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Antihypertensive therapy improves insulin resistance and
serum levels of interleukin-6 and -10 in spontaneously
hypertensive rats with steatohepatitis
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Abstract. Metabolic syndrome based on insulin resistance (IR)
and hypertension is a risk factor for advanced liver disease and
cardiovascular disease in patients with nonalcoholic steatohepatitis (NASH). The present study investigated the effects of
severe hypertension induced by a high‑salt (HS) diet and antihypertensive therapy on the pathophysiological condition of
spontaneously hypertensive rats (SHRs) with steatohepatitis.
Steatohepatitis was induced using a choline‑deficient, L‑amino
acid‑defined diet (CDAA). Male SHRs (7‑week‑old) were
randomly divided into five groups: Those receiving 6 weeks
of standard chow with a normal salt concentration, followed
by an additional 8 weeks of standard chow or CDAA with a
normal salt concentration (control and CDAA groups, respectively); and those receiving 6 weeks of standard chow with
HS, followed by CDAA with HS for an additional 8 weeks,
with or without the antihypertensive agents, amlodipine (Aml)
or hydralazine. In the CDAA and CDAA+HS groups, blood
pressure was significantly correlated with serum levels of
insulin, fasting blood glucose and homeostasis model assessment (HOMA)‑IR. Antihypertensive therapy ameliorated the
elevated glucose, insulin and HOMA‑IR. Furthermore, the
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increased levels of serum interleukin (IL)‑6 following the
CDAA+HS diet were attenuated by antihypertensive therapy.
The serum levels of IL‑10 were increased by antihypertensive therapy, and the decrease in the proportion of splenic
CD4+CD25+forkhead box P3+ T cells observed following the
CDAA+HS diet tended to be restored by Aml. In conclusion,
antihypertensive therapy improved glucose metabolism and
imbalances in cytokine expression in the rat model of hypertension with steatohepatitis, suggesting that antihypertensive
therapy acting through immunological factors may be beneficial for patients with metabolic syndrome‑associated NASH.
Introduction
Nonalcoholic fatty liver disease (NAFLD), which includes
nonalcoholic steatohepatitis (NASH), is one of the hepatic
manifestations of metabolic syndrome, and is becoming a
public health concern as NAFLD and NASH progress to hepatic
failure and hepatocellular carcinoma (1‑3). Epidemiological
studies have demonstrated that 10% of patients with NASH
develop cirrhosis over a 15‑year period (4), and NAFLD is a
common reason for liver transplantation in the United States (5).
By contrast, nonalcoholic fatty liver, or simple steatosis, rarely
progresses to advanced disease. The mechanism underlying
the occurrence and progression of NAFLD is currently considered to be a ‘multiple hit process’ involving insulin resistance
(IR), oxidative stress, apoptosis and perturbations of adipokine
levels (6,7). Predictive factors of advanced fibrosis in patients
with NAFLD also include increasing age, type 2 diabetes
mellitus, and hypertension. However, the precise mechanism
underlying the progression of NAFLD remains to be fully
elucidated.
Metabolic syndrome is associated with IR and other metabolic risk factors, including central obesity, dyslipidemia and
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hypertension. The coexistence of these disorders is correlated
with cardiovascular disease (CVD) (8‑11). IR is also important
in the pathogenesis of NAFLD, and patients with NAFLD have
reduced insulin sensitivity, not only in muscle, but also in the
liver (12). In addition, NAFLD is an independent risk factor
for CVD and predicts future cardiac events (13). It was previously reported that there is an apparent association between
non‑obese hypertensive patients with NAFLD and increases
in IR (14). The increased risk of all‑cause mortality rates in
patients with NAFLD appears to be associated with hypertension in addition to IR, however, the association between
hypertension and IR in patients with NAFLD remains to be
fully elucidated.
Our previous study (15) investigated whether high‑salt (HS)
diet‑induced hypertension exacerbated the pathophysiology
of steatohepatitis induced by a choline‑deficient, L‑amino
acid‑defined (CDAA) diet in an animal model. It was found
that hypertension was a potential risk factor for liver injury and
hepatic fibrosis. Using spontaneously hypertensive rats (SHRs)
fed a CDAA diet, it was demonstrated that the levels of alanine
aminotransferase (ALT) and alkaline phosphatase (ALP) were
significantly higher, and hepatic mRNA levels of interleukin
(IL)‑10 were significantly lower in the HS group, compared
with the normal‑salt group. Immune function analysis showed
that healthy human subjects on a HS diet (12 g/day) had higher
levels of proinflammatory cytokines, IL‑6 and IL‑23, and lower
levels of the anti‑inflammatory cytokine, IL‑10, compared
with those receiving the recommended salt intake (6 g/day),
suggesting that a HS diet may contribute to an excessive
immune response (16). Pro‑inflammatory serum cytokines,
including IL‑6, may be increased and anti‑inflammatory
cytokines, including IL‑10, may be decreased in NASH due
to imbalanced cytokine production in the liver and/or extrahepatic production (17‑21). However, the association between IR
and the production of cytokines, including IL‑6 and IL‑10 in
NAFLD remain to be fully elucidated.
In the present study, it was hypothesized that HS‑induced
hypertension affects IR through imbalanced cytokine production in SHRs with CDAA‑diet‑induced steatohepatitis, and
that IR or imbalanced cytokine production can be reversed
by antihypertensive therapy. It was shown that HS‑induced
hypertension was positively correlated with blood glucose and
levels of serum insulin, and with homeostasis model assessment (HOMA)‑IR, suggesting that hypertension induced
IR in this NASH model. It was also demonstrated that the
expression of cytokine IL‑6 was correlated with hypertension
and was attenuated by antihypertensive therapy, which was
accompanied by the expression of IL‑10. The cytokine expression and IR induced by hypertension may be associated with
the progression of NASH (22), and the experimental animal
model used in the present study may be useful for investigating
NASH with metabolic syndrome.
Materials and methods
Animals. All animal procedures were approved by the
Institutional Animal Care and Use Committee of Kagoshima
University (Kagoshima, Japan). Male, 6‑week‑old SHRs
were obtained from Charles River Laboratories (Yokohama,
Japan). The rats were allowed to acclimatize to the laboratory

conditions for 1 week at a constant temperature of 24˚C with
a 12‑h light‑dark cycle and 40‑70% humidity, and were fed
standard chow (control diet) containing 0.27% NaCl (CE‑2;
Kyudo, Kumamoto, Japan) and water ad libitum. Following the
acclimatization period, the rats were divided into groups (n=10
per group) and fed five different diets ad libitum, as follows:
6 weeks standard chow with normal salt concentration (0.27%
NaCl), followed by a standard chow or CDAA diet containing
normal salt concentration for an additional 8 weeks (control
and CDAA groups, respectively), and 6 weeks standard chow
with a HS concentration (8.0% NaCl), followed by a CDAA
diet containing HS for an additional 8 weeks, with or without
the antihypertensive agents, amlodipine (Aml; Wako, Osaka,
Japan; 10 mg/day in food) or hydralazine (Hyd; Sigma‑Aldrich;
Thermo Fisher Scientific, Inc., Waltham, MA, USA; 20 mg/day
in food). These were termed the CDAA+HS, CDAA+HS+Aml
and CDAA+HS+Hyd groups, respectively. Thus, all experiments were performed for 14 weeks and then all rats were
sacrificed by exsanguination under pentobarbital anesthesia
(12‑18 mg/body; intraperitoneal administration; Kyoritsu
Seiyaku Corporation, Tokyo, Japan). The diets were obtained
from Dyets, Inc. (Bethlehem, PA, USA) and 30 g per day was
administered to ensure equal total food intake.
Measurement of systolic blood pressure (SBP) and serum
markers. SBP was determined using the tail‑cuff method once
every 2 weeks between 7 and 21 weeks (MK‑1030; Muromachi,
Tokyo, Japan).
Blood was collected by vena cava puncture following a
12‑h fast and then centrifuged at 1,800 x g for 5 min at 4˚C.
The resulting serum was stored at ‑80˚C. Serum levels of
ALT, ALP, total cholesterol and triglyceride were determined
commercially at SRL, Inc. (Tokyo, Japan). Fasting blood
glucose (FBG) and serum immunoreactive insulin (IRI)
levels were determined using Spotchem II‑Glucose (Arkray,
Kyoto, Japan) and ELISA (Morinaga Institute of Biological
Science, Kanagawa, Japan), respectively. HOMA‑IR was
calculated using the following formula: HOMA‑IR = FBG
(mg/dl) x fasting IRI (µU/ml) / 405. Serum levels of IL‑6 and
IL‑10 were determined using a rat IL‑6 or IL‑10 Quantikine
ELISA kit (R&D Systems, Inc., Minneapolis, MN, USA).
Histological and immunohistochemical analyses. The resected
livers and spleens were weighed, and thin slices were immersed
in 10% neutralized formalin and embedded in paraffin to
produce 4‑µm‑thick sections for staining with hematoxylin
and eosin. Immunohistochemical analyses using anti‑CD68
antibody (ED‑1; cat. no. ab31630; Abcam, Cambridge, MA,
USA) were performed using the paraffin‑embedded sections.
The samples were blocked with protein block (Dako Japan
Co., Ltd., Tokyo, Japan) for 10 min, followed by incubation
with the primary antibody at a 1:400 dilution overnight at 4˚C.
The samples were incubated with goat anti‑mouse/rabbit IgG
(Histofine Simple Stain Rat MAX PO MULTI; cat. no. 414191;
Nichirei Biosciences, Tokyo, Japan) to detect bound antibodies.
After the signal was visualized by the 3, 3‑diaminobenzidine,
the CD68+ cells were counted (magnification, x400) in five
randomly selected fields of the periportal and perivenular
areas of the liver lobules using a fluorescence microscope
(BZ‑9000; Keyence Corporation, Osaka, Japan).
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Table I. Body, liver and spleen weights, and SBP at week 14 in each group.
Group
Control
CDAA
CDAA+HS
CDAA+HS+Aml
CDAA+HS+Hyd

Body
weight (g)

Liver
weight (g)

Liver/body
weight (%)

Spleen
weight (g)

SBP
(mmHg)

357.00±19.93
362.40±17.89
325.80±17.83b,e
334.30±20.33d
329.90±15.42a,e

10.23±0.60
9.87±0.59
10.40±1.01
9.63±0.58
10.00±0.64

2.87±0.09
2.72±0.11
3.18±0.21c,f
2.89±0.17g
3.03±0.16e

0.66±0.07
0.64±0.03
0.64±0.08
0.62±0.05
0.59±0.07

201.80±8.95
198.12±13.03
211.80±9.56
166.16±12.48c,f,h
170.42±16.14c,f,h

Values are presented as the mean ± standard deviation. aP<0.05, bP<0.01 and cP<0.001, vs. Control group; dP<0.05, eP<0.01 and
f
P<0.001, vs. CDAA group; gP<0.01 and hP<0.001, vs. CDAA+HS group. CDAA, choline‑deficient, L‑amino acid‑defined diet; HS, high‑salt
diet; Aml, amlodopine; Hyd, hydralazine; SBP, systolic blood pressure.

Measurement of the levels of hepatic monocyte chemoat‑
tractant protein‑1 (MCP‑1). The protein concentration was
standardized at 8 mg/ml following extraction of total protein
from the liver tissues according to a previous report (23). Rat
MCP‑1 in the homogenate was measured using an ELISA kit
(R&D Systems, Inc.) according to the manufacturer's protocol.
Cell isolation and flow cytometry. Single‑cell suspensions of splenic cells were prepared using cell strainers
and incubated for 5 min in 1X RBC lysis buffer (eBioscience, Inc., San Diego, CA, USA). The cells were washed
twice using flow cytometry staining buffer (eBioscience,
Inc.) and resuspended in flow cytometry staining buffer
(eBioscience, Inc.). The splenic cells were analyzed by
three‑color intracellular flow cytometry using fluorescein
isothiocyanate‑CD4 (1:100; cat. no. 11‑0040; 4˚C, 20 min
incubation), phycoerythrin‑CD25 (1:100; cat. no. 12‑0390;
4˚C, 20 min incubation) and allophycocyanin‑forkhead box
P3 (Foxp3; 1:100; cat. no. 77‑5775; room temperature, 30 min
incubation) antibodies (eBioscience, Inc.). The expression of
antigens were analyzed on a CyAnTM ADP flow cytometer
(Beckman Coulter, Inc., Brea, CA, USA).
Statistical analysis. Data are presented as mean ± standard
deviation, or the 10th, 25th, 50th (median), 75th and 90th
percentiles. Statistical comparisons among groups were
performed using one‑way analysis of variance followed
by Tukey's post‑hoc test. Correlations between continuous
variables were calculated using Pearson's correlation. The
χ2 test was used to compare the categorical variables among
groups. All analyses were performed using SPSS v.18 (SPSS,
Inc., Chicago, IL, USA). P<0.05 was considered to indicate a
statistically significant difference.
Results
Antihypertensive therapy in SHRs fed a HS CDAA diet. The
SBP of the animals in each group were assessed between
0 and 14 weeks. The SBPs in the control and CDAA groups
gradually increased in a similar manner (Fig. 1). In addition,
as our previous study showed (15), administration of a HS diet
induced severe hypertension. By contrast, the antihypertensive
agents, Aml and Hyd, significantly decreased SBP (Fig. 1).

Figure 1. Changes in SBP among the five experimental groups. SHRs were
fed standard CE‑2 chow (Control) or a CDAA diet with or without HS.
Groups of SHRs with HS were also concurrently treated with an antihypertensive agent (amlodipine or hydralazine). SBP was measured using the
tail‑cuff method. SBP gradually increased in the rats fed HS chow, and was
significantly decreased by antihypertensive therapy. Data are presented as
mean ± standard deviation. *P<0.05, CDAA diet with normal salt vs. CDAA
diet with high salt; **P<0.05, CDAA diet with high salt vs. CDAA diet with
high salt and hydralazine; ***P<0.05, CDAA diet with high salt vs. CDAA diet
with high salt and amlodipine. SBP, systolic blood pressure; SHR, spontaneously hypertensive rat; CDAA, choline‑deficient, L‑amino acid‑defined diet;
HS, high‑salt diet.

At week 14, the liver weight to body weight ratio in the
CDAA+HS group was significantly higher, compared with the
ratios in the control and CDAA groups, and was decreased by
antihypertensive therapy (Table I).
Association between SBP and blood chemistry analysis.
Using a similar model as that used in the present study, our
previous study (15) reported that serum levels of ALT and
ALP were significantly higher in the HS group, compared
with the normal‑salt group. In the present study, the correlation between SBP and serum levels of ALT and ALP were
investigated further. In the CDAA and CDAA+HS groups,
SBP was significantly correlated with ALT and ALP (Fig. 2A
and B), as expected, and with total cholesterol (TC) and
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Figure 2. Correlation between SBP and blood chemistry analysis among CDAA and CDAA+HS groups. Serum levels of (A) ALT, (B) ALP, (C) total cholesterol
and (D) triglyceride were significantly correlated with SBP. SBP, systolic blood pressure; CDAA, choline‑deficient, L‑amino acid‑defined diet; HS, high‑salt
diet; ALT, alanine aminotransferase; ALP, alkaline phosphatase.

A

B

C

D

Figure 3. Serum levels of ALT, ALP, total cholesterol and triglyceride at week 14 (with or without CDAA, HS or anti‑hypertensive agents). (A) Serum levels
of ALP were significantly higher in the CDAA+HS group, compared with the Control and CDAA groups. Elevation of serum levels of ALP were significantly
attenuated by antihypertensive therapy. These changes in ALP were not observed with serum levels of (B) ALT, (C) total cholesterol or (D) triglyceride. Box
plots show the 25th, 50th (median), and 75th percentiles, with whiskers representing the 10th and 90th percentiles (n=10 in each group). *P<0.05, **P<0.01
and ***P<0.001. ALT, alanine aminotransferase; ALP, alkaline phosphatase; CDAA, choline‑deficient, L‑amino acid‑defined diet; HS, high‑salt diet. Aml,
amlodipine; Hyd, hydralazine.
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Figure 4. Correlation between SBP and glucose, insulin and HOMA‑IR in the
CDAA and CDAA+HS groups. (A) Fasting blood glucose, (B) serum insulin
and (C) HOMA‑IR were significantly correlated with SBP. SBP, systolic
blood pressure; HOMA‑IR, homeostasis model assessment‑insulin resistance; CDAA, choline‑deficient, L‑amino acid‑defined diet; HS, high‑salt
diet.

triglyceride (TG; Fig. 2C and D). Antihypertensive therapy
lowered serum levels of ALP (Fig. 3A), but did not lower
serum levels of ALT (Fig.3B). The serum levels of TC and
TG were also reduced, although not significantly (Fig. 3C
and D).

Figure 5. Fasting blood glucose, serum insulin and HOMA‑IR at week 14
(with or without CDAA, HS or anti‑hypertensive agents). (A) Fasting glucose
and (B) serum insulin in the CDAA+HS group were higher, compared with
those in the Control and CDAA groups. Increased glucose and insulin levels
in the CDAA+HS group were attenuated by antihypertensive therapy with
Aml or Hyd. (C) Similarly, the CDAA+HS diet induced IR, as assessed by
HOMA‑IR, and this IR was ameliorated by antihypertensive therapy. Box
plots show the 25th, 50th (median), and 75th percentiles, with whiskers
representing the 10th and 90th percentiles (n=10 in each group). ***P<0.001.
HOMA‑IR, homeostasis model assessment‑insulin resistance; CDAA,
choline‑deficient, L‑amino acid‑defined diet; HS, high‑salt diet; Aml, amlodipine; Hyd, hydralazine.

Effects of antihypertensive therapy on blood chemistry
analysis. Our previous study (15) reported that FBG levels
were significantly higher in the HS group, compared with the
normal‑salt group. The present study examined the effect of
antihypertensive therapy on IR in SHRs fed a CDAA diet.
Serum levels of glucose and insulin, and HOMA‑IR were
significantly correlated with SBP among the rats fed either a
normal‑salt or HS CDAA diet (Fig. 4), however, the CDAA

diet did not affect these levels in the SHRs (control, vs.
CDAA; Fig. 5). In addition, HS increased HOMA‑IR in the
SHRs fed a CDAA diet, indicating IR (Fig. 5C). Of note,
treatment with the antihypertensive agents, Aml and Hyd,
caused a significant decrease in serum levels of glucose
and insulin (Fig. 5A and B), and significantly ameliorated
HOMA‑IR (Fig. 5C).
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Figure 6. Serum levels of IL‑6 and IL‑10. Serum levels of (A) IL‑6 in the CDAA and CDAA+HS groups were higher, compared with those in the Control
group. Increased serum levels of IL‑6 in the CDAA or CDAA+HS groups were attenuated by antihypertensive therapy with Aml or Hyd. (B) CDAA or
CDAA+HS diets did not affect the serum levels of IL‑10, but antihypertensive therapy increased serum levels of IL‑10. Box plots show the 25th, 50th (median),
and 75th percentiles, with whiskers representing the 10th and 90th percentiles (n=10 in each group). *P<0.05, **P<0.01 and ***P<0.001. IL, interleukin; CDAA,
choline‑deficient, L‑amino acid‑defined diet; HS, high‑salt diet; Aml, amlodipine; Hyd, hydralazine.

Antihypertensive therapy reduces levels of IL‑6 and induces
levels of IL‑10 in SHRs fed a HS CDAA diet. The serum
levels of IL‑6 were increased in the SHRs fed a CDAA diet,
and HS further increased these levels (Fig. 6A). By contrast,
antihypertensive therapy with Aml significantly decreased the
elevated levels of serum IL‑6 induced by the CDAA and HS
diets, and Hyd had a similar, although less pronounced, effect
(Fig. 6A). Neither the normal nor the HS CDAA diet affected
serum levels of IL‑10 in the SHRs (Fig. 6B), however, antihypertensive therapy increased the levels of IL‑10 in the HS
groups (Fig. 6B). The number of SHRs with a level of IL‑10
>10 pg/ml was significantly higher when either Aml (n=8;
80%) or Hyd (n=8; 80%) was administered with a HS CDAA
diet, compared with the rats fed the HS CDAA diet only (n=2;
20%; P<0.01).
Increased CD68+ cells and protein levels of MCP‑1 in the liver
are decreased by Aml in SHRs fed a HS CDAA diet. There
was a significant increase in the number of CD68+ cells in the
liver of the SHRs fed a HS CDAA diet, compared with the
control groups (Fig. 7A). By contrast, antihypertensive therapy
with Aml tended to decrease the elevated number of CD68+
cells induced by the CDAA and HS diets. In addition, hepatic
protein levels of MCP‑1 in the liver tissue were increased in
the SHRs fed a CDAA diet, and HS further increased these
levels (Fig. 7B). Antihypertensive therapy with Aml significantly decreased the elevated levels of MCP‑1 caused by the
CDAA and HS diets.
T cell profiles in the spleen of SHRs fed a CDAA diet. The
frequency of CD4+ T cells in the spleen was similar regardless
of diet (Fig. 8A). By contrast, the frequencies of CD4+CD25+
T cells and CD4 + CD25+Foxp3+ T cells in the SHRs fed a
normal or HS CDAA diet were significantly lower, compared
with those in the control group (Fig. 8B and C). These
decreases were ameliorated by Aml (Fig. 8B and C), however
the differences were not significant.

Discussion
In the present study, a HS diet induced severe hypertension
in SHRs, although SHRs are known to exhibit hypertension as they age (24). Furthermore, the combination of the
HS‑induced hypertension and CDAA‑diet‑induced steatohepatitis was associated with increased serum levels of glucose
and insulin, and IR. These responses were accompanied by
high levels of serum IL‑6 and hepatic MCP‑1 protein, and
low frequencies of CD4 + CD25+ and CD4 + CD25+Foxp3+ T
cells in the spleen. Furthermore, antihypertensive therapy
reduced the levels of proinflammatory IL‑6 and hepatic
MCP‑1 protein, and increased the level of anti‑inflammatory
IL‑10. It also restored the frequencies of CD4 +CD25+ and
CD4+CD25+Foxp3+ T cells, although the changes in IL‑10 and
the indicated T cell frequencies were not significant. These
results indicated that hypertension induced by a HS diet may
cause immune‑response‑mediated IR in patients with NASH,
suggesting one of the molecular mechanisms underlying the
progression of NASH in patients with metabolic syndrome.
Pro‑inflammatory cytokines, including IL‑6, may be crucial
in the pathogenesis and development of hypertension (25).
However, it was previously reported that the deletion of IL‑6
did not affect blood pressure in hypertension induced by a
combination of angiotensin II and a HS diet (26). In the present
study involving SHRs, a CDAA diet affected the serum levels
of IL‑6, but did not affect blood pressure. The effect of IL‑6
on hypertension may vary among animal models and physiological conditions, and this effect may not be present in the
experimental model. By contrast, the present study found that
the overexpression of IL‑6 induced by a HS CDAA diet was
reduced by antihypertensive therapy. Serum levels of IL‑10 were
increased by antihypertensive therapy, but were not affected by a
HS diet. Therefore, pathways other than those involving the IL‑6
signaling may have been active in HS‑induced hypertension in
the present study. The reduction of IL‑6 may be associated with
the overexpression of IL‑10 caused by antihypertensive therapy,
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Figure 7. Quantitation of CD68+ cells and protein expression levels of MCP‑1
in the liver. (A) Numbers of CD68+ cells increased significantly in SHRs fed
a HS CDAA diet, compared with control groups, and increased numbers of
CD68+ cells were decreased by Aml. (B) HS CDAA diet increased hepatic
expression levels of MCP‑1 in SHRs, and Aml significantly attenuated this
effect. Box plots show the 25th, 50th (median), and 75th percentiles, with
whiskers representing the 10th and 90th percentiles (n=10 in each group).
*
P<0.05, **P<0.01 and ***P<0.001. MCP‑1, monocyte chemotactic protein‑1;
HS, high‑salt diet; CDAA, choline‑deficient, L‑amino acid‑defined diet;
Aml, amlodipine.

and these cytokine expression patterns may affect systemic
pathogenesis, including IR, in NASH.
Systemic inflammation is a characteristic feature of metabolic syndrome and CVD. A common serum or plasma marker
of systemic inflammation is C‑reactive protein (CRP) (27).
It has been reported that high‑sensitivity CRP is an independent predictor of the risk of cardiovascular events (28).
Furthermore, IL‑6 has been reported to be an independent
predictor of future cardiovascular events in high‑risk Japanese
patients (29). The most marked correlations between serum
levels of CRP and IL‑6 are observed in men with angiographically‑documented coronary heart disease (30). Serum
levels of IL‑6 and high‑sensitivity CRP are also shown to
be higher in patients with NAFLD, compared with healthy

Figure 8. T cell profiles in the spleens of spontaneously hypertensive rats
with or without CDAA and/or HS diet. The percentage of (A) CD4+ T cells,
(B) CD4+CD25+ T cells and (C) CD4+CD25+Foxp3+ T cells. Phenotypes of
the T cells from individual rats groups (n=6 rats per group) were determined
using flow cytometry. Box plots show the 25th, 50th (median), and 75th percentiles, with whiskers representing the 10th and 90th percentiles. *P<0.05.
CDAA, choline‑deficient, L‑amino acid‑defined diet; HS, high‑salt diet;
Aml, amlodipine; Foxp3, forkhead box P3.

controls (17,31). Therefore, the present study hypothesized that
NAFLD‑associated IL‑6 contributes to hypertensive heart
disease, which can result in extrahepatic disease‑associated
mortality. Longitudinal investigations are required to investigate whether the inflammatory cytokines associated with
hypertension affect mortality rates in patients with NAFLD.
It was previously reported that the short‑term infusion of
IL‑6 does not induce IR or impair insulin signaling in rats (32).
By contrast, IL‑6 has been reported to induce IR in 3T3‑L1
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adipocytes and be overexpressed in human fat cells from
subjects with IR (33). Chronic IL‑6 treatment increases the
secretion of IL‑6 and induces IR in adipocytes (34). In addition, the depletion of IL‑6 improves insulin responsiveness in
insulin tolerance tests in mice with diet‑induced obesity (35).
Long‑term exposure to high levels of IL‑6 may be required
prior to IR being affected. Furthermore, Klover et al (36)
suggested that the major targets for cross‑talk between IL‑6
and insulin may be adipose tissue and the liver, rather than
skeletal muscle. In the present study, insulin signaling, assessed
by the phosphorylation of insulin receptor substrate‑1 in liver
tissue, was inhibited in the HS CDAA group, compared with
the controls. This inhibition was attenuated by antihypertensive therapy, which was accompanied by lower serum levels
of IL‑6 (data not shown). Thus, although the entire molecular
mechanism remains to be fully elucidated, IL‑6 and IR in the
liver were linked in the present study, and may affect pathological hepatic conditions, including hepatic fibrosis (22).
IL‑10 is known to have anti‑inflammatory effects in
various organs and tissues under pathological conditions,
however, studies investigating the effect of endogenous IL‑10
in the pathogenesis of NAFLD are limited (37). Kim et al (38)
found that treatment with IL‑10 prevents IL‑6‑induced defects
in hepatic insulin action and signaling activity. Hong et al (39)
showed that transgenic mice with muscle‑specific overexpression of IL‑10 are protected from diet‑induced IR in skeletal
muscle, and this is associated with reduced levels of cytokines,
including IL‑6, in the skeletal muscle. In another study,
endogenous IL‑10 inhibition was found to impair insulin
signaling and promote the increased expression of inflammatory cytokines, including IL‑6 in an animal model of liver
disease induced by a high‑fat diet (19). The above findings are
consistent with the observations in the present study, that the
induction of IL‑10 and suppression of IL‑6 by antihypertensive therapy were at least partly associated with improvement
of IR.
It was previously reported that mice lacking T and B cells
(Rag1‑/‑mice) do not develop hypertension, indicating that
T cells are important in the genesis of hypertension (40).
Matrougui et al (41) showed that hypertension is associated
with increased numbers of apoptotic regulatory T cells (Tregs)
in the spleen and a reduction in plasma IL‑10 content, and that
the transfer of Tregs to hypertensive animals reduces blood
pressure and inhibits the reduction in serum levels of IL‑10.
Furthermore, Eller et al (42) indicated that Tregs are key
regulatory cells in the pathogenesis of IR, and that intravenous
transfer of Tregs improves IR in vivo. In the present study, the
frequencies of CD4+CD25+ and CD4+CD25+Foxp3+ T cells in
the spleen were significantly reduced by a HS CDAA diet in
the SHRs, and these reductions were relatively attenuated by
antihypertensive therapy accompanied by high serum levels of
IL‑10. Thus, Tregs may be involved in the pathogenesis of IR
in this model of HS‑induced hypertension with steatohepatitis.
MCP‑1, which is referred to as chemokine (C‑C motif)
ligand (CCL)2, is a potent chemoattractant, which is primarily
secreted by macrophages. CCL2 has also been found to be
upregulated in the livers of animals with high‑fat diet‑induced
NASH (43). Obstfeld et al (44) showed that obesity activates
the hepatocyte expression of CCL2/MCP‑1, leading to
hepatic recruitment of CCR2+ myeloid cells, which promote

hepatosteatosis. By contrast, CCL2 deletion in an experimental model of methionine‑choline‑deficient diet‑induced
steatosis did not improve liver fat accumulation or associated
inflammation (45). In the present study, neither hypertension
induced by a HS diet nor antihypertensive therapy affected
hepatic steatosis induced by a CDAA diet (data not shown). By
contrast, our previous study found that long‑term hypertension
induced by a HS diet exacerbated hepatic fibrosis induced by a
CDAA diet (15). In the present study, the hepatic overexpression of MCP‑1 was accompanied by an increased number of
CD68+ cells, indicating the presence of macrophages in the
liver. Marra and Tacke (46) also suggested that during the
development of NASH, CCL2 and its receptor are upregulated
in the liver, where they promote macrophage accumulation,
inflammation and fibrosis. Therefore, the present study hypothesized that the hepatic expression of MCP‑1 is associated with
hepatic inflammation and fibrosis rather than hepatic steatosis.
The present study had several limitations. First, the
control rats were fundamentally hypertensive, regardless of
salt concentrations in the diet. This hypertension may have
affected several measurements in the controls, including the
levels of ALT, IL‑6 and IL‑10, and this may have masked
the differences between the normal and HS groups. Further
experiments using other hypertension models are required
to confirm the data. Secondly, the observed changes in the
frequencies of T cell subpopulations in the spleen appeared
to be too small to explain the differences in IL‑6 and IL‑10
between the CDAA+HS and CDAA+HS+Aml groups. T cell
subpopulations in other tissues, including adipose tissue and the
liver require consideration. Thirdly, antihypertensive therapy
did not decrease the levels of ALT, although these levels were
associated with blood pressure. However, serum levels of ALT
do not always reflect the severity of steatohepatitis induced by
MCD diets in mice (47). The number of CD68+ cells in the
liver and the hepatic expression of MCP‑1 may be more useful
markers to evaluate improvements of steatohepatitis severity
in the present study. Finally, the present study did not identify
a direct association between cytokines, IR and hypertension,
and did not investigate long‑term hepatic fibrosis. However,
our previous study showed that hypertension affected hepatic
fibrosis, and the present study indicated that hypertension in
the context of steatohepatitis was possibly associated with IR
mediated through cytokine imbalance; these abnormalities
affect the progression of steatohepatitis, which is associated
with hepatic fibrosis. The experimental model used in the
present study is likely to be a useful model of human NASH
with metabolic syndrome.
In conclusion, the present study demonstrated that rats with
HS‑induced hypertension developed IR, which may have been
associated with an imbalance of IL‑6 and IL‑10, suppression
of Tregs in the spleen and hepatic levels of MCP‑1. These
results may indicate the importance of cytokines and Tregs
in the pathogenesis of IR in NASH with hypertension, and
may lead to novel therapeutic concepts for the treatment of
metabolic syndrome with NASH.
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