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Abstract

Purpose Individuals with vitamin D (VD) insufficiency have a greater tendency to develop obesity and have increased
systemic inflammation. Gut microbiota are involved in the regulation of host inflammation and energy metabolism, which
plays a role in the pathogenesis of obesity. Thus, we aimed to evaluate the effects of different doses of VD5 on body weight,
serum lipids, inflammatory factors, and intestinal barrier function in obese mice and to explore the regulatory effect of VD,
on gut microbiota in obese mice.

Methods Male C57BL/6 J mice received a normal chow diet (NCD, 10% fat) or high-fat diet (HFD, 60% fat) to induce obe-
sity within 10 weeks. Then, HFD mice were supplemented with 5650, 8475, or 11,300 IU VD,/kg diet for 8 weeks. Finally,
16 s rRNA analysis was performed to analyze gut microbiota composition in cecal contents. In addition, body weight, serum
lipids, inflammatory factors, and intestinal barrier function were analyzed.

Results VD, supplementation reduced body weight and the levels of TG, TC, HDL-C, TNF-a, IL-1p and LPS, and increased
Z0-1 in HFD-fed mice. Moreover, it increased a-diversity, reduced F/B ratio and altered microbiota composition by increas-
ing relative abundance of Bacteroidetes, Proteobacteria, Desulfovibrio, Dehalobacterium, Odoribacter, and Parabacteroides
and reducing relative abundance of Firmicutes and Ruminococcus. There were significant differences between HFD and
NCD groups in several metabolic pathways, including endotoxin biosynthesis, tricarboxylic acid cycle, lipid synthesis and
metabolism, and glycolysis.

Conclusions Low, medium, and high doses of VD; inhibited weight gain, reduced levels of blood lipids and inflammatory
factors, and improved endotoxemia and gut barrier function in obese mice. It also increased the a-diversity of gut microbiota
in obese mice and reduced the relative abundance of some intestinal pathogenic bacteria, increased the relative abundance
of some beneficial bacteria, and corrected the intestinal flora disorder of obese mice, with the low- and high-dose groups
showing better effects than the medium-dose group.
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Introduction

Obesity is defined as excess lipid accumulation caused by
an imbalance between energy intake and consumption. It is
one of the main risk factors of type 2 diabetes, hyperlipi-
demia, cardio-cerebrovascular disease, non-alcoholic fatty
liver disease, hypertension, and other related metabolic
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diseases, making it a major public health problem [1, 2].
The prevalence of obesity and overweight is extremely high
worldwide, and it is projected that more than 1 billion peo-
ple will suffer from obesity by 2030 [3]. Obesity is related
to lifestyle, diet, psychological and genetics factors, among
which lifestyle and diet are the principal factors. Neverthe-
less, losing weight through physical exercise requires much
time and a stable volition, and weight-loss pills have side
effects. Consequently, other secure and feasible measures
are of utmost need to prevent or amend obesity.

Obesity is linked to low plasma 25-hydroxy vitamin D,
(25(OH)D;) levels [4, 5]. A previous cross-sectional study
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demonstrated that the body mass index (BMI) is inversely
related to plasma 25(OH)D; concentrations [6]. However, it
remains unclear whether a causal relationship exists between
BMI and 25(OH)D; [7]. To date, the findings from interven-
tion studies remain equivocal, as some studies indicated a
positive influence of VD; on obesity and chronic inflam-
mation [8], while other studies did not observe this effect
[9, 10]. In our previous researches, our findings suggested
a protective effect of 1,25(OH),D; in diabetic retinopathy,
due to its immunomodulatory property [11]. Moreover,
1,25(0OH),D; inhibited lipogenesis and decreased the expres-
sion of interleukin-6 (IL-6), tumor necrosis factor-oo (TNF-
a), and monocyte chemoattractant protein-1 (MCP-1) in the
hypertrophic adipocytes [12]. Therefore, VD has potential
anti-obesity effects.

Recently, many studies have reported that gut microbiota
plays a significant role in the regulation of host inflamma-
tory reactions, energy metabolism, and substrate metabo-
lism, which is involved in the pathogenesis of obesity [13].
The constitution of gut microbiota between normal-weight
and obese differ in that the Alpha-diversity (a-diversity) is
reduced of individuals with obesity [14]. Obesity is asso-
ciated with alterations in the gut microbiota composition
(dysbiosis) and systemic low-grade inflammation [15, 16].
Chronic inflammation caused by metabolic disorders, known
as “metabolic inflammation”, is caused by excessive dietary
lipids and is characterized by low-level systemic or local
inflammatory responses [17, 18]. Gut microbiota disruption
or dysbiosis is marked by increased intestinal permeability
and intestinal barrier function impairment, leading to the
increased production of lipopolysaccharides (LPS) from
gram-negative bacteria [19]. LPS can enter the mesenteric
vein and circulation and act on target organs and tissues,
increasing the risk of inflammation and causing endotox-
emia [20].

The gut microbiota is considered to play a key role in the
gut barrier and intestinal immune function, which in turn
affects the health of the host [15, 21]. Animal studies have
demonstrated the link between changes in the constitution
of gut microbiota and its metabolites, and the occurrence
of obesity [22, 23]. Numerous studies have shown that gut
microbiota dysbiosis, particularly the ratio of Firmicutes
to Bacteroidetes (F/B ratio), is strongly associated with the
occurrence of obesity [24]. Thus, examining the constitution
of gut microbiota could reveal novel targets of anti-obesity
treatment. Current evidence suggests that the effects of VD
intake on health are partially mediated by the gut microbiota.
For instance, VD plays a protective role against colorectal
cancer, mainly by regulating the Akkermansia muciniphila
content in gut microbiota, which contributes to maintaining
the integrity of the colon barrier [25]. A recent study showed
that maternal VD deficiency during pregnancy and lacta-
tion could aggravate gut microbiota dysbiosis and enhance
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the progression of obesity among male offspring, which
might be regulated by genes associated with barrier func-
tion, inflammation, and lipid transportation [26]. However,
few studies have explored the effect of regulating the gut
microbiota composition through VD supplementation in an
obesity model, and it is uncertain whether the effect of VD
on obesity is mediated by gut microbiota. The purpose of
the study was to ascertain the profitable impacts of VD5 on
obese mice induced by HFD as well as the improvement of
inflammation and the regulatory role on intestinal gut micro-
biota. The findings would be relevant for making additional
use of VD and delivering a beneficial therapy for obesity.

Materials and methods
Animals and experimental designs

Five-week-old male C57BL/6 J mice were purchased
from Huafukang Biotechnology Co. Ltd (Beijing, China)
and housed in a specific pathogen-free (SPF) room at the
Laboratory Animal Center, Southwest Medical University
in an environmentally controlled temperature (23 +3 °C),
with relative humidity of 50 + 10%, and a 12-h light/dark
cycle. The mice were fed with food and water, and their
pad material was replaced every 3 days. After 5 days, they
(17.08 +0.52 g) were randomly divided into two groups: a
normal chow-diet group (NCD; n=10) and a high-fat diet
group (HFD; n=52). The NCD group was fed with a normal
chow diet (TP23302, 10.0% fat, 19.0% protein, 71.0% car-
bohydrate, caloric value 3.6 kcal-kg™!). The HFD group was
fed with HFD (TP23300, 60.0% fat, 19.4% protein, 20.6%
carbohydrate, caloric value 5.0 kcal-kg™") to induce obesity
within 10 weeks. After 10 weeks, we selected 40 mice in the
HFD group weighing 20% higher than the mean weight in
the NCD group and randomly assigned them into four groups
[27] (n=10 per each group). These include the HFD group,
HFD_VDL group (HFD diet supplemented with 5650 1U/
kg VD;), HFD_VDM group (HFD diet supplemented with
8475 1U/kg VD3), HFD_VDH group (HFD diet supple-
mented with 11,300 IU/kg VD;) [28, 29]. VD5 was supple-
mented for 8 more weeks. Body weight was measured once
weekly and dietary intake was assessed daily. The rest of the
day’s feed was discarded to avoid the fatty acid rancidity and
2-3 g of feed was added to ensure adequate feeding. Feed
was purchased from Trophic Animal Feed High-Tech Co.,
Ltd (Nantong, China). At the end of the experiment, mice
were subjected to a 12-h fasting and were anesthetized using
pentobarbital sodium (50 mg-kg™'-BW). Blood was collected
through cardiac puncture, and serum was separated through
centrifugation at 3500 rpm for 12 min and stored at —80 °C.
The cecal contents and epididymal white adipose tissue were
collected, weighed, frozen in liquid nitrogen and transferred
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to —80 °C refrigerator. All procedures were approved by the
Animal Ethics Committee of Southwest Medical University
(approval number: 2020716).

Biochemical analysis

Serum glucose, triglyceride (TG), total cholesterol (TC),
low-density lipoprotein cholesterol (LDL-C) and high-den-
sity lipoprotein cholesterol (HDL-C) were measured using
an automatic biochemical analyzer (Mindray, BS-240vet,
Shenzhen, China).

ELISA analysis

The serum level of TNF-a (E-MSEL-M0002, Elabsci-
ence, Wuhan, China), IL-1p (E-MSEL-MO0003, Elabsci-
ence, Wuhan, China), MCP-1 (E-EL-M3001, Elabscience,
Wuhan, China), LPS (CSB-E13066m, cusabio, Wuhan,
China), 25(OH)D; (E-EL-0015, Elabscience, Wuhan, China)
and 25(OH)D; (m1038442, Enzyme-linked Biotechnology
Co.,Ltd, Shanghai, China) in eWAT were determined using
enzyme-linked immunosorbent assay (ELISA) kits in com-
pliance with the manufacturer’s instructions.

RNA extraction and quantitative real-time PCR

Total RNA was extracted from the cecum, using RNAiso
Plus (Takara Bio, Japan), and cDNA was synthesized
through a thermal cycle (Eppendorf, Germany), using a
PrimeScript™ RT reagent Kit with gDNA Eraser (Takara
Bio, Japan). The quantitative real-time PCR (qQRT-PCR)
was conducted on a Real-time PCR system (Analytik Jenav,
Germany). Each PCR mixture contained synthesized cDNA,
TB Green Premix Ex Taq (Takara Bio, Japan), and specific
primers for the target gene. The sequences of the primers
were listed in Supplementary Table 1. The relative expres-
sion levels of the genes were calculated with the 2744C
method, using glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) as an endogenous reference. Specificity for each
designed primer was affirmed by Primer-BLAST in National
Center for Biotechnology Information (NCBI) and using
melt curve analysis. All primers were synthesized by Sheng-
gong (Shanghai, China).

16 s rRNA analysis

We performed 16 s rRNA analysis of the cecal content
samples in Lilai Biotechnology Co., Ltd (Chengdu, Sze-
chwan, China). Total DNA from cecal content bacteria
was extracted and DNA was quantified using a NanoDrop
spectrophotometer (NanoDrop 8000, Thermo, America).
The quality of the extraction was assessed through 1.2%
agarose gel electrophoresis. Corresponding primers were

designed according to the conservative region (16SV3-V4)
of the sequence to amplify the PCR. Sequencing libraries
were generated using TruSeq Nano DNA LT Library Prep
Kit from Illumina (San Diego, CA, USA) according to the
manufacturer’s instructions. The quality of the libraries was
evaluated using an Agilent High-Sensitivity DNA Kit on
Agilent Bioanalyzer. Illumina MiSeq/NovaSeq platform
was used for paired-end sequencing of community DNA
fragment. Finally, the QIIME software, PICRUSt2 (phylo-
genetic investigation of communities by reconstruction of
unobserved states) software and R language were performed
to analyze gut microbiota.

Statistical analysis

We performed statistical analyses using SPSS Statistics ver-
sion 26 (IBM SPSS Statistics, Chicago, IL, USA). Normally
distributed variables were expressed as the mean + SEM;
otherwise, it is expressed as median and interquartile quar-
tile. Differences among pairwise groups were trialed using
student’s ¢ test, and multiple comparisons were performed
using ANOVA with post hoc Bonferroni’s correction for
statistical significance. The statistical significance of differ-
entially abundant and biologically relevant taxonomical bio-
markers between two distinct conditions was measured using
a linear discriminant analysis (LDA) effect size (LEfSe).
GraphPad Prism 8.02 software was used for data mapping
charts. A two-tailed p value <0.05 was considered statisti-
cally significant.

Results

VD; supplementation inhibits HFD-induced body
weight increase and hyperlipidemia in mice

At week 0, there was no difference in body weight between
the groups. At the 10th week, the success rate of obesity
modeling was 76.92%. After HFD feeding for 18 weeks,
body weight significantly increased compared to NCD
group (P <0.001) (Fig. 1A). Three doses of VD, signifi-
cantly inhibited body-weight increase of mice fed with HFD
between the 10th and 18th week of study (VDL, P <0.001,
VDM, P=0.007 and VDH, P=0.015) (Fig. 1A). Besides,
HFD feeding resulted in a substantial increase in serum glu-
cose, TG, TC and HDL-C levels as compared to values in
the NCD group (Fig. 1B-F). Hyperlipidemia is generally a
risk factor for metabolic disease. We observed that levels
of serum TG, TC and HDL-C significantly dropped upon
VDj; supplementation (Fig. 1C, D and F). There was no dif-
ference in serum levels of LDL-C on HFD feeding before
and after VD, supplementation (Fig. 1E). In addition, there
was no statistically significant difference in serum glucose
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Fig.1 VD; supplementation inhibits HFD-induced body weight
increase and hyperlipidemia in mice. A Body weight. B Levels of
serum glucose. C Levels of serum TG. D Levels of serum TC. E Lev-
els of serum LDL-C. F Levels of serum HDL-C. Data are presented
as mean+SEM. In Fig. 1A, HFD group compared to NCD group,

under VD; supplementation (Fig. 1B). These indicated that
VD, supplementation led to a decrease in body weight and
hyperlipidemia induced by HFD feeding.

VD; intake and the concentrations of VD,
metabolites

VD; intake, serum and epididymal adipose tissue 25(OH)
D; concentrations were measured to explore the effects of
administering different doses of VDs. As shown in Fig. 2A,
the average food intake in the HFD group was significantly
decreased compared with that of the NCD group. The effect
of VD; supplementation was not dose-dependent when
compared with HFD mice. However, the concentrations of
VD; metabolites in the HFD_VDM group were substan-
tially higher than that in the HFD_VDL or HFD_VDH
group. The average daily VD; intake was calculated during
the study. The average VD; intake was significantly higher
in the three supplementation groups than in the HFD group
in a dose-response manner (Fig. 2B). Then, we measured
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the 25(OH)D; concentrations in serum and epididymal adi-
pose tissue. The serum 25(OH)D; concentration in HFD
group was significantly lower than that in the NCD group
(Fig. 2C). However, the 25(OH)D; concentration in serum
and epididymal adipose tissue in the HFD_VDM group were
significantly higher than that in the HFD group (Fig. 2C, D).

VD; inhibits the expression of proinflammatory
cytokines in serum and caecum of HFD-fed mice

One of the main features of obesity is chronic low-grade
systemic inflammation [30]. To examine the anti-inflamma-
tory effects of VD3, serum pro-inflammatory cytokines such
as TNF-a, IL-1B, and MCP-1 were measured. The results
showed that mice in the HFD group had significantly higher
levels of TNF-a, IL-1p and MCP-1 in serum (Fig. 3A, B
and C). However, serum TNF-a and IL-1p levels were lower
after VD; supplementation than HFD group (Fig. 3A, B).
Moreover, HFD greatly enhanced the mRNA expression of
IL-1p in the caecum (Fig. 3E) but did not alter the TNF-o
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and MCP-1 levels (Fig. 3D, F). On the contrary, the mRNA
expressions of TNF-a decreased in the HFD_VDH group
(Fig. 3D). In addition, the mRNA expression of IL-1f
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mined by qRT-PCR. F Relative mRNA expression of caecum MCP-1
determined by qRT-PCR. Data are presented as means+SEM.
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decreased considerably in the caecum of the three VD, sup-
plementation groups compared to that in the HFD group
(Fig. 3E).
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VD; improves gut barrier function and endotoxemia
in HFD-fed mice

Dysbiosis of gut microbiota leads to the damage of the
integrity of tight junctions in intestinal epithelial cells. This
causes an influx of LPS into the bloodstream, resulting in
endotoxemia and systemic inflammation [31]. The serum
LPS concentration was measured using ELISA, and we
observed a significant increase in the serum LPS concen-
tration in the HFD group compared to NCD group, while
the three doses of VD; considerably reduced LPS level
(Fig. 4A). Next, we investigated the mRNA relative expres-
sion of the tight junction proteins, zonula occludens (ZO-1)
and Occludin, in the caecum using qRT-PCR. As shown in
Fig. 4B, HFD significantly reduced the expression of ZO-1
in the caecum, and this reduction was significantly reversed
by VDj; supplementation. However, the mRNA relative
expression of Occludin in caecum was similar in the HFD
and VD; supplementation groups as showed by qT-PCR
analysis (Fig. 4C). Thus, VD; prevents endotoxemia and
protects gut barrier function, manifested by reduced contents
of LPS and increased expressions of tight junction proteins
(ZO-1).

VD; improves the a-diversity of gut microbiota
in HFD-induced obese mice

The gut microbiota are involved in the pathogenesis of obe-
sity and related disorders [32]. We performed a 16S rRNA
analysis to explore the effect of VD; supplementation on
gut microbiota using the Illumina MiSeq/NovaSeq plat-
form. After eliminating ineligible sequences and clustering
the high-quality sequences at 97% similarity level, 193-850
ASVs/OTUs per sample were obtained.
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Fig.4 VD; improves gut barrier function and prevents endotoxemia
in HFD-fed mice. A Serum protein levels of LPS determined using
ELISA. B Relative mRNA expression of caecum ZO-1 determined
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Chaol estimator (Chaol), Simpson index (Simpson),
Shannon diversity index ( Shannon), Pielou’s Evenness
index J (Pielou-e), Observed species richness (Observed-
species), Faith’s phylogenetic diversity (Faith-pd), and
Good’s non-parametric Coverage estimator (Goods-cover-
age), were used to evaluate the diversity of bacterial species
[33]. Chaol and observed-species were used to characterize
richness. Shannon and Simpson were used to characterize
diversity. Faith-PD was used to characterize evolution-
based diversity. Pielou-e was used to characterize evenness.
Goods-coverage was used to characterize the coverage [34].
In Fig. SA-G, it could be seen that with Chaol, Simpson,
Shannon, Pielou-e, Observed-species and Faith-PD con-
siderably reduced, while Goods-coverage was enhanced in
the HFD group. This means that HFD resulted in substan-
tial decline in the microbial richness and diversity of the
microflora in the caecum. However, the a-diversity of gut
microbiota improved with Chaol, Observed-species, Faith-
pd, and Goods-coverage indexes prominently reversed in the
HFD_VDL group (Fig. 5A, E, F andG). In the HFD_VDH
group, the a-diversity prominently reversed with Chaol,
Shannon, Pielou-e, Observed-species, and Faith-pd indexes
when compared to HFD-induced obese mice (Fig. 5A, C,
D, E and F).

VD; has a slight trend on improving
the beta-diversity (B-diversity) on gut microbiota
in HFD-induced obese mice

Venn diagrams were plotted to show the mutual bacterial
abundance across the groups (Fig. 6A). There are 5540
OTUs obtained in total and 72 OTUs shared in five groups.
The NCD group demonstrated the most characteristics taxa
with 2424 OTUs, followed by the HFD_VDL, HFD_VDH,
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HFD_VDM and HFD groups (594, 527, 372 and 318
unique OTUs, respectively). The p-diversity was classified
using principal co-ordinate analysis (PCoA), Nonmetric
multidimensional scaling (NMDS) and Unweighted pair-
group method with arithmetic means (UPGMA) cluster
analysis. NMDS is similar to PCoA, but not affected by
the numerical value of sample distance. Therefore, in
data with complex structure, the sorting result is more
stable. The smaller the stress values of NMDS, the better
the results. When the value is less than 0.2, the results
of NMDS are more reliable. NMDS and UPGMA cluster
analysis revealed that the 18-week HFD feeding resulted
in a substantial alteration in the gut microbiota as shown
by the division between NCD and HFD group. Moreover,
the HFD_VDL, HFD_VDM, HFD_VDH groups tended to
leave HFD group and approach NCD group (Fig. 6B, C).
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as boxplot. ***P<(0.001 was compared with the NCD group. And
#P<0.05, P <0.01 were compared with the HFD group

VD, improves the gut microbiota disorder induced
by HFD at phylum level

Diet is important in the constitution and abundance of gut
microbiota. Thus, we assayed the composition of gut micro-
biota in the trial groups. As demonstrated in Fig. 7A, Firmi-
cutes, Bacteroidetes, and Proteobacteria were the predomi-
nant phyla and accounted for over 95% of bacteria. The F/B
ratio was significantly higher in the HFD group compared to
the HFD_VDL and HFD_VDH groups (Fig. 7B). The abun-
dance of Firmicutes was significantly more in the HFD group
than in the NCD group, from 42.29% to 96.13%. Besides,
the abundance of Bacteroidetes significantly reduced from
52.65% to 0.71%, Proteobacteria decreased from 2.20% to
1.81%, and TM7 decreased from 0.39% to 0.04%. However,
VD; supplementation significantly decreased the abun-
dance of Firmicutes to 89.54%, 88.80%, and 87.81% in the
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Fig.6 VD; has a slight trend on improving the p-diversity on gut microbiota in HFD-induced obese mice. A Venn, B NMDS 2D sort chart, C

UPGMA clustering tree based on sample distance matrix

HFD_VDL, HFD_VDM and HFD_VDH groups, respec-
tively. Furthermore, the abundance of Bacteroidetes was
significantly enhanced to 6.80% in the HFD_VDL group
and to 4.54% in the HFD_VDH group, as compared to the
HFD group. Meanwhile, the abundance of Proteobacteria
increased to 4.78% in the HFD_VDM group and to 4.82%
in the HFD_VDH group, as compared to the HFD group
(P<0.05).

VD, improves the gut microbiota disorder induced
by HFD at the genus level

At the genus level (Fig. 8), the HFD group obtained 2.62-
and 6.59-folds more contents of [Ruminococcus] and uni-
dentified_Clostridiales, and 8.70-, 18.67-, 13.69-, 10.75-,
280.43-, 8.16- and 6.12-folds less abundances of Bacte-
roides, Odoribacter, Alistipes, Parabacteroides, unidenti-
fied_S24-7, unidentified_Ruminococcaceae, and unidenti-
fied_Rikenellaceae, respectively, when compared to the
NCD group. VD5 improved the gut microbiota dysbiosis
by recovering the altered gut microbiota constitutions.
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Specifically, the level of [Ruminococcus] was decreased,
while that of Bacteroides, Odoribacter, Parabacteroides,
unidentified_S24-7, unidentified_Ruminococcaceae and
unidentified_Rikenellaceae was enhanced by HFD_VDL
supplementation compared with that of the HFD group
(P <0.05). Besides, the level of Desulfovibrio, Dehalo-
bacterium and Odoribacter increased after HFD_VDM
supplementation compared to the HFD group (P <0.05).
Meanwhile, the abundances of unidentified_ Clostridiales
significantly decreased and those of Desulfovibrio, Dehalo-
bacterium, Odoribacter, unidentified_S24-7 and unidenti-
fied_Rikenellaceae significantly increased in the HFD_VDH
group compared to those in the HD group.

VD; improves the biomarker of gut microbiota
in HFD-fed mice

To identify the bacteria affected most after HFD and VD,
supplementation, the microbiota constructions within
experimental groups were compared using heatmap and
LEfSe (LDA >3.7). Heatmap reveals the calculated relative
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abundance of gut microbiota at the genus level, as shown
in Fig. 9A. The abundances of Allobaculum, Shigella, and
[Prevotella] were more highly enriched, while those of
Oscillospira, Bacteroides, Parabacteroides, and Odoribac-
ter were impoverished in the HFD group compared to the
NCD group. This indicates a disruption of gut symbiosis
in HFD-fed mice. In the HFD_VDL group, the dominant
bacteria were SMB53, Enterococcus, Bacteroides and Para-
bacteroides. The abundances of Akkermansia, Sutterella,
Desulfovibrio, [Ruminococcus], Bilophila, rc4-4 and Sphin-
gomonas in HFD_VDM group were higher than those in the
HFD group. In the HFD_VDH group, the dominant bacteria
were Odoribacter, Alistipes, Helicobacter, Desulfovibrio,
Roseburia, Lactobacillus, Olsenella, Subdoligranulum,
Anoxybacillus, Dorea, Cetobacterium, Dehalobacterium,
Clostridium, Adlercreutzia and Streptococcus. In general,
there were significant changes in the gut microbiota, and
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VD; supplementation reversed the intestinal microbiota dis-
orders caused by HFD. In addition, the results demonstrated
that 32 distinctive OTUs (involving 4 phyla, 4 classes, 4
orders, 11 families and 9 genera) represented the significant
biomarkers, and the abundance was significantly changed
by HFD and VD; supplementation. As shown in Fig. 9B, C,
13 OTUs were the feature taxa in the NCD group, includ-
ing Bacteroidetes and TM7 at phylum level and Alistipes,
AF12 and Coprococcus at genus level. However, Firmicutes
at phylum level had a significant response to HFD intake.
Consequently, the pathogeny of HFD-induced disorders is
closely related to the changes in the aforementioned bacteria.
Bacteroides and Parabacteroides at the genus level in the
HFD_VDL group presented as preponderance. Actinobac-
teria at the phylum level and [Ruminococcus] at the genus
level were the principal phenotypes in HFD_VDM group.
In the HFD_VDH group, Roseburia, Dehalobacterium and
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Fig.8 VD; amends the dysbiosis of gut microbiota induced by HFD
at the genus level. A Composition of gut microbiota at genus level,
B Desulfovibrio, C [Ruminococcus], [] was used to distinguish the
same genus but from different family. In the article, [Ruminococ-
cus] means Ruminococcus from Lachnospiraceae, and Ruminococ-
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cus means Ruminococcus from Ruminococcaceae. D Bacteroides, E
Dehalobacterium, F Odoribacter, G Alistipes, H Parabacteroides,
I unidentified_ Clostridiales, J unidentified_S24-7, K unidenti-
fied_Ruminococcaceae, L unidentified_Rikenellaceae. *P<0.05,
#P<0.01, ***P<0.001
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Odoribacter prevailed at the genus level. Therefore, the
aforementioned bacteria are potential biomarkers gut micro-
biota after VD5 supplementation of obese mice.

Comparing the metabolic functions of gut
microbiota

Dysbiosis of gut microbiota induced by high-fat diet and
VD; supplementation leads to changes in microbial meta-
bolic functions. To investigate this, PICRUSt2 was used
to predict the possible changes in functional pathways. As
shown in Fig. 10A, the result of Kyoto Encyclopedia of
Genes and Genomes (KEGG) secondary functional path-
way showed that the relative abundance of gut microbiota
exhibited significantly enhanced carbohydrate and amino
acid metabolism. In addition, the result of MetaCyc second-
ary functional pathway showed that the relative abundance
of gut microbiota exhibited significantly enhanced cofactor,
prosthetic group, electron carrier, vitamin and amino acid
biosynthesis (Fig. 10B). After obtaining the abundances of
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g__Roseburia 1
f__Dehalobacteriaceae 4
g__Dehalobacterium 1
g__Odoribacter 4
f__[Odoribacteraceae]
p__Firmicutes 4

0 2 4
LDA Score (log 10)
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expressed by the strip length of LDA. The abbreviations: o order, ¢
class, p phylum, f family and g genus

the metabolic pathways, we explored the pathways with sig-
nificant differences between groups. We found that no path-
way was different in the VD5 supplementation groups when
compared to the HFD group. However, there were significant
differences in the relative abundance of 84 KEGG metabolic
pathways and 101 MetaCyc metabolic pathways among the
NCD and the HFD groups (P <0.05). Among the 84 KEGG
metabolic pathways, as shown in Fig. 10C, 21 (including
endotoxin biosynthesis and tricarboxylic acid cycle) were
up-regulated and 63 (including glycerol lipid metabolism
and unsaturated fatty acid biosynthesis) were down-regu-
lated in the HFD relative to the NCD group. Among the
101 MetaCyc metabolic pathways, as shown in Fig. 10D, 13
(including lipid biosynthesis and tricarboxylic acid cycle in
prokaryotes) were up-regulated, and 88 (including glycolysis
and glycogen biosynthesis) were down-regulated in the HFD
group relative to the NCD group. The stratified sample meta-
bolic pathway abundance was used to analyze the species
composition of the different pathways. The results of species
composition in MetaCyc metabolic pathways are shown in
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Fig. 10 Comparing metabolic functions of gut microbiota. A KEGG
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the NCD and HFD groups. The ordinate is different MetaCyc meta-

Supplement Fig. 1, Bacteroides, [Ruminococcus], Akker-
mansia, Desulfovibrio, Roseburia, Clostridium, Bilophila,
Dehalobacterium, Odoribacter, and Alistipes contributed
to the multitudinous metabolic pathways with significant
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bolic pathway labels. The positive value of logFC represents the
upregulation in the HFD group when compared with the NCD group;
conversely, the negative value represents the down-regulation. The
different degree of significance is expressed in different colors

differences in the NCD and HFD groups. However, we did
not get the corresponding species composition in KEGG
metabolic pathways after analysis.
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Discussion

Obesity is becoming one of the most important metabolic
disorders worldwide. The morbidity rate of overweight or
obesity is consistently on a rise in developed and developing
countries [35]. Many studies have revealed that gut microbi-
ota influences the metabolic pathways involved in the patho-
genesis of obesity [36]. Some recent meta-analysis demon-
strated the association between abdominal obesity and lower
serum VD; levels [4, 37]. However, the mechanism of action
of the anti-obesity effect of VD5 is not yet established. In our
study, obesity was induced in mice after feeding them with
HFD for 10 weeks before VD5 supplementation. Then, we
investigated the effect of VD, supplementation for 8 weeks
on gut microbiota of obese C57BL/6 J mice. HFD induced
body weight gain, dyslipidemia, systemic chronic inflam-
mation and gut microbiota disorder. These effects were
in accordance with previous findings [38—40]. Moreover,
our present study demonstrated that VD; mitigates obesity
induced by HFD via reducing serum lipid accumulation,
improving inflammation, ameliorating endotoxemia and gut
barrier function, and stabilizing gut microbiota.

In the study, 18 weeks of HFD feeding caused substantial
increases in body weight as well as abnormal lipid accumu-
lation such as higher TG, TC, and HDL-C concentration
in serum levels. HDL-C is known as good cholesterol as it
clears off the remaining cholesterol in the body, and has a
negative correlation with obesity [41]. However, Hayek T
et al. [42] found that high-saturated fat and high-cholesterol
diets could increase HDL-C by increasing the transport rates
and decreasing the fractional catabolic rates of HDL-C ester
and apolipoprotein A—I, which might account for the abnor-
mal increase in serum HDL-C concentration of obese mice
we also observed. HFD feeding induced the obese pheno-
type. However, the food intake in the four groups of HFD
feeding was significantly lower than that of the NCD group.
Perhaps, HFD feeding is prone to feeling of satiety and ano-
rexia, thus reducing the food intake of mice. In addition,
fatty rancidity will significantly reduce the food intake in
mice. Therefore, higher demand for preservation of HFD
feedstuff is needed. We paid close attention to these precau-
tions as we assessed food intake daily and discarded the
leftover feedstuff daily to ensure feeding fresh feedstuff.
Therefore, improving the taste of HFD feedstuff will confer
a better success rate of obesity modeling. VD5 supplementa-
tion reduced body weight and hyperlipidemia in obese mice.
This reveals a positive influence of VD5 supplementation on
body weight and serum lipid levels in obese mice, consistent
with previous studies [43]. However, VD; intervention did
not affect glycemia. This was not consistent with a previ-
ous study that showed favorable effects of VD3 on glyce-
mic control and cognitive function in rats [44]. Most studies

revealed that the profitable influences of VD intervention
were primarily targeted at people with VD deficiency [45].
In this study, our mice were not deficient in VD as indicated
in the serum 25 (OH)D; level (Fig. 2C). Therefore, it could
be possible to have no profitable effects of VD; intervention
on serum glucose. However, we found that the food intake
in HFD_VDM was higher than that in the HFD_VDL and
HFD_VDH groups. This could be explained by the taste
of HFD and VD;. Consequently, adding VD; by gavage to
make the intake of VD; more accurate should be consid-
ered. Furthermore, the VD, intake does not represent the
actual effective dose, since the HFD_VDM group is the
highest effective dose in all groups according to the con-
tent of 25(OH)D; in serum and epididymal adipose tissue.
Therefore, the determination of VD, supplement depends on
many factors, not only on the actual intake, and this should
be considered in future studies.

Long-term inflammatory response is involved in regulat-
ing synthesis and storage of TG in adipose tissue. Hyper-
trophic adipose cells alter the production of adipocytokines,
leading to inflammatory response [46]. Thus, chronic inflam-
mation and lipid synthesis are crucial targets for anti-obesity
therapy [47]. We found that HFD feeding enhanced serum
inflammatory and mRNA levels in caecum coding for pro-
inflammatory factor, consistent with the previous findings
[48, 49]. Moreover, VD; intervention significantly reversed
the HFD-induced up-regulation of inflammatory cytokines
(TNF-a and IL-1) in serum and cecal tissues, consist-
ent with previous findings [43, 50]. However, we found
that low-, medium-, and high-dose VD; supplementation
did not reduce the level of MCP-1, differing from findings
obtained by Chang et al. [51]. They found that intervention
with 10,000 IU/kg of VD at 16 weeks significantly reduces
the expression of MCP-1 induced by HFD feeding. In this
study, VD5 intervention was only performed for 8 weeks,
thereby failed to discover the effective inhibitory effect of
VD; on MCP-1.The enteral epithelial barrier is generally
sheltered by tight junction proteins, such as ZO-1, occlu-
din, and claudin. They can sustain the integrity of intestinal
epithelium, regulate the transport of water and nutrients,
and prevent endotoxin and bacteria from entering the sys-
temic circulation from the intestinal cavity [52]. Obesity
is associated with dysbiosis and disruption of gut barrier
resulting in elevated circulating LPS [53]. LPS is a potent
inducer of inflammation. LPS induced by HFD promotes an
inflammatory response, as well as bacterial translocation and
enhanced gut permeability [54]. The superfluous generation
of LPS enhances proinflammatory factors and accelerates
the inflammatory response in the intestinal, thereby facili-
tating the progression of obesity [52]. At the same time,
accumulated inflammatory factors inhibit the expression of
the tight junction proteins directly, thereby increasing gut
permeability [55]. VD deficiency (due to VD deficiency in
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diet or vitamin D receptor (VDR) knockout) significantly
reduces the expression of tight junction proteins (ZO-1
and Occludin) [56, 57]. Our study demonstrated that VD3
supplementation significantly decreased the expression of
endotoxin and inverted the decline of the caecum mRNA
expression level of ZO-1 caused by HFD feeding, which is
in accordance with findings from Liu’s study revealing that
exogenous supplementation of VD5 substantially alleviates
LPS induced intestinal inflammation by suppressing inflam-
mation and stabilizing tight junctions in the intestine [58].
However, we found that the mRNA level of Occludin in the
caecum was similar before and after VD3 supplementation,
while VDj; effectively upregulated the expression of Occlu-
din in the intestinal tract, mostly in the colon [44, 59]. Our
sample was taken from the caecum for testing, and no ben-
eficial regulatory effect of VD5 on Occludin was observed.
In addition, Malaguarnera found that the VD pathway is
involved in gut homeostasis [60]. Thus, VD5 exerts anti-
obesity effects by inhibiting inflammatory responses and
enhancing gut barrier function.

VD regulates the enteric dysbacteriosis and stabilizes
intestinal microbiota [61]. In our study, we also found that
VD; has a significant impact on the composition and struc-
ture of gut microbiota. In general, NCD and HFD feeding
resulted in the substantial alterations in bacterial a-diversity
and B-diversity. a-diversity represents taxonomic richness
and evenness, and is one of the most common metrics
reported in the gut microbiome literature. It is a known
marker for microbiome health [34]. After HFD_VDL and
HFD_VDH supplementations, the bacterial community
was altered, indicating that VD; affected the gut microbiota
of HFD-fed mice. However, HFD_VDM supplementation
did not improve the a-diversity of obese mice, and we sus-
pect that excessive VD5 could weaken the improvement of
a-diversity. VDj; slightly improved the B-diversity in HFD-
fed mice. We could not demonstrate strong findings, possibly
because our sample size was inadequate.

VD; supplementation enhanced the proportion of Bac-
teroidetes and Proteobacteria, and declined the abundance
of Firmicutes and the F/B ratio. Firmicutes are the liveliest
bacteria in gut microbiota of people with severe obesity and
anomalous raises of the F/B ratio is closely related to obesity
[62]. The result indicated that the altered proportion of Fir-
micutes contributes to the development of obesity induced
by HFD according to the LEfSe assay. Our results showed
that VD5 supplementation increased the abundance of Bac-
teroidetes and decreased the relative abundance of Firmi-
cutes in HFD-fed mice, consistent with a previous study
[63]. A recent review showed that increased level of Pro-
teobacteria was a potential indicator of dysbiosis and risk
of disease [64]. The significant elevation of the abundance
of Proteobacteria observed after VD, supplementation dem-
onstrated the potential disadvantages of excessive VD5 on
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gut microbiota. Interestingly, at the genus level, VD; inter-
vention substantially decreased the proportion of [Rumino-
coccus] and unidentified_ Clostridiales, and enhanced the
abundance of Desulfovibrio, Bacteroides, Dehalobacterium,
Odoribacter, Parabacteroides, unidentified_S24-7, uniden-
tified_Ruminococcaceae and unidentified_Rikenellaceae.
Intestinal dysbiosis featuring abundance of Ruminococcus
gnavus is associated with allergic diseases in infants [65].
The colonization of Clostridiales in the intestine is a poten-
tial risk factor for colon cancer [66].Desulfovibrio confers
resilience to the comorbidity of pain and anxiety in a mouse
model of chronic inflammatory pain [67]. Bacteroides is
one of the predominant genera in human gut microbiota
(20-40%), with beneficial effects in the host. Enhancing the
abundance of Bacteroides facilitates digestion, absorption
and metabolism of nutrients, and reduces gut inflammation
[68]. Bacteroides, Odoribacter, Parabacteroides, Rumi-
nococcaceae and Roseburia are SCFA-producing bacteria
[69-71]. SCFAs (ethanoate, propionate, butyrate, isobutyric
acid and valerate) provide an advantageous environment that
inhibits the production of pro-inflammatory factors, and sta-
bilizes the intestinal homeostasis and integrity of the intesti-
nal barrier [72]. Propionate and butyrate are energy sources
to colon cells. Studies have shown that they could influence
the integrity of the intestinal barrier with tight junction pro-
teins stimulation and mucus secretion, thereby, preventing
the onset of diseases, such as obesity, diabetes, inflammatory
bowel disease and colorectal cancer [73]. Moreover, etha-
noate exerts anti-inflammatory and anti-apoptotic effects and
are involved in defending the colon from pathogenic attack
as well as prevent colorectal cancer [74]. Prebiotics provide
"food" for good bacteria by degrading carbohydrates that
normally cannot be digested by the host, converting them
into monosaccharides and SCFAs [75]. Dehalobacterium
and Rikenellaceae have anti-intestinal inflammatory effects
in the study of hericium on alleviating Alzheimer’s disease
[76]. In addition, it has been reported that $24_7 affects the
metabolism and immune response of the host [77].
Lactobacillus (a probiotic) was significantly enhanced in
HFD_VDH group as stated in the heatmap. In the three VD,
supplementation groups, HFD_VDH considerably enhanced
the abundance of Lactobacillus, but no difference in the HFD_
VDM group and reduced abundance in the HFD_VDL group
when compared to the HFD group, although systemic inflam-
mation was remarkably improved in the test groups. VD,
restored HFD-induced gut microbiota dysbiosis by increas-
ing the relative abundance of Lactobacillus and reducing that
of Acetatifactor, Oscillibacter and Flavonifractor [63]. In
addition, Akkermansia, Bacteroides and Parabacteroides are
regarded as intestinal bacteria that generate propanoate and
butyrate. The prominent enhancements of Parabacteroides,
Bacteroides, and Akkermansia were perceived with the inter-
vention of HFD_VDL or HFD_VDM. Besides, our LEfSe
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study showed that Clostridiales and Roseburia were the key
bacteria among HFD_VDL and HFD_VDH group. Akkerman-
sia is known for its fight against cancer, and can restore the
impaired intestinal epithelial barrier, alleviate immune stress
and reduce inflammatory response [73]. Liu et al. showed
that up-regulated abundance of Alisipes and Rikenella in gut
microbiota prevents glucose tolerance, increases SCFAs pro-
duction and reduces LPS concentration in obese mice [78].
Our heatmap finding was consistent with that in Liu’s study
which revealed that the abundance of Alisipes and Rikenella
decreased significantly in the HFD group. Our study further
demonstrated that VD5 prevents inflammation, enhances intes-
tinal barrier function, and reduces body weight recovering
the HFD-altered gut microbiota. Nevertheless, in our study,
the regulatory effect of VD5 on gut microbiota was not dose-
dependent, and excessive VD5 might confer potential disad-
vantages. Therefore, the interrelationship of the changes in
gut microbiota and the effective anti-obesity dosages of VD,
require further verification.

Most studies on gut microbiota in obesity mainly focus
on the composition, diversity and species differences in gut
microbiota, and few have explored the relationship between
gut microbiota and metabolic pathways. We found that car-
bohydrate metabolism, lipid biosynthesis and metabolism,
amino acid biosynthesis and metabolism, cofactor and vita-
min biosynthesis and metabolism, and nucleoside and nucle-
otide metabolism were significantly different in the NCD and
HFD groups. Nevertheless, there was no difference between
VD; and HFD group in terms of metabolic pathways by
PICRUSTt2 analysis, possibly due to insufficient sample size.
From the perspective of obesity, previous researches paid
more attention to glycolipid metabolism, especially sig-
nificant differences in multiple metabolic pathways, such
as tricarboxylic acid cycle, glycolysis, lipid synthesis and
metabolism. We analyzed the contribution of different bac-
teria in the metabolic pathways and found that Bacteroides,
Akkermansia, [Ruminococcus], Oscillospira, Desulfovibrio,
Allobaculum, Alistipes, Odoribacter, Clostridium, Rose-
buria, unidentified_S24-7, unclassified_Lachnospiraceae
and unclassified_Clostridiales were greatly involved in these
pathways, which could provide a basis for further research
on the development of probiotics and anti-obesity drugs.

Conclusions

Low-, medium- and high-dose VD; supplementation inhib-
ited body weight gain, prevented hyperlipidemia, reduced
levels of TNF-a and IL-1p, improved endotoxemia and
preserved gut barrier function in obese mice. Moreover,
low- and high-dose VD5 supplementation increased the
a-diversity of gut microbiota in obese mice. Furthermore,
low-, medium- and high-dose VD5 supplementation reduced

the relative abundance of some intestinal pathogenic bacte-
ria, and increased the relative abundance of some benefi-
cial bacteria, which stabilized the intestinal flora disorder
often present in obese mice. The low- and high-dose groups
showed better stabilizing effects than the medium dose
group. Thus, further studies are required to demonstrate and
confirm the dose range of VD; supplementation that exerts
anti-obesity and stabilizing effects of the gut microbiota.
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