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Abstract

Salvianolic acid A (SalA) is the main water-soluble component isolated from Salvia miltiorrhiza. This study explored
the influences of SalA on intestinal microbiota composition and lipid metabolism in Zucker diabetic fatty (ZDF) rats.
The 6-week-old male ZDF rats were treated with distilled water (N=10) and low dose (SalA 0.5 mg/kg/d, N=10),
medium dose (SalA 1 mg/kg/d, N=10), and high dose (SalA 2 mg/kg/d, N=10) of SalA, with the male Zucker lean
normoglycemic rats of the same week age as controls (given distilled water, N=10). The blood glucose, body weight,
and food intake of rats were examined. After 7 and 8 weeks of continuous administration, oral glucose tolerance test
(OGTT) and insulin tolerance test (ITT) were performed, respectively. Serum fasting insulin (FINS), total cholesterol
(TQ), triglyceride (TG), and free fatty acid (FFA) were determined. Liver tissues were stained using hematoxylin-eosin
(HE) and oil red O staining. Fecal samples were analyzed by 16S rRNA gene sequencing. Small intestinal tissues were
stained using HE and immunohistochemistry. The tight junction proteins (ZO-1/Occludin/Claudin-1) and serum levels
of LPS/TNF-o/IL-6 were evaluated. SalA reduced insulin resistance, liver injury, serum FFA, liver TC and TG levels in ZDF
rats, and improved lipid metabolism. After SalA treatment, intestinal microbiota richness and diversity of ZDF rats were
promoted. SalA retained the homeostasis of intestinal core microbiota. SalA reduced intestinal epithelial barrier dam-
age, LPS, and inflammatory cytokines in ZDF rats. Overall, SalA can sustain intestinal microbiota balance and improve
the lipid metabolism of ZDF rats.
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Introduction

Diabetes mellitus (DM) is a complicated metabolic disor-
der featured by hyperglycemia that results from defects
in insulin secretion and insulin action and is related to
alterations in protein, fat, and carbohydrate metabolism
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[1, 12]. According to epidemiological surveys, approxi-
mately 451 million people suffer from DM worldwide
in 2017, and it is anticipated that 693 million DM cases
occur globally by 2045 [6]. DM is generally classified into
gestational DM, type 1 DM, and type 2 DM (T2DM),
with T2DM covering approximately 90% of DM cases
worldwide [2]. T2DM is mainly characterized by insulin
resistance (IR) and impaired insulin secretion of pancre-
atic P cells, with the manifestations of obesity and disor-
ders of glucose and lipid metabolism [38], indicating the
tight association between IR and the onset and develop-
ment of T2DM. Reducing blood glucose and improving
IR are imperative for clinical T2DM treatment [56, 65].
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To explore T2DM pathogenesis, male Zucker diabetic
fatty (ZDF) rats are extensively used as they can aptly
simulate the obesity-related T2DM occurrence and pro-
gression [53]. Hence, we selected ZDF rats as study sub-
jects to investigate the mechanism of DM and provide a
reference for treatment.

Salvianolic acid A (SalA) represents the major bioac-
tive component in Salvia miltiorrhiza that is a traditional
oriental medicine that is broadly applied for preventing
and treating liver and cardiovascular diseases [25, 26,
62]. SalA possesses antioxidant [55], anti-inflammatory
[14], and brain protection properties [58]. Furthermore,
SalA has been unveiled to have anti-diabetic effects and
can prevent diabetic complications [33, 54], revealing the
promising therapeutic effect of SalA on DM.

Recently, alterations in intestinal microbiota composi-
tion and diversity are documented to be associated with
DM progression [19]. For instance, the abundance of
intestinal microbiota in diabetic rats is lower than that in
normal rats [52]. The expression of Occludin, an intesti-
nal barrier protein, is reduced in diabetic mice, indicat-
ing increased intestinal permeability [4]. T2DM patients
exhibit prominently decreased intestinal microbiota
richness and diversity and increased intestinal perme-
ability and abundance of several opportunistic pathogens
[3]. Traditional Chinese medicine can improve intesti-
nal microbiota mainly by enhancing the richness and
diversity of microbiota, increasing beneficial bacteria,
and decreasing the relative abundance of harmful bac-
teria [29]. Moreover, preceding research reveals that
SalA can effectively alleviate abnormal glucose and lipid
metabolism, which exerts a paramount protective effect
on diabetic peripheral neuropathy [54]. SalA improves
intestinal motility in diabetic rats by anti-oxidation and
upregulation of neuronal nitric oxide synthase activity
[64]. However, the regulation of SalA in ZDF rats remains
unclear. To explore the alleviating effect of SalA on
hyperinsulinemia in ZDF rats, we hypothesized that SalA
may play a role in maintaining the balance of intestinal
microbiota and improving the pathway of lipid metabo-
lism in ZDF rats. Therefore, we intended to investigate
the action of SalA on intestinal microbiota and lipid
metabolism in ZDF rats, hoping to support a theoretical
basis for the intestinal microbiota and lipid metabolism
disorders and other related metabolic diseases.

Materials and methods

Ethics statement

All animal protocols and procedures were approved by
the Medical Ethics Committee of Hubei Provincial Hos-
pital of Traditional Chinese Medicine and followed the
National Guidelines for laboratory Animals. All experi-
mental procedures were implemented on the ethical
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guidelines for the study of experimental pain in conscious
animals.

Experimental animals

The 6-week-old male ZDF rats (fa/fa, 140+£11 g) and
same-week-old male Zucker lean normoglycemic rats
(ZLN, +/fa, 107 £ 10 g) were purchased from Vital River
Laboratory Animal Technology (Beijing, China) [License
No. SYXK (Beijing) 2017-033]. Rats were reared under
specific disease-free conditions at 24+2 °C with free
access to food and water, relative humidity of 50+5%,
and light/dark cycles of 12 h/12 h.

Experiment design
After 2 weeks of adaptive diet, diabetic rats were ran-
domly divided into the following four groups: model group
(MOD, N=10), SalA low-dose group (SalA-L, N=10),
SalA medium-dose group (SalA-M, N=10), and SalA
high-dose group (SalA-H, N=10). Another 10 lean male
ZLN rats of the same week age were selected as the con-
trol group (NC, N=10). Rats in all groups were given
an ordinary diet (MD17121, Mediscience, China). Rats
in the SalA-L, SalA-M, and SalA-H groups were orally
treated with low dose (SalA 0.5 mg/kg/d), medium dose
(SalA 1 mg/kg/d), and high dose (SalA 2 mg/kg/d) of
SalA, respectively. The selection of SalA dose was based
on the results of previous studies on type 1 and Type 2
DM [20, 63]. SalA (purity>98%) was a freeze-dried pow-
der provided by the Institute of Material Medical Chi-
nese Academy of Medical Science (Beijing, China). Before
administration, SalA was dissolved in distilled water and
intragastrically administered to rats. Rats in the NC group
and MOD group were intragastrically administered with
an equal volume of distilled water. SalA was administered
continuously for 8 weeks. General characteristics of the
rats were observed and recorded during administration.
The body weight and food intake of rats in each group
were measured weekly. After 7 weeks of continuous
administration, oral glucose tolerance test (OGTT) was
performed. After 8 weeks of continuous administration,
an insulin tolerance test (ITT) was conducted and the
area under the curve (AUC) was calculated. After the
experiment, rats were anesthetized with 1% pentobarbi-
tal sodium and abdominal aorta blood samples were col-
lected. The supernatant was collected after centrifugation
at 180xg for 10 min at 4°C and stored in a refrigerator
at — 80 °C. Feces were quickly collected into sterile tubes
and stored at —80 °C until 16S rRNA gene sequencing
was performed. Liver (liver weighing) and small intestine
were collected rapidly on ice and frozen in liquid nitro-
gen or fixed with 4% paraformaldehyde for subsequent
experiments.
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Measurement of fasting blood glucose (FBG), OGTT, ITT,
and fasting insulin (FINS) levels

After fasting for 12 h at night, the blood glucose level
in the tail vein was measured by a glucose meter
(ARKRAY, Japan). The FINS levels in rats were deter-
mined by FINS enzyme-linked immunosorbent assay
(ELISA) kits (TRX3565-A, Trxmark, Shanghai, China).
Rats were fasted for 12 h and 4 h before OGTT and ITT
tests, respectively. Glucose levels were measured at 0,
30, 60, and 120 min after oral intragastric administra-
tion of 50% glucose [2 g/kg, body weight (BW)] or sub-
cutaneous injection of insulin (5 U/kg, BW). The AUC
was calculated as follows: AUC=0.5x (Bg 0 min+ Bg
30 min)/2+40.5 x (Bg 30 min+Bg 60 min)/2+1 x (Bg
60 min+Bg 120 min)/2. Bg represents the blood glu-
cose level at each time point. Homeostasis model
assessment of insulin resistance (HOMA-IR) index was
calculated as follows: HOMA-IR =Fasting plasma glu-
cose (mmol/L) x Fasting serum insulin (mIU/L)/22.5
[36].

The levels of free fatty acid (FFA), lipopolysaccharide (LPS),
tumor necrosis factor (TNF)-q, interleukin-6 (IL-6), total
cholesterol (TC), and triglyceride (TG) were determined
The serum FFA level was determined using an automatic
biochemical analyzer (Beckman Coulter Inc., CA, USA).
FFA reagent was purchased from BioMerieux (Beckman).
The levels of LPS (JN5237, Jining Biological Research,
Shanghai, China), TNF-a (ZK-R3528, Ziker Biotech,
Shenzhen, China), IL-6 (ZK-R3141, Ziker) in the serum,
and TC (ZK-R3064, Ziker) and TG (ZK-R3310, Ziker) in
the liver tissue were measured using ELISA kits accord-
ing to the instructions.

Hematoxylin-eosin (HE) staining

Fresh liver tissue (the right lobe of the liver) and small
intestine tissue (duodenum) of rats in each group were
isolated, fixed with 4% paraformaldehyde (Solarbio, Bei-
jing, China), and embedded in paraffin. The tissues were
sliced into 4-pm-thick sections. Afterwards, slides of the
liver and small intestine were stained with HE staining
kits (M020, Gefan Biotech, Shanghai, China). After dehy-
dration with gradient ethanol, the slices were cleared with
xylene and sealed with neutral gum, and then observed
and photographed under an Olympus light microscope
(Olympus, Tokyo, Japan).

Oil red O staining

Samples from the right lobe of the liver were immobi-
lized in 10% paraformaldehyde (Solarbio). Then, sam-
ples were embedded in Optimal Cutting Temperature
(OCT) and stored at —80 °C. Afterwards, the slices
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(7-um-thick) were stained using oil red O stain solution
(M067, Gefan Biotech) as per the manufacturer’s instruc-
tions for the determination of fat content. Olympus BX51
optical microscope (Olympus Corporation) equipped
with Olympus UPlan Apo 20x objective lens was used
to observe and photograph tissue sections. Lipid con-
tents of oil-red O-stained slices were analyzed using
the Columbus Image Data Storage and Analysis System
(PerkinElmer, MA, USA) and expressed as % of the lipid-
positive staining areas in the area of liver tissue.

DNA extraction and PCR amplification

After 8 weeks of continuous administration, fresh feces
samples from rats in each group were collected into ster-
ile tubes and immediately stored at — 80 °C. Total micro-
bial DNA was extracted from feces samples using EZNA
soil DNA kits (Omega Bio-Tek, GA, USA). DNA purifi-
cation and concentration were determined by NanoDrop
2000 ultraviolet—visible spectrophotometer (Thermo
Fisher, MA, USA) and DNA quality was evaluated by 1%
(w/v) agarose gel electrophoresis. Total DNA was acted
as a template for PCR amplification (95 °C for 3 min,
followed by 27 cycles of 30 s at 95 °C, 30 s at 55 °C, and
45 s at 72 °C, and a final extension at 72 °C for 10 min).
Specific bacterial primers 338F (5'-ACTCCTACGGGA
GGCAGCAG-3') and 806R (5-GGACTACHVGGG
TWTCTAAT-3’) were used to amplify the V3—-V4 region
of 16S rRNA by thermocycler PCR system (GeneAmp
9700, ABI, CA, USA). PCR products were extracted from
2% (w/v) agarose gel, further purified using the AxyPrep
DNA gel extraction kits (Axygen Biosciences, CA, USA),
and quantified using QuantiFluor-ST (Promega, WI,
USA) according to the manufacturer’s protocol.

lllumina Miseq sequencing and processing of sequencing
Based on the Illumina MiSeq platform (Illumina, San
Diego, USA), the amplified products purified from PCR
were assembled in equimolar and paired-end sequence
(2 x 300). The procedure followed the standard protocols
of Sasiwei Biotech (Hunan, China).

Raw fastq files were demultiplexed and low-quality
sequences were filtered by Trimmomatic. They were
merged using Fast Length Adjustment of Short reads
in line with the following criteria: (1) when receiving
an average quality score<20 over a 50 bp sliding win-
dow, readings were truncated at any location; (2) the
primers were perfectly matched (allowing two nucleo-
tides to be mismatched), and reads containing ambigu-
ous bases were deleted; (3) sequences with overlapping
length greater than 10 bp were merged with the over-
lap sequence. Operational taxonomic units (OTU)
were clustered with 97% sequence similarity cut-off
utilizing  UPARSE (V.7.1; http://drive5.com/uparse/).
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Chimeric sequences were identified and removed
through UCHIME. The taxonomy of each sequence was
evaluated according to the RDP Classifier algorithm
(http://rdp.cme.msu.edu/) against the Silva (SSU123) 16S
rRNA database with a confidence threshold of 70%.

Alpha diversity index calculation

To compare the diversity of different samples, all samples
in the OTU abundance matrix were randomly re-sam-
pled (that is, “>sequence leveling processing”) according
to the lowest sequencing depth, to correct the diversity
differences caused by sequencing depth. Subsequently,
QIIME software was employed to calculate richness
estimators (Chaol), abundance-based richness estima-
tion (ACE), and Shannon indices for each sample. The R
software was applied to draw the grouped boxplot of the
alpha diversity index table.

Principal component analysis (PCA)

PCA, that is, through linear transformation, the original
high-dimensional data (OTU abundance matrix of bac-
teria) were projected into the spatial coordinate system
with lower dimensions (principal component), to achieve
the purpose of dimensionality reduction and simplifica-
tion of data structure, and to display the natural distribu-
tion of samples [42]. PCA analysis can extract the most
important differences between samples from the original
data, and order the samples in the new low-dimensional
coordinate system according to these differences so that
the distance of samples in the new coordinate system
can restore the actual differences between samples to the
greatest extent. In this sorting process, the proportion of
explanations for sample differences in the original data
for each axis decreases in turn. Therefore, the main dis-
tribution characteristics of community samples can be
known by mapping the first two-dimensional or three-
dimensional data obtained from PCA analysis, to quan-
tify the differences and similarities between samples.
PCA analysis is based on Euclidean distance to evaluate
the similarity between samples, without considering the
possible relationship between the original variables. R
software was used for PCA analysis of community com-
position at the genus level, and 2D and 3D images were
performed to describe the natural distribution character-
istics among samples.

Immunohistochemical staining

As described previously [30], the paraffin sections of
the small intestine (5 pm) were collected for immu-
nohistochemical staining. The sections were dewaxed
with xylene, rehydrated with gradient ethanol, and
then incubated overnight with Occludin primary anti-
body (ab216327, Abcam, Cambridge, UK) at 4 °C.
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Subsequently, the sections were incubated with horse-
radish peroxidase-labeled anti-rabbit IgG at room
temperature for 30 min. Later, 3,3’-diaminobenzidine
(DAB) staining, hematoxylin re-staining, and gradient
ethanol dehydration were executed, and the images were
observed under an Olympus microscope. Staining inten-
sity and proportion of positive cells were used as evalua-
tion indexes of immunostaining.

Reverse transcription quantitative polymerase chain
reaction (RT-qPCR)

Total RNA was extracted from intestinal tissue using
the TRIzol reagent (Life Technologies Corporation, CA,
USA). The extracted RNA was reversely transcribed into
c¢DNA according to the instructions of the reverse tran-
scriptase kit (ABI). Real-time quantitative PCR was car-
ried out using TagMan®Universal Master Mix II (ABI).
PCR was carried out for 40 cycles with the following
parameters: 2 min at 50 °C, 10 min at 95 °C, and for each
cycle 15 s at 95 °C for denaturation and 1 min at 60 °C
for annealing. Real-time qPCR assay was performed
using LightCycler 480 Real-Time PCR System (Roche
Applied Science, IN, USA). Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was used as an internal refer-
ence. The relative expression was calculated by the 2744
method. Primer sequences are shown in Table 1.

Statistical analysis

Statistical software SPSS 21.0 (IBM Corp. Armonk, NY,
USA) and GraphPad Prism 8.01 (GraphPad Software Inc.,
CA, USA) were used for statistical analyses and plotting.
Data were expressed as mean +standard deviation. One-
way analysis of variance (ANOVA) test was used for data
comparison between groups, and Tukey’s test was used
for the post hoc test. Differences were considered statisti-
cally significant at P<0.05.

Results

Effect of SalA on IR in ZDF rats

To observe the effect of SalA on ZDF rats, we recorded
the changes in BW and food intake of rats in each
group after 8 weeks of administration. The results
revealed that after 8 weeks of administration, the food
intake and BW of rats in the NC group were visibly

Table 1 Real-time PCR primer sequences

Gene Forward 5’-3’ Reverse 5'-3/

Occludin  TTTGCCATAGCAGCTTTCCT CCTGTGCAGGTTTGGTTTTT
Z0-1 GTCGCAATGGTTAACGGAGT  AGGGAGAGGAGGGAATCAAA
Claudin-1  CTGATGACCCAAGGTGGAGT  GCCACCAGGTGCAACTTAAT
GAPDH CCGTTGTCCCAATCTGTTCT TGTGAGGGAGATGCTCAGTG
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lower than that of the MOD group (P<0.01), and the
food intake of rats in the SalA-L, SalA-M, and SalA-H
groups was not significantly different from that of rats

(2022) 14:135

Page 5 of 14

in the MOD group, but the BW of rats in the SalA-L,
SalA-M, and SalA-H groups was less than that of the
MOD group (P<0.01) (Fig. 1A, B).
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After 8 weeks of continuous administration, OGTT
and ITT were performed. OGTT results demon-
strated that blood glucose values in all groups peaked
60 min after glucose administration and then began to
decline. Compared with the NC group, blood glucose
and OGTT-AUC in the MOD group were elevated
(P<0.01); relative to the MOD group, blood glucose
and OGTT-AUC in the SalA-L, SalA-M, and SalA-
H groups were significantly decreased during OGTT
(P<0.01) (Fig. 1C, D). ITT results disclosed that blood
glucose was decreased in all groups after insulin injec-
tion. Blood glucose in the SalA-L, SalA-M, and SalA-H
groups was reduced during ITT compared with that in
the MOD group (P<0.01) (Fig. 1E). In addition, ITT-
AUC in the MOD group was higher than that in the NC
group (P<0.01); compared with the MOD group, ITT-
AUC in the SalA-L, SalA-M, and SalA-H groups was
lowered (P<0.01) (Fig. 1F). These results implied that
SalA can improve the insulin sensitivity of ZDF rats.
In addition, fasting serum insulin level and HOMA-IR
index in the MOD group were higher than those in the
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NC group (P<0.01), while SalA treatment reduced IR
in ZDF rats (P<0.01) (Fig. 1G, H).

SalA can alleviate hepatic lipid accumulation and liver
injury in ZDF rats

Next, HE and oil-red O staining showed that the hepat-
ocytes of rats in the NC group were regularly arranged
radially, with normal morphology and neat arrange-
ment, without obvious formation of large lipid drop-
lets and inflammatory cell infiltration; hepatocytes in
the MOD group showed steatosis and fat vacuoles, and
their arrangement was disordered. However, after SalA
treatment, hepatocytes tended to be arranged neatly
without obvious fat vacuoles, indicating that SalA had a
significant effect on improving liver injury in ZDF rats
(Fig. 2A, B). Furthermore, the liver weight index of rats
in the MOD group was higher than that of the NC group
(P<0.01), while the liver mass index decreased after
SalA treatment (P<0.01) (Fig. 2C), suggesting that SalA
can visibly bring down the liver weight index. The auto-
matic biochemical analyzer and ELISA kits uncovered
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that relative to the NC group, serum FFA, liver TC, and
TG levels were elevated in the MOD group, which was
reversed after SalA treatment (P<0.01) (Fig. 2D-F).

Influence of SalA on the overall structural changes

of intestinal microbiota in ZDF rats

According to the original data obtained by Illumina
Miseq sequencing, a total of 1,875,486 high-quality
sequences were obtained from 30 samples, with an

Table 2 Analysis of intestinal flora abundance and diversity at
97% similarity level by high-throughput sequencing

Group Seqnumber OTUnumber ACE Chaol Shannon

NC
MOD
SalA-H

1887
1829
1812

1048.93
992.71
1054.08

104746 657
981.61 59
104857 6.14

31,862
30,776
32,662
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average of 62,516 sequences per sample. There were a
total of 5528 OTUs, with an average of 1843 OTUs per
group. There were 1887 OTUs in the NC group, 1829
OTUs in the MOD group, and 1812 OTUs in the SalA-H
group (Table 2). Based on OTU results, the Alpha diver-
sity index of each group at OTU similarity level (97%)
was calculated, including ACE index and Chaol index
representing abundance assessment, as well as Shannon
index representing diversity assessment. The specific
results can be seen in Table 2. The larger ACE or Chaol
index is, the higher the richness of the microbiota is. The
larger Shannon is, the higher the diversity of the micro-
biota is. Figure 3A, B displayed that the ACE index and
Chaol index of the MOD group were lower than the NC
group, indicating that the bacterial abundance of ZDF
rats was less than normal rats. Moreover, compared with
the NC group, the Shannon value of the MOD group was
declined (Fig. 3C), indicating that the bacterial diver-
sity of ZDF rats was lower than that of the normal rats.
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higher the similarity of microbial community structure between two samples, the smaller the difference; the percentages in brackets on the axes
represent the proportion of variation in the raw data that can be explained by the corresponding principal component. F The three-dimensional
ordination diagram of samples analyzed by PCA. Each point represents a sample, and points of different colors belong to different groups; the
closer the distance between two points is, the higher the similarity of microbial community structure between two samples is, and the smaller the
differenceis. N=10
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After SalA-H administration, the bacterial richness and
diversity of ZDF rats were up-regulated. Subsequently,
we plotted a Specaccum species accumulation curve for
the total OTU number corresponding to each sample
in the OTU abundance matrix, which was adopted to
measure and predict the ascent of species richness in the
community with the elevation of sample size. As shown
in Fig. 3D, the curve tended to be gentle, indicating that
the sequencing quantity was reasonable and the major-
ity of microorganisms can be detected. The sequencing
depth can be covered to all species in the sample, which
can reflect the basic situation of the number of microor-
ganisms in the three groups. Besides, we used the PCA
method to further verify the differences and changes in
intestinal microbial community structure in ZDF rats
under SalA-H intervention. As shown in Fig. 3E, F, the
intestinal microbiota structure of rats in the NC group
had the same trend, while that in the MOD group was far
different. After SalA-H treatment, the intestinal micro-
biota structure of the SalA-H group was close to that of
the NC group, indicating that the intestinal microbiota
structure of the SalA-H rats recovered to a normal state.

Impacts of SalA on intestinal core microbial community
characteristics in ZDF rats

Afterward, we investigated the bacterial composition
of different groups at the taxonomic level. The results
of phylum and family level were adopted to analyze the
composition of intestinal microbiota in different groups
of rats. At the phylum level, as shown in Fig. 4A, B, the
top five bacteria in the three groups were Bacteroidetes,
Firmicutes, Actinobacteria, Proteobacteria, and Teneri-
cutes. Among them, Bacteroidetes and Firmicutes were
the dominant microbiota, which accounted for the larg-
est proportion of intestinal microbiota. Compared with
the NC group, the number of Firmicutes, Actinobacte-
ria, Tenericutes, and Verrucomicrobia was raised in the
MOD group, while Bacteroidetes and Proteobacteria
were lowered. After SalA-H treatment, the number of
Firmicutes, Tenericutes, and Verrucomicrobia in the
intestinal tract of ZDF rats was reduced, while Bacteroi-
detes and Proteobacteria increased, and the proportion
of bacterial community was nearer to normal rats.

At the family level, the results are shown in Fig. 4C, D,
and the top 4 bacteria in the 3 groups are Prevotellaceae,
S24-7, Ruminococcaceae, and Lachnospiraceae. Rela-
tive to the NC group, the number of the S24-7, Rumi-
nococcaceae, Lachnospiraceae, Staphylococcaceae, and
Planococcaceae in the MOD group increased, while
Prevotellaceae, Paraprevotellaceae, Dehalobacteriaceae,
and Desulfovibrionaceae were down-regulated. SalA-
H treatment restored intestinal microbiota in ZDF rats
to a certain extent, and the proportion of intestinal
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microbiota in the SALA-H group was closer to that in the
NC group.

SalA can reduce intestinal epithelial barrier injury and LPS
and inflammatory cytokines levels in ZDF rats

Moreover, we detected the effect of SalA on the small
intestine by HE staining and found that the small intes-
tine structure of rats in the NC group was intact, and the
villi of the small intestine were arranged neatly. Com-
pared with the NC group, intestinal villi in the MOD
group were disordered, collapsed, and recessed. After
SalA treatment, the small intestine morphology of the
MOD group was overtly improved (Fig. 5A). Apparently,
SalA can alleviate intestinal epithelial villus injury in ZDF
rats. Subsequently, to further ascertain the effect of SalA
on the permeability of intestinal epithelium in ZDF rats,
immunohistochemical staining was performed on the
small intestine of rats to detect the expression of tight
junction protein Occludin. The small intestine of rats
in the NC group was deeply stained and Occludin pro-
tein level was enhanced. Compared with the NC group,
the staining color in the MOD group became shallow
and the protein expression of Occludin decreased. After
SalA treatment, the expression of Occludin increased
compared with the MOD group (P<0.01) (Fig. 5B, C).
In addition, RT-qPCR showed that the expression of
tight junction proteins ZO-1, Occludin, and Claudin-1
in the MOD group was lower than that in the NC group.
SalA increased the expression of tight junction protein
(P<0.05) (Fig. 5D). Besides, the comparison of serum
LPS, IL-6, and TNF-a levels revealed that the levels of
LPS, IL-6, and TNF-« in the MOD group were higher
than those in the NC group, while the levels of LPS, IL-6,
and TNF-a were reduced in a dose-dependent manner
after SalA treatment (P<0.05) (Fig. 5E-G).

Discussion

DM remains a global public health threat and the inci-
dence continues to rise with the progressive elevation in
obesity and the aging population [39]. The contributors of
IR to T2DM include impaired insulin signaling and com-
plicated interplay of multifaceted metabolic pathways,
and more importantly, the metabolites and microbiota
can regulate insulin sensitivity [59]. SalA is a neuropro-
tective extract of Salvia miltiorrhiza with the functions
of anti-apoptosis and anti-inflammation [61], and Salvia
miltiorrhiza is potent medicine in DM treatment [18, 22].
This study highlighted the regulation of SalA on intesti-
nal microbiota and lipid metabolism in ZDF rats.

IR is considered a pivotal cause of T2DM onset [44]
and declined insulin clearance is linked with IR-related
T2DM [15]. Moreover, obesity is a risk factor for T2DM
[35]. To observe the effect of SalA on ZDF rats, SalA was
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administered to ZDF rats for 8 weeks. Afterward, we
found that different doses of SalA inhibited the eleva-
tion of weight, fasting serum insulin, and HOMA-IR in
ZDF rats. OGTT and ITT assays showed that SalA treat-
ment diminished blood glucose, OGTT-AUC, and ITT-
AUC in ZDF rats. Similarly, SalB, another potent active
water-soluble component in Salvia miltiorrhiza, impedes
PPARy expression and adipogenesis, thus attenuating
weight gain and obesity-associated metabolic disorders
[51]. SalB improves IR of ob/ob mice by suppressing

endoplasmic reticulum stress in the liver [45]. SalA
exhibits the antidiabetic properties in diabetic animal
models by improving mitochondrial function, raising
ATP production, and lowering MMP via the CaMKKp/
AMPK pathway, embodied by diminishing FBG and
improving glucose tolerance [40]. Additionally, a study
has highlighted that a-glucosidase is an important drug
target in the treatment of type 2 diabetes, and inhibition
of a-glucosidase can reduce the absorption of glucose,
whereas SalA inhibits a-glucosidase activity [47, 48].
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Accordingly, SalA may reduce glucose concentration by

inhibiting the activity of a-glucosidase. As a whole, the
aforementioned finding highlighted that SalA can allevi-

ate hyperinsulinemia in ZDF rats.

Adipose tissue is construed as an endocrine organ that

is closely related to the body’s energy production, con-
sumption, and metabolism [24]. Augmented visceral

fat lipolysis through adipose tissue lipoprotein lipase
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stimulates the excessive generation of FFA, resulting
in IR and metabolic diseases, such as T2DM [11, 23].
Insulin signaling is essential for maintaining adipose tis-
sue function [9]. During insulin-resistant status such as
T2DM, insulin fails to inhibit hepatic glucose genera-
tion but potentiates lipid synthesis resulting in hyper-
triglyceridemia and hyperglycemia [49]. Hyperlipidemia
is characterized by elevated TC and TG [31]. Addition-
ally, DM facilitates liver injury by triggering inflamma-
tion and fibrosis via increasing mitochondrial oxidative
stress [43], and the liver is imperative in modulating
insulin clearance and glucose metabolism [16]. There-
fore, we analyzed the relevant parameters of the liver
and then observed that SalA treatment palliated the liver
injury in ZDF rats. In addition, our results indicated that
SalA decreased the liver weight index, serum FFA, liver
TC, and liver TG levels in ZDF rats. Similarly, SalA can
decrease hepatic TG, alleviate hepatic fibrosis, and ame-
liorate hepatic mitochondrial function in diabetic ani-
mals [40, 41]. SalA treatment robustly mitigates obesity
and liver damage in rats and reduces lipid accumulation
in the liver in high-fat diet-fed rats [13]. Moreover, SalB
reduces TG, FFA, and serum insulin levels, down-regu-
lates hepatic gluconeogenic gene, and improves insulin
intolerance, thus ameliorating dyslipidemia and hyper-
glycemia in db/db mice via the AMPK pathway [21]. Col-
lectively, SalA ameliorated hepatic lipid accumulation
and liver injury in ZDF rats.

T2DM remains an acknowledged social and public
health issue that may be caused by intestinal micro-
biota imbalance through inflammatory responses [32,
34]. T2DM rats present imbalanced intestinal micro-
biota, obvious pathological alternation of the intestinal
mucosa, aggravated inflammatory responses, and weak-
ened antioxidant ability [27]. Intriguingly, salvianolic
acids probably exert medical effects by regulating intes-
tinal bacteria [5]. Afterward, we estimated the effect of
SalA on the structure of intestinal microbiota in ZDF
rats and found that high-dose of SalA increased the
microbiota richness and diversity and normalized the
intestinal microbiota structure in ZDF rats. Moreover,
the analyses at the phylum and family levels unraveled
that high-dose of SalA restored intestinal microbiota
and made the proportion of intestinal microbiota in
ZDF rats closer to that in normal rats. Consistently,
SalA can regulate the gut microbiota imbalance dur-
ing colitis by augmenting the gut microbial diversity
and selectively promoting several probiotic populations
[50]. Furthermore, SalB regulates intestinal micro-
biota composition by inhibiting the segregation in gut
microbial clusters of obese mice from normal mice and
shifting these clusters close to those in normal mice
[28]. Altogether, SalA could improve the structure of
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intestinal microbiota and maintain the homeostasis of
intestinal core microbiota in ZDF rats.

DM is implicated with a dysfunctional intestinal barrier
and a raised risk for inflammation and systemic infec-
tion in people [8]. Increased permeability of the intestinal
epithelial barrier is linked to metabolic homeostasis dis-
ruption causing obesity and T2DM [37]. Through altera-
tions in intestinal permeability, the intestinal barrier
is impaired whereby the access of dietary antigens and
infectious agents to mucosal immune elements is pro-
moted, resulting in immune reactions, elevated cytokine
generation, and consequent IR [10]. Moreover, intracel-
lular serine/threonine kinases activated by inflamma-
tion factors can catalyze the inhibitory phosphorylation
of essential proteins of the insulin signaling, resulting
in IR [7]. Next, we investigated the association between
SalA and the intestinal barrier. HE results indicated
that SalA extenuated intestinal epithelial villous injury
in ZDF rats. Afterward, our results showed that SalA
could increase ZO-1, Occludin, and Claudin-1 expres-
sions and decrease LPS, IL-6, and TNF-«a levels. Accord-
ingly, the preceding report has noted that DM diminishes
tight junction proteins, including ZO-1, occludin, and
claudin-1, and increases intestinal permeability to dam-
age the intestinal barrier [60]. Additionally, the decline
in intestinal permeability is positively-associated with
LPS levels and DM patients exhibit elevated plasma LPS
[17, 46]. As reported, SalA confers potent protection
against endothelial injury and it can attenuate ischemia/
reperfusion-triggered endothelial hyperpermeability and
endothelial barrier dysfunction by suppressing VLDL
receptor expression [57]. SalA can protect against early-
stage diabetic nephropathy by improving glomerular
endothelial hyperpermeability in T2DM rats, which can
also alleviate inflammation and restore the disturbed
autophagy in diabetic rats and glomerular endothe-
lial cells through the AGE-RAGE-Nox4 axis [20]. More
importantly, SalA reduces serum hs-CRP levels and
inhibits the activation of the NF-kB pathway and NLRP3
inflammasome in aortic tissues of ZDF rats, indicating its
anti-inflammatory role [33]. Conjointly, SalA decreased
LPS and inflammatory cytokine levels in ZDF rats, thus
alleviating the damage to the intestinal epithelial barrier.

In summary, our findings elucidated that SalA can
relieve hyperinsulinemia, reduce liver injury, improve
lipid metabolism, maintain intestinal microbiota bal-
ance and reduce intestinal epithelial barrier injury in
ZDF rats. However, this is merely a rudimentary study
and the results lack further clinical data. Future stud-
ies should explore the specific mechanism of SalA in
modulating intestinal microbiota and lipid metabolism
in ZDF rats and the regulation of other Chinese herbal



Wang et al. Diabetology & Metabolic Syndrome (2022) 14:135

medicines. Furthermore, conducting clinical studies is
also worthwhile.
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