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Summary

Faecal Microbiota Transplantation (FMT) is consid-
ered as a promising technology to fight against obe-
sity. Wild boar has leanermuscle and less fat in
comparison to the domestic pig, which were thought
to be related with microbiota. To investigate the
function and mechanism of the wild boar microbiota
on obesity, we first analysed the wild boar micro-
biota composition via 16S rDNA sequencing, which
showed that Firmicutes and Proteobacteria were the
dominant bacteria. Then, we established a high-fat
diet (HFD)-induced obesity model, and transfer low
and high concentrations of wild boar faecal suspen-
sion in mice for 9 weeks. The results showed that
FMT prevented HFD-induced obesity and lipid

metabolism disorders, and altered the jejunal micro-
biota composition especially increasing the abun-
dance of the Lactobacillus and Romboutsia, which
were negatively correlated with obesity-related indi-
cators. Moreover, we found that the anti-obesity
effect of wild boar faecal suspension was associated
with jejunal N6-methyladenosine (m6A) levels. Over-
all, these results suggest that FMT has a mitigating
effect on HFD-induced obesity, which may be due to
the impressive effects of FMT on the microbial com-
position and structure of the jejunum. These
changes further alter intestinal lipid metabolism and
m6A levels to achieve resistance to obesity.

Introduction

The global obesity problem is persistently prominent and
accompanied by increasing morbidity and complications.
Solving the problem of obesity is critical for the well-
being of humans and animals. It is well established that
intestinal lipid absorption and adipose tissue lipid accu-
mulation contribute largely to obesity and varieties of
metabolism disorders (Longo et al., 2019; D�avalos-Salas
et al., 2020). Numerous studies have shown that gut
microbiota-host interactions carry out an invaluable role
in obesity (Ley et al., 2005). In particular, the relationship
between jejunal microbiota and obesity was gaining
more and more attention in recent years. For example,
studies have shown that variations of jejunal microbiota
respond more directly and dramatically to diet-induced
obesity, which affects lipid absorption by controlling the
intestinal epithelial processes during digestion and
absorption (Martinez-Guryn et al., 2018; Chang and
Martinez-Guryn, 2019). Since jejunum is the main site of
nutrient and lipid absorption, compared with hindgut
microbes, jejunal microbes are more efficiently and
straightforwardly involved in regulating the absorption
and metabolism of these substances (Chow and Hollan-
der, 1979). Hence, regulating intestinal fat absorption by
modulating jejunal microbes may be an alternative strat-
egy for treatment obesity in the future.
The key mechanisms regulating intestinal lipid absorp-

tion include: lipid uptake, resynthesis of triglyceride as
well as chylomicron packaging and transport (Hussain,
2014). Transmembrane proteins such as CD36, FATPs

Received 5 August, 2021; revised 13 September, 2021; accepted 6
October, 2021.
For correspondence. *E-mail yzwang321@zju.edu.cn; Tel.
+86 0571 88982815; Fax +86 0571 88982650. **E-mail zongxin@
zju.edu.cn; Tel. +86 0571 88982815; Fax +86 0571 88982650.
†These authors jointly supervised this work.
Microbial Biotechnology (2022) 15(1), 337–352
doi:10.1111/1751-7915.13951

ª 2021 The Authors. Microbial Biotechnology published by Society for Applied Microbiology and John Wiley & Sons Ltd.
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits
use and distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or
adaptations are made.

bs_bs_banner

https://orcid.org/0000-0002-3908-7102
https://orcid.org/0000-0002-3908-7102
https://orcid.org/0000-0002-3908-7102
https://orcid.org/0000-0002-5980-1473
https://orcid.org/0000-0002-5980-1473
https://orcid.org/0000-0002-5980-1473
mailto:
mailto:
mailto:
http://creativecommons.org/licenses/by-nc-nd/4.0/


and FABPs are thought to be engaged in lipid uptake
(Glatz and Luiken, 2001, 2018; Lobo et al., 2007).
DGAT1, DGAT2 and Mogat2 play critical roles in triglyc-
eride resynthesis (Yen et al., 2008; Nelson et al., 2014).
MTP and ApoB48 are key factors in chylomicron pack-
aging and transport (Hussain et al., 1996; Wang and
Tran, 1999). Modulating the expression of any of these
components may affect intestinal lipid absorption.
Faecal microbiota transplantation (FMT), known for the

ability to metastasize the host phenotype, is often used
in the treatment of obesity and inflammatory bowel dis-
eases (IBD) (Smits et al., 2013). For instance, after
receiving lean donor mice or human faecal bacteria,
obese recipients ultimately exhibit a reduced acquisition
of an obese phenotype (Vrieze et al., 2012; Kulecka
et al., 2016). FMT from healthy donors successfully
cures patients with gastrointestinal Clostridium difficile
infection (Weingarden and Vaughn, 2017). Despite the
growing understanding of FMT as an alternative treat-
ment, studies to date have been limited on the response
of jejunal microbiota to FMT. In addition, wild boars are
known to be leaner and less fat compared with domestic
pigs, while these differences may originate from the
composition of microbiota (G�erard, 2016; Yang et al.,
2016; Bergamaschi et al., 2020). Therefore, it will be
interesting to explore whether their faecal bacteria can
alleviate obesity by regulating the lipid absorption and
metabolism in small intestines.
In this study, we found that the faecal bacteria

obtained from a wild boar were associated with lipid
metabolism. To further evaluate its effects on lipids
metabolism, we established a HFD-induced obesity
model and treated with faecal bacteria from wild boars.
The aim of the study is to investigate the effect of wild
boar FMT on HFD-induced obesity and to explore poten-
tial probiotics in wild boar FMT which could assist in alle-
viating obesity. These findings will open a new avenue
for developing therapeutic strategies to solve the prob-
lem of obesity.

Results

The composition of wild boar faecal microbiota and its
anti-obesity effects on HFD-fed mice

The wild boar faeces were analysed by 16s rDNA
sequencing. As shown in Fig. S1A-B, Firmicutes and Pro-
teobacteria were the predominant order at the phylum
level, while Enterobacteriaceae, Oscillospiraceae and
Lachnospiraceae were the main bacteria at the family
level. The functional prediction of bacteria suggested that
wild boar faecal microbiota had the highest abundant
microbial genes of metabolism which encompass energy
metabolism and lipid metabolism (Fig. S1C and D).

To investigate the function of FMT on energy metabo-
lism and lipid metabolism, mice were fed a HFD and
orally administered different concentrations of wild boar
faecal suspension for 9 weeks. As shown in the morpho-
logical observations of mice in Fig. 1A, FMT alleviated
the obesity induced by HFD in mice. Consistently, the
body weight and relative weight gain in the HFD group
increased (P < 0.01) from the second week, while both
concentrations of FMT (P < 0.01) inhibited HFD-induced
weight gain from the third week (Fig. 1B and C). How-
ever, no differences (P > 0.05) were observed in food
intake and energy intake among the HFD group,
HFD+LF group and HFD+HF group (Fig. 1D and E).
Similarly, FMT alleviated HFD-induced obesity as evi-
denced by a reduction in organ weights including epi-
didymal fat, subcutaneous fat and liver. Interestingly, the
weight of epididymal fat and subcutaneous fat in
HFD+HF group was less (P < 0.05) than the HFD+LF
group (Fig. 1F). Histological analysis of epididymal fat
exhibited a decrease (P < 0.05) in the number of adipo-
cytes per unit area in mice given FMT compared to the
HFD group, no differences (P > 0.05) were observed
between the HFD+LF and HFD+HF groups (Fig. 1G and
H). The adipocyte size distribution frequency in each
group indicated that the proportion of small-sized adipo-
cytes in the epididymal fat increased and the percentage
of medium and large adipocytes decreased after gavage
of wild boar faecal suspension (Fig. 1I). The above
results suggested that FMT could functionally alleviate
HFD-induced obesity.

FMT reduced metabolic disorders in HFD-fed mice

Obesity is always accompanied by metabolism disorders
and is associated with the increased risk of impaired glu-
cose tolerance and development of insulin resistance
(Kahn and Hull, 2006; Bouter et al., 2017). Therefore,
we further examined the serum lipid profile of each
group and performed GTT and ITT to ascertain whether
FMT might have favourable metabolic health effects. As
shown in Fig. 2A-E, HFD elevated (P < 0.01) serum glu-
cose, HDL, LDL, TG and TChol level. In turn, supple-
mentation with both low and high concentrations of wild
boar faecal suspension suppressed the increases in
serum glucose (P < 0.01), serum HDL (P < 0.01), serum
TG (P < 0.05), and serum TChol (P < 0.01), while no
effects (P > 0.05) were observed on the changes in
serum LDL induced by HFD. What is more, compared
with mice in the HFD group, mice in the HFD+LF and
HFD+HF groups showed a lower blood glucose level fol-
lowing glucose injection and a greater rate of glucose
clearance after insulin stimulation (Fig. 2F-I). Overall, the
results suggested that the FMT exerted a positive
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Fig. 1. FMT attenuated high-fat diet-induced obesity.
A. Morphological observations of mice body size, epi fat, sub fat, BAT and Liver.
B. Body weight.
C. Relative weight gain.
D. Food intake.
E. Energy intake.
F. Organ weight.
G. The representative.
H&E. staining of the epididymal fat, the bars represent 100 lm.
H. Number of cells per area.
I. Distribution of adipocyte size in epididymal fat. Each distribution was obtained from five mice in each group. Data were expressed as
means � SEM (A-F: n = 8; G–I: n = 5).
* significant difference between Chow and HFD groups.
# significant difference between HFD and HFD+LF or HFD+HF groups, * or #, P < 0.05, ** or ##, P < 0.01.
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influence in alleviating HFD-induced obesity and meta-
bolic disorders.

FMT attenuated the increase fat absorption in the
jejunum induced by HFD

These results indicated that the anti-obesity effect of
FMT was not related to food intake or energy intake of
mice (Fig. 1D and E). Intestinal lipid absorption is closely
associated with obesity as described in previous studies
(Li et al., 2016; Luo et al., 2018), therefore, it is reason-
able to assume that FMT may affect intestinal fatty acid
absorption in mice to regulate obesity. We next further
investigated the effect of FMT on fatty acid absorption in
the jejunum. Increased number and size of lipid droplets
were observed in the jejunal villi and epithelial cells of
HFD-fed mice, and more lipids were accumulated in both
epithelial cells and lamina propria of the mice, while no
significant lipid accumulation was observed in the
HFD+LF and HFD+HF groups (Fig. 3A and C). Concur-
rently, Fig. 3B and D showed that HFD reduced the villi
crypt ratio and the length of microvilli, causing the loss
of microvilli, and FMT effectively prevented this undesir-
able phenomenon triggered by HFD (P < 0.05).
Decreased absorption of lipids in the intestine implies an
increase in the excretion of lipids. We further found that

compared to the HFD group, HFD+LF and HFD+HF
groups showed a trend towards decreased jejunum TG
levels and elevated stool TG levels (week 4), the jeju-
num TG levels were lower in the HFD+HF group than in
the HFD+LF group (Fig. 3E and G). The stool TG levels
were higher (P < 0.05) in the HFD+HF group mice than
in the HFD group at week 8 (Fig. 3H). However, FMT
had no effect (P > 0.05) on the jejunum and stool TChol
levels of each group (Fig. 3F, I and J). Subsequently,
we determined the expression of the major components
responsible for fat absorption in the jejunum. Notably,
FMT alleviated the HFD-induced elevation (P < 0.01) of
mRNA levels of the fatty acid transport key factors
CD36, FABP2, FATP2, FABP4 and FATP4 (Fig. 3K).
However, FMT failed to rescue the reduction (P < 0.01)
of cholesterol transporter protein NPC1L1 mRNA
induced by HFD. The mRNA expression of DGAT2 and
ApoB48 involved in triglyceride synthesis and chylomi-
corn packaging, respectively, were reduced (P < 0.05) in
the HFD+LF and HFD+HF groups compared with the
HFD group (Fig. 3K). Furthermore, we found that FMT
reduced (P < 0.05) the HFD-induced elevation in FABP2
protein expression (Fig. 3L). Taken together, these
results clearly indicated that FMT alleviated HFD-
induced obesity by mitigating increased intestinal lipid
absorption.

Fig. 2. FMT attenuated high-fat diet-induced lipid metabolic disorders.
(A–E). Serum glucose level (A) and lipid profiles including HDL (mM) (B), LDL (mM) (C), Triglyceride (TG, mM) (D), Total cholesterol (Tchol,
mM) (E).
(F–G) Injection glucose tolerance test (F) and area under the curve (AUC) (G).
(H–I) Insulin tolerance test (H) and area under the curve (AUC) (I). Data were expressed as means � SEM (n = 8), *significant difference
between Chow and HFD groups, #significant difference between HFD and HFD+LF or HFD+HF groups, * or #, P < 0.05, ** or ##, P < 0.01.
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Fig. 3. FMT attenuated the increase in jejunum fatty acid absorption induced by high-fat diet.
(A). The representative H&E staining of the jejunum sections and.
(B) histological scores, the bars represent 100 lm (n = 4).
(C) Ultrastructural changes of lipid droplets and Microvilli under TEM (12 0009).
(D) Average microvillus length (n = 3).
(E–F) Jejunum TG (E) and total cholesterol levels (F) (n = 8).
(G–H) Stool TG levels at week 4 (G) and week 8 (H).
(I–J) Stool TChol levels at week 4 (I) and week 8 (J).
(K) mRNA levels of intestinal fat absorption related genes detected by qPCR.
(L) Proteins levels of CD36, FABP2 and FATP4 by western blot.
Data were expressed as means � SEM (n = 6 except for those already marked).
*significant difference between Chow and HFD groups, #significant difference between HFD and HFD+LF or HFD+HF groups.
* or #, P < 0.05, ** or ##, P < 0.01.
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The effects of FMT on HFD-induced obesity are
associated with jejunum m6A methylation level

As previously reported, m6A levels of liver are affected by
HFD, but it has not been reported whether HFD affects
intestinal m6A levels (Wu, Li, et al., 2020). Additionally,
the gut microbiota has a profound effect on host m6A
mRNA modifications, the changes in m6A modification
levels are another manifestation of the interaction
between commensal bacteria and their hosts (Wang et al.,
2019; Jabs et al., 2020). In order to clarify how HFD and
wild boar faecal bacteria act at the m6A mRNA modifica-
tions, we next examined the levels of m6A modification
and the expression of m6A writer and eraser genes in the
jejunum of each group. A clear difference in m6A levels of
jejunum was observed between the Chow group and HFD
group, high concentrations of wild boar faecal suspension

prevented the reduction of m6A levels induced by HFD
(Fig. 4A and B). As illustrated in Fig. 4C, the mRNA levels
of m6A methyltransferases including METTL3, METTL14
and WTAP, the demethylases (FTO and ALKBH5) as well
as the m6A binding proteins (YTHDF1 and YTHDF2)
showed no difference (P > 0.05) among those groups.
Notably, a decreased (P < 0.01) mRNA level of YTHDF3
was detected under HFD treatment. This result suggests
that the FMT-induced changes in the level of jejunum m6A
modification may be one of the potential mechanisms for
its regulation of lipid metabolism.

FMT regulated the jejunal microbiota in HFD-fed mice

Numerous studies have shown that intestinal fat absorp-
tion is closely related to intestinal microbial composition

Fig. 4. FMT attenuated the decrease in jejunum m6A methylation level induced by high-fat diet.
(A). m6A dot blot and methylene blue staining.
(B) Densitometry analysis.
(C) mRNA levels of m6A related genes detected by qPCR.
Data were expressed as means � SEM (n = 6).
*significant difference between Chow and HFD groups.
#significant difference between HFD and HFD+LF or HFD+HF groups.
* or #, P < 0.05, ** or ##, P < 0.01.

ª 2021 The Authors. Microbial Biotechnology published by Society for Applied Microbiology and John Wiley & Sons Ltd., Microbial
Biotechnology, 15, 337–352

342 L. Zhu et al.



(B€ackhed et al., 2007; Martinez-Guryn et al., 2018). Dif-
ferent intestinal microbiota affects fatty acid absorption
through distinct mechanisms (Semova et al., 2012).
Hence, we would like to further investigate the functions
played by jejunal microbiota in regulating jejunal fat

absorption. In this study, we found that higher concentra-
tions of faecal suspension (HFD+HF group) led to lower
epididymal fat weight, subcutaneous fat weight, jejunum
TG levels and higher stool TG levels, m6A levels com-
pared to the HFD+LF group, suggesting that higher

Fig. 5. FMT and high-fat diet altered the overall structure of gut microbiota in the jejunum.
(A). Number of OTUs.
(B) a diversity of gut bacteria based on Shannon index.
(C) PCoA plot of b-diversity on genus level based on weighted-unifrac index.
(D) Hierarchical clustering tree on OUT level.
(E–G) Bar plots and at phylum.
(E), genus (F) and OTU level (G).
(H–J) Comparison of dominant phylum (H), genera (I) and OUT (J) in the Chow, HFD and HFD+HF groups.
(K) LEfSe plots based on OUT level (LDA > 4).
Data were expressed as means � SEM (n = 6).
*significant difference between Chow and HFD groups.
#significant difference between HFD and HFD+HF groups.
* or #, P < 0.05, ** or ##, P < 0.01.
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concentrations of faecal suspension may serve a supe-
rior function in alleviating obesity. Therefore, we further
compared the gut microbial composition of the chow,
HFD and HFD+HF groups. As shown in Fig. 5A, there
was no difference (P > 0.05) in the number of OTUs
among the groups. The diversity of jejunal bacteria was
higher (P < 0.05) in the HFD group in comparison with
the Chow and HFD+HF groups, as indicated by the
Shannon index (Fig. 5B). The results of principal coordi-
nates analysis (PCoA) based on weighted unifrac met-
rics showed that microbiota structure was remarkably
different among three groups (R2 = 0.7494; P = 0.001)
(Fig. 5C). The hierarchical clustering tree outcomes on
OTU level also indicated a significant separation among
the microbiota of the groups (Fig. 5D). Next, the relative
abundance of bacteria was further assessed at the phy-
lum, genus and OTU levels respectively (Fig. 5E-J). Five
bacteria with relative abundance above 0.5% in at least
one group were demonstrated at the phylum level,
namely, Firmicutes, Actinobacteriota, Proteobacteria,
Bacteroidota and Desulfobacterota, where the dominant
phylum in each group was Firmicutes, which in the
HFD+HF group accounted for more than 90% and were
more abundant than the Chow (P < 0.001) and HFD
(P < 0.05) groups. The relative abundance of Actinobac-
teriota was second only to Firmicutes in the Chow group
and higher (P < 0.01) than HFD and HFD+HF groups
(Fig. 5E, H and Fig. S2A). As shown in Fig. 5F and I,
the microbiota structure of each group varied at the

genus level, and among the 22 bacteria with relative
abundance above 1% in either group, 16 bacteria
showed differences based on the Kruskal-Wallis rank
sum test. Bifidobacterium was the dominant genus in the
Chow group, followed by Lactobacillus. Lactobacillus
was the dominant genus in both the HFD and HFD+HF
groups, however, compared to the HFD group, the rela-
tive abundance of Lactobacillus was higher (P < 0.05)
and the proportion of Anaerocolumna was decreased in
the HFD+HF group (P = 0.03041) (Fig. S2B). In terms of
OTU levels, significant differences were observed in the
microbiota structure of each group (Fig. 5G and J). The
relative abundance of Bifidobacterium Pseudolongum
was the highest in the Chow group, which was higher
(P < 0.01) than HFD and HFD+HF groups. Compared
with the HFD group, the proportion of Lactobacillus muri-
nus was lower (P < 0.05) in the HFD+HF group, while
Lactobacillus johnsonii (P < 0.001), Lactobacillus_reuteri
(P < 0.01), Romboutsia (P < 0.05) and Lactobacillus_in-
testinal (P < 0.05) showed an increase (Fig. S2C). The
LDA scores for the abundance of bacteria at the OTU
level (LDA > 4) showed that FMT increased the abun-
dance of Lactobacillus and Romboutsia (Fig. 5K). These
findings demonstrated that FMT largely altered the struc-
ture of jejunal microbiota and provided an idea that FMT
might regulate lipid absorption by affecting the abun-
dance of Lactobacillus and Romboutsia in the jejunum
rather than mediating the development of jejunal micro-
biota structure toward that of the Chow group.

Fig. 6. Correlation of jejunum microbiota with HFD-induced metabolic disorders. The colour of the group is represented by red: Chow group;
blue: HFD group; green: HFD+HF group. Data were expressed as means � SEM (n = 6), *P < 0.05, **P < 0.01 and ***P < 0.001 indicate sig-
nificant correlation.
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Correlation of jejunal microbiota with HFD-induced
metabolic disorders

Our next objective was to elucidate the correlation
between the dominant bacteria in each group and
obesity-induced metabolic disorders, in which Spear-
man’s correlation analysis was employed. As seen in
Fig. 6, the four dominant bacteria (Bifidobacterium pseu-
dolongum, g_Faecalibaculum, g_Dubosiella and
g_Allobaculum) in the Chow group were significantly
negatively associated with obesity indicators (body
weight, organ weight and serum lipid profile) and intesti-
nal fat absorption-related indicators such as TG and
Tchol levels of jejunum and stool, FABP2 mRNA expres-
sion, while a significant positive correlation was
observed with the number of adipocytes and the mRNA
expression of NPC1L1. In contrast, g_Lachnoclostridium
and f_Lachnospiraceae, the two dominant bacteria in the
HFD group, were positively correlated with obesity indi-
cators and showed a significant negative correlation with
the number of adipocytes. However, Lactobacillus muri-
nus was not significantly correlated with these indicators,
which was consistent with the research of Harley et al.
(2013) who reported that Lactobacillus murinus was not
accountable for hastening obesity. The correlation
between the jejunal microbiota of the HFD+HF group
and the metabolic disorders caused by HFD exhibited a
similar pattern to that of the Chow group. g_Romboutsia
was significantly negatively correlated with the obesity
indicators, insulin tolerance and the expression of
FABP2, DGAT2 and ApoB48 mRNA. The other four
dominant bacteria Lactobacillus johnsonii, Lactobacil-
lus_reuteri, Faecalibaculum rodentium and Lactobacillus
intestinalis showed a stronger correlation with intestinal
fat absorption related indicators compared with the obe-
sity indicators. Furthermore, the correlation of jejunum
m6A methylation level with key jejunum microbiota
showed that 4 of the 5 OTUs in Chow group expressed
a highly positive correlation with jejunal m6A levels. In
contrast, 2 OTUs in HFD group showed a negative cor-
relation with m6A levels. However, HFD+HF group
enriched 3 OTUs (Lactobacillus johnsonii, g_Romboutsia
and Lactobacillus_reuteri) had a slight positive relation-
ship with m6A levels, and the other 2 OTUs showed a
gentle negative correlation (Fig. 6).

Functional predictions of jejunal microbiota by picrust2

Changes in the composition and abundance of the gut
microbiota are accompanied by alterations in function.
PICRUST 2 was used for metabolic function prediction
of the jejunal microbiota in this study. Metabolism and
Genetic Information Processing were dramatically differ-
ent in each group among the 6 pathways at KEGG level

1, while Environmental Information Processing, Cellular
Processes and Human Diseases pathways were
affected by HFD (Fig. 7A). Since the functions related to
lipid metabolism which belong to Metabolism pathway
are of interest to us, we further analysed it and noticed
12 pathways in Metabolism at KEGG level 2, of which
lipid metabolism, energy metabolism and global and
overview maps were the pathways we focused on
(Fig. 7B). The findings suggested that lipid metabolism
was slightly higher in the HFD+HF group than HFD
group, and energy metabolism was the opposite. The
global and overview maps were upregulated (P < 0.01)
in the HFD group compared to the HFD+HF group.
Next, we mined in-depth for these three pathways and
found that contain 32 pathways at KEGG level 3 (data
not shown). The heatmap displayed the distribution of
the distinct functional pathways among each group with
significant variations, with the metabolic functions of jeju-
nal microbiota affiliated to the Chow and HFD+HF
groups being more similar in terms of cluster analysis
(Fig. 7C).

Discussion

Various studies reported that the gut microbiota is
strongly associated with the development of obesity as
an environmental factor involved in the orchestration of
fat storage and energy homeostasis (B€ackhed et al.,
2004; Chevalier et al., 2015; Zhang et al., 2020). FMT
as a gut microbial regulatory strategy with the ability to
divert host phenotypes, is considered as a prospering
treatment of various human diseases such as obesity
(Groot et al., 2017; Zhang et al., 2019). Wild boars are
characterized by a very low fat content and high lean
mass, which was thought to be related with microbiota
(Zhang et al., 2015). The functional predictions of the
wild boar faecal microbiota we obtained suggested a
substantial involvement in lipid metabolism pathways,
which seems to support this phenotype. In this study, we
set out to further define the role of the wild boar gut
microbiota in HFD-induced obesity in mice. Multiple
indices comprising mouse body size, body weight gain,
organ weight as well as distribution of adipocyte size of
epididymal fat in mice verified the obesity-relieving effect
of wild boar faecal suspension.
Obesity is responsible for disorders of lipid metabolism

and an increased risk of insulin resistance and type 2
diabetes (Kahn et al., 2006; Martinez-Guryn et al., 2018).
Consistent with the previous study (Yin et al., 2018), we
found that obesity-related symptoms in the HFD group,
such as serum TG, TChol, VLDL and LDL level were
markedly increased. As expected, the wild boar faecal
suspension ameliorated the elevated serum levels of TG,
TChol and improved insulin sensitivity compared to the
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HFD mice. These data suggested that FMT exerted a
beneficial effect in blocking obesity in mice.
The modulation of intestinal lipid absorption and redistri-

bution in peripheral tissues is the first line-of-defence
against obesity (Tchernof and Despr�es, 2013; Teng et al.,
2020). A variety of factors in the form of dietary cues,
intestinal microbiota, as well as the function of absorptive
enterocytes may affect intestinal absorption of lipids and

contribute to the regulation of obesity (Martinez-Guryn
et al., 2018). Targeted reduction of intestinal lipid absorp-
tion is beneficial for controlling obesity, metabolic syn-
drome, hyperlipidaemia and other diseases (Hussain,
2014; Luo et al., 2018). In this study, we focused on the
effect of FMT on intestinal fat absorption. The H&E and
TEM results showed that HFD increased intestinal lipid
deposition in the intestinal villi and epithelium, while the

Fig. 7. The pathway of different abundances of jejunum microbiota at KEGG levels 1 (A), level 2 (B) and Heatmap of KEGG level 3 (C). Data
were expressed as means � SEM (n = 6), *significant difference between Chow and HFD groups, #significant difference between HFD and
HFD+HF groups, * or #, P < 0.05, ** or ##, P < 0.01.
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wild boar faecal suspension alleviated this phenomenon.
The notion was further supported by the changed TG
levels in the jejunum and stool, suggesting that FMT
reduced intestinal lipid absorption upon high-fat signal.
The expression of the key constituents responsible for
lipid uptake, triglyceride resynthesis, as well as chylomi-
cron packaging and transport are critical for the occur-
rence of intestinal fat absorption. Our results indicated
that FABP2, but not CD36 and FATP4, was participating
in the regulation of lipid uptake by FMT. The key regula-
tors for triglyceride resynthesis DGAT1 and Mogat2 were
insensitive to the stimulation of HFD and FMT, but DGAT2
was involved in the process of obesity mitigation by FMT.
The component of chylomicron packaging and transport
machinery like ApoB48, may be associated with the FMT-
mediated intestinal lipid absorption. Taken together, these
results indicated that FMT may alleviate obesity by accel-
erating lipid excretion and regulating the lipid absorption
of intestinal.
It has been reported that FMT induces distinctive

shifts in the gut microbiota composition and function
(Allegretti et al., 2019). Accumulating evidence pointed
to the robust link between gut microbiota and nutrient
absorption as well as energy harvesting, and differences
in gut microbiota have been demonstrated in lean or
obese individuals and mice (Krajmalnik-Brown et al.,
2012; Zong et al., 2020). However, most studies con-
verge on elucidating the role of microbiota in the cecum or
colon in obesity. In recent years, emerging investigations
showed that microbiota of the jejunum is more sensitive to
the effects of fat digestion and absorption, since the jeju-
num is the main site of fat digestion and absorption
(Martinez-Guryn et al., 2018; Chang and Martinez-Guryn,
2019). Our data revealed distinct alterations in the diver-
sity and composition of the jejunal microbiota after HFD
and FMT treatments. Similar to previous studies reporting
that Lachnospiraceae and its genus Lachnoclostridium
was associated with obesity (Zhao et al., 2017; Li et al.,
2020), our results indicated that microbiota changes
induced by HFD shifted towards obesity-associated micro-
biota. Interestingly, it was particularly evident that wild
boar faecal bacteria increased the abundance of Rom-
boutsia and Lactobacillus such as Lactobacillus_johnsonii
and Lactobacillus_reuteri, which have been reported to be
involved in regulating lipid metabolism, maintaining intesti-
nal epithelial barrier function and improving diet-induced
obesity and hyperlipidaemia (Li et al., 2019; Russell et al.,
2019; Yang et al., 2020). Overall, these results also further
supported that FMT could transfer the host phenotype and
that wild boar faecal bacteria reshape the microbiota of
the mouse jejunum.
‘Microbiota-gut epigenetics’ is a common manner to

regulate the chromatin state of intestinal (Wu, Zhao, et al.,
2020), where host RNA modifications in response to

microbiota-host interactions is an area that remains little
explored. M6A has been ascertained to be the richest
modification existing on eukaryotic mRNA, which is clo-
sely associated with obesity (Roundtree et al., 2017;
Wang et al., 2020). Interestingly, the gut microbiota has
been reported to be involved in regulating m6A levels in
the gut, brain, liver and other tissues (Wang et al., 2019;
Jabs et al., 2020). We found that wild boar faecal bacteria
treatment alleviated the decrease in jejunal m6A levels
induced by HFD, and the results of correlation analysis
also suggested that the increase in Lactobacilli abun-
dance after faecal bacteria treatment was slightly posi-
tively associated with m6A levels. Folate supplied by
Lactobacillus or other bacteria could promote RNA methy-
lation by synthesizing the methyl donor S-
adenosylmethionine through the folate and methionine
cycle (Wu, Zhao, et al., 2020). We speculated that the
increase of Lactobacillus in the intestine caused by wild
boar faecal bacteria might play an indispensable role in
regulating the jejunal m6A levels, and the significance of
jejunal m6A levels may be the combined effect of multiple
dominant bacteria. These results implied that variations of
intestinal m6A levels respond to the onset of obesity and
the mitigating effect of wild boar faecal bacteria on obe-
sity. However, further investigation is needed to explore
the precise mechanisms of gut microbiota regulating
intestinal lipid absorption and mRNA methylation level.
In summary, our results demonstrated that FMT had a

mitigating effect on obesity induced by HFD, which was
probably due to the profound effects of FMT on the micro-
bial composition and structure of the jejunum, giving prior-
ity to the increase in the relative abundance of
Romboutsia and species belonging to the Lactobacillus
such as Lactobacillus johnsonii, Lactobacillus_reuteri and
Lactobacillus_intestinal. These changes further affect
intestinal lipid metabolism and m6A levels, which in turn
reduce lipid absorption in the jejunum and promote lipid
excretion to ultimately counteract obesity (As shown in
the schematic diagram of Fig. 8). However, the hierarchi-
cal relationships between gut microbiota and intestinal
lipid absorption and host epigenetic modifications as well
as their underlying mechanisms remain poorly defined
and still need further investigation. It is also a limitation
that the study only predicted strains associated with lipid
metabolism in obese mice without further screening of key
strains for functional validation and mechanism mining.

Experimental procedures

Animals

The committee on animal care and use of Zhejiang
University (Hangzhou, China) approved all the animal
experiments. A total of 48 male C57BL/6N mice aged
4 weeks bought from Shanghai SLAC Laboratory
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Animal Co. Ltd, were randomly allocated to 4 groups of
12 each, namely, standard chow diet group (Chow
group), high-fat diet group (HFD group), high-fat diet
with gavage of low (HFD+LF group) and high (HFD+HF

group) concentrations faecal suspension group respec-
tively. Mice were acclimatized for one week, during
which they were fed the standard chow diet and main-
tained under a 12 h light/dark cycle controlled

Fig. 8. Schematic diagram of the potential mechanisms of the effect of FMT on alleviating HFD-induced obesity.

Chow

HFD

HFD+LF

HFD+HF

PBS 100 µL/d PBS 100 µL/e.o.d

LF 100 µL/d LF 100 µL/e.o.d

HF 100µL/qod

Week -1 Week 0 Week 2 Week 8 Week 9

Pre feeding Sample 
collected

Glucose/insulin 
tolerance test 

PBS 100 µL/d PBS 100 µL/e.o.d

HF 100 µL/d HF 100 µL/e.o.d

Chow diet

High fat diet

High fat diet

High fat diet

Chow diet

Chow diet

Chow diet

Chow diet

Table 1. Schematic of experimental procedure.
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environment (temperature between 18°C and 22°C; rel-
ative humidity between 50 and 60%). For weeks 1–2 of
the trial, the Chow and HFD groups were administered
100 µl of phosphate buffered saline (PBS), and the
HFD+LF and HFD+HF groups were administered100 µl
of different concentrations of faecal suspension by oral
gavage daily. After that, each group received PBS or
different concentrations of faecal suspension every
other day (e.o.d) for 7 weeks (Table 1). The diet ingre-
dient composition and nutrient contents are listed in
Table S1. All mice were allowed to feed and drink (dis-
tilled water) ad libitum throughout the study. After
9 weeks of the trial, 8 mice in each group were ran-
domly selected for sample collection.

Faecal microbiota transplantation experiments

Fresh wild boar faecal samples were collected for the
preparation of faecal suspension, which were prepared
according to Hu et al. (2018) and Hamilton et al. (2012).
Briefly, each 10 g of faecal sample was homogenized in
100 ml (1:10 (w/v)) of sterile PBS to prepare a faecal
slurry. The slurry was passed through sterile gauze to
remove larger particles, and a 70-µm cell filter was used
to remove small particles. The resulting faecal filtrate
was centrifuged at 6000 g for 15 min and resuspended
in PBS containing 10% sterile glycerol to the original vol-
ume or one-fourth of the original volume to obtain low
concentrations (1: 10 (w/v)) and high concentrations (1:
2.5 (w/v)) faecal suspension. All faecal suspensions
were stored frozen at – 80°C until used.

Morphology analysis

For H&E staining, the proximal jejunum was fixed in 4%
formaldehyde for more than 24 h and embedded in paraffin,
followed by slicing and staining with haematoxylin and
eosin. Images of the sections were acquired using a Leica
DM3000 microscope (LEICA, Wetzlar, Germany) and the
villi height and crypt depth were measured using the Image
J Software (NIH Image, Bethesda, MD, USA).

Transmission electron microscopy (TEM)

The lipid droplets in the jejunum were observed by TEM
as previously described (Luo et al., 2018; Zong, Cao,
et al., 2019). The pre-treated specimens were sectioned
in LEICA EM UC7 ultratome (LEICA) and observed in
Hitachi H-7650 (Hitachi, Tokyo, Japan).

Serum glucose level and lipid profiles analysis

The serum glucose level and lipid profiles including high-
density lipoprotein (HDL), low-density lipoprotein (LDL),

triglyceride (TG) and total cholesterol (TChol) were mea-
sured with a Hitachi 7600-020 automatic clinical chem-
istry analyzer (Hitachi).

Glucose tolerance test (GTT) and insulin tolerance test
(ITT)

The GTT and ITT were performed as described by You
et al. (2020). At week 8, for GTT, mice were injected
intraperitoneally with 400 mg ml-1 of D-glucose (2 g kg-1

body weight; Aladdin, Shanghai, China) after 12 h fast-
ing, and their blood glucose was measured by glucome-
ter (Yuwell, Jiangsu, China) at 0, 15, 30, 60, 90, 120 min
post-injection respectively. Three days after the test of
glucose tolerance, ITT was performed with 0.75 U per
kg body weight insulin (Aladdin) in mice fasted for 4 h,
and blood glucose was monitored as in the GTT.

Measurement of jejunum and faecal TG and TChol
levels

Approximately 50 mg of jejunal tissue or stool samples
were homogenized in 9 times volume (1: 9 (w/v)) of
pre-cooled ethanol solution and the supernatant was
obtained by centrifugation at 12 000 rpm min-1 for
15 min at 4°C. TG and TChol were performed according
to the manufacturer’s (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China) instructions and measured at
510 nm with a MultiskanSky Microplate Reader (Thermo
Fisher Scientific, Waltham, MA, USA).

Quantitative real-time PCR (qRT-PCR). Total RNA of
jejunum was extracted with Trizol reagent (Invitrogen,
Carlsbad, CA, USA). The quality of the extracted RNA
was assessed using NanoDrop 2000 (Thermo Fisher
Scientific). Then 1 µg of RNA was used to reverse
transcription reaction with a reverse transcription kit
(Invitrogen, Carlsbad, CA, USA). Subsequent qRT-PCR
was performed with gene-specific primers (Table S2)
and SYBR Green dye (Roche, Mannheim, Germany)
using a StepOnePlus Real-Time PCR system (Applied
Biosystems, Foster City, USA). The relative mRNA
expression of the target gene was analysed by the
2�DDCT method using the b-actin housekeeping gene as
a normalization control.

Western blot analysis

Total protein was extracted from jejunal tissue using
Total Protein Extraction kit (KeyGen BioTECH, Nanjing,
China). BCA kit (Beyotime, Shanghai, China) was used
to determine protein concentration. Proteins were sepa-
rated on SDS-PAGE based on size and then transferred
to the PVDF membrane for detection with the following
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antibodies: CD36 (Abcam, #ab133625, Cambridge
Science Park, Cambridge, UK), I-FABP (Proteintech,
#21252-1-AP, Chicago, IL, USA), Fatp4 (Abcam,
#ab200353, Cambridge Science Park, Cambridge, UK),
b-actin (Huabio, #EM21002, Hangzhou, Zhejiang,
China), goat anti-rabbit IgG-HRP antibody (Huabio,
#HA1001, Hangzhou, Zhejiang, China) and goat anti-
mouse IgG-HRP antibody (Huabio, #HA1001, Hangzhou,
Zhejiang, China).

Jejunum contents 16S sequencing and bioinformatics
analyses

The jejunal mucosal scrapings were collected and imme-
diately snap-frozen in liquid nitrogen and stored at �80°C.
The QIAamp DNA stool Mini Kit (Qiagen, Hilden, Ger-
many) was used to extract DNA from enteric bacteria in
jejunal mucosal scrapings and PCR amplification of the
V3-V4 region (338F: ACTCCTACGGGAGGCAGCA,
806R: GGACTACHVGGGTWTCTAAT) of 16S rDNA. The
amplification products were detected by 2% gel elec-
trophoresis and PCR products were recovered by axyprep
DNA gel extraction kit (Axygen, San Francisco, CA, USA).
The PCR products were detected and quantified by
QuantiFluorTM-ST microfluorometer (Promega, Madison,
WI, USA) and then Miseq library was constructed for
pyrosequencing on the Illumina MiSeq platform (Illumina,
Madison, WI, USA). Clean sequences were assigned to
the same operational taxonomic units (OTUs) based on a
similarity ≥ 97%. Data were analysed on the free online
cloud platform (https://cloud.majorbio.com/) of Majorbio
(Shanghai, China). Bacterial species were further identi-
fied by sequence comparison of OTUs on NCBI. The rela-
tive abundance of significant differences in phylum, genus
and OTU levels was examined by the Kruskal–Wallis rank
sum test. Spearman’s correlation analysis was further
analysed to uncover the relationship between jejunal
microbiota and intestinal fat absorption.

mRNA extraction and N6-methyladenosine (m6A) dot
blot

Purified mRNA was obtained from total RNA by following
the manufacturer’s instructions for the GenElute Direct
mRNA Miniprep Kit (Sigma, St Louis, MO, USA). The
m6A dot blot analysis was performed as described in
previous studies (Zong, Zhao, et al., 2019; Zong et al.,
2021). In brief, 200 ng mRNA was spotted onto Amer-
sham Hybond-N+ membrane (GE Healthcare, Marlbor-
ough, Middlesex County, USA) and cross-linked twice
with 254 nm, 0.12 J cm-2 UV before detected with anti-
m6A antibody (Abcam, #ab208577, Cambridge Science
Park, Cambridge, UK) and goat anti-mouse IgG-HRP
antibody (Huabio, #HA1001, Hangzhou, Zhejiang,

China). Methylene blue staining was used to indicate the
amount of total RNA on the membrane.

Statistical analysis

All outcomes were analysed using one-way ANOVA test of
SPSS version 26.0. (SPSS, Inc., Chicago, IL, USA) and
Duncan’s multiple tests were performed to compare the
statistical differences. In addition, the GraphPad Prism ver-
sion 8.0 (GraphPad Prism, San Diego, CA, USA), R ver-
sion 4.0.5 and Origin 9.0 software (Origin Lab Corporation,
Wellesley Hills, MA, USA) were used to visualize the data
for graphing. Data are expressed as the mean � SEM.
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