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Aim: Non-alcoholic steatohepatitis (NASH) increases cardiovascular risk regardless of risk factors in
metabolic syndrome. However, the intermediary factors between NASH and vascular disease are still
unknown because a suitable animal model has never been established. The stroke-prone (SP) sponta-
neously hypertensive rat, SHRSP5/Dmcr, simultaneously develops hypertension, acute arterial lipid
deposits in mesenteric arteries, and NASH when feed with a high-fat and high-cholesterol (HFC)
diet. We investigated whether SHRSP5/Dmcr affected with NASH aggravates the cardiac or vascular
dysfunction.

Method: Wister Kyoto and SHRSP5/Dmcr rats were divided into 4 groups of 5 rats each, and fed
with a SP or HFC diet. After 8 weeks of HFC or SP diet feeding, glucose and insulin resistance,
echocardiography, blood biochemistry, histopathological staining, and endothelial function in aorta
were evaluated.

Results: We demonstrate that SHRSP5/Dmcr rats fed with a HFC diet presented with cardiac and
vascular dysfunction caused by cardiac fibrosis, endothelial dysfunction, and left ventricular diastolic
dysfunction, in association with NASH and hypertension. These cardiac and vascular dysfunctions
were aggravated and not associated with the presence of hypertension, glucose metabolism disorder,
and/or obesity.

Conclusions: SHRSP5/Dmcr rats may be a suitable animal model for elucidating the organ interac-
tion between NASH and cardiac or vascular dysfunction.
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mulation caused by macrophage infiltration or smooth

Introduction muscle cells; atherosclerotic plaque formation; and/or

Arteriosclerotic lesions induce cerebrovascular
disease or ischemic heart disease either through the
process of endothelial dysfunction; intimal lipid accu-
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vascular occlusion or thrombus formation". The effec-
tive prevention, treatment, and care of vascular disease
are still critical issues. However, research has been
hampered by the fact that the majority of experimen-
tal rodents exhibit resistance to atherosclerotic
lesions?. Therefore, transgenic mice without the apo-
lipoprotein-E or low-density lipoprotein (LDL) recep-
tor have been developed for the research of the arterio-
sclerotic mechanism?. Meanwhile, the development
of an alternative arteriosclerosis model similar to the
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human pathology, which is characterized by dietary
intake without genetic modification, is aspired to in
order to clarify the metabolic syndrome.

The stroke-prone (SP) spontaneously hyperten-
sive rat, SHRSP5/Dmcr, formerly called the arterio-
lipidosis-prone rat, simultaneously develops hyperten-
sion, acute arterial lipid deposits in mesenteric arter-
ies, and non-alcoholic steatohepatitis (NASH) upon
exposure to high-fat and high-cholesterol (HFC)
diets*>. NASH has been observed as a comorbidity of
the metabolic syndrome phenotype, and is closely
related to insulin resistance or oxidative stress* ©.
Recent data suggests that NASH is linked to increased
cardiovascular risk, independent of the broad spec-
trum of risk factors in metabolic syndrome’'?. Fur-
thermore, retrospective and prospective studies have
provided evidence for a strong relationships between
NASH and the subclinical manifestation of athero-
sclerosis, as represented by increased intima-media
thickness, endothelial dysfunction, arterial stiffness,
impaired left ventricular (LV) function, and coronary
calcification'*"”. As commonly recognized in previous
studies, compared with patients with simple fat liver,
chronic inflammation in those with NASH aggravates
arteriosclerosis, thereby increasing cardiovascular risks
during the process of non-alcoholic fatty liver disease
(NAFLD) progression'”. However, the intermediary
factors between NASH and vascular disease are still
unknown (except for insulin resistance and oxidative
stress) because no suitable animal model has been
established to date.

Aim

The SHRSP5/Dmer rat model shows a human
NASH-like phenotype with severe hepatic fibrosis,
hypertension, and lipid deposition in the mesenteric
arteries within a short period of 8 weeks of being fed
with an HFC diet* '®. Most research on the SHRSP5/
Dmcr rat model focuses on NASH* 129, There are
no reports on the relationship between NASH and
cardiac and vascular function. Therefore, we first
investigated whether NASH aggravates cardiac or vas-
cular dysfunction in SHRSP5/Dmer rats.

Materials and Methods

Animals and Feeding Diets

Nine-week-old male rats of Wister Kyoto (WKY)
(n=10) and SHRSP5/Dmecr (7=10) strains were sup-
plied from the Disease Model Cooperative Research
Association (Kyoto, Japan). SHRSP5/Dmecr rats are
established as parallel lines from outbred WKY rats'” .
In this study, the animals were maintained in a tem-
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perature-controlled (24C £2C) and humidity-con-
trolled (55% +5%) facility with a 12-h light/dark
cycle, and allowed to consume a water and SP diet
(20.8% crude protein, 4.8% crude lipid, 3.2% crude
fiber, 5.0% crude ash, 8.0% moisture, and 58.2% car-
bohydrate) ad libitum. The HFC diet (a mixture of a
68% SP diet, 25% palm oil, 5.0% cholesterol, and
2.0% cholic acid), in order to induce NASH, was
obtained from Funabashi Farm (Chiba, Japan)?. At
10 weeks of age, the WKY and SHRSP5/Dmcr rats
were divided into 4 groups of 5 rats each, and fed with
a SP or HFC diet as follows: WKY + SP diet (CONT
group), WKY+HEFC diet (CONT+HFC group),
SHRSP5/Dmecr+SP diet (SHRSP5 group), and
SHRSP5/Dmer+ HFC diet (SHRSP5 + HEC group),
which induces NASH. Body weight and food intake
were measured weekly. Systolic blood pressure (SBP),
diastolic blood pressure (DBP), mean aortic pressure
(MAP=(SBP-DBP) / 3+ DBP), and heart rate (HR)
were measured biweekly in conscious animals by tail-
cuff plethysmography (BP-98A, Softron, Tokyo,
Japan).

All animal experiments were carried out in strict
accordance with the recommendations of the stan-
dards relating to the Care and Management of Labo-
ratory Animals and Relief of Pain (2006) published by
the Japanese ministry of environment. The protocol
was approved by the Animal Experiment Committee
of Okayama University (approval nos. OKU-2016222
and OKU-2016223).

Glucose- and Insulin-Resistance

At 16 weeks of age, rats were orally administered
glucose (2 g/kg) by gavage following an overnight fast.
Tail blood was sampled before and at 15, 30, 60, and
120 min after the provision of glucose to measure
blood glucose levels. Insulin (0.75 U/kg) was intraper-
itoneally injected into animals following a 6-h fast.
Blood glucose levels were determined using a glucose
analyzer (Glutest Neo Super, Sanwa Kagaku Kenky-
usho, Nagoya, Japan). Blood glucose responses during
the oral glucose tolerance test (OGTT) and insulin
tolerance test (ITT) were estimated by the area under
the curve (AUC) using the trapezoidal method**%”.

Echocardiographic Analysis

All rats were intraperitoneally anesthetized using
ketamine (50 mg/kg) and xylazine (10 mg/kg), and
M-mode LV echograms and Doppler mitral flow were
measured at 17 weeks of age. The echocardiography
was performed with a 12-MHz transducer (Xario
PLT-1202S, SSA-680A, Toshiba Medical Systems,
Tochigi, Japan). Anterior and posterior wall thickness
and LV internal dimensions were measured at end-
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diastole and end-systole by using a modification of the
American Society for Echocardiography leading edge
method on the basis of at least 3 consecutive cardiac
cycles on the M-mode tracings**?". The basic param-
eters for the LV echogram, LV end-diastolic (LVDd)
and end-systolic (LVDs) dimensions, as well as the
thickness of the interventricular septum (IVST) and
LV posterior wall (LVPWT), were measured. LV sys-
tolic function was evaluated by LV fractional shorten-
ing (%FS), LV ejection fraction (EF), isovolumic con-
traction time (ICT), and cardiac output (CO). LVEF
and CO were calculated using the Teichholz formula.
End diastolic volume (EDV), end systolic volume
(ESV), and CO were calculated as follows: EDV =7 x
LVDd® / (2.4+1VDd), ESV=7xLVDs?/ (2.4+1VDs),
and CO=HRx (EDV-ESV). The HR was recorded
during echocardiograhy. LV diastolic function was
evaluated by isovolumic relaxation time (IRT) and
deceleration time (DcT). The total ejection isovolu-
mic index (TEI index), incorporating both systolic
and diastolic time intervals for expressing systolic and
diastolic ventricular function (thereby presenting the

total cardiac function), was calculated as follows: TEI
index=(ICT +IRT) / ejection time*”.

Dissection and Blood Analysis

At 18 weeks of age, blood was collected from the
right carotid artery of rats that had been deprived of
food overnight. Rats were then anesthetized by an
intraperitoneal injection of pentobarbital sodium (50
mg/kg). Blood was centrifuged at 1,400 g for 10 min
at 4C, and the resultant serum supernatants were
maintained at —80C until analysis. Aspartate amino-
transferase (AST), alanine aminotransferase (ALT),
high-density lipoprotein (HDL) cholesterol, LDL
cholesterol, triglycerides, and free fatty acids (FFAs)
were measured with routine laboratory methods (SRL
Inc., Tokyo, Japan). All rats were killed by euthanasia,
and the heart, liver, aorta, and lung were removed and
weighted. Tibial length and body weight were used to
correct each organ’s weight. The mesenteric artery was
separated from the mesenteric adipose tissue for oil
red O staining?. Hearts and liver were sectioned for
histopathological staining, and the aorta was cut into
2 mm rings for evaluating the endothelial function.

Histopathological and Oil red O Staining

LVs and livers were fixed in 10% formalin for 48
h, embedded in paraffin and sectioned for histology.
Transverse sections (5 pm) were stained with standard
hematoxylin and eosin (HE) staining, and LVs and
livers were stained with Picro-sirius red (PSR) staining
and Masson-trichrome staining, respectively, to evalu-
ate fibrosis. All images were obtained by an all-in-one

fluorescence microscope (BZ-X700, KEYENCE,
Osaka, Japan). Areas of the myocardial fiber and fibro-
sis were analyzed by a digital imaging software (Image
J, NIH, ver. 1.47). To evaluate LV hypertrophy, 5
myocardial fibers stained with HE were randomly
selected, and the shape of the fibers was traced to mea-
sure the area of the fibers. Interstitial fibrosis was eval-
uated using PSR staining. The fibrosis (stained red)
and myocardial fiber (stained yellow) were automati-
cally separated using the chromatic threshold, and the
total area of interstitial fibrosis, except for perivascular
fibrosis, in the microscopic field was calculated. The
area of interstitial fibrosis in each group was evaluated
as a relative value to the CONT group. Similarly, the
area of perivascular fibrosis was calculated, and inter-
stitial fibrosis and myocardial fibers were excluded from
the analysis. The perivascular fibrosis area was cor-
rected by the coronary perimeter area. Areas of inter-
stitial and perivascular fibrosis were randomly selected
across 5 microscopic fields (% 100), and average inter-
stitial and perivascular fibrosis areas were calculated.

To evaluate macrophage infiltration into the
myocardium, we performed immunostaining for the
monocyte-macrophage maker CD68 with the paraf-
fin-embedded section (3 pm). Endogenous peroxidase
activity was blocked by exposure of the sections to
methanol containing 0.3% H20:. Sections were first
incubated at 4C overnight with mouse monoclonal
antibodies to CDG68 (clone ED1, BIO-RAD, Hercu-
les, CA) and then for 30 min with Histofine Simple
Stain Rat MAX PO (Nichirei Biosciences, Tokyo
Japan)?”. The number of immunoreactive myocardial
interstitial macrophages per unit area (mm?) was cal-
culated as previously described®”.

Oil red O staining for the mesenteric artery was
performed as described in previous reports® 3. The
mesenteric artery was carefully isolated from the intes-
tine, and then fixed with 10% formalin for 10 min.
Following washing with distilled water, the tissue was
immersed in 50% isopropanol for 5 min, with oil red
O stain solution (00625, Sigma-aldrich, Tokyo, Japan)

for 10 min, and with 50% isopropanol for 8 min.

Endothelial Function

The endothelial function of the aorta of each rat
was measured at the end of the experimental period.
The assay was performed following the method of
Hosoo et al.?¥. The isolated aorta was cut into rings
and placed in cold Krebs-Henseleit buffer (119 mM
NaCl, 4.7 mM KCI, 1.1 mM KH:POs4, 1.2 mM
MgSO4, and 25 mM NaHCOs, pH 7.4). The rings
were mounted at a resting tension of 1.5 g in a 5 ml
organ bath (UFER UC-05A Micro-easy Magnus sys-
tem, Kishimoto Medical Instruments, Kyoto, Japan)
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containing warmed (30°C) and oxygenated (O2: COo,
19: 1) Krebs-Henseleit buffer. After a 60 min equili-
bration at this tension, vasoconstrictor prostaglandin
F2alpha (PGF2a, 0.1 pM) was added to the rings.
When a constriction plateau was reached, acetylcho-
line (ACh, 107'°107* M) was then applied to the con-
stricted rings to obtain the concentration-response
curves. The vasorelaxant effect was expressed as the
percentage relaxation of PGF2a-induced constriction.
At the end of the evaluation of endothelial function
using ACh, the rings were completely dilated by the
addition of excess vasorelaxant (100 pM papaverine)
to confirm that the mesothelium functioned properly.

Quantitative RT-PCR Analysis

Total RNA was extracted from LV tissues (10
mg), and treated with an RNeasy Mini Kit (Qiagen,
Hilden, Germany). Extracted total RNA (1000 ng)
was subjected to reverse transcription using the Prim-
erScript RT Reagent Kit (Takara, Shiga, Japan).
Quantitative PCR analysis was performed using SYBR
Mix Ex Taq II (Talara, Shiga, Japan) and a StepOne-
Plus Realtime PCR system (Applied Biosystems, Mas-
sachusetts, USA)**%. The specific primers for cDNAs
are as follows: interleukin-6 (IL-6; forward: 5—
GTCAACTCCATCTGCCCTTCAG-3’ and reverse:
5—-GGCAGTGGCTGTCAACAACAT-3’, GenBank
Accession No. NM_012589), tumor necrosis factor a
(TNF-a; forward: 5-ACTGAACTTCGGGGT-
GATTG-3" and reverse: 5—CTTGGTGGTTTGC-
TACGAC-3’, GenBank Accession No.
NM_012675.3), atrial natriuretic peptide (ANP; for-
ward: 5’~AGCGGACTAGGCTGCAACAG-3’ and
reverse: 5 —CTGCAGCTCCAGGAGGGTAT-3’,
GenBank Accession No. NM_012612.2), RAS-related
C3 botulinum toxin substrate 1 (Rac-1; forward: 5'—
ATCCGAGCCGTTCTCTGTCC-3’ and reverse: 5°—
GCGAAGACTCCGCCATTTTC-3’, GenBank
Accession No. NM_134366.1), toll-like receptor 4
(TLR4: forward: 5-CAGGGCACAAGGAAG-
TAGCA-3" and reverse: 5'-GTTCTCACT-
GGGCCTTAGCC-3’, GenBank Accession No.
NM_019178.1) and glyceraldehyde 3-phosphate
dehydrogenase (GAPDH; forward:
5’-TCAAGAAGGTGGTGAAGCAG-3 and reverse:
5~ AGGTGGAAGAATGGGAGTTG-3’, GenBank
Accession No. NM_017008.4). GAPDH mRNA was

used as an internal standard.

Statistical Analysis

Relevant data is presented as means=*standard
error (SE). Differences among the 4 groups at 18
weeks of age were assessed by one-way factorial

ANOVA and, if a significant difference was detected,
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intergroup comparisons were performed with Fisher’s
multiple-comparison test. P-values of <0.05 were
considered indicative of statistical significance.

Results

Physiological Data

Body weight (Fig. 1A) gradually increased in the
4 groups until 16 weeks of age. SHRSP5/Dmcr rats
are generally smaller than WKY rats, according to pre-
vious studies'®??. The present data set showed similar
results as those of the previous studies at the 9-16
weeks of age. At 16 weeks of age, the HFC diet
reduced the body weight at a similar level in CONT
and SHRSP5 groups. Weight loss is considered to be
related to food intake. There were no significant dif-
ferences between the 4 groups in food intake (Fig. 1B)
at 9 weeks of age, before feeding of the HFC diets.
However, food intake for the HFC diet was decreased
during 1016 weeks of age. SBP (Fig.1C) was
decreased in the SHRSP5+HFC group (143.6+1.7
mmHg) relative to the SHRSP5 group (173.8+7.4
mmHg) at 17 weeks of age. The HFC diet had no
influence on SBP in the CONT groups. The time
course of MAP, which is calculated from SBP and
DBP, showed the same tendency as that of SBP (Sup-
plemental Fig.1). HR (Fig.1D) showed no signifi-

cant differences among the 4 groups.

Pathological Condition in the Liver

Macroscopic findings of the liver (Fig.2A) were
obviously different among the 4 groups. The color
tone of the organs obtained from rats from HFC diet
groups was more whitish than that from SP diet
groups. Moreover, the weight of livers obtained from
rats from HFC diet groups was significantly larger
than that from SP diet groups (Fig.2E). The CONT
+HFC group showed only hepatic steatosis without
hepatocyte ballooning and fibrosis (Fig.2B). In con-
trast, the SHRSP5+HFC group showed hepatocyte
ballooning and severe fibrosis in addition to hepatic
steatosis at 18 weeks of age (Fig.2B), and their hepatic
function, AST, and ALT were the worst among the 4
groups (Fig.2C and D). The HFC diet did not aggra-
vate hepatic function in the CONT group. SHRSP5/
Dmcr rats fed the SP diet presented as normal for
fibrosis and hepatic function.

LV Hypertrophy, Fibrosis, and Inflammation
Heart, ventricle, LV, and right ventricle (RV)
weights corrected by BW were increased in both of the
SHRSP5/Dmecr rat groups fed the SP and HFC diets,
as compared with those of the WKY rats (Fig.3A,
CE). Myocyte cross-sectional areas and ANP mRNA
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Fig.3. Evaluation of left-ventricle (LV) hypertrophy in the 4 groups at 18 weeks of age

AF: Organ weights corrected by body weight (BW) for heart (A), atrium (B), ventricle (C), LV (D), right-ventricle
(RV) (E), and lung (F). G: Hematoxylin and ecosin (HE) staining of cross sections of the LV myocardium. Scale
bars=100 pm. H: Cross-sectional areas of cardiac myocytes calculated by those in (G). I: Quantitative RT-PCR analy-
sis of atrial natriuretic peptide (ANP). The amount of mRNA was normalized to that of GAPDH mRNA and then
expressed relative to the mean value of the CONT group. All data are shown as means + standard error (SE); z=5 in
each group. *P<0.05 vs. the CONT group, 1P<0.05 vs. the CONT+HEC group, ¥P<0.05 vs. the SHRSP5 group.

levels in the SHRSP5 + HEC group showed the same
tendency as LV weight (Fig. 3D H, and I). Therefore,
SHRSP5 and SHRSP5+HEFC groups showed LV
hypertrophy. The HFC diet aggravated lung weight
and RV hypertrophy (Fig.3E, F). No significant dif-
ferences were observed among the CONT groups.
The weight of each individual heart section (heart,
atrium, ventricle, RV, and LV; corrected by tibial
length) showed LV hypertrophy in the SHRSP5+
HFC group (Supplemental Fig.2D). This result
shows the same tendency as BW correction
(Figs. 3AF). However, a part of the results, especially
for the WKY+HEFC group, was different. The LV
weight/tibial length in the WKY+HFC group was
significantly lower/shorter than that in the WKY
group (Supplemental Fig.2D), although the SBP val-
ues in the WKY +HFC and WKY groups were almost
the same (Fig. 1C).

Perivascular fibrosis and interstitial fibrosis found
in the SHRSP5 +HFC group were the worst among
the 4 groups (Fig.4AD), whereas LV hypertrophy was
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ameliorated in this group (Fig.3D, G, H). SHRSP5/
Dmcr rats fed the SP diet, which have a phenotype of
hypertension, showed less fibrosis compared than the
CONT group. LV myocardium inflammation caused
by macrophage accumulation was confirmed in the
SHRSP5+HEC group (Figs.5A, B); in addition,
mRNA levels of inflammatory cytokines such as
TNF-a and IL-6 were upregulated (Figs.5C, D).
These results indicate that cardiac fibrosis was not
caused by only hypertension but also by inflamma-
tion. Inflammation is derived from NASH.

LV Systolic and Diastolic Function

LV systolic function evaluated by %FS and LVEF
did not differ significantly among the 4 groups (Table
1). CO in the SHRSP5 + HFC group was lower than
that in the SHRSP5 group. In contrast, LV diastolic
function evaluated by IRT and DcT showed signifi-
cantly differed between WKY rats and SHRSP5/Dmcr
rats. Particularly, the SHRSP5+ HFC group affected
with NASH showed aggravated LV diastolic function,
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Fig.6. Lipid deposition in the branches of the mesenteric artery in the 4 groups at 18

weeks of age

Isolated mesenteric arteries were stained with oil red O to visualize ring-shaped lipid deposition.

Scale bar=2 mm.

as compared with the SHRSP5 group. The TEI index,
which reflects total LV function, showed the same ten-
dency of LV diastolic function.

Mesenteric Lipid Deposition and Aortic Endothelial
Function

Many lipid depositions were observed in
SHRSP5/Dmer rats fed the HFC diet (Fig.6). The
CONT +HFC and SHRSP5 groups showed less lipid
depositions than the SHRSP5+HFC group. The
CONT group showed no lipid deposition at all. The
isolated aorta and coronary artery were not stained
with oil red O.

Endothelial function in SHRSP5/Dmcr rats was
significantly impaired by consumption of the HFC
diet; the percentage of maximum contraction was only
40%, even at the 107 M ACh concentration (Fig.7).
Endothelial function in the CONT group was normal
and was not affected by the HFC diet. In SHRSP5/
Dmcr rats fed the SP diet endothelial function was
damaged compared with the CONT rats.

Lipid- and Glucose-Metabolism

HDL-cholesterol in the SHRSP5 group was
lower than that in the CONT group (Table 2). HEC
diets increased HDL-cholesterol in both CONT and
SHRSP5 groups. Furthermore, LDL-cholesterol
showed the same tendency as HDL-cholesterol. Thus,
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Fig.7. Endothelium-dependent relaxation curve induced by
acetylcholine (ACh) of aortic rings

Statistical analysis for the 4 groups was performed at the ACh 107
M. All data are shown as means = standard error (SE); =5 in each
group. *P<0.05 vs. the CONT group, TP<0.05 vs. the CONT
+HFC group, *P<0.05 vs. the SHRSP5 group.

the HFC diets increased both HDL- and LDL-choles-
terol; however, LDL-cholesterol was increased more
strongly than HDL-cholesterol by consumption of the
HEFC diets (see LDL/HDL cholesterol ratio in Table
2). Triglycerides and FFAs showed no significant dif-

ferences among the 4 groups. Glucose-metabolism



Circulatory Condition in SHRSP5/Dmer Rat

Table 1. Ultrasonographic parameters in LV systolic and diastolic function in 4 experimental groups at 18 weeks of age

Parameters CONT CONT+HFC SHRSP5 SHRSP5 + HFC
Systolic function LV fractional shortening, % 36.7%3.1 37.7+25 44.5%6.1 36.3+3.8

LV ¢jection fraction, % 64.4+4.0 65.8+3.1 72.6%06.6 63.8+5.0

Isovolumic contraction time, ms 21.6%=3.9 33.8+2.3 31.6x4.7 40.2+1.6**

Cardiac output, mL/min 49.1%5.0 47.7+43  41.3%38 28.7+1.7*"*
Diastolic function Isovolumic relaxation time, ms 30.8+2.1 31.4+1.3 57.6%5.4%" 77.3+6.3%"#

Deceleration time, ms 42434 35820  53.0%09*"  67.8+2.9*"F
Total LV function Total ejection isovolume index 0.61%0.08 0.71+0.12 1.3620.17*"  2.01x0.22*"*

All data are means* SE; #=5 in each group. “2<0.05 vs. the CONT group, "P<0.05 vs. the CONT +HFC group, #P<0.05 vs. the SHRSPS group.

Table 2. Lipid- and glucose-metabolism of blood analysis in 4 experimental groups at 18 weeks of age

Parameters CONT CONT+HEC SHRSP5 SHRSP5 + HFC
Lipid-metabolism HDL-cholesterol, mg/dL 25.0£0.8 37.0+2.3" 16.8+0.8"" 28.8+ 0.9”'-
LDL-cholesterol, mg/dL 14.0%0.9 64.7£23.5" 54%05"" 104.6+13.8*"F
Triglyceride, mg/dL 29.2+1.1 52.3+18.4 42.0%5.8 32.8%4.1
Free fatty acids, pEq/L 567.8+25.2  421.7+55.8 689.4+120.5 518.8+73.3
LDL- / HDL- cholesterol ratio 0.56+0.03  1.81+0.75*  0.32=0.02" 3.70=0.60*'*
Glucose-metabolism  Area under curve in OGTT, mg/dL*min*IOOO 17.3+£0.7 17.1+0.7 18.0x1.1 17.3%£1.6
Area under curve in ITT, mg/dL*min*1000 5.2%0.7 5.6%0.2 4903 5.0%0.4
Fasting serum glucose, mg/dL 162.4+6.0 147.3+1.5 166.0+12.5 125.0%£5.1

All data are means*SE; #=5 in each group. *P<0.05 vs. the CONT group, p< 0.05 vs. the CONT + HFC group, tp< 0.05 vs. the SHRSP5S
group. HDL; high-density lipoprotein, LDL; low-density lipoprotein, OGTT; oral glucose tolerance test, and ITT; insulin tolerance test.

evaluated by OGTT, ITT, and fasting serum glucose

did not show significant differences between groups.

Discussion

The SHRSP5/Dmcr rat model, which has con-
genital hypertension, induces the NASH, lipid deposi-
tion of mesenteric artery and hyperlipidemia via feed-
ing of the HFC diet* 2" %9, In the present study, we
reveal that a SHRSP5/Dmcr rat model fed a HFC diet
presented with cardiac and vascular dysfunctions such
as: (1) cardiac fibrosis, (2) endothelial function, and
(3) LV diastolic function. It is interesting to note that
these cardiac and vascular dysfunctions were unrelated
to hypertension level and/or glucose-metabolism (see
Fig. 1C and Table 2). These results demonstrate that
the NASH disease interposes to cardiac and vascular
dysfunction. To our knowledge, our study is the first
to show that SHRSP5/Dmecr rats may be a suitable
animal model for elucidating the organ interaction
between NASH and cardiac or vascular dysfunction.

Characteristics of SHRSP5/Dmcr Rat Model
SHRSP5/Dmer is a newly established substrain

of SHRSP. HFC diet-fed SHRSP5/Dmer rats were
first reported in 2012 as a novel rat model for devel-
oping hepatic lesions similar to human NASH'.
Hepatic steatosis and lobular inflammation are present
with gradually increasing severity from 2 weeks after
the introduction of the HFC diet. Partial hepatic
fibrosis is also detected at 6 weeks, and is spread over
the entire region of the liver with more severe bridging
formation by 16 weeks'®. In the present study,
SHRSP5/Dmecr rats were fed an HFC diet for 8
weeks. Severe hepatic fibrosis was observed only in
SHRSP5 + HEC group, in addition to hepatic hyper-
trophy, hypohepatia, and high LDL cholesterol (Fig.
2AE and Table 2). These results are consistent with
previous studies, in which SHRSP5/Dmcr rats were
induced with NASH by being fed an HFC diet* 72V,
Importantly, WKY rats fed an HFC diet also showed
hepatic hypertrophy, weak hypohepatia, and high
LDL cholesterol. Horai ez al. reported that the scores
of steatosis and lobular inflammation in WKY rats are
as same as those in SHRSP5/Dmcr; however, the
fibrosis stage score was very low at 8 weeks of HFC
diet feedingsm). Therefore, WKY rats fed an HFC diet
might develop simple fatty liver, but not NASH.
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NAFLD/NASH patients mostly exhibit weight
gain, insulin resistance, and elevated triglyceride or
total cholesterol levels in the blood. In the present
study, the body weight decreased (Fig.1A). In addi-
tion, glucose-metabolism indicators such as OGTT,
ITT, and fasting serum glucose and partial lipid-
metabolism factors, such as triglycerides and FFAs,
were normal (Table 2). This glycolipid amelioration is
attributed to the cholic acid contained in the HFC
diet. Cholic acid induces liver toxicity, increases the
ratio of chenodeoxycholic acid, which is even more
toxic, and decreases the expression levels of bile acid
transporters, which play an important role in the
pathogenesis of NASH'®. On the other hand, the
presence of cholic acid increases energy expenditure by
activating brown adipose tissue, thereby ameliorating
glucose tolerance, insulin resistance, triglycerides, and
obesity®” *. Insulin resistance is well known to be
involved in the many pathways for arteriosclerosis,
hypertension, hyperlipidemia, and diabetes®”.

Previous studies have reported that the SBP in
SHRSP5/Dmer rats fed an HFC diet was lower than
that in SHRSP5/Dmcr rats fed a SP diet* '9. How-
ever, the mechanism underlying the decrease in blood
pressure was not discussed in these previous studies.
Blood pressure, especially MAP, is determined based
on CO and peripheral vascular resistance. Although
the time course of MAP showed the same trend as
that of SBP, the CO in the SHRSP5 + HFC group was
lower than that in the SHRSP5 group (Table 1). This
result indicates that the decrease in SBP in the
SHRSP5 + HEC group may be caused by CO. Endo-
thelial dysfunction in the SHRSP5+HFC group
(Fig.7) may be related to peripheral vascular resis-
tance. However, this issue was not investigated in the
present study. Hepatic function may be another possi-
ble cause of the decrease in blood pressure. It is well
known that chronic or severe liver diseases induce a
low blood pressure®”. We conclude that SHRSP5/
Dmer rats fed an HFC diet are a suitable model for
NASH research. However, we should appreciate the
distinct characteristics of this animal model.

NASH and Cardiac or Vascular Dysfunction

The second notable characteristic of the
SHRSP5/Dmecr model in this study is the lipid depo-
sition on the mesenteric artery, which is incidental to
NASH and hypertension. NAFLD/NASH patients
have been associated with a higher prevalence of early
asymptomatic cardiovascular alterations, such as
increased carotid intima-media thickness and athero-
sclerosis'® 1> 19, coronary calcification'® ¥, altered LV
geometry and diastolic dysfunction', and endothelial
dysfunction'”. These observations indicate that
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NAFLD/NASH has some influence on cardiac and/or
vascular dysfunction.

Endothelial dysfunction is one of the earliest
markers of atherosclerosis. Recent cohort studies have
shown an association between NAFLD/NASH and
endothelial dysfunction, assessed by brachial artery
flow mediated dilatation®“?. In fact, endothelial
function in SHRSP5/Dmcr rats fed the HFC diet was
aggravated, as compared with SHRSP5/Dmecr rats fed
the SP diet, who were not affected with NASH
(Fig.7). In the hypertensive state, mechanical stress
induced by hemodynamic forces like shear stress and
stretch force is one of the most important factors that
contributes to endothelial dysfunction/injury®. Inter-
estingly, endothelial dysfunction was observed even
though blood pressure was decreased (Fig.1C), glu-
cose-metabolism was normal (Table 2), and there
were no indicators of obesity (Fig. 1A) in the SHRSP5
+HFC group. In addition, WKY rats fed the HFC
diet, who presented with simple fatty liver, demon-
strated normal levels with regards to endothelial func-
tion (Fig.7). Simple fatty liver disease develops into
NASH via oxidative stress'". The activation of oxida-
tive stress may also aggravate endothelial dysfunction.
Nakano et al. reported that a lectin-like oxidized LDL
receptor-1 in a SHRSP rat model induced the activa-
tion of nicotinamide adenine dinucleotide phosphate

oxidase, which led to oxidative stress in the vessel
wall®,

NAFLD/NASH is associated with LV diastolic
dysfunction, alterations in energy metabolism, and the
disturbance of cardiac rhythm™ “%). Goland ez al.
found that patients with NAFLD, in the absence of
morbid obesity, hypertension and/or diabetes, had
early features of LV diastolic dysfunction and mildly
altered LV geometry*. Fallo et 4/., in a cohort study
of never-treated essential hypertensive patients with
NAFLD, reported that NAFLD was significantly asso-
ciated with insulin resistance and abnormalities of LV
diastolic function, suggesting a concomitant increase
of metabolic and cardiac risk*®. These case-control
studies concluded that significant changes in cardiac
structure and function are evident in NAFLD/NASH
without accompanying overt metabolic changes or
cardiac disease'”. As the common distinctive feature
between humans and the SHRSP5/Dmecr rat model in
the present study, NASH significantly aggravated LV
diastolic function (Table 1). Diastolic heart failure is
caused by impaired relaxation (e.g., aging, ischemia,
or cardiomyopathy), reduced compliance (e.g., hyper-
trophy, myocardial fibrosis or restrictive cardiomyopa-
thy) and/or pericardial constriction®”. We demon-
strated that SHRSP5/Dmcr rats fed a HFC diet pre-
sented with LV and myocardial hypertrophy (Fig. 3D,



Circulatory Condition in SHRSP5/Dmer Rat

G and H) and severe myocardial fibrosis (Fig.4AD).
Activation of oxidative stress may be involved in myo-
cardial fibrosis and endothelial dysfunction in the
SHRSP5/Dmecr rat model.

Hyperlipidemia is one of the interesting signa-
tures of SHRSP5/Dmcr rats fed HFC diets. Myocar-
dial fibrosis is caused by various factors, such as hyper-
tension, oxidative stress, and inflammation. SHRSP5/
Dmcr rats fed HFC diets exhibit considerable hyper-
tension (SBP over 140 mmHg) compared with WKY
rats. A previous study has shown that NASH aggra-
vates oxidative stress and inflammation®?. In fact, car-
diac oxidative stress (Rac-1 mRNA level; Supplemen-
tal Fig.3A) and inflammation (IL-6, TNF-a mRNA
levels) were upregulated in the SHRSP5 + HEC group
(Fig.5). Weixin ez al. demonstrated that hyperlipid-
emia aggravated cardiac inflammation, fibrosis, hyper-
trophy, and apoptosis via TLR4 and epidermal growth
factor receptor on the myocardium®”. Among the 4
groups in our study, the SHRSP5+HFC group
showed the highest TLR4 mRNA levels (Supplemen-
tal Fig.3B). Hyperlipidemia may promote cardiac
fibrosis in this model. However, further studies are
needed to consolidate this finding. Xiaofang ez al.
demonstrated that serum IL-6 and TNF-a levels in
the SHRSP5+HFC group were much higher than
those in the SHRSP5 group'”. Those results support
the assumption that systemic inflammation due to
liver damage affects cardiac dysfunction. The HFC
diet increased LDL cholesterol levels in both WKY
and SHRSP5 rats, because it contains 25% palm oil
and 5% cholesterol. In a recent NASH study, large
VLDL1, which contains rich TG, and small dense
LDL are remarkable keywords. Fujita ez a/. demon-
strated that mRNA levels of microsomal triacylglycer-
ide-transfer protein in an NASH liver were lower than
that in an NAFLD liver, and that TG-rich VLDL1
and small dense LDL levels increased only in NASH
patients®”. Kitamori et al. reported that HFC diets
increased hepatic TG and cholesterol in the SHRSP5/
Dmcr rat?. Therefore, TG-rich livers in SHRSP5 +
HFC rats may produce copious amounts of VLDLI
and small dense LDL. Small dense LDL readily con-
verts to oxidative LDL, and promotes systemic inflam-
mation.

Although outcomes in the SHRSP5/Dmer rats
were as those expected in a animal model that is a car-
rier of ischemic heart disease, indicators of LV systolic
function, such as LV %FS and LV EE were normal
(Table 1), and lipid deposition in the coronary arter-
ies was not be observed. Ikeda ez /. administered the
nitric oxide synthesis inhibitor N “-nitro-L-arginine to
a SHRSP/Izm rat model, which did not present with
NASH, and established a myocardial infarction-

induced hypercholesterolaemic model®”. Thus,
administeration of with N¢-nitro-L-arginine to
SHRSP5/Dmer rats may lead to an induction of isch-
emic heart disease in association with NASH and this
model can be used for future studies.

Conclusions

The SHRSP5/Dmcr rat model, which has con-
genital hypertension, induces NASH, lipid deposition
in the mesenteric arteries, and hyperlipidemia upon
being fed an HFC diet. We demonstrated that, in
addition, the SHRSP5/Dmcr rat model fed with a
HFC diet presents with cardiac and vascular dysfunc-
tion, such as cardiac fibrosis, endothelial function, and
LV diastolic function. These cardiac and vascular dys-
functions were unrelated to hypertension level, glu-
cose-metabolism, and/or the degree of obesity.
SHRSP5/Dmer rats may be a suitable animal model
for elucidating the organ interaction between

NAFLD/NASH and cardiac or vascular dysfunction.
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