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 Background: A high-salt diet may result in chronic disease and changes in the intestinal microbiota. This pilot study aimed 
to investigate the microbial composition of the intestine in Wistar rats given intragastric high-salt infusions for 
four weeks.

 Material/Methods: Six 4-week-old male Wistar rats were fed standard chow and divided into the high-salt group (n=3) and the 
control study group (n=3). Rats in the high-salt group were given 1 ml of 10% NaCl solution intragastrically 
three times per week for four weeks. The fecal pellets were collected, and the microbiota was characterized 
using 16S rRNA gene sequencing that targeted the V4 region. The relative abundance of microbial populations 
was compared using linear discriminant analysis effect size (LEfSe) statistical analysis for the identification of 
biomarkers between two or more groups, principal component analysis (PCA), and linear discriminant analysis 
(LDA). Microbial genome prediction was performed using the phylogenetic investigation of communities by re-
constructing the unobserved states (PICRUSt) bioinformatics software.

 Results: There was no significant difference in the alpha diversity of the fecal microbiota between the high-salt group 
and the control group. However, PCA showed structural segregation between the two groups. Further analysis 
using LEfSe showed that the intestinal contents in the high-salt group had significantly reduced populations 
of Lactobacillus and Prevotella NK3B31, and a significant increase in Alloprevotella and Prevotella 9, without 
physiological or pathological changes.

 Conclusions: A pilot study in Wistar rats showed that high-salt intake was associated with a change in the composition of 
the intestinal microbiota.
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Background

The human gastrointestinal tract hosts a microbiota that con-
tains abundant and varied micro-organisms involved in phys-
iological processes, metabolic processes, and the immune 
response. Therefore, changes in the composition of the mi-
crobiota may affect host health. The human intestine is rap-
idly colonized by microbes following birth, and many environ-
mental factors, including the mode of delivery or diet, play a 
key role in changes in the composition of the microbiota [1–3]. 
The microbiota undergoes changes during early life, leading 
to the development of a profile that is characteristic of the 
adult gastrointestinal tract [4,5], which is relatively stable over 
time [6]. However, changes in dietary patterns and food types 
may cause a change in the profile of the intestinal microbi-
ota. Previous studies have shown that the consumption of a 
diet that is rich in whole grains was associated with an in-
creased fecal Bifidobacteria in healthy volunteers, whereas the 
consumption of red wine increased Enterococcus, Prevotella, 
Bacteroides, Bifidobacteria, Bacteroides uniformis, Eggerthella 
lenta, and Blautia coccoides-Eubacterium rectale [7–10]. Other 
dietary factors, including a high-fat and low-fiber diet, may af-
fect the composition of the microbiota and potentially contrib-
ute to disease pathogenesis [11].

Dysbiosis of the gut microbiota is involved in some chronic dis-
eases, such as hypertension, and preeclampsia [12]. Yang et al. 
showed that an animal model of hypertension developed re-
duced diversity of the gut microbiota, with an increased ra-
tio of Firmicutes/Bacteroidetes [13]. A high-salt diet has been 
reported to increase the serum sodium to potassium ratio 
in the gut, which is associated with hypertension [14]. Each 
1.00 gm of dietary salt reduction in hypertensive individu-
als resulted in a 0.94 mmHg reduction in systolic blood pres-
sure [14]. However, the underlying mechanism of these effects 

remains unclear. An epidemiological study in China showed 
that a high-salt diet contributes to 14.5%, 7.8%, and 25.2% of 
deaths caused by chronic disorders, tumors, and cardiovascu-
lar disease, respectively [15]. In 2017, Wilck et al. showed that 
a high-salt intake was associated with a change in the com-
position of the microbiota, leading to Th17 cell activation in 
mice [16]. These previous studies have shown an association 
between a high-salt diet and disease that may result from a 
shift in the composition of the gut microbiota. Therefore, this 
pilot study aimed to investigate the microbial composition of 
the intestine in Wistar rats given intragastric high-salt infu-
sions for four weeks.

Material and Methods

Animal diet and study groups

Four-week-old male Wistar rats (n=6), weighing between 
80–120 gm, were purchased from Beijing HFK Bioscience 
Co., Ltd. (Beijing, China). The rats were housed in the Animal 
Laboratory, Qilu Hospital of Shandong University. The rats were 
allowed to acclimatize for one week and were then housed un-
der standard laboratory conditions at 25±1°C and 60% humidity, 
with a 12-hourly light and dark cycle. The rats were fed stan-
dard specific pathogen-free (SPF) ShooBree laboratory cubed 
rat chow pellets, consisting of wheat protein (200 gm/kg), fats 
(40 gm/kg), fiber (50 gm/kg), crude ash (80 gm/kg), calcium 
(10–18 gm/kg), phosphorus (6–12 gm/kg), lysine (13.2 gm/kg), 
DL-methionine (7.8 gm/kg), and water (100 gm/kg) (Jiangsu 
Province Collaborative Pharmaceutical Bioengineering Co., Ltd., 
Jiangyin City, Jiangsu Province, China). The approximate percent-
age of total calories were derived from 22.8% protein, 63.4% 
carbohydrate, and 13.8% fat. The experimental protocol was 
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Figure 1.  Operational taxonomic unit (OTU) clustering and annotation statistics for the individual rats in the study group and the 
control group. Microbial DNA was extracted from the rat fecal pellets after a four-week scheduled intragastric administration 
of a high-salt solution (the study group) or water (the control group). The X-axis, individual rats of the control and high-salt 
group. The Y-axis (left), reads number. The Y-axis (right), the OTU number.
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approved by the Experimental Animal Ethics Committee of Qilu 
Hospital of Shandong University (Approval No. DWLL-2018-009).

Six rats were randomly divided into the high-salt group (n=3) 
and the control group (n=3). The high-salt group was given 1 ml 
of 10% NaCl solution by intragastric administration (gavage). 

The control group was given 1 ml of water three times per week 
for four weeks. The rats were allowed unrestricted access to 
food and water during the study period and were monitored 
by daily observation of the coat condition and any deviation 
from normal behavior, including changes in normal appetite.

Taxonomy Control (%) High-salt (%) P-value

Bacteroidetes 46.8195±20.5722 58.4108±15.2788 0.4805

Firmicutes 48.0279±18.6839 36.7640±11.4529 0.4332

Proteobacteria 3.7777±1.6880 3.3040±3.5810 0.8497

Spirochaetes 0 0.3275±0.4655 0.3473

Cyanobacteria 0.5877±0.1673 0.1673±0.3545 0.4816

Tenericutes 0.4009±0.3400 0.2897±0.0782 0.6315

Actinobacteria 0.0784±0.0337 0.2239±0.1297 0.1855

Verrucomicrobia 0.2512±0.0534 0.0063±0.0001 0.0155

Saccharibacteria 0.0112±0.0104 0.1525±0.0539 0.0409

Euryarchaeota 0.0329±0.0285 0.0938±0.0361 0.0874

Deferribacteres 0.0028±0.0048 0.0091±0.008 0.3188

Lentisphaerae 0.0021±0.0036 0 0.4226

Gemmatimonadetes 0.0014±0.0024 0.0007±0.0012 0.6856

Acidobacteria 0 0.0014±0.0024 0.4226

Others 0.0063±0.0056 0.0112±0.0176 0.6842

Table 1.  Changes in the phylum level of the control group and the high-salt group of rats.

Mean±standard deviation (SD).

Taxonomy Control (%) High-salt (%) P-value

Prevotellaceae_NK3B31 9.3614±1.9140 3.8113±0.0513 0.6077

Lactobacillus 17.585±0.0380 1.5191±0.0111 0.0001

Alloprevotella 0.0133±0.0001 8.6897±0.2407 0.0336

Prevotella_9 0.0315±0.0001 11.3884±0.0261 0.0009

Allobaculum 0.2323±0.0009 5.3325±0.3052 0.1433

Lachnospiraceae_NK4A136 6.6479±0.2856 3.2739±0.1289 0.4666

Bacteroides 2.6015±0.0340 1.2231±0.0022 0.2259

Turicibacter 0.0182±0.0001 2.6344±0.0556 0.0947

Helicobacter 3.2963±0.0258 0.8278±0.0156 0.0742

Quinella 0.0049±0.0001 1.5506±0.0355 0.1810

Table 2.  Changes in the genus level of the control group and the high-salt group of rats.

Mean±standard deviation (SD).
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Histology of the rat intestinal tissue

At the end of the study, the rats were euthanized with 10% 
chloral hydrate by intraperitoneal anesthesia (300 mg/kg). 
The intestinal tissue samples were collected, placed in pro-
cessing cassettes and fixed in 4% paraformaldehyde for 18 h, 
then dehydrated in graded ethanols at 75%, 85%, 90%, 95%, 
and 100% for 60 min, 60 min, 60 min, 60 min, 90 min, and 
90 min, respectively. Following deparaffinization and clearing 

with xylene, the tissue samples were embedded in paraffin 
wax, sectioned at 3 µm, and routinely stained using hema-
toxylin and eosin (H&E) using a DP260 Autostainer (Dakewe 
Biotech Co., Ltd., Beijing, China), according to the manufac-
turer’s instructions.
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Figure 2.  The taxa_tree of the specific species for rats in the study group and the control group. The different colors in the circle 
represented the different groups. The fan-shaped size indicates the relative abundance ratio in each classification of the two 
groups. The number below the category name indicates the percentage of average relative abundance in this classification. 
The number on the left represents the percentage of all species. The number on the left represents the percentage of 
the selected species.
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Biochemical serum assays

Blood samples from the rats were collected in 5 ml Vacutainer 
tubes (BD Vacutainer, Plymouth, Devon, UK). The tubes were 
incubated at room temperature (20–25°C) for 30 min to 1 h. 
After centrifuging at 3,000×g for 10 min at room temperature, 
the serum was transferred into 1.5 ml Eppendorf tubes and 
stored at –80°C. The serum levels of aspartate aminotrans-
ferase (AST), alanine aminotransferase (ALT), glutamate de-
hydrogenase (GDH), albumin, total bilirubin, creatinine, urea, 
glucose, triglyceride, and cholesterol were measured. All as-
says were conducted using the Cobas® 8000 modular chem-
istry analyzer (Roche Diagnostics, Basel, Switzerland), accord-
ing to the manufacturer’s instructions.

Analysis of the composition of the fecal intestinal 
microbiota

After the final intragastric administration, the fecal pellets of 
the rats in the high-salt group and the control group were col-
lected. DNA was extracted and purified using cetyltrimethylam-
monium bromide cationic detergent. The DNA samples were 
diluted to 1 ng/µL, and the polymerase chain reaction (PCR) 
was performed. The 16S ribosomal RNA (16S rRNA) V4 region 
was amplified with 515F–806R primers for the microbiome. 
The gene library was established using the Ion Plus Fragment 
Library Kit 48 rxns (Cat. No. A28950) (Thermo Fisher Scientific, 
Waltham, MA, USA), and was validated and quantified using 

Qubit software. The DNA samples were then sequenced using 
the Life Ion S5™ XL system (Thermo Fisher Scientific, Waltham, 
MA, USA), according to the manufacturer’s instructions.

Analysis of the fecal microbiota

Microbial diversity was analyzed by filtering the DNA sequences 
with Cutadapt version 1.9.1, and the chimeric sequences were 
detected and removed by comparison with the Genomes Online 
Database (GOLD) (http://drive5.com/uchime/uchime_download.
html) using the UCHIME algorithm (http://www.drive5.com/use-
arch/manual/uchime_algo.html) [17–19]. The sequences identi-
fied were further analyzed using Uparse version 7.0.1001 soft-
ware to identify operational taxonomic units (OTUs), defined 
by ³97% identity to the 16S sequences [20]. The OTUs under-
went taxonomic analysis with a Bayesian classifier that was 
based on the SILVA ribosomal RNA gene database (https://
www.arb-silva.de) [21,22].

Statistical analysis

Adonis (for permutational multivariate analysis of variance) 
was used for principal component analysis (PCA). PCA was 
based on the weighted and unweighted UniFrac distance met-
ric for comparison of biological populations. The PCA module 
in the ade4 package and the ggplot2 package of R software 
(version 2.15.3) were used to visualize the data. For classifi-
cation results in each species or each group, the species of 
special concern (the genera with the maximum relative abun-
dance in the default top ten) were selected for species classi-
fication tree statistics. Linear discriminant analysis (LDA) was 
used to identify the differences in the bacteria species of the 
two groups. The Z-value of each sample by classification was 
calculated, and a heat map was plotted. The Z-value was the 
difference between the score and the mean of the distribution 
divided by the standard deviation (SD) of all samples included 
in the classification. Two-way analysis of variance (ANOVA) fol-
lowed by Bonferroni’s post hoc test were used to compare the 
weighted difference between the two groups. The data were 
expressed as the mean±standard error (SEM), unless other-
wise specified. A P-value <0.05 was considered to be statis-
tically significant.

Results

Diversity of the microbiota in the intestine of rats in the 
high-salt group and the control group

The number of reads were comparable between the high-salt 
group (n=3) and the control group (n=3) of the rats in the study, 
and the mean operational taxonomic unit (OTU) number was 
555 and 503, respectively. No significant difference in species 
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diversity was detected between the high-salt group (6.06±0.63) 
and the control group (6.54±0.32) (P=0.40) (Figure 1).

The relative abundances of each phylum or genus in the two 
study groups are summarized in Table 1 and Table 2. At the phy-
lum level, Bacteroidetes in the intestine of the high-salt group 
(58.4%) were the most abundant, whereas Firmicutes were 
most abundant in the control group (48.0%). Also, Spirochaetes 
and Acidobacteria were only observed in the high-salt group 
of rats, whereas Lentisphaerae was only found in the control 

group. At the genus level, Lactobacillus, Prevotellaceae NK3B31, 
Lachnospiraceae NK4A136, Helicobacter, and Bacteroides were 
significantly more abundant in the control rats. In contrast, 
Prevotella 9, Allobaculum, Turicibacter and Quinella were more 
abundant in the high-salt group of rats (Figure 2).

Composition of the microbiota in the individual rats

The composition of the microbiota was further analyzed using 
principal component analysis (PCA), which showed a significant 
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Figure 4.  The species abundance clustering map of the control group and the high-salt group of rats. The sample information is shown 
vertically, and the species annotation information is shown horizontally. Left is the clustering tree for the microbial species. 
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difference between the two rat groups (Figure 3). A heat map 
was developed that showed the abundance of bacteria at 
the genus level (the 35 most abundant) for the individual 
rats (Figure 4). In addition to the previously described gen-
era, Ruminococcus 1, Ruminococcaceae UCG-005, Prevotella 9, 
Rikenellaceae RC9 gut group, dgA-11 gut group, Ruminococcaceae 
UCG, Turicibacter, Romboutsia, Alloprevotella, and Allobaculum 
were enriched in the high-salt rat group. However, Lactobacillus, 
Ruminiclostridium, Lachnoclostridium, Lachnospiraceae NK4B4 
group, Ruminococcus 2, Phascolarctobacterium, and Alistipes 
were enriched in the control rats. The criteria was set at a lin-
ear discriminant analysis (LDA) ³4, and the linear discrimi-
nant analysis effect size (LEfSe) analysis between two groups 
showed that at the genus level, Lactobacillus was significantly 
more abundant in the control rats. In contrast, Turicibacter, 
Prevotella 9, and Alloprevotella were significantly more abun-
dant in the high-salt rat group (Figure 5).

The functional composition of the microbiota used the phyloge-
netic investigation of communities by reconstructing the unob-
served states (PICRUSt) algorithm, as previously described [23]. 
PICRUSt is a computational approach in which evolutionary 
modeling is used to predict the gene families from 16S rRNA 
gene sequencing data and a reference genome database. 
The results showed that the composition of microbiota was 
associated with biological functions, which included metabo-
lism and cellular processes (Figure 6). Further analysis showed 
that the microbiota associated with pyruvate metabolism had 
changed significantly in the high-salt group (1.13±0.02) com-
pared with the control group (1.21±0.01) (P=0.026).

Physiological conditions of the high-salt and control rats

The physiological conditions in the high-salt and control rats 
were also evaluated. Body conditions were compared between 
the two groups. No abnormal behavior was observed in the two 
rat groups. Food intake was slightly increased in the high-salt 
rat group when compared with the control rats, but this did not 
result in a significantly increased gain in weight (Figure 7). No 
significant morphological changes in the rat gut tissues were 
observed in the two groups (Figure 8). Blood pressure did not 
differ significantly between the two groups (P>0.05). No sig-
nificantly different physiological parameters were identified in 
the serum between the high-salt group and the control group 
of rats studied (all P>0.05) (Table 3).

Discussion

The aim of this study was to investigate the effects of high-
salt intake on the composition of the gut microbiota in Wistar 
rats. The results showed that the population of Alloprevotella, 
Prevotella 9, Allobaculum, and Turicibacter were enriched in 
the high-salt group of rats. In contrast, the populations of 
Lactobacillus, Prevotella NK3B31, and Helicobacter were re-
duced in the high-salt group. No physiological or pathologi-
cal changes were observed in the high-salt group, which in-
dicated that the change in the composition of the microbiota 
occurred before the development of physiological symptoms.

The findings from the present study were supported by those 
from previous studies, which have also shown similar effects of 
a high-salt diet on the gut microbiota. Bier et al. [24] showed 
that a high-salt diet modulated gut microbiota and the pro-
duction of short-chain fatty acids. However, the Erwinia genus, 
the Christensenellaceae and Corynebacteriaceae families, and 
the Anaerostipes genus were changed [24]. It is possible that 
these findings may have been due to the use of different rats 
and different concentrations of salt used. In 2019, Towhid [25] 
reported the findings from a meta-analysis on the effects of a 
high-salt diet on the gut microbiome in rodents, which iden-
tified the dependence of the mammalian gut microbiome on 
the amount of salt ingested. These studies support that the 
relationship between high-salt and gut microbiota should be 
further explored.

Although no physiological or pathological differences were 
observed in the present study, the administration of high-salt 
solution during four weeks was associated with a change in 
the composition of the microbiota. The gastrointestinal tract is 
host to an estimated 100 trillion bacteria, and the role of the 
gut microbiome on the health of the host has been increas-
ingly recognized [26]. For example, Lactobacillales are benefi-
cial to human health [27,28], whereas Bacteroides are known 

High-salt Control

g_Lactobacillus
f_Lactobacillaceae

c_Bacilli
o_Lactobacillales

k_Bacteria
s_Lactobacillus_gasseri

g_Turicibacter
c_Erysipelotrichia
g_Alloprevotella
o_Erysipelotrichales
f_Erysipelotrichaceae
g_Prevotella_9

0.0
LDA Score (log10)

1.2 2.4 3.6 4.8 6.0–1.2–2.4–3.6–4.8–6.0

Figure 5.  Histogram of the linear discriminant analysis (LDA) 
score for the gut microbiota in the control group and 
the high-salt group of rats. The statistically significant 
differences in the microbiota of the two groups were 
analyzed using linear discriminant analysis effect size 
(LEfSe) statistical analysis for the identification of 
biomarkers between two or more groups and is shown 
in the histogram. The length of histogram represents 
the degree of influence of the different microbiota.
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Figure 6.  The prediction of the functional composition of the rat gut microbiota in the control group and the high-salt group using the 
phylogenetic investigation of communities by reconstructing the unobserved states (PICRUSt) bioinformatics software.

pathogens [29]. A previously published study has shown that 
Erysipelotrichia is associated with the pathogenesis of fatty 
liver [30]. In the present study, four weeks of administration 
of a high-salt solution significantly increased the abundance 
of Erysipelotrichia.

Also, a high-salt intake might increase appetite, which contrib-
utes to weight gain. The findings from the present study also 
showed that the body weight of rats in the high-salt group 
was increased, although the difference was not statistically 

significant. This finding was supported by Pindjakova et al., 
who reported that Erysipelotrichia was more abundant in obese 
mice [31]. Also, the findings from this study showed that the 
population of Lactobacillus in the rat gut was significantly re-
duced in the high-salt group. It has previously been shown 
that salt (NaCl) could alter the composition of the bacterial 
capsule of Lactobacillus, including the fatty acid composition, 
with an increase in the ratio of unsaturated to saturated fat-
ty acid, phosphatidylinositol, and cardiolipin, resulting in dam-
age to the bacterium [32]. A previous study also showed that 
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Figure 7.  Changes in the body weight of the control group and 
the high-salt group of rats. The weight of the rats 
was recorded weekly for four weeks following the 
intragastric administration of the high-salt solution.

demonstrated high-salt intake could induce Th17 cells and 
reduced the population of Lactobacillus, which may result in 
changes in the immune response [16].

In the present study, the functional composition of the rat gut 
microbiota was predicted using the phylogenetic investiga-
tion of communities by reconstructing the unobserved states 
(PICRUSt) bioinformatics software. Gut microbiota associated 
with pyruvate metabolism were significantly changed in the 
high-salt group. The genus Lactobacillus has been reported 
to modulate some important metabolic pathways, including 
pyruvate metabolism [33]. Salzillo et al. also found that pyru-
vate dehydrogenase of Lactobacillus contributed to binding 
with collagen type I, which mediating host cell adhesion and 

invasion [34]. Fernandez et al. showed that Lactobacillus had 
effects on fatty acid biosynthesis by altering pyruvate metab-
olism [35]. In the present study, pyruvate metabolism was re-
duced in the high-salt group. Therefore, it is possible that a 
high-salt diet reduces pyruvate metabolism, which reduces 
glucose or fat metabolism to promote fat accumulation. In 
the present study, food intake was slightly higher in the high-
salt group, and the body weight increased, although this in-
crease did not reach statistical significance when compared 
with the control group (Figure 7). Following the development 
of the Lactobacillus strain and the construction of the high-salt 
rat model, we intend to investigate the underlying mechanism 
involved by multiple technical methods, including gas chroma-
tography-mass spectrometry (GC-MS) and liquid chromatogra-
phy with tandem mass spectrometry (LC-MS/MS) metabolomic 
methods, and next-generation sequencing (NGS).

An increase of Lachnospiraceae and Ruminococcus has also been 
previously reported [36]. However, in contrast to the findings 
from the present study of a reduced Firmicutes/Bacteroidetes 
ratio in the high-salt group (36.8/58.4) compared with the con-
trol group (48.0/46.8), this ratio was previously found to be 
increased [36]. This inconsistency is may be due to the differ-
ent protocols, as rats in the present study were given the salt 
solution for four weeks by gastric gavage. The different find-
ings might also be due to the differences in the genetic back-
ground of rats used in the different studies. This finding may 
also have relevance to human diseases, such as hypertension, 
cardiovascular disease, and gastrointestinal symptoms asso-
ciated with a high-salt diet, which may arise from the shift in 
the composition of the microbiota and which are specific to 
each individual.

High-saltControl

Figure 8.  The morphological changes of rat intestinal tissue in the control group and the high-salt group of rats. The rats were 
euthanized, and the intestinal tissue samples were prepared for histology, sectioned, and stained with hematoxylin and 
eosin (H&E). The histology shows that no significant histological changes were observed in the high-salt group or the control 
group of rats.
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Parameters Control High-salt P-value

Alanine aminotransferase (ALT) (U/L) 32.67±4.04 31.33±4.04 0.707

Aspartate aminotransferase (AST) (U/L) 117.70±9.50 113.30±12.01 0.650 

Glutamate dehydrogenase (GLDH) (U/L) 8.07±0.55 8.27±0.54 0.680 

Total bilirubin (g/L) 60.03±2.14 59.87±1.14 0.948 

Albumin protein (g/L) 35.73±0.60 35.70±0.26 0.934 

Creatinine (Cr, µmol/L) 41.67±4.73 40.67±4.16 0.800 

Urea (mmol/L) 6.56±0.44 6.57±0.23 0.974 

Glucose (GLU) (mmol/L) 8.46±0.35 8.30±0.42 0.640 

Triglycerides (TG) (mmol/L) 1.15±0.18 1.19±0.17 0.775 

Cholesterol (CHO) (mmol/L) 2.17±0.37 2.20±0.25 0.932 

Table 3.  Changes in the physiological parameters in the serum of the control group and the high-salt group of rats.

Mean±standard deviation (SD).

This was a preliminary study and had several limitations. 
A small number of rats were used in this preliminary study, 
and they were young adult rats. Because the effects of high-
salt intake on the composition of the microbiota may require 
time to develop, future studies should be conducted during 
a longer period to determine the long-term impact of a high-
salt diet on health.

Conclusions

This pilot study aimed to investigate the microbial composi-
tion of the intestine in Wistar rats given intragastric high-salt 
infusions for four weeks. High-salt intake was associated with 
a shift in the composition of the gastrointestinal microbiota, 
with reduced Lactobacillus and increased Erysipelotrichia. This 
shift occurred without significant physiological or patholog-
ical abnormalities. These findings may provide a foundation 
for improving the understanding of the role of microbiota in 
the pathogenesis of diseases associated with high-salt intake.
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