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Changes in microbial and metabolic profiles =

of mice fed with long-term high salt diet
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Abstract

Purpose High salt diet (HSD) has been considered as a risk factor for the development of metabolic disorders. How-
ever, less is known about long-term implications of HSD. Therefore, the aim of this study was to conduct a preliminary
investigation into the effects of mice feeding with long-term HSD on gut microbial and metabolic profiles.

Methods In this study, C57BL/6 J mice were fed with HSD for 22 weeks, after which fat and feces were collected. The
composition of fecal microbiota was determined using 165 rRNA gene sequencing. Fecal metabolic profiling of mice
was identified through untargeted ultrahigh-performance liquid chromatography-mass spectrometry. In addi-

tion, the serum levels of adipocytokines, including fibroblast growth factor 21 (FGF21) and adiponectin (APN), were
measured.

Results Long-term HSD disrupted the growth performance of mice. Compared to those fed a normal salt diet,
mice on a long-term HSD showed slower weight gain, as well as lower fat accumulation and serum levels of APN,
while experiencing elevated blood pressure and levels of serum FGF21 and glucose. The 16S rRNA sequencing
revealed changes in community richness and diversity, with long-term HSD affecting the abundance of certain gut
microbiota, including Firmicutes, Christensenella, Barnesiella, and Lactococcus. Fecal metabolomic analysis also uncov-
ered alterations in metabolites, such as myriocin, cerulenin, norcholic acid, 7-ketocholesterol, and prostaglandins B2.
Further analysis indicated that these gut and microbiota and metabolites are predominantly involved in the lipid
metabolism of the organism. Importantly, variations in these gut metabolites and microbiota were significantly cor-
related with body weight, fat accumulation, and the levels of FGF21 and APN.

Conclusion Long-term HSD affects physiological traits, alters gut metabolites profiles, and impacts the composition
and function of gut microbiota, thus causes a certain impact on lipid metabolism.
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Introduction

Sodium is an essential nutrient that plays a vital role
in maintaining normal cellular homeostasis and regu-
lating fluid and electrolyte balance. It is equally cru-
cial for maintaining extracellular fluid volume, muscle
and nerve cell function, and the transmembrane
transport of nutrients and substrates, attributed to its
osmotic action [1]. While the daily minimum intake
level required for physiological needs remains not well
established, sodium deficiency is extremely unlikely
in healthy individuals due to the presence of dietary
salt in commonly consumed foods [1]. Conversely, an
excess of salt intake, more than physiologically neces-
sary, is common in most populations worldwide.

Salt intake is an important worldwide public health
issue [2]. The World Health Organization (WHO)
recommends that the daily maximum intake of salt
should not exceed 5 g in adults and should be adjusted
downward for children. Data from a global 2010 study
showed that the average daily intake of salt per per-
son in the surveyed regions was 10.06 g [3]. Salt intake
in Asia is among the highest in the world (14.01 g/d
per capita), more than twice the recommended limit.
Excessive intake of salt can lead to acute toxicity, with
the possibility of a fatal outcome [1]. Chronic exces-
sive salt intake can also lead to pathological changes in
the body, although they may not be evident in the early
stages. Evidence suggests that salt consumption could
predict the future development of metabolic syndrome
[4], which, in turn, can serve as the foundation for
various metabolism disorders including insulin resist-
ance, abnormal lipid metabolism, and elevated blood
pressure [5, 6], contributing to the onset of diseases
such as diabetes, non-alcoholic fatty liver disease,
hypertension.

Gut microbiota is considered a bridge between diet
and host health [7]. The intestinal flora and their
metabolites can directly impact physiological metab-
olism [8]. Although salt is primarily absorbed in the
upper intestine, a part of it reaches the colon [1] and
interacts with the gut microbiota. Previous studies
have reported the relationships between high salt con-
sumption, gut microbiota, and body metabolism [9,
10]. However, a relatively short feeding duration may
not fully reveal the long-term effects of a high salt diet
(HSD).

In the present study, we established a model fed with
a long-term HSD and conducted exploratory inves-
tigations into the effects of this HSD on growth per-
formance, serum adipocytokines, and fecal microbiota
composition and metabolites.

Page 2 of 13

Materials and methods

Animals and treatment

All animal experiments were conducted in accordance
with the Animal Research Ethics Committee of Wenzhou
Medical University (Ethical approval number: SYXK
2020-0014). Seven-week-old male C57BL/6 ] wild-type
mice were purchased from Vital River Laboratory Ani-
mal Technology Co., Ltd. (Beijing, China) and housed
in a room with free access to water and diet, at a con-
trolled temperature of 23 +1 °C, and subjected to a 12-h/
day light cycle. After 7 days of acclimatization, all the
8-week-old male mice were randomly divided into two
groups: a high salt diet (HSD) group fed an 8% NaCl diet
and a normal salt diet (NSD) group fed a 0.6% NaCl diet,
for 22 weeks, with n =4 in each group (cage). The HSD
containing 8% NaCl was purchased from Dytes Co., Ltd.
(Suzhou, China) and the NSD containing 0.6% NaCl was
purchased from Cyagen Co., Ltd. (Guangzhou, China).

Sample collection and index determination

During the feeding period, the body weight of the mice
was recorded every two weeks, and blood pressure was
measured using tail-cuff systems (BP 2000, Visitech Sys-
tems, USA) at the start and the end of the experiment.
Glucose tolerance test (GTT) was performed at the end
of the experiment and glucose levels were detected and
recorded from blood sample collected at 10, 20, 30, 45,
60, 75 and 90 min after glucose injection (0.01 mL/g
administration). The blood glucose (BG) meter and BG
test strips were purchased from Braun Co., Ltd. (Melsun-
gen, Germany). The area under the curve (AUC) of GTT
was calculated according to the formula: AUC =0.5
X (BGO min +BG30 min)/2 +0.5 X (BG30 min +BG60
min)/2 +1 X(BG60 min +BG90 min)/2. On the day of
sacrifice, the blood sample was collected from the eyes
of the mice under anesthesia (with sodium pentobarbital
at 0.1 mL/10 g body weight), blood samples were centri-
fuged at 3000 rpm, at 4 ‘C, for 10 min. The supernatant
was collected and stored at —80 ‘C. The heart, liver, kid-
ney, and various adipose tissues (white, peri-renal, and
brown) of the mice were weighed. The intestinal feces
were collected under sterile conditions, and all tissues
were stored at —80 °C after cataloging. The ELISA Kkits
for the determination of serum fibroblast growth factor
21 (FGF21) and adiponectin (APN) were purchased from
Antibody and Immunoassay Service Co., Ltd. (Hong
Kong, China).

Fecal metabonomics

The lyophilized feces samples were sent to San-
gon Biotech (Shanghai) Co., Ltd (Shanghai, China)
for metabonomics analysis. In brief, untargeted
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ultrahigh-performance liquid chromatography-mass
spectrometry was performed using an AB Sciex Triple
TOF 5600 mass spectrometer (Waters, UK) combined
with ACQUITY UPLC H-Class system (Waters, UK).
Extracted samples were injected into a chromatographic
column (100 mm X2.1 mm, 1.7um, ACQUITY UPLC
BEH C-18, Waters, UK) at a flow rate of 0.4 mL/min, an
injection volume of 5ulL, and a column temperature of 45
°C. The Mobile phase consisted of phase A (water with
0.1% formic acid) and phase B (methanol with 0.1% for-
mic acid). The elution program was as follows: 0—2 min,
5% mobile phase B; 2—4 min, 20% mobile phase B; 4-9
min, 25% mobile phase B; 9-17 min, 60% mobile phase B;
17-19 min,100% mobile phase B; 19-20.1 min, 5%mobile
phase B for equilibration. Mass spectrometry data were
acquired by scanning in both positive and negative ion
modes using an MS system equipped with an electro-
spray ionization source.

The mass spectrometry raw data were acquired using
the UNIFI Scientific Information System (Ver. 1.8.1.) and
processed with Progenesis QI software(Ver.2.3, Nonlin-
ear Dynamics, Newcastle, UK). The analytical parameters
set were a precursor tolerance of 5 ppm, product toler-
ance of 10 ppm, and a product ion threshold of 5%. The
raw abundance of metabolites was normalized as relative
abundance for subsequent analysis. Metabolites anno-
tation was performed using the Lipid metabolites and
pathways strategy (Ver.2.3) (http://www.lipidmaps.org),
Human Metabolome Database (https://hmdb.ca/), and
Metabolite Link database (https://metlin.scripps.edu).

To identify potential differential metabolites, mutilva-
riable analysis was applied for metabolite profiling. The
orthogonal partial least square discriminant analysis
(OPLS-DA) was implemented using “ropls” R package
[11] (Ver. 1.32.0). Variable importance in the projec-
tion (VIP) was used to evaluate the importance of each
metabolite in OPLS-DA model. The p-values from the
Student’s t-test and VIP values were used to screen dif-
ferential metabolites. Metabolite with a p-value <0.05,
|log2(Fold Change)|> 1, and the value of VIP > 1 was con-
sidered a differential metabolite and was extracted for
further analysis. KEGG pathway enrichment analysis of
differential metabolites was conducted using MetaboAn-
alyst software (Ver.5.0) (https://www.metaboanalyst.ca/
MetaboAnalyst/home.xhtml).

16S rRNA gene sequencing and data analysis

The lyophilized feces samples were sent to Sangon Bio-
tech (Shanghai) Co., Ltd (Shanghai, China) for 16S
rRNA gene sequencing. Briefly, total genomic DNA was
extracted, and the V3 and V4 regions of bacterial 16S
rRNA gene were amplified using dual-indexed primers:
341 F: (5-CCTACGGGNGGCWGCAG-3’) and 805R:
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(5-GACTACHVGGGTATCTAATCC-3’). The quality-
qualified library was used for high-throughput sequenc-
ing on the Illumina Hiseq 2500 system (Illumina, San
Diego, USA). Raw data generated from the Illumina
platform were merged into sequences using PEAR [12]
software (Ver.0.9.6) based on the overlapping relation-
ship of paired-end reads. These sequences were then
divided into individual samples based on their barcode
sequences. Subsequently, the data from each sample were
processed to remove low-quality data and retain high-
quality data using QIIME [13] software (Ver.1.8.0). Non-
specific amplification and Chimeras were also eliminated
using Usearch [14] software (Ver.5.2.236), and sequences
with 97% similarity were clustered into one operational
taxonomic unit (OTU). The representative sequences of
each OTU were classified into different taxonomic levels
(phylum, class, order, family, and genus) using the Ribo-
somal Database Project (RDP) classifier [15] (Ver.2.12)
with a threshold of 0.8. Additionally, the relative abun-
dance of species was quantified at each taxonomic level.

Alpha diversity was evaluated by calculating Shannon,
Simpson, Ace, and Chaol indices with “vegan” R pack-
age (https://github.com/vegandevs/vegan) (Ver.2.6—4).
Using Bray—Curtis distance, principal coordinates anal-
ysis (PCoA) and non-metric multidimensional scaling
(NMDS) analysis were performed to assess beta diversity.
Species differences between groups were identified using
Linear discriminate analysis effect size (LEfSe) based on
“microeco” R package [16] (Ver.1.1.0). The KEGG func-
tional profiles of the microbial community were pre-
dicted by using PICRUSt2 [17] tool.

Statistical analysis

A double-blind experimental analysis mode was used,
and all statistical analyses were performed using R soft-
ware (Ver.4.3.1). The normality of data distribution was
assessed with the Shapiro—Wilk test. Groups compari-
sons were performed using either Student’s t-test or
the Wilcoxon test. Correlation analysis of intestinal
microbes, fecal metabolites, and altered indicator were
estimated by Pearson correlation. The results of the sta-
tistical analysis were presented as the mean *standard
error of the mean (SEM). A level of p-value <0.05 (two-
sided) was considered statistically significant.

Results

Long-term HSD altered fat accumulation, glucose
homeostasis, and levels of FGF21 and APN

During the feeding period, the body weight of mice fed
with NSD increased gradually, while mice fed with HSD
experienced a lower weight gain that did not differ signif-
icantly from their initial weight until the end of the treat-
ment (Fig. 1 A). Moreover, the body weight of HSD-fed
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Fig. 1 Altered indicators of mice fed with long-term HSD. A Body weight of mice. All the 8-week-old mice was fed with NSD or HSD for 22 weeks.
*p< 0.05 vs NSD. B Tissue weight to body weight ratio of mice at 30 weeks. Systolic (C) and diastolic (D) blood pressure of mice at the initiation (8
weeks) and end (30 weeks). Serum level of FGF21 (E) and APN (F) of mice at 30 weeks. G glucose level of mice after injection glucose. H Fasting
blood glucose level of mice at 30 weeks. I AUC value of GTT. *p < 0.05 vs NSD; **p < 0.01 vs NSD; ***p < 0.001 vs NSD; ns: no significance

mice was lower than that of NSD-fed mice at each stage. ~ weight ratio was elevated in long-term HSD group, while
Organ and tissue weights also changed after long-term  the weights of white, peri-renal, and brown adipose tissue
HSD treatment. The heart and kidney weight-to-body relative to body weight decreased (Fig. 1B). In the terms
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of blood pressure, both systolic and diastolic blood pres-
sure underwent a significant elevation after long-term
HSD treatment compared with the initial blood pressure
(Fig. 1C, D). At the end of the treatment, systolic blood
pressure was higher in long-term HSD group than that
in NSD group, but diastolic blood pressure did not sig-
nificantly differ between the groups. Additionally, several
metabolic indicators underwent significantly changes.
The serum level of adipocytokines FGF21 increased in
response to long-term HSD treatment, while the level
of APN decreased dramatically (Fig. 1E, F). The glucose
level and AUC value of GTT were higher in long-term
HSD mice than in NSD group (Fig. 1G, H and I). To
sum up, long-term HSD alters growth performance and
metabolism homeostasis.

Overview of gut microbial communities in response

to long-term HSD

The impact of intestinal microbiota on obesity and met-
abolic disease is widely doucumented [18-20]. Thus,
we explored the changes in gut microbial communi-
ties in response to long-term HSD. In the present study,
we acquired 749783 high-quality reads, from which
2357 representative OTUs were identified at a similar-
ity level of 97%. The Shannon curve was plateaued with
an increase in the sequences count, indicating adequate
sequencing depth (Fig. 2 A). Alpha diversity was assessed
using several indices. The Shannon and Simpson indices
in HSD group were greater compared to those in NSD
group, whereas the ACE and Chaol indices showed the
opposite trend (Fig. 2B, C, D and E), indicating that gut
microbial community richness and diversity were altered
in response to long-term HSD. Considering species com-
position and abundance, we performed PCoA and NMDS
analyses to assess beta diversity at the OTU level. As
shown in Fig. 2F and G, long-term HSD and NSD groups
were divided into two compartments in the 3D PCoA
plot, and a similar pattern was observed in the NMDS
score plot. Adonis (R*= 0.644, p= 0.029) and ANOSIM
(R*= 0.865, p= 0.028) analyses further confirmed the sig-
nificant differences between the groups.

Species annotation information for representative
OTUs was identified using the RDP classifier. At the phy-
lum level, Firmicutes emerged as the most predominant
phylum, constituting 65.99% and 94.10% of OTUs in
long-term HSD and NSD groups, respectively (Fig. 3A).
The ratio of Firmicutes to Bacteroidetes was decreased
in long-term HSD group (Fig. 3B). Moreover, Bacte-
roidetes, Proteobacteria, Candidatus Saccharibacteria,
Tenericutes, and Deferribacteres were more enriched in
long-term HSD group compared to NSD group. At the
genus level, among the total 257 annotated genera, Allo-
baculum was the most abundant, representing 39.34%
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and 82.19% of OTUs in long-term HSD and NSD groups,
respectively(Fig. 3C). LEfSe analysis, with a threshold
of an LDA score greater than 2, revealed six bacterial
taxa at the phylum level showing differential abundance
(Fig. 3D). The long-term HSD group exhibited a lower
abundance of Firmicutes compared to NSD group. Con-
versely, the abundance of Bacteroidetes, Proteobacteria,
Candidatus-Saccharibacteria, Tenericutes, and Defer-
ribacteres was higher in long-term HSD (Fig. 3E). At
the genus level, fifty-one bacteria showed differences
in abundance, with the majority showing higher abun-
dance in long-term HSD group, including Barnesiella,
Christensenella, and Lactococcus (Fig. 3F). In contrast,
the abundance of Allobaculum, Lactobacillus, and Bifi-
dobacterium was higher in NSD group. Functional pro-
files extrapolation using PICRUSt2 analysis indicated
significant difference in metabolism-related pathways
between the groups (Fig. 4). Xenobiotics biodegradation
and metabolism, lipid metabolism, metabolism of cofac-
tors and vitamins, and glycan biosynthesis and metabo-
lism pathways were enriched in long-term HSD group,
whereas nucleotide metabolism, carbohydrate metabo-
lism, and metabolism of terpenoids and polyketides path-
ways were more prevalent in NSD group.

Fecal metabolic profiling analysis of high salt intake

In view of the potential disturbance in metabolic bal-
ance caused by long-term HSD, further analysis was con-
ducted in fecal metabolism profiling. The overall PCA
plot of all samples, shown in Fig. 5A, demonstrated that
all samples were divided into two clusters, and long-term
HSD and NSD groups were clustered in distinct areas of
PCA plot, indicating limited variation within per group
and high differences between the groups. The R2 and Q2
values serve as the parameters for evaluating the inter-
pretative and predictive abilities of OPLS-DA model,
respectively. In the present study, R2X (cum) =0.442,
R2Y (cum) =0.999, and Q2 =0.874, suggesting that the
OPLS-DA model exhibited excellent robustness and pre-
dictive ability.

Based on untargeted ultrahigh-performance liquid
chromatography—mass spectrometry, a total of 4686
metabolites were annotated. Fatty acyls, constituting
15.56% of the metabolites, were the most prominent,
followed by glycerophospholipids at 13.06% (Fig. 5B).
According to the criteria (VIP > 1, |log2(Fold Change)|> 1
and p < 0.05), 644 differential metabolites were identified,
with 326 metabolites up-regulated and 318 down-regu-
lated in long-term HSD group (Fig. 5C). Lipids, including
fatty acyls, glycerophospholipids, prenol lipids, steroids
lipids, and steroids and steroid derivatives, were the
predominant differential metabolites, comprising over
half of the differential metabolites quantities (Fig. 5D).
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In comparison to NSD group, myriocin, norcholic acid,
cerulenin, and 7-ketocholesterol levels increased, while
prostaglandin B2 decreased in long-term HSD group
(Fig. 5E). Further pathway enrichment analysis revealed
that three lipid metabolism-related pathways (linoleic
acid metabolism, steroid hormone biosynthesis, and ster-
oid biosynthesis) were significantly enriched in long-term
HSD group (Fig. 5F), suggesting that long-term HSD dis-
rupts lipid metabolism balance.

Correlation analysis of intestinal microbes, fecal
metabolites, and altered indicator

The relationships between intestinal microbes, fecal
metabolites, and altered indicators were assessed
through correlation analysis to investigate key gut
microbes and fecal metabolites responsible for changes
induced by long-term high salt intake (Fig. 6). Spe-
cifically, Christensenella displayed a negative correla-
tion with WAT (r=-0.805) and APN (r=-0.812), but
a positive correlation with FGF21 (r= 0.831). Con-
versely, Firmicutes showed a positive correlation with
body weight (r= 0.744) and a negative correlation with
FGF21 (r=-0.942). In contrast, Barnesiella exhibited a
negative correlation with body weight (r=-0.750) and
a positive correlation with FGF21 (r= 0.773). Lactococ-
cus was found to be negatively correlated with both
WAT (r=-0.806) and APN (r=-0.833). Furthermore,
several metabolites showed notable correlations: Myri-
ocin, 7-ketocholesterol, norcholic acid, and cerulenin
were negatively correlated with body weight (r=-0.723
for myriocin, r=—0.877 for 7-ketocholesterol, r=—0.849
for cerulenin), and WAT (r=—0.660 for myriocin), as well
as APN (r=-0.794 for myriocin, r=—-0.732 for 7-keto-
cholesterol, r=—0.726 for norcholic acid), but positively

correlated with FGF21 (r= 0.944 for myriocin, r= 0.762
for 7-ketocholesterol, r= 0.983 for norcholic acid, r=
0.798 for cerulenin). Additionally, prostaglandin B2 was
positively correlated with WAT (r= 0.708), and nega-
tively correlated with FGF21 (r=—0.899).

Discussion

Dietary salt is an essential micronutrient for maintaining
life activity. High salt consumption, however, has been
linked to adverse outcomes, including exacerbation of
metabolism function and contribution to metabolic syn-
drome [21, 22]. The long-term effects of high salt intake
on organisms are not well-documented. In the pre-
sent study, we developed a mouse model to explore the
changes in organisms responsible for long-term HSD. We
observed that long-term HSD impacted growth, metabo-
lism homeostasis, and altered gut microbiota and metab-
olites profiling. Interestingly, mice fed with long-term
HSD experienced lower weight gain and fat accumula-
tion, which is opposite to previous results that high salt
leads to obesity [23, 24]. One reasonable explanation for
this discrepancy is that high salt intake causes hyperpha-
gia in mice, yet body weight remains stable under ad libi-
tum dietary conditions due to a hypercatabolic state [25].
Our observation of stable body weight and reduced WAT
in long-term HSD group after consuming high salt lend
support to this hypothesis.

Further investigation into the mechanisms revealed
increased gut microbial diversity with long-term HSD,
consistent with previous findings of decreased micro-
bial diversity in obesity [26]. Notably, the abundance
of Firmicutes and Bacteroidetes seems to be related to
fat metabolism. The ratio of Firmicutes/Bacteroidetes
is linked to obesity and metabolic disorders [27], and is
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Fig. 5 Fecal metabolomics analysis. A OPLS-DA analysis. B Top 10 class of total metabolites. C Volcano plot of differential metabolite analysis. D Top
10 class of differential metabolites. E Relative abundance of differential metabolites. F Pathway analysis showed that differential metabolites were
enriched pathways, including linoleic acid metabolism, steroid hormone biosynthesis, and steroid biosynthesis. The rest are the involved pathways

without significant differences
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Fig. 6 Correlation analysis among gut microbiota, metabolite, and body weight, WAT, FGF21, and APN. Red and blue refer to significant positive

and negative correlation, respectively. All p < 0.05; p > 0.05 no showed

considered as a vital index to measuring obesity [28, 29].
Recent studies have indicated that individuals with obe-
sity exhibited a higher relative abundance of Firmicutes
and a lower relative abundance of Bacteroidetes [29, 30].
Additionally, a reduction of Firmicutes/Bacteroidetes
ratio showed a promising prospect for anti-obesity effect
[31, 32]. In our study, consumption of high salt altered
the abundance of Bacteroidetes and Firmicutes and
Firmicutes/Bacteroidetes ratio. Furthermore, the changes
in abundance of Firmicutes were positively correlated
with changes in body weight. These findings suggested
that reduced abundance of Firmicutes may, at least par-
tially, explain the changes in body weight. At the genus
level, long-term high salt consumption decreased the
abundance of Allobaculum, Lactobacillus, and Bifidobac-
terium, which was broadly in line with previous studies
[22, 33]. Moreover, long-term high salt intake increased
the abundance of Barnesiella, Christensenella, and Lacto-
coccus, which were rarely reported to be associated with
HSD. Barnesiella significantly correlated with hepatic
lipid accumulation [34]. Christensenella had a high cor-
relation with obesity and obesity-related metabolic
disorders of the host [35]. Conversely, Lactococcus abun-
dance had a negative correlation with obesity [36] and an

alleviating effect on diet-induced obesity, fat accumula-
tion, and adipose tissue metabolism [37].

It is widely demonstrated that dietary structure could
affect the gut microbiome composition, which is accom-
panied by the alternation of intestinal metabolites,
thereby contributing to several metabolic disorders.
Similar to the results of intestinal microbes, long-term
HSD also provoked significant changes in fecal metabo-
lites, particularly lipid metabolites. Specifically, the levels
of myriocin, cerulenin, norcholic acid, and 7-ketocholes-
terol were significantly increased, while the level of pros-
taglandins B2 was decreased after fed with long-term
high salt. Myriocin has been shown to possess beneficial
effects on attenuating body weight and lipid accumula-
tion, as well as regulating fatty acid metabolism [38, 39].
Moreover, myriocin inhibited the synthesis of ceramide
[39] which was reported to stimulate lipid uptake and
storage [40]. Similarly, cerulenin plays an important role
in promoting weight loss and steatosis by blocking fatty
acid synthase [41]. Norcholic acid is involved in bile acid
metabolism and may serve as a key regulator for improv-
ing hyperlipidemia [42]. 7-ketocholesterol has been seen
as a novel adipokine modulating the adipogenic poten-
tial of undifferentiated adipose precursor cells [43], and
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showed the abilities accelerating hepatic lipid accumu-
lation and downregulating fatty acid oxidation [44].
Despite the link between prostaglandins E and obesity
and lipolysis being widely documented [28, 45—47], there
was little focus on prostaglandins B2. Further pathway
enrichment analysis results that three lipid metabolism-
related pathways were significantly enriched in HSD
group supported a viewpoint that lipid metabolism was
disturbed by long-term high salt, which is partially evi-
denced by previous studies [48].

We also identified several potential interaction relation-
ships between gut bacterias or metabolites and FGF21
and APN. The results indicated that Christensenella, Fir-
micutes, Barnesiella, Lactococcus, myriocin, cerulenin,
norcholic acid, 7-ketocholesterol, and prostaglandins B2
were positively or negatively correlated with FGF21 or
APN. Previous research has reported that Lactococcus
could prevents the proliferation of adipogenic transcrip-
tion factors APN and effectively alleviates diet-induced
obesity and lipid deposition [37]. Moreover, myriocin is
involved in lipid metabolism, which could reduce fat dep-
osition by inhibiting the synthesis of ceramide [39]. Simi-
larly, FGF21 could regulate the secretion of APN, and
inhibit the level of ceramide, then form an FGF21-APN-
ceramide axis to control energy metabolism and insulin
action [49]. Consequently, these interactions may pro-
vide a novel insight into understanding the complicated
regulatory network of gut bacteria, fecal metabolites, and
FGF21 or APN.

Nonetheless, our research is not without limitations.
Firstly, this is a preliminary exploration study, the sample
size for the sequencing analysis research is small. Insuffi-
cient sample size will lead to unreliable conclusions, large
errors, insufficient statistical significance, and overfitting
of the model, so the reliability and practical application
value of the data analysis results are limited. Secondly,
how the altered microbial communities and metabolites
performed a function for lipid metabolism remain fully
ambiguous, using germ-free mice to confirm the bac-
teria to be interested will be needed. Thirdly, the time
dependent changes in the microbiome during this high
salt intervention and the the metabolite’s levels in serum
will be much more relevant considering the impact of
the long treatment to the host metabolism. Thus, further
studies are needed to validate our results.

Consulsion
In summary, our research revealed that long-term HSD
stimulates FGF21 secretion in mice, alongside dimin-
ishing weight gain, white fat accumulation, and level of
APN.

Integrated 16S rRNA sequencing and fecal metabo-
lomic analysis showed that long-term HSD impacts gut
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microbiota and metabolites profiles, including Firmicutes,
Christensenella, Barnesiella, and Lactococcus, as well as
myriocin, cerulenin, norcholic acid, 7-ketocholesterol, and
prostaglandins B2. These gut bacteria and metabolites were
significantly correlated with decreased body weight and
white fat accumulation, and altered levels of FGF21 and
APN, and potentially play a crucial role in lipid metabolism
of organism.
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