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Aims: A long-term high-fat/cholesterol (HFC) diet leads to hepatic insulin resistance (IR), which is associated
with autonomic dysfunction and cardiovascular diseases risk increasing. However, whether this occurs in Ti-
betan minipigs remains unknown. We tested that a long-term HFC diet caused hepatic IR and promote cardio-
vascular disorders in Tibetan minipigs, and are associated with the reduction of cardiovagal tone and
baroreflex sensitivity (BRS).

Methods: Male Tibetan minipigs were fed either a standard diet or a HFC diet, and were euthanized at 12 weeks.
Thereafter, the minipigs were tested for biochemical blood indices, glucose tolerance, blood pressure, heart rate
variability (HRV), BRS, and insulin receptor substrate (IRS)-associated gene and protein expression levels, as well
as cardiac function.

Results: HFC-fed minipigs developed IR by increasing body weight, total cholesterol, fasting blood glucose and in-
sulin levels, and nonesterified fatty acid (NEFA) and high sensitive C-reactive protein (hs-CRP) levels, glucose in-
tolerance. Increased adipose cell size, hepatic fat deposition, malondialdehyde (MDA) content and NEFA level,
down-regulation of IRS1, IRS2, PI3K, Akt, p-Akt, Glut2 and PGCla expression concomitant with up-regulation
of mTOR, GSK33, TNF-q, FOXO1, p-mTOR and p-p70S6K expression in the liver tissue, as well as hypertension
and left ventricular diastolic dysfunction were observed in HFC-fed minipigs. HRV parameters and BRS values
were further significantly reduced. Furthermore, multiple linear regression analysis showed that the develop-
ment of hepatic IR toward cardiovascular disease was associated with low HFnu, RMSSD, BRS and LV —dp/
dtmax, high NEFA, high hepatic TG content.

Conclusion: These data suggest that HFC-fed Tibetan minipigs develop hepatic IR and promote cardiovascular dis-
orders, and are associated with lower cardiovagal tone and BRS.
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1. Introduction metabolic abnormalities and has been proved closely related to the de-

velopment of type 2 diabetes and cardiovascular disease.*

Modern medicine is meeting the challenges of increasing cardiovas-
cular diseases due to hyperlipidemia, hypertension, diabetes and meta-
bolic syndrome, "> which has seriously affected people's quality of life
and life expectancy and brought a heavy social and clinical burden.
However, its underlying etiology and pathogenesis have not yet been
fully elucidated. Insulin resistance (IR), a pathological state that refers
to a decrease in the effect of insulin on peripheral tissues,> has to do
with unhealthy lifestyles such as overeating, obesity and lack of physical
activity. Recently, IR has been considered to be the core of various
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Liver is the most important organ involved in the regulation of glyco-
lipid metabolism and a sensitive target organ of insulin, and many func-
tions of the liver are strictly controlled by circulating hormones such as
insulin. Hepatic IR results in fasting and postprandial hyperglycemia,
which in turn exacerbates insulin sensitivity and aggravates IR in pe-
ripheral tissues.® Recently, it has been found that hepatic IR can directly
or indirectly promote the development of cardiovascular disease,®
which increases the risk of diabetes and cardiovascular diseases through
conventional mechanisms (such as impaired insulin signaling, dyslipid-
emia, hyperglycemia) and the release of inflammatory mediators.”® In
addition, autonomic dysfunction is related to IR and cardiovascular
disease.'® Sympathovagal imbalance (SVI) and depressed heart rate
variability (HRV) are associated with cardiovascular morbidity and
mortality,’! while changes in SVI are associated with metabolic
abnormalities.'? Baroreflex sensitivity (BRS) is the most important
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neuromodulation mechanism of cardiovascular homeostasis.'*'14

Lower BRS was seen in obesity, diabetes, hypertension, coronary athero-
sclerosis, nonalcoholic fatty liver disease (NAFLD) and other diseases.'”
16 It was also found that lower cardiovagal tone and BRS were nega-
tively correlated with increased liver fat content in patients with type
2 diabetes.!” Furthermore, the autonomic nervous system participates
in the regulation of inflammation, oxidative stress, and the cardiovascu-
lar system.®° Therefore, we speculate that the third possible pathologi-
cal pattern of hepatic IR for promoting cardiovascular disease is
autonomic dysfunction.

High-fat diet-induced some unfavorable outcomes, such as over-
weight, dyslipidemia, IR and hypertension, has been considered to be
the main risk factors of cardiovascular diseases. Meanwhile, the devel-
opment of IR, hypertension and atherosclerosis are affected by genetic
and environmental factors. To our knowledge, whether hepatic IR pro-
moting cardiovascular disorders that associated with low cardiovagal
tone and BRS is true in minipigs, a more translationally-related large an-
imal model remains unclear. Because of the similarity to a human in
organ size, metabolism, cardiovascular system, and pathophysiological
characteristics, pigs are examined the first choice for human studies in
non-primate biomedical animal models.'®!° In the comparison of ge-
netic and environmental factors affecting humans and experimental an-
imals, both genetic and environmental factors of minipigs are most
similar to humans,® and genomic sequencing has confirmed that pigs
are closer to humans than mice or rats,?! which is critical to ensuring
the transformative potential of animal studies. A high-fat diet is just
an effective method to induce hepatic IR.??2 Our preliminary study
found that Tibetan minipigs are an ideal model animal that studies the
relationship between IR, metabolic syndrome and cardiovascular dis-
ease, and there is obvious autonomic dysfunction in the Tibetan minipig
atherosclerosis model induced by HFC diet for 24 weeks.?* Accordingly,
we investigated hepatic IR (glycolipid metabolism, inflammation, insu-
lin signaling pathway, and histopathology), autonomic function (HRV
and BRS), and cardiac function in Tibetan minipigs model by using
high fat/cholesterol (HFC) diet. We hypothesized that a long term HFC
diet of Tibetan minipigs led to hepatic IR and promote cardiovascular
disorders related to cardiovagal tone and baroreflex sensitivity (BRS)
reduction.

2. Material and methods
2.1. Animal model

All animal husbandry, care, and experimental procedures were con-
ducted in accordance with the Guide for the Care and Use of Laboratory

Animals and were approved by the Institutional Animal Care and Use
Committee of Zhejiang Chinese Medical University (ZSLL-2016-0031).

Table 1
Primers for quantitative real-time PCR analysis of gene expression.

Ten male Tibetan minipigs (Experimental Animal Center of Southern
Medical University, Guangzhou, China) at 4 months of age, weighing
10-14 kg, were housed under temperature-controlled (20-22 °C) con-
ditions with a 12: 12-h light-dark cycle. After adaptation to the environ-
ment for 4 weeks, minipigs were randomly divided into 2 groups:
normal control (NC) and HFC. NC minipigs (n = 5) were fed a standard
chow diet, contained protein, carbohydrates and fat, which accounted
for 22%, 70% and 8% of the total calories, respectively, and had a caloric
density of 3.39 kcal/g. HFC group (n = 5) were fed a diet of HFC chow
containing a mixture of 1.5% cholesterol, 15% shortening oil, 10% egg
yolk powder, and 73.5% regular chow. This mixture contained protein,
carbohydrates and fat, which accounts for 19%, 50% and 31% of the
total calories, respectively, and had a caloric density of 4.46 kcal/g. All
minipigs in both groups received the same amount of food (2.5% of
body weight) and were fed twice daily on a restricted schedule with a
regular chow or HFC diet for 12 weeks until they were euthanized.
Body mass index was calculated by anthropometric methods** and
was defined as body weight (kg) divided by the square of the minipig
length from the end of the snout to the base of the tail (m?).

2.2. Determination of blood biochemical indices

Blood samples were collected from minipigs 16-18 h after fasting
and then centrifuged (3000 rpm for 10 min at 4 °C) for serum collection.
The levels of fasting blood glucose (FBG), total cholesterol (TC), low-
density lipoprotein cholesterol (LDL-c), high-density lipoprotein cho-
lesterol (HDL-c), and triglycerides (TG) in serum were determined
using commercially available assays (Shanghai Shenneng-DiaSys Diag-
nostic Technology Co., Ltd., China) by an automatic biochemical ana-
lyzer (7020, HITACH, Japan). Atherogenic index (Al) was calculated
using the formula: Al = (TC-HDL-c)/HDL-c. Serum nonesterified fatty
acid (NEFA), insulin, and high-sensitive C-reactive protein (hs-CRP)
concentrations were determined using commercially available ELISA
kits (Nanjing Jiancheng Bioengineering Institute, China) as per manu-
facturer's instructions. The homeostasis models assessment of insulin
resistance (HOMA-IR) was used as a surrogate measure of IR [(fasting
insulin (mU/L) x fasting blood glucose (mg/dL)/405.1)]and the index
of adipose tissue insulin resistance (AT-IR) was calculated using the for-
mula: AT-IR = fasting insulin (mU/L) x fasting NEFAs (mg/dL).%°

2.3. Intravenous glucose tolerance test (IVGTT)

At 12 weeks, each minipig was subjected to intravenous glucose tol-
erance test (IVGTT) as previously described.?> A 22 G indwelling needle
was inserted into the right ear vein to draw blood samples. The minipigs
were injected with 50% glucose (0.5 g/kg) via an ear vein and finished
within 2-3 min. Thereafter; the blood glucose and insulin

Gene Reverse primer Forward primer Product size
IRS1 GCAGGTGGATGATTCTGTGG AGGAGGACTGGCTCTTGCTT 107
IRS2 CCTCCTTCCGTGGTGAACT ATGCACTGTTGTGCTGTGTG 129
PI3K GCAATGTGGAGCAGATGAAG GGTAGAGCAGGAGGAAGTGG 108
Akt2 AAAGTCATCCTGGTGCG GGGTGCCTGGTGTTCTG 137
Glut2 CATTCTTTGGTGGGATGCTT ATGAGATGGTCCCAATTTCG 119
mTOR CTTTGTCCAGACCATGCAGCAGC TCGTTGATGCCCTGTAGGTTCAGCT 141
GSK3B GCTTCAACCCCTTCAAATGC GACGCAGAAGCGGTGTTATTG 133
PGCla GTGTCGCCTTCTTGTTCTTCTTTT CGCATCCTTTGGGGTCTTT 92
TNF-o CCACGCTCTTCTGCCTACTGC CTCGGCTTTGACATTGGCTAC 161
FOX01 TGTCCTACGCCGACCTCAT TTGCTGTC ACCCTTATCCTTG 124
PEPCK CAGTGCCATGCGCTCAGAGTC CCATGCTCAGCCAGTGTTCCAG 131
G6PC ATCTACAACGCCAGCCTCAAGAAG CCGCTCACACCTTCGCTTGG 141
GAPDH CCATCACCATCTTCCAGGAGCGAG AAGTTGTCATGGATGACCTTGGCCA 286

IRS1: insulin receptor substrate 1; IRS2: insulin receptor substrate 2; PI3K, phosphatidylinositol 3-kinase, Akt 2: alanine aminotransferase assav 2; Glut2: glucose transporter type 2; mTOR:
mammalian target of rapamycin; GSK3p: glycogen synthase kinase-3[3; PGClc: peroxisome proliferator-activated receptor gamma coactivator 1-alpha; TNF-c: tumor necrosis factor
alpha; FOXO1: Forkhead box O1; PEPCK: phosphoenolpyruvate carboxykinase; G6PC: glucose-6-phosphatase; GAPDH: glyceraldehyde-3-phosphate dehydrogenase.
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concentrations were measured after 0, 5, 15, 30, 60, 90, and 120 min.
Glucose and insulin area under curves (AUC) from the baseline were
calculated. Moreover, the insulin sensitivity index (S2) derived from
IVGTT was calculated as previously described.?®

2.4. Liver triglycerides, MDA and NEFA content measurements

Liver triglycerides content was determined using a commercially
available kit (Shanghai Shenneng-DiaSys Diagnostic Technology Co.,
Ltd., China). Briefly, the liver tissue (100-200 mg) was homogenized in
4 mL of isopropanol for 7-10 min, and then the homogenate was centri-
fuged at 4600 rpm for 10 min, and a microplate spectrophotometer
(Thermo Varioskan Flash, Thermo Fisher, Finland) was used to analyze
the absorbance set at a wavelength of 582 nm. Data are expressed as
mg/g wet weight liver, as previously described.?” The malondialdehyde
(MDA) content was examined with sulfur barbiturate acid method.?®
Fresh liver tissues were made into 10% homogenate for measurement
of MDA and NEFA content. MDA and NEFA content was determined
using a commercially available kit (Nanjing Jiancheng Bioengineering In-
stitute, China). The liver protein concentration of all samples was deter-
mined by the Coomassie brilliant blue method, and the MDA and NEFA
contents were normalized to the total protein content of the sample.
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2.5. Blood pressure measurement

The blood pressure was continually recorded by the tail-cuff method
with a non-invasive physiological signal telemetry system (EMKA Technol-
ogies S.AS., France) as previously described.?* The systolic blood pressure
(SBP), diastolic blood pressure (DBP) and Mean blood pressure (MBP)
were analyzed by ECGAUTO software (EMKA Technologies S.A.S., France).

2.6. HRV analysis

At 12 weeks, the physiological telemetry test and HRV analysis were
performed for each minipig as previously described.?*-?° Briefly, ECG
electrodes were connected and Lead Il ECG was monitored for 3 h and
recorded using a non-invasive physiological signal telemetry system
(EMKA Technologies S.A.S., France). HRV analysis was made using the
HRV analysis module of ECG-Auto software (EMKA Technologies
S.AS., France). The time domain indices (TDIs) such as mean RR interval
(RRI), standard deviation of all RRIs (SDNN), and square root of the
mean square successive differences between successive normal inter-
vals (RMSSD), and frequency domain indices (FDIs) such as total
power (TP), low frequency (LF) component expressed as normalized
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Fig. 1. Gross appearance, fasting blood glucose, insulin levels, HOMA-IR, and blood pressure results in Tibetan minipigs. Minipigs were fed with normal control (NC) or HFC diets for 12 weeks.
(A) At 12 weeks, HFC-fed minipigs were obese, had thicker abdominal fat, and back fat compares to NC diet minipigs. (B) Body weight, (C) body mass index (BMI), (D) fasting blood glucose,
(E) fasting insulin, (F) HOMA-IR, (G) systolic blood pressure(SBP), (H) diastolic blood pressure (DBP), (I) mean blood pressure (MBP). Data are expressed as means + SEM (n = 5). *P < 0.05,
**P < 0.01 versus NC group.
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Table 2
The effects of HFC diet on lipid profile, insulin-related profile, and inflammatory markers
in Tibetan minipigs after 12-week feeding.

Parameters NC diet HFC diet

Lipid profile and lipid risk factors

TC (mg/dL) 69.14 + 7.20 585.46 + 60.01"*
TG (mg/dL) 17.05 + 1.67 18.38 + 3.22
HDL-c (mg/dL) 2459 + 1.97 115.55 4+ 5.20**
LDL-c (mg/dL) 24.44 + 197 389.25 + 45.78"
Al 1.85 + 0.35 4.07 4+ 0.44*
Insulin-related parameters

FBG (mg/dL) 77.58 + 7.29 107.01 + 8.55*
Insulin (mU/L) 17.87 + 1.26 2523 + 1.49**
NEFA (mg/dL) 0.38 + 0.02 1.28 + 0.29"
HOMA-IR 3.36 + 0.16 6.42 + 0.70™*
AT-IR 6.54 + 0.34 31.28 £ 5.73*
Inflammatory marker

hs-CRP(mg/L) 5.87 + 1.26 16.62 + 2.82*

All minipigs were fasted 16-18 h before taking blood samples. NC: normal control diet; HFC:
high fat/cholesterol diet; TC: total cholesterol; TG: triglycerides; HDL-c: high density lipopro-
tein-cholesterol; LDL-c: Low density lipoprotein-cholesterol; FBG: fasting blood glucose;
NEFA: non-esterified fatty acids; HOMA-IR: homeostatic model assessment of insulin resis-
tance; AT-IR: index of adipose tissue insulin resistance; hs-CRP: high sensitive C-reactive pro-
tein. Data are expressed as means 4 SEM (n = 5). *P < 0.05, **P < 0.01 versus NC group.

unit (LFnu), high frequency (HF) component expressed as normalized
unit (HFnu), and LF/HF ratio were recorded.

2.7. Cardiac function and baroreflex sensitivity (BRS) assessments

On the last day of protocol, each minipig was anesthetized by inha-
lation of 2-3% isoflurane-oxygen mixture delivered by a mask and

then intubated, maintained anesthesia with 0.5-2% isoflurane-oxygen
mixture. During anesthesia, minipigs were placed on heating pads
maintained at 37 °C and monitored for body temperature and ECG
(Life Window 6000; Digicare Animal Health, Boynton Beach, FL, USA).
Each minipig was implanted with three saline-filled (heparinized
50 IU/mL) catheters. One catheter was inserted into the left ventricle
(LV) via right carotid artery to record the cardiac function parameters
[(left ventricular systolic pressure (LVSP), left ventricular end diastolic
pressure (LVEDP), the maximum rise rate of left ventricular pressure
(LV +dp/dtmax) and the maximum fall rate of left ventricular pressure
(LV —dp/dtmax)], the second catheter was inserted into the left femoral
artery to record systolic blood pressure (SBP) and beat interval (BI), the
third catheter was inserted into the right ear vein to administrate a
drug. All signals were constantly recorded by using a non-invasive phys-
iological signal telemetry system (EMKA Technologies S.A.S., France).
Baroreflex sensitivity (i.e., change in Bl/change in SBP) in response to
phenylephrine (PE) and sodium nitroprusside (SNP) injections were
tested as previously described.?® Phenylephrine (PE, Aladdin industrial
corporation, Shanghai, China), an alpha stimulant vasoconstrictor, was
administered at a dose of 3, 6, and 12 pg/kg (120 pg/mL). Sodium nitro-
prusside (SNP, Wuhan Humanwell Pharmaceutical Co., Ltd., China), a
direct-acting vasodilator, was administered at a dose of 2.5, 5, and
10 pg/kg (100 pg/mL). The second administration should be adminis-
tered when the previous Bl and SBP reactions reach a steady state.

2.8. Total RNA isolation and Real time-PCR

Total RNA was extracted from liver samples using TAKARA RNAiso
plus reagent (TAKARA, Japan) according to the instructions. Determina-
tion of RNA content, mRNA quantification, and real-time polymerase
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Fig. 2. Glucose and insulin response to intravenous glucose tolerance test (IVGTT) in NC and HFC diet fed minipigs. All minipigs were subjected to IVGTT at 12-week time points. Briefly, the
fasting minipigs were injected with a glucose solution of 0.5 g/kg body weight via the jugular vein. For analyzing IVGTT results, the glucose (A) and insulin secretory response (B) during
IVGTT, the area under the curve (AUC) of glucose (C) and insulin (D) levels, 2-h postload glucose (E) and insulin (F) levels, and insulin sensitivity index (S2) (G) are shown. Data are

expressed as means + SEM (n = 5). *P < 0.05, **P < 0.01 versus NC group.
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Fig. 3. Histopathological assessments and the changes of liver TG, MDA, and NEFA contents in NC and HFC diet fed minipigs. Representative micrographs of adipose tissue (H&E, a, b), liver
tissue (H&E, ¢, d) and Oil Red O staining (e, f) in liver tissue are shown (A). Adipocyte cells size distribution (B) and mean diameter (C) in visceral fat was calculated. The contents of TG (D),
MDA (E) and NEFA (F) in liver tissue. The red arrow indicates lipid deposition. Data are expressed as means 4+ SEM (n = 5). *P < 0.05, **P < 0.01 versus NC group.

chain reaction (IQ5 RT-PCR; Bio-Rad, Richmond, CA, USA) were per-
formed according to previously described.?* The primer sequences for
the target and reference genes (IRS1, IRS2, PI3K, Akt2, Glut2, mTOR,
GSK-3p, PGCla, TNF-a, FOXO1, PEPCK, G6PC and GAPDH) used for
real-time PCR are listed in Table 1. Briefly, a reaction system of 20 pL
was composed of 10 pL of SYBR Premix Ex Taq (TAKARA, Japan), 1 pL
of forward primer, 1 pL of reverse primer, 0.4 uL ROX Reference Dye,
5.6 UL of DEPC-treated water, and 2 pL of complementary DNA. The
2722 method was used to calculate relative expression values.

2.9. Liver protein extraction and Simple Western analysis

Liver protein was extracted according to manufacturer protocols
provided by the extraction kit (KeyGen BioTech, Nanjing, China). Pro-
tein levels were determined by capillary electrophoresis size-based sep-
arating via Wes from Protein Simple according to the manufacturer
instructions. Protein identification and quantification were analyzed
with Compass software (ProteinSimple, USA). Antibodies used for Sim-
ple Western included anti-IRS-1 (H-7; Santa Cruz Biotechnology; sc-



Y. Pan et al. / Journal of Diabetes and Its Complications 33 (2019) 278-288 283

4-
A g 1 NC
@ ok
S0 Il HFC
5 7 34
z 8 ok
2 ey ok
Z S 24 *
E TQ Ak
e
< S 1+
7z = Aok %
z *
E |
IRS1 IRS2 PI3K  Akt2  Glut2 mTOR GSK3p PGClg TNF-o. FOXO1 PEPCK G6PC
B C D
. 1.5+ 1.5
NC HFC NC HFC _
s —— TO o 9
pe— 3 Z 37
‘S &
53 ]
& S & g
= — bt
0.0- 0.0
NC HFC NC HFC
E F G H
1.5+ o 157 34 251 -
g E |©] = g Q
— - [
% 2 = i; Z =7 20
= 2 1.0 S 1.0 g 2 2 £2 5
o= 1 s S = 1.57
- £ * E¥ 5%
] = %= X T 1.04
4 50.5' g 0.54 E £ 17 2 g
E S * % = 2 Ea_ g 0.5
L & &
0.0 0.0 04 0.04
NC HFC NC HFC NC HFC NC HFC

Fig. 4. Gene expressions and protein levels of liver tissue in NC and HFC diet fed minipigs. (A) The changes of IRS2, PI3K, Akt2, Glut2, mTOR, GSK3(3, PGC1o, TNF-o, FOXO1, PEPCK, and G6PC
mRNA expression in liver tissue. (B) Protein bands of IRS1, IRS2,PI3K, p-Akt, Akt, p-mTOR, p-P70S6K proteins in liver tissue by Wes, and quantification of (C) IRS1, (D) IRS2, (E) PI3K, (F) p-
Akt/Akt, (G) p-mTOR and (H) p-p70S6K proteins. Data are expressed as means 4= SEM (n = 5). *P < 0.05, **P < 0.01 versus NC group.

515017,1:50), anti-IRS-2 (B-5; Santa Cruz Biotechnology; sc-
390761,1:50), anti-PI3K p110 (B-5; Santa Cruz Biotechnology; sc-
€76412,1:50), anti-phospho-AKT (Ser 473; Cell Signaling Technology;
#4060, 1:50), anti-pan-AKT (C67E7; Cell Signaling Technology;
#4691,1:50), anti-phospho-mTOR (Ser 2448; Santa Cruz Biotechnol-
ogy; sc-293133,1:50), and anti-phospho-p70S6K (E-5; Santa Cruz Bio-
technology; sc-377529,1:50). All proteins were normalized to GAPDH
(Santa Cruz Biotechnology; sc-166545, 1:100).

2.10. Pathological examination

Upon anesthesia at 12 weeks, the chest of each minipig was opened
to achieve euthanasia. Samples of liver and adipose tissues were re-
moved from each animal, and then these materials were disposed of
as follows: 10% phosphate-buffered formalin-fixed, dehydrated, and
embedded in paraffin and then cut into 4-um-thick slices. Then slices
were analyzed with hematoxylin & eosin (H&E) staining. In addition,
fresh liver tissues were embedded in optimum cutting temperature
compound (OCT) and cryosectioned. The slices were fixed in 4% para-
formaldehyde in PBS and were stained with 0.5% Oil Red O (Sigma-Al-
drich, St. Louis, MO) according to the standard procedure as
previously described.>! All sections were scanned with a Hamamatsu
Skeleton Scanner (Nanozoomer S210, Hamamatsu, Japan). Adipocyte
cell size distribution and mean diameter in visceral fat were calculated
by Image-pro-plus 6.0 software.

2.11. Statistical analysis

All results are expressed as means 4 SEM. SPSS 20.0 software (SPSS,
Chicago, IL, USA) was used to perform statistical analysis. Data were
compared using Student's t-test. Correlation analysis was done with
Pearson's test followed by multiple linear regression analysis. A two-
tailed P < 0.05 was considered statistically significant.

3. Results

3.1. Monthly body weight, fasting blood glucose and insulin levels, and
blood pressure

Tibetan minipigs fed the HFC diet gained weight more rapidly at
8 weeks and 12 weeks than that fed with NC diet (P <0.01) (Fig. 1A
and B).The BMI of the HFC group significantly increased during the
12th week (P < 0.05, Fig. 1C). The fasting blood glucose in the HFC-
fed minipigs was significantly increased at 8 and 12 weeks of the ex-
periment (P < 0.05, Fig. 1D). Meanwhile, the fasting insulin and
HOMA-IR in the HFC-fed minipigs were gradually increased during
the 4-week feeding period (P < 0.05, P < 0.01, Fig. 1E and F). In
addition, the MBP, SBP, and DBP in the HFC-fed minipigs were
significantly increased at 8 weeks and 12 weeks (P < 0.05, P < 0.01,
Fig. 1G-I).
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Fig. 5. Changes of baroreflex sensitivity in NC and HFC diet fed minipigs following phenylephrine (PE) or sodium nitroprusside (SNP) administration. (A) Traces of blood pressure changes
induced by PE application at 3, 6 and 12 pg/kg. (B) The curve of change in beat interval (ABI) against each of PE. (C) The curve of change in systolic blood pressure (ASBP) against each of
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(n=15).*P<0.05, **P < 0.01 versus NC group.

3.2. Serum biochemical profiles

At 12 weeks, all lipid profile and Al were significantly increased in
the HFC group compared to the NC group (P < 0.01, Table 2), except
for TG. FBG, insulin, NEFA, HOMA-IR, and AT-IR were substantially in-
creased in the HFC group compared to the NC group (P < 0.05,
P<0.01, Table 2). Similarly, the hs-CRP level was significantly increased
in the HFC group compared to the NC group (P < 0.05, Table 2).

3.3. Intravascular glucose tolerance test (IVGTT)

To investigate whether the HFC diet led to impaired glucose clear-
ance and insulin sensitivity, an IVGTT trial was conducted at 12 weeks.

The IVGTT showed that HFC-fed minipigs had significantly higher
blood glucose and insulin secretory after 0.5 mg/kg glucose administra-
tion (P < 0.05, P < 0.01, Fig. 2A-D). 2 h-postload glucose and 2 h-
postload insulin were increased substantially in the HFC group com-
pared to the NC group (P < 0.05, P < 0.01, Fig. 2E and F). In contrast,
the S2 was drastically decreased in the HFC group compared to the NC
group (P < 0.05, Fig. 2G).

3.4. Pathological examinations and liver TG, MDA, and NEFA contents
measurement

To investigate the pathological changes induced by the HFC diet, we
examined the pathological changes in the adipose and liver tissue.
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Table 3

HRV indices and cardiac function parameters of NC diet and HFC diet groups.
Parameters NC diet HFC diet
FDI of HRV
TP (ms?) 920.7 + 144.8 280.1 + 88.9**
LFnu 25.24 £ 345 67.72 £ 6.06™*
HFnu 74.76 £ 345 32.28 4+ 6.06™*
LF:HF 0.35 + 0.06 2.59 + 0.67*
TDI of HRV
Mean RRI (ms) 4774 + 455 4244 + 70.2
SDNN (ms) 7291 + 3.12 4717 + 8.77*
RMSSD (ms) 59.85 £ 3.97 23.66 + 10.76*
Cardiac function parameters
LVSP (mm Hg) 1289 + 12.7 118.7 + 10.5
LVEDP (mm Hg) 0.83 £+ 1.54 8.60 + 2.60*

1074.5 + 86.4*
—1063.1 + 101.2**

2336.9 + 345.8
—2134.4 + 240.0

LV +dp/dtmax (mm Hg/s)
LV —dp/dtmax (mm Hg/s)

The values are expressed as means 4+ SEM, n = 5. *P < 0.05, **P < 0.01 versus NC group.
HRV: heart rate variability, FDI: frequency domain indices of HRV, TP: total power, LFnu:
normalized low frequency component; HFnu: normalized high frequency component;
LF: HF: ratio of low frequency component to the high frequency component of HRV;
TDI: time domain indices of HRV; Mean RRI: mean-RR interval; SDNN: standard deviation
of all normal RR intervals; RMSSD: square root of the mean square successive differences
between successive normal intervals. LV: left ventricle; LVSP: left ventricular systolic pres-
sure, LVEDP: left ventricular end diastolic pressure; LV +dp/dtmax: the maximum rise
rate of left ventricular pressure; LV —dp/dtmax: the maximum fall rate of left ventricular
pressure.

Analysis of adipocyte size showed that the average adipocyte was larger
in HFC-fed minipigs compared to NC-fed minipigs (Fig. 3A-a, and b),
and the adipose of HFC group was shifted toward a large cell population
compared with NC group (P < 0.05, P < 0.01, Fig. 3B and C). Histological
analysis showed significant hepatic steatosis in HFC group by H&E stain-
ing (Fig. 1A—c, and d), and oil red O staining also confirmed significant
lipid deposition in HFC group (Fig. 3A-e, and f). Moreover, the biochem-
ical analysis also showed that liver TG, MDA, and NEFA contents were

Liver TG
LF/HF

S2

significantly increased in HFC-fed minipigs (P < 0.05, P < 0.01, Fig. 3D,
E and F).

3.5. Impairment of hepatic insulin signaling pathway in HFC-fed minipigs

To investigate the effects of the HFC diet on hepatic insulin signaling,
the related genes and proteins expression were evaluated. As shown in
Fig. 4, feeding an HFC diet to minipigs significantly suppressed mRNA
expression of IRS1, IRS2, Glut2, and PGC1a(P < 0.05, P < 0.01), and in-
creased mRNA expression of Akt2, mTOR, GSK3(3, TNF-¢, and FOXO in
liver tissue (P < 0.05, P < 0.01). However, there were no significant dif-
ferences in liver PI3K, PEPCK, and G6PC mRNA expression between
both groups (P> 0.05). In addition, HFC-fed minipigs had significantly
decreased protein levels of liver IRS1, IRS2, PI3K, and p-Akt/Akt
(P<0.05), as well as markedly increased the protein levels of liver p-
mTOR and p-p70S6K (P < 0.01).

3.6. Lower baroreflex sensitivity in HFC-fed minipigs

To investigate the baroreflex sensitivity of HFC-fed minipigs, the
baroreflex sensitivity of PE or SNP-induced blood pressure changes in
all minipigs was determined. As shown in Fig. 5, the effects of PE and
SNP on blood pressure changes in opposite directions, these data reflect
the relationship between blood pressure and beat interval, i.e., the baro-
reflex response. Compared with the NC group, the ABI and BRS values of
the HFC group induced by 3-12 pg/kg PE were significantly decreased
(P < 0.05, P < 0.01). Similarity, the ABI and BRS values of the HFC
group induced by 5-10 pg/kg and 2.5-10 pg/kg SNP, were significantly
decreased (P < 0.01, and P < 0.05, respectively). However, the ASBP re-
sponse induced by PE or SNP in HFC-fed minipigs showed a weakening
tendency, but the difference was not significant (P > 0.05).
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Fig. 6. Correlation analyses among hepatic IR, autonomic function and cardiac function. Liver TG content was positively correlated with LFnu, LF/HF, NEFA, and LV —dp/dtmax, and
negatively correlated with HFnu, SDNN, RMSSD, BRS, S2 and LV +dp/dtmax.
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adipose tissues, and FFA are released in abundance from an expanded adipose tissue mass. In the liver, FFA result in increased production of glucose and triglycerides, FFA simultaneously
reduce hepatic insulin sensitivity by inhibiting insulin signaling pathway (IRS/PI3K/AKT) and affect downstream signaling molecule (such as Glut2, GSK3(3, mTOR and PGC-1a), causing
disorders of glycolipid metabolism, resulting in hepatic IR, hepatic steatosis and elevated fasting hyperglycemia, and with the body oxidative stress and inflammation reaction, promote the
activity of sympathetic nervous system, parasympathetic activity and BRS decreased, cause cardiovascular dysfunction.

3.7. Depressed HRV and cardiac dysfunction in HFC-fed minipigs

Among the frequency domain indices of HRV, TP and HFnu were
significantly decreased (P<0.01), LFnu and LF/HF ratio were signif-
icantly increased (P <0.05, P<0.01) in HFC group compared to the
NC group (Table 3). Meanwhile, Time domain indices of HRV
(SDNN and RMSSD) were substantially decreased (P < 0.05) in the
HFC group compared to the NC group (Table 3). Cardiac function
parameters such as LVSP (P> 0.05), LV +dp/dtmax (P <0.05), and
LV —dp/dtmax (P < 0.01) were either slight or significantly de-
creased except the LVEDP (P < 0.05), which was found to be signif-
icantly increased in the HFC group compared to the NC group
(Table 3).

3.8. Correlation analyses among hepatic IR, autonomic function and cardiac
function

As shown in Fig. 6, the correlation analysis showed that liver TG con-
tent was positively correlated with LFnu (r = 0.709, P < 0.05), LF/HF
(r=0.773, P< 0.01),NEFA (r = 0.943, P < 0.01), and LV —dp/dtmax
(r = 0.782, P < 0.01) and negatively correlated with HFnu (r =
—0.709, P < 0.05), SDNN (r = —0.715, P < 0.05), RMSSD (r = —0.705,
P < 005), BRS (I' PE 6ug/kg — —0.878, P < 0.01 and r SNP 5pg/kg =
—0.923, P < 0.01), S2 (r = —0.863, P < 0.01), and LV +dp/dtmax
(r = —0.731, P < 0.05). In addition, further multiple linear regression
analysis shows that S2 = —1.733 + 0.075 HFnu + 0.039 RMSSD
+ 3.681 BRS p 6ug/kg — 2.774 BRS snp spg/kg — 4.931 NEFA + 1.146
liver TG + 0.003 LV —dp/dtmax.

4. Discussion

In this study, we explored the relationship among HFC diet-induced
autonomic dysfunction, hepatic IR and cardiovascular disorders in Ti-
betan minipigs. According to the results, the HFC-fed minipigs pre-
sented several characteristics similar to IR subjects, including obesity,
dyslipidemia, hyperglycemia, hyperinsulinemia, and hypertension.>?
Glucose intolerance and impaired hepatic insulin signal transduction,
which could lead to hepatic IR, were also displayed in minipigs. In addi-
tion, the levels of hs-CRP and TNF-a were also increased in HFC-fed
minipigs, indicating that IR is associated with obesity, increased fat,
and inflammation. Moreover, there were obvious left ventricular dia-
stolic dysfunction and early features of sympathovagal imbalance,
such as decreased HRV and BRS. The multiple linear regression analysis
indicated that hepatic IR toward cardiovascular disease was associated
with low HFnu, RMSSD, BRS and LV —dp/dtmax, high NEFA, high he-
patic TG content. All of these changes suggested that the HFC diet can re-
sult in hepatic IR and promote cardiovascular disorders, associated with
lower cardiovagal tone and BRS. Therefore, the minipig model may con-
tribute to understanding the relationship between hepatic IR and car-
diovascular diseases in human (Fig. 7).

Changes in visceral fat content can alter insulin sensitivity and IR.>> The
HOMA-IR index provides a reasonable assessment of IR both in animals
and humans,* and the IVGTT-derived S2 index is more sensitive to evalu-
ate insulin sensitivity that has been proved to correlate with hyperinsulin-
normal glucose clamp test in pigs.® In this study, HFC diet-induced
minipigs had obvious signs of peripheral IR signs, such as fasting hypergly-
cemia, hyperinsulinemia, increased HOMA-IR inde, increased area under
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curves of glucose and insulin levels after [VGTT, as well as a decreased S2
index. In addition, IR is linked to ectopic lipid deposition caused by
lipotoxicity. Gastaldelli et al* revealed that the negative correlation with
peripheral insulin sensitivity was greater with intrahepatic fat than that
with visceral fat. Similarly, we observed that intrahepatic fat is significantly
negatively correlated with the S2 index in HFC-fed minipigs. However,
how intrahepatic fat causes IR and independent of visceral fat are still un-
clear. Some studies have indicated that FFA is an important link between
lipid metabolism disorders and IR or hyperinsulinemia. Excessive FFAs in
blood deposit in the liver in the form of triglycerides, which result in he-
patic IR.>® On the other hand, FFA-induced oxidative stress, another impor-
tant cause of hepatic IR, can induce hepatic inflammation and glycolipids
metabolic disorders.>” Our results confirm that FFA-induced ectopic lipid
deposition and oxidative stresses are involved in the development of he-
patic IR in HFC-fed minipigs. In addition, hepatic chronic inflammation
caused by fat accumulation can enhance various inflammatory mediators
such as interleukin and tumor necrosis factor (TNF), and cause hepatic
IR. Overexpression of TNF-a can cause an increase in CRP synthesis in the
liver and aggravate IR by inhibiting insulin receptor tyrosine kinase
activity.>® In this study, hs-CRP and TNF-a levels in HFC-fed minipigs
were significantly elevated, indicating that hepatic chronic inflammation
was associated with IR.>

Lipid accumulation in hepatocytes affects the structure and function
of the cell surface and the physiological effects of hepatic insulin mainly
depend on the IRS/PI3K/AKT signaling pathway to play its part.** When
insulin binds to its receptor, the insulin receptor is activated by auto-
phosphorylation and further acts on tyrosine residues of the down-
stream IRS. Tyrosine-phosphorylated IRS binds to PI3K's SH2, thereby
activating the downstream PI3K-PIP3 signaling pathway and further in-
ducing Akt phosphorylating via PDK1. Activated Akt exerts metabolic
regulation of glucose and fat by acting on downstream Glut2, GSK3p3,
mTOR and PGC-1co. Thus, PI3K/Akt signaling pathway, one of the insulin
signaling pathways, plays a major role in glucose transport, glycogen
synthesis, glycolysis, and gluconeogenesis as well as protein synthesis
and lipolysis process.*! In this study, decreased IRS1, IRS2, PI3K activi-
ties and phosphorylation level of Akt were observed in liver tissues of
HFC-fed minipigs, indicating that attenuated IRS/PI3K/Akt signaling
pathway was one of the main mechanisms of hepatic IR in HFC-fed
minipigs, which was consistent with previous results.*>*> Recently, it
has been observed that high expression of GSK-3f is associated with de-
creased insulin sensitivity. Impaired glucose tolerance and elevated in-
sulin levels were represented in GSK-3p transgenic male mice.** Glut2
plays an important role in insulin-activated glucose uptake in liver,
and inhibition of glucose release from hepatocytes. Increased expres-
sion of GSK-3p and decreased expression of Glut2 in the liver tissues
of HFC-fed minipigs indicated that Glut2 translocation is blocked due
to the decreased phosphorylation level of Akt, which would result in
promoting the expression of gluconeogenesis genes (such as FOX01),
accompanied by the increased gluconeogenesis and the impairment of
glycogen synthesis,*> and finally leads to fasting hyperglycemia.

The mTOR/p70S6K pathway mainly regulates cell growth and pro-
tein synthesis. mTOR/p70S6K may be overexpressed for a long time
under long-term stimulation of high concentration glucose, causes ex-
cessive phosphorylation of IRS-1 serine/threonine, hinders the phos-
phorylation of its tyrosine, further inhibits the PI3K/Akt signal
transduction and makes the PI3K/Akt pathway inactivation, ultimately
leading to IR.*547 Moreover, activation of mTOR/p70S6K pathways
may also result in decreased PGC-1a activity. Thereby resulting in a de-
cline in nutrients oxidative metabolism and mitochondrial dysfunction,
which in turn cause IR and obesity.*® In this study, HFC diet-induced the
activation of the mTOR/p70s6K signaling pathway and decreased ex-
pression of PGC-1a in the liver of minipigs, which was similar to the re-
sults of human and animal studies.**->°

Previous studies have confirmed that hepatic IR could directly or in-
directly promote the occurrence of cardiovascular disease, which was
linked to the changes in body composition, dyslipidemia, and low-

grade inflammation.® Interestingly, autonomic dysfunction was also
found to be involved in the hepatic IR promoting cardiovascular disor-
ders in HFC-fed minipigs, such as the increased LF/HF ratio and LFnu, in-
dicating sympathovagal imbalance and sympathetic tone activation,”!
as well as reduced RMSSD, HFnu and BRS, showing a lower cardiovagal
tone.”>> In fact, the liver is also dominated via the sympathetic nervous
system and the parasympathetic nervous system, which are derived
from the portal vein, the hepatic artery and the visceral and vagal
nerve around the bile duct. The balanced autonomic output of the
liver is important for maintaining the circadian rhythm of metabolic en-
zymes and glucose levels in the liver.>* It has been observed that vagal
denervation significantly elevates triglycerides level,>> whereas the
preservation of vagal activity played a protective role in the hepatic fat
accumulation in patients with type 2 diabetic.!” Rattarasarn C et al>®
found a positive correlation between intrahepatic fat and IR and num-
bers of cardiometabolic risks in non-diabetic patients and speculated
that such relationships could also be observed in diabetic patients. In
the case of increased sympathetic activity and metabolism, oxidative
stress and inflammation also increase,?”+>® and participate in the regula-
tion of BRS in health or disease status.®® BRS is a key mechanism of
neuromodulation in the cardiovascular system and is considered a pre-
dictor of cardiovascular events,®® and low cardiovagal activity and BRS
are negatively correlated with increased hepatic fat content in patients
with type 2 diabetes.!” Similarly, our study confirmed that intrahepatic
TG contents were associated with low cardiovagal tone and BRS in HFC-
fed minipigs and exhibited obvious LV diastolic dysfunction, such as the
decrease of LVEDP and LV —dp/dtmax, but had no significant effect on
the contractile performance index LVSP. This was consistent with the in-
creased risk for LV diastolic dysfunction found by Chun et al®' in pa-
tients with NFALD. Additionally, multiple linear regression analysis
also showed that low HFnu, RMSSD, BRS and LV —dp/dtmax, high
NEFA, and high hepatic TG content might be the possible factors to pro-
mote the development of hepatic IR toward cardiovascular disease.
Therefore, the results of this study support the evidence that hepatic
IR triggers cardiovascular disorders associated with low cardiovagal
tone and BRS.

5. Conclusion

This study exhibits a novel minipig model induced by feeding a HFC
diet to produce intrahepatic fat deposition, hepatic IR, and cardiovascu-
lar disorders with decreased cardiovagal tone and BRS. It was proved
that autonomic dysfunction is involved in the evidence that hepatic IR
promotes cardiovascular diseases. Moreover, it provides a unique tool
that recapitulates the link between dietary factors and hepatic IR, hy-
pertension, and cardiovascular diseases. The results of this study also
provided a new treatment strategy for hepatic IR-based cardiovascular
complications, either by reducing IR and enhancing BRS through insulin
sensitizer or by reducing oxidative stress to improve steatosis and in-
flammation through antioxidants.
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