software (Open and Free Tool by Robert C. Ed-
gar, USA).

Short-chain fatty acids

Short-chain fatty acid (SCFA) composition was analyzed from
fecal samples following the previously described protocol [18]
by Bioprofile (Shanghai, China). Take 50 mg of sample, add 50
uL 15% phosphoric acid (Sinoreagent, Shanghai, China), add
125 pg/mL internal standard (isocaproic acid, sigma, >98%)
solution 100 uL and diethyl ether (Sinoreagent) 400 uL homog-
enize 1 minute, centrifuged at 12,000 rpm for 10 minutes at
4°C, and the supernatant was taken. Supernatants were ana-
lyzed by Thermo TRACE 1310-ISQ LT gas chromatography-
mass spectrometry (GC-MS, Thermo Scientific).

Immunofluorescence

Immunofluorescence was used to examine and quantify oxi-
dant stress (via nuclear factor erythroid-derived 2-related fac-
tor 2 [Nrf2] and heme oxygenase-1 [HO-1]) in the arterial
walls of diabetic mice. Arterial vascular tissue was collected
and processed for paraffin embedding as previously described
[19]. Paraffin sections were deparaffinized, serum blocked at
room temperature, and incubated overnight at 4°C with anti-
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Nrf2 (GB113808, Servicebio, Wuhan, China) and anti-HO-1
(GB12104, Servicebio), respectively, followed by fluorescence
labeled secondary antibody. After these processes, the sections
were counterstained with 4’,6-diamidino-2-phenylindole
(DAPI). All sections were visualized and images were captured
with a fluorescent microscope (ECLIPSE C1, NIKON, Tokyo,
Japan). Regions of interest positive for protein markers were
selected from each image and measured via Image ProPlus 6.0
(Media cybernetics, Rockville, MD, USA).

Measurement of reactive oxygen species

Superoxide levels were measured using the fluorescent dye di-
hydroethidium (DHE) (D7008, 1:500, Sigma, St. Louis, MO,
USA) as previously described [20]. DHE, a cell-permeable fluo-
rescent probe for assessing ROS levels, was oxidized by super-
oxide to ethidium bromide, which subsequently generates red
fluorescence with DNA and was trapped within the nuclei of
cells. Arterial vascular tissue was collected and processed for
embedded in optimal cutting temperature compound at —80°C.
Tissue sections were incubated with DHE (2 pmol/L) at 37°C
for 30 minutes. DHE oxidation products were extracted with
acetonitrile. After the sections were washed three times, the im-
ages were observed and captured with a fluorescence micro-
scope (ECLIPSE C1), and the fluorescence intensity was ana-
lyzed with Image ProPlus 6.0.

Cell culture, high glucose, and butyrate treatment
Mouse aortic vascular smooth muscle cell (VSMC) line (MIC-
iCell-c004 icell) was obtained from iCell Bioscience Inc.,
(Shanghai, China) and cultured in PriMed-iCELL-004 culture
medium (iCell Bioscience Inc.) with 10% fetal bovine serum
(FBS, Gemini, Life Technologies, Carlsbad, A, USA) and 1%
antibiotic penicillin-streptomycin (Hyclone, Logan, UT, USA).
Human umbilical vein endothelial cell (HUVEC) and
RAW264.7 cell lines were obtained from American Type Cul-
ture Collection (ATCC, Manassas, VA, USA), cultured in Dul-
becco's Modified Essential Medium (DMEM) culture medium
(Hyclone) and RPMI 1640 Medium (Hyclone) respectively,
both supplemented with 10% FBS and 1% antibiotic. The cul-
tures were maintained in a humidified atmosphere containing
5% CO, at 37°C until reaching 80% confluence and then pas-
saged.

In order to investigate the effects of blood glucose on the ves-
sels, all cells were stimulated with media with different sugar
concentrations according to previous research methods [21,22].

Diabetes Metab ] 2024;48:390-404  https://e-dmj.org
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After cells were passaged to passages 2-3, they were further in-
cubated with normal glucose (NG; 5.5 mM) and high glucose
(HG; 25 mM) for 24 hours. For butyrate treatment, in order to
investigate the protective effect of sodium butyrate (SB) on the
vascular endothelium, cells were cultured in HG (25 mM) for
24 hours, and then treated by addition of 5 mM SB (B5887, Sig-
ma) for 24hours, as previously described [23,24]. All experi-
ments were repeated three times. Cells were collected for subse-
quent experiments.

Western blot analysis

The protein samples from different groups of mouse aortic tis-
sues were obtained by tissue grinding in radioimmunoprecipi-
tation assay (RIPA) lysis buffer (Beyotime, Haimen, China).
Protein concentrations were determined using bicinchoninic
acid (BCA) Protein Assay Kit (Thermo Scientific). Then, the
protein samples were separated via 10% or 12% sodium do-
decyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and transferred onto polyvinylidene fluoride (PVDF) mem-
branes (Immobilon P, Millipore, Burlington, MA, USA). Mem-
branes were blocked with 8% milk in Tris-buffered saline con-
taining 0.1% Tween-20 for 1 hour at room temperature. After
blocking, membranes were incubated with Nrf2 (BF8017, Af-
finity Biosciences, Cincinnati, OH, USA) and HO-1 (AF5393,
Aflinity Biosciences) overnight at 4°C, followed by secondary
antibodies for 1 hour at room temperature. B-Actin was used
as an internal control. The bands were visualized using the en-
hanced chemiluminescent (ECL) Prime Western Blotting De-
tection Reagent (GE, Buckinghamshire, UK). Quantitative
analysis of the Western blotting bands by Image] v1.8.0 soft-

ware.

qPCR analysis of the mRNA expression

The mRNA expression of interleukin 6 (IL-6), tumor necrosis
factor-a (TNF-a), Nrf2, and HO-1 was detected using real-
time quantitative reverse transcription (RT-qPCR). Total RNA
was extracted from all cells or mouse aortic tissues using the
TRIzol (Invitrogen, Carlsbad, CA, USA) according to the man-
ufacturer’s instructions. Then, reverse transcription was done
with the PrimeScript 1st Strand cDNA Synthesis Kit (Takara,
Beijing, China). RT-qPCR analysis was performed using Light-
Cycler Instrument 96 (Roche Diagnostic, Mannheim, Germa-
ny) and LightCycler Software 1.5 according to manufacturer’s
protocol. The relative mRNA expressions were calculated using

272 method, and B-actin was used as the internal control.
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Statistical analysis

All data are expressed as the mean + standard error of the mean.
Statistical significance was analyzed by GraphPad Prism 8.0
(GraphPad Software Inc., San Diego, CA, USA) using the Stu-
dent’s t-test for two group comparison or analysis of variance
(ANOVA) for more than three groups. The between-group post
hoc analyses were performed for the significant results of
ANOVA analysis with Tukey’s method. Differences with P<
0.05 were considered statistically significant.

RESULTS

Aggravated vascular oxidative stress damage and arterial
stiffness in the db/db mice

To investigate histological changes of vascular injury in macro-
vascular complications during diabetes progression of diabetes,
we fed the db/db mice with a high-fat diet and the control
group with a normal diet for 8 weeks, and the arterial stiffness
was then assessed by PWV at day 1, 4, and 8 weeks of age (Fig.
1A and B). The aorta PWV in db/db mice showed a significant
higher PWYV in comparison with the control (Fig. 1C). All mice
were euthanized at the end of the 8th week, and then tissues
were taken for histological staining. The artery cross sections
were stained with hematoxylin-eosin (HE) and Masson tri-
chrome. In db/db mice, the vascular wall thickness was mark-
edly increased, the smooth muscle fibers arrangement was dis-
orderly, and the structure was blurred. Compared with the con-
trol group, vessels from db/db group mice exhibited an enlarged
inter-smooth muscle cell space and subendothelial space filled
with extracellular matrix and cellular debris. And quantitative
analysis of Masson’s staining revealed a significant increase in
collagen deposition of db/db mice compared with control (Fig.
1D-F). Moreover, to detect ROS in the ex vivo aorta tissues of
db/db and control mice, DHE staining was performed. The rel-
ative quantitative results showed that that the fluorescence in-
tensity of ROS signal in the db/db group was significantly
stronger than that of the control group (Fig. 1G and H).

Changes in gut microbiota in diabetic mice

The diversity of microbial communities was assessed using the
alpha diversity index, which includes Chaol index, Shannon
index, and Faith’s phylogenetic diversity (PD) index. Chaol in-
dices characterize richness, Shannon indices characterize di-
versity, and Faith’s PD index characterize evolution-based di-
versity. The alpha diversity index of the db/db group was sig-
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Fig. 1. The animal experiment procedure and vascular function change in the diabetic mice. (A) Schematic of experimental de-
sign. (B) Representative images of pulse wave velocity (PWV) measurement. PWV was determined at the ascending aorta and
abdominal aorta, with the real-time electrocardiogram. (C) The PWV of the wild-type (WT) and db/db mice. (D) Hematoxylin/
eosin (HE) and Masson’s trichrome staining of blood vessels. Quantitative analysis of wall thickness (E) and collagen volume frac-
tion (%) (F). (G) Fluorescence microscope images of the dihydroethidium (DHE) staining of the reactive oxygen species (red) in
blood vessels of WT and db/db mice. Nuclei were counterstained with 4,6-diamidino-2-phenylindole (DAPI). All images at 80
magnification. (H) Quantification of the DHE fluorescence intensity by the software Image ProPlus 6.0 (Media cybernetics) in
(D). Data were presented as mean +standard error of the mean (n=6 mice/group). A t-test was used for two independent groups.
*P<0.01,"P<0.001.

nificantly lower than those in the control group (Fig. 2A). As
seen from the principal component analysis, at the class and
order level, the relative abundance of Clostridia and Clostridi-
ales in db/db mice was significantly reduced as a proportion of
the total species compared with WT mice (Fig. 2B and C). And
the relative abundance of Clostridium _vadinBB60_group was
also reduced as a proportion of the total species at the family
and genus level in the fecal bacterial community of db/db mice
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(Fig. 2D and E). In addition, at the level of class, order, family,
and genus, the total OTUs of Clostridiales in the db/db mice
were significantly decreased compared to WT mice (Fig. 2F).

CB supplementation improves vascular function via gut

microbiota remodeling and SCFAs change in diabetic mice
To explore the potential effect of CB on vascular injury in dia-
betic mouse models, we administered 200 uL of CB suspension

Diabetes Metab ] 2024;48:390-404  https://e-dmj.org
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Fig. 2. Gut microbiota change in diabetic mice. (A) Alpha diversity was evaluated by Shannon, Chaol, and Faith-phylogenetic di-
versity (PD) indexes in gut flora. (B-E) Abundance of the main altered at classes (B), orders (C), families (D), and genera (E) levels
in two groups, which displaying the decrease of Clostridia in db/db group. (F) The abundance of operational taxonomic units of
Clostridia in the fecal bacterial community at classes, orders, families, and genera levels respectively in wild-type (WT) and db/db
groups. Data were presented as mean +standard error of the mean (n=6 mice/group). Analysis of variance followed by the indi-
cated post hoc test was performed to determine the significance among the three groups. A t-test was used for two independent

groups. *P<0.05,"P<0.01, °P<0.001.

every other day for 60 days (Fig. 3A). During this period, the
body weight and the blood glucose level of the mice was mea-
sured. And vascular PWV detection was performed on mice
on day 20, 40, and 60, respectively (Fig. 3B). Mice in the CB-
treated group gained weight significantly slower than the db/
db mice in the PBS-treated group (Fig. 3C). After the treat-
ment with CB, the blood glucose level was significantly de-
creased compared with DB-PBS group (Fig. 3D). The aorta

https://e-dmj.org  Diabetes Metab J 2024;48:390-404

PWVs were different across the groups, which suggested alter-
ations in vascular stiffness. PWVs were significantly increased
in untreated DB-PBS group mice compared to age-matched
WT mice, and CB-treated DB mice have significantly lower
PWYV than non-treated DB mice. The mean PWVsin W, DB-
CB, and DB-PBS group was 3.69, 5.22, and 6.88 m/sec, respec-
tively. The CB-treated DB mice group decreased the PWV val-
ue by 24.21% (Fig. 3E and F).
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Fig. 3. Supplementation of Clostridium butyricum (CB) alleviates vascular phenotype, inflammation and oxidative stress in dia-
betic mice. (A, B) Schematic representation of the experimental procedure. (C) Weight change of every group. (D) Blood glucose
change of every group. (E) The pulse wave velocity (PWYV) of the wild-type (WT), diabetic (DB)-phosphate-buffered saline (PBS)
and DB-CB group at ascending aorta to abdominal aorta. (F) Ultrasound representative images of PWV. (G) Vascular change as
revealed by Hematoxylin/eosin (HE) and Masson’s trichrome staining. (H) Wall thickness, (I) collagen volume fraction (%) of the
arteries of mice receiving CB treatment for 60 days. (J) Fluorescence microscope images of the dihydroethidium (DHE) staining
of the reactive oxygen species (red) in arterial tissue of three groups mice. Nuclei were counterstained with 4,6-diamidino-2-phe-
nylindole (DAPI). All images at 80 x magnification. (K) Quantification of DHE fluorescence intensity by the software Image Pro-
Plus 6.0 (Media cybernetics). (L, M) Real-time quantitative reverse transcription analysis of the mRNA expression of the inflam-
matory cytokines interleukin 6 (IL-6) and tumor necrosis factor-a (TNF-a) in arterial tissue of three groups. Data were presented
as meantstandard error of the mean (n=6 mice/group). Analysis of variance followed by the indicated post hoc test was per-

formed to determine the significance among the three groups. *P<0.05, °P<0.01, °P<0.001. (Continued)

We next explored whether CB supplementation would be
beneficial to prevent inflammatory changes in blood vessels in
diabetic mice; All mice were euthanized at day 60, and then tis-
sues were taken for histological staining. HE staining showed
that the vascular wall thickness was markedly increased in dia-
betic mice; however, compared with the DB-PBS group, it was
significantly decreased after oral gavage of CB in DB-CB group
(P<0.01) (Fig. 3G and H). Consistently, there was increased
collagen deposition in vascular wall in DB-PBS mice group as
revealed by Masson’s trichrome staining. And in the DB-CB
group, there was a significant improvement in smooth muscle
fiber sparseness, disorder, and collagen deposition compared
with the DB-PBS group (P<0.01) (Fig. 3G and I). To detect
ROS in the aorta tissues of db/db and WT mice, DHE staining
was performed. The results showed that the fluorescence inten-
sity of the ROS signal in the DB-PBS group was significantly
stronger than that in the WT group, while the diabetic group
treated with CB was significantly lower than the DB-PBS group
(n=6, P<0.01) (Fig. 3] and K). After 60 days, the inflammatory
response was improved, and the qPCR of arterial tissue results
showed that the mRNA expression of inflammatory cytokines
(IL-6 and TNF-a) were found to be significantly reduced in DB-
CB group mice after CB treatment compared with those in the
untreated DB-PBS group mice (n=6, P<0.01) (Fig. 3L and M).

To investigate changes in gut microbiota after microbiota
transplantation of CB gavage in diabetic mice, the gut microbi-
ota was analyzed by 16sRNA sequencing in 60-day CB gavage-
treated db/db mice and control mice (Fig. 3A). The diversity of
the microbial community significantly decreased in the DB-
PBS group, while the microbial community diversity of the
DB-CB group was not significantly different from the WT
group (Fig. 4A). Beta diversity also significantly differed be-
tween habitat types (Fig. 4B). We constructed a Venn diagram
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to determine the degree of OTU overlap between samples,
which showed that the overlap between the DB-CB group and
the WT group was 2.29%, and the overlap between the DB-
PBS group and the WT group was 1.61% (Fig. 4C). Linear dis-
criminant analysis (LDA) effect size (LEfSe) analysis indicating
significant differences in bacterial taxa (LDA score >2.0; alpha
value P<0.05). At the genus level, LEfSe analysis identified
LDA scores above 2.0 for each group of genera. LEfSe identi-
fied genera that were differentially enriched in OTUs between
the DB-PBS group and the other two groups, such as: Clostrid-
iales_vadinBB60_group (increased in WT group; LDA score=
3.23, P=0.025; increased in DB-CB group; LDA score=2.98,
P=0.040). In addition, Clostridiales_vadinBB60_group were
significantly deficient in DB-PBS group (Fig. 4D). At the level
of order and family taxonomy, the total OTUs of Clostridiales
in DB-CB group were significantly increased compared to DB-
PBS group, which was not gavaged with CB (Fig. 4E and F). A
notable decrease in butyric acid content in diabetic mice feces
compared to WT group, while treated with CB by oral gavage
(DB-CB group) showed increased levels (P<0.01) of butyric
acid in comparison with DB-PBS group (Fig. 4G).

The function of CB supplementation correlates with Nrf2
and HO-1 restoration

Studies have confirmed that oxidative stress would be inhibited
through activation the Nrf2/HO-1 signaling pathway. To fur-
ther explored the relationship between CB intestinal interven-
tion and oxidative stress in diabetic mice, we performed immu-
nofluorescence staining and Western blot quantitative detec-
tion the level of Nrf2 and HO-1 proteins in vascular tissues of
the mice model. The results showed that the fluorescence inten-
sity of Nrf2 and HO-1 signals both in DB-CB group and DB-
PBS group was significantly stronger than that in WT group.
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Fig. 4. Clostridium butyricum (CB) supplementation increases the metabolite butyrate in diabetic mice. (A) Alpha diversity was
evaluated by Shannon, Chaol and Faith-phylogenetic diversity (PD) indexes in gut flora. (B) Beta diversity of gut microbiota in
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Fig. 6. Sodium butyrate (SB) inhibits high glucose (HG)-induced cellular inflammation and oxidative stress in multiple cells. (A,
B, E, F) The expression level of the inflammatory cytokines interleukin 6 (IL-6) and tumor necrosis factor-a (TNF-a) mRNA was
analyzed by quantitative polymerase chain reaction (qQPCR), in HG-induced human umbilical vein endothelial cell (HUVEC)
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SB represses the inflammatory reactions caused by HG,
and elevates the levels of Nrf2 and HO-1

It is generally believed that inflammation play pivotal role in the
progression of diabetic vascular complications [25]. Therefore,
we investigated the effects of SB on inflammatory cytokines in
HUVEC, RAW264.7 and VSMC cells. RT-qPCR results showed
that in HUVEC and RAW264.7 cells experiments respectively,
the mRNA expression levels of IL-6 and TNF-a in HG group
were significantly higher than those in NG group, whereas
the HG+SB group treated with SB significantly decreased the
mRNA expression levels of IL-6 and TNF-a (P<0.05) (Fig. 6A,
B, E, and F). Moreover, in HUVEC, RAW?264.7 and VSMC cell
experiments, compared with NG group, the mRNA expression
levels of Nrf2 and HO-1 both in HG group and HG+SB group
were significantly increased. And the mRNA expression levels of
Nrf2 and HO-1 in HG+SB group were significantly higher than
those in HG group (P<0.05) (Fig. 6C, D, and G-J).

DISCUSSION

Vasculopathy is a severe complication of diabetes due to un-
controlled HG, and a major cause of morbidity and mortality
[1]. It has been reported that fecal microbiota transplantation
is an effective treatment for T2DM by reverse insulin resistance
and islet damage [26]. However, whether there is a potential
link between the gut microbiota and vascular complications in
diabetic patients is yet to be clarified. Therefore, to explore the
relationship between the gut microbiota and vascular compli-
cations of diabetes, using a db/db mouse model, we demon-
strated inflammatory and oxidative stress damage in diabetic
vessels. It was further revealed that the alteration of gut micro-
biota, especially the reduction of butyric acid bacteria, might
be responsible for the vascular inflammation and oxidative
stress in diabetic mice. Oral supplementation of CB partially
retarded weight gain, vascular dysfunction and oxidative stress
in diabetic mice. Our findings, for the first time, indicate that
CB may attenuate vascular inflammatory and oxidative stress
of DM effectively via activating the Nrf2/HO-1 pathway. Regu-
lation of gut microbiota could be helpful for the management
of diabetic vascular complications.

An increasing number of studies have confirmed that exces-
sive inflammatory response and oxidative stress often occur in
the progression of hyperglycemia and insulin resistance-in-
duced metabolic disorders [27]. Theoretically, persistent hy-
perglycemia can cause the vascular wall to more easily “cap-
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ture” lipids, leading to disorders of glucose and lipid metabo-
lism, promoting the production of ROS and free radicals, trig-
gering oxidative stress and inflammatory responses, and ag-
gravating vascular endothelial dysfunction [28]. In this study,
using diabetic mouse model fed with a high-fat diet, we con-
firmed that diabetic mice had severe vascular inflammation
and oxidative stress damage, and further found that altered in
intestinal flora of diabetic mice, especially decreased CB.
Studies have shown that the composition and function of the
gut microbiota play a crucial role in obesity and metabolic dis-
ease [29]. The microbial metabolites, SCFAs, are the “secret
weapons” of intestinal bacteria. Butyric acid, acetic acid, and
propionic acid are all involved in the regulation of energy me-
tabolism. Moreover, several effective T2DM therapies, such as
metformin and berberine, have been reported to be able to re-
store the abundance of SCFA-producing bacteria [30]. CB is
one of the main sources of butyric acid. In a mouse model of
obesity, oral butyrate reduces food intake by stimulating the va-
gus nerve to induce a constant feeling of satiety [31]. It has also
been shown that hypoglycemic effects are achieved by increas-
ing the number of butyrate-producing bacteria in the gut of a
T2DM mouse model, resulting in the production of butyrate
and the secretion of glucagon-like peptide-1 and insulin [32].
CB played an important role in diabetic vasculopathy not only
through butyrate, but also through immune and other mecha-
nisms. CB interacts with a variety of systemic immune cells to
influence systemic inflammation [33,34], which then influenc-
es the development of vascular complications involved in dia-
betes. Thus, in vivo experiments, our study confirmed that the
intestinal CB in the diabetic mouse model was reduced com-
pared with normal mice. Intragastrically transplanted CB sig-
nificantly reduced blood glucose, delayed weight gain, and im-
proved vascular inflammation and oxidative stress in diabetic
mice. In addition, other than the CB strain used in present
study (ATCC19398), the CB CGMCCO0313.1 may also be a
promising CB strain in the protection for diabetic vascular in-
jury duo to its therapeutic benefit in improving metabolic dis-
eases reported previously [35,36]. The gene and function differ-
ences between these two strains worths further investigations.
Oxidative stress has an important role in the pathogenesis of
diabetes and its complications [37,38]. Nrf2 is a redox-sensitive
transcription factor that is generally silent [39]. Activation of
the Nrf2 signaling pathway can induce upregulation of antioxi-
dant enzyme gene expression and thus protect organs dam-
aged by oxidative stress induced by hyperglycemia in diabetes
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[40]. And the activation of Nrf2 signaling ameliorates DM by
protecting pancreatic beta cells and suppressing gluconeogen-
esis-related gene expression [41], suggesting that the Nrf2 sys-
tem is a critical target for preventing the onset of DM. Addi-
tionally, activated Nrf2 enters the cell nucleus and exerts anti-
oxidant effects through its interaction with downstream anti-
oxidant genes such as HO-1 [42]. According to the aforemen-
tioned results, the high fasting blood glucose levels in diabetic
rats were significantly reduced upon oral administration of CB.
Therefore, it is confirmed by present study that CB treatment
activates the Nrf2 system by increasing the level of butyrate in
the blood, thus achieving a reduction in the ROS content of ar-
teries, decreasing vascular oxidative stress and improving vas-
cular function. To further explore the mechanism, using an ex-
perimental model of HG-induced HUVEC, RAW264.7 and
VSMC cells, it was found that the elevation of inflammatory
cytokine levels by HG were significantly reduced after SB treat-
ment. And SB treatment also increased the levels of Nrf2 and
HO-1 in HUVEC, RAW264.7 and VSMC cells. Based on the
above results, we speculate that the mechanism of SB in regu-
lating oxidative damage during the development of diabetic
vascular complications may be related to the Nrf2/HO-1 path-
way. However, our study found that CB intervention acted on
diabetic vasculopathy not only by increasing butyrate in the
blood, but also by improving the diversity of the intestinal flo-
ra, increasing the content of probiotic bacteria in the intestinal
flora, improving the disordered intestinal flora in diabetic
mice, and eventually stopping the progression of diabetic vas-
cular complications. Moreover, the genes and receptor mRNA
expression could significantly influence the effects of butyrate.
Multiple genes and receptors, and their complex interactions
could all involved in the functioning of butyrate as shown by
previous studies [35,36]. Metagenome sequencing may help
answer this question.

In this study, we first found the association between micro-
biota and diabetes vascular complications, and further devel-
oped the corresponding therapeutic strategy by microbiota
transplantation. The supplementation of CB could increase the
metabolite butyrate levels, regulate gut microbiota diversity,
and thus reduce the blood glucose, decelerate weight gain and
improve the vascular function through the alleviation of vas-
cular inflammatory and oxidative stress by Nrf2/HO-1 path-
way in diabetic mice. It would be of great clinical interest to ex-
plore complementary reagents of CB probiotics for diabetes
vascular protection.
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