Cellular Physiology Cell Physiol Biochem 2018;47:119-128

. . DOL 10.11204000480722 © 2018 The Author(s)
and BIOChemlStry Published online: May 15, 2018 Published by S. Karger AG, Basel
www.karger.com/cpb
Accepted: January 30, 2018

This article is licensed under the Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 Interna-
tional License (CC BY-NC-ND) (http://www.karger.com/Services/OpenAccessLicense). Usage and distribution
for commercial purposes as well as any distribution of modified material requires written permission.

Original Paper

The Influence of Hyperlipidemia on
Endothelial Function of FPN1 Tek-Cre
Mice and the Intervention Effect of
Tetramethylpyrazine

Ming-Yue Sun Miao Zhang®® Shui-Ling Chen® Shu-Ping Zhang®
Chun-Yu Guo® Jing-Shang Wang® Xin Liu* Yang Miao® Hui-Jun Yin¢

aDepartment of Cardiovascular Disease, Beijing Xiyuan Hospital, China Academy of Chinese Medical
Sciences, Beijing, PDepartment of Dermatology, China-Japan Friendship Hospital, Beijing, “Gansu
University of Traditional Chinese Medicine, Lanzhou, ¢State Key Laboratory of Environmental Chemistry
and Ecotoxicology, Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences,
Beijing, China

Key Words
Iron + Hepcidin < Ferroportin ¢« Endothelin < Atherosclerosis ¢ Endothelial function
Hyperlipidemia « Tetramethylpyrazine « Tek-cre FPN1 mice

Abstract

Background/Aims: Systemic iron homeostasis is strictly governed in mammals; however,
disordered iron metabolism (such as excess iron burden) is recognized as a risk factor for
various types of diseases including AS (Atherosclerosis). The hepcidin-ferroportin axis plays
the key role in regulation of iron homeostasis and modulation of this signaling could be a
potential therapeutic strategy in the treatment of these diseases. TMP (Tetramethylpyrazine)
has been reported to have therapeutical effect on AS. Here, we aimed to investigate the effect
of iron overload under hyperlipidemia condition on the endothelial injury, inflammation and
oxidative stress by employing FPN1 Tek-cre mouse model with or without TMP intervention.
Methods: Subjects for this study were 80 FPN1 Tek-cre mice and 40 C57BL/6 mice and we
randomly divided them into six groups: Group N: C57BL/6 mice with normal diet, Group M:
C57BL/6 mice with high-fat diet, Group FN: FPN1 Tek-cre mice with normal diet, Group FNT:
FPN1 Tek-cre mice with normal diet and TMP injection, Group FM: FPN1 Tek-cre mice with
high-fat diet, Group FMT: FPN1 Tek-cre mice with high-fat diet and TMP injection. After seven
days of treatment, blood samples were obtained to detect the levels of blood lipids, Hepcidin,
NO, ET-1, ROS, MDA, SOD, IL-1, IL-6 and TNF-a respectively. The liver and aorta were used
for testing the lipid deposition by using hematoxylin and eosin(HE). Results: Hyperlipidemia
could cause iron overload in the aorta and increased serum hepcidin level, particularly in FPN1
Tek-cre mice, and can be reversed by TMP intervention. Knockout of Fpnl induced increase
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of serum hepcidin, exacerbated endothelial dysfunction, oxidative stress and inflammatory
response, particularly under hyperlipidemia condition. TMP intervention attenuated these
processes. Conclusions: Our study signifies the potential application of certain natural
compounds to ameliorating iron disorders induced by hyperlipidemia and protecting on
endothelial function through modulation of hepcidin-ferroportin signaling.

© 2018 The Author(s)
Published by S. Karger AG, Basel

Introduction

Atherosclerosis(AS) is a chronic vascular disease caused by a variety of factors and is
the pathological mechanism linked to cardiovascular and cerebrovascular diseases. Since
endothelial dysfunction is the initiation factor of AS, protecting endothelial function is
important for the early prevention and treatment of AS [1]. Different theories have been
proposed for the pathogenesis of AS, including lipid infiltration, inflammatory reaction, the
damage response, thrombosis and natural immune hypothesis, etc [2-4]. Lipid infiltration
theory concludes that AS is mainly caused by lipid metabolism disorders [5]. Endothelial
dysfunction, inflammation, and oxidative stress induced by high blood lipids were considered
to be the pathological basis of the formation of atherosclerotic plaque [6, 7].

As more studies on the correlation between iron metabolism and AS, iron has been
indicated to playanimportantroleinthe progression of AS[8]. Atthe initial stage of AS, the iron
deposition in plaque isincreased, and low-iron diet or iron chelator treatment can reduce iron
deposition, delay AS and enhance plaque stability, playing a protective role in cardiovascular
and cerebrovascular diseases [9]. The effect of iron overload on cardiovascular disease has
become one of the hot research topics [10, 11]. Iron homeostasis is mainly regulated through
hepcidin-ferroportin axis, in which hepcidin, a hormone secreted by liver, senses systemic
iron level and regulates iron absorption by enterocytes and iron release by hepatocytes and
macrophages through binding the downstream target protein, ferroportin (FPN, also known
as SLC40A1) [12]. FPN, a transmembrane protein, is the only iron exporter in mammals and
internalized followed by degradation after hepcidin binding [13]. The present study found
that high expression of hepcidin in AS plaques increased the iron deposition in macrophages
and promoted the instability of plaque, indicating that hepcidin is closely related to the iron
deposition in plaque and the stability of plaque in AS [14, 15].

Tetramethylpyrazine(TMP), an active ingredientin Chuanxiongrhizome, hasbeen shown
to play the role of anti-AS by inhibiting aggregation of platelet and proliferation of smooth
muscle cells, promoting anti-lipid peroxidation and protecting endothelial cell function [16],
and is widely used in the clinical treatment of cardiovascular and cerebrovascular diseases
nowadays. In our previous study, we found out that TMP intervention attenuated vascular
endothelial injury by inhibiting the increased serum hepcidin in rats. Thus, we speculated
thathepcidin-ferroportin axis may be involved in the protective effect of TMP on endothelium.

In the current study, we employed a mouse model, Tek-cre FPN1 mouse, in which Fpn1
was specifically knockout in endothelium, and the endothelial injury under hyperlipidemia
with the corresponding mechanisms with or without TMP intervention were investigated.
Our study would provide deeper understanding on the pathogenesis of AS and help the
development of new strategy for anti-AS therapy by Chinese herbs.

Materials and Methods

Drug, Reagents and Diets

Tetramethylpyrazine(TMP) extracted from Chinese medicinal plants were purchased from the National
Institutes for Food and Drug Control of China (Beijing, China). Its molecular formulas is C;H,,N,-HCI-2H,0
with molecular structure shown in Fig. 1. Total cholesterol (TC) reagent and triglyceride (TG) reagent were
purchased from Beijing Wantaiderui Diagnostic Technology Company,China. ELISA kits for detecting serum

hepcidin, NO, ET-1, ROS, MDA, SOD, IL-1, IL-6 and TNF-a were purchased from AMEKO company, China; kit
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for determination of tissue iron was purchased from Nanjing Jiancheng
science and Technology Company, China. Ordinary diets were purchased
from Beijing KeAoXieLi Feed Company. High-fat diets were purchased N

from Beijing NuoKangYuan Biotechnology Company, and ingredients HSC:[ j:CHG HCLe2H,0
were as follow: 2% cholesterol, 0.5% bile salt, 10% lard, 10% egg yolk HC NG Chs

powder, 5% sugar and 72.5% basic feed.

Animal experiments

FPN1 Tek-cre mice of C57BL/6 genetic background brought from Fig. 1. The chemical formula
Ecological environment research center of Chinese Academy of Sciences, of Tetramethylpyrazine used
and housed in the animal breeding room of Xiyuan Hospital, China  in the current study.
Academy of Chinese Medical Sciences. Both 5-week-old male and female
FPN1 Tek-cre mice (17~20g) were selected randomly for the following experiments together with 4-week-
old male and female C57BL/6 mice (18~20g). High-fat mouse model was generated by feeding of high-fat
diets for 4 weeks. Intervention of TMP was performed by daily intraperitoneal injection at 40 mg/kg of
body weight for 7 days. All mice were divided into the following groups: control group fed with normal diets
(Group N, n =20) or high-fat diets (Group M, n = 20), FPN1 Tek-cre mice fed with normal diets (Group FN,
n =20) or high-fat diets (Group FM, n = 20), FPN1 Tek-cre mice fed with normal diets plus TMP treatment
(Group FNT, n = 20) or high-fat diets plus TMP treatment (Group FMT, n = 20).

After anesthetizing mice, serum, liver and aorta were collected. Part of liver and aorta were fixed in
4% paraformaldehyde or stored at -80 Cfor further analysis. All animal feeding and experimentation are in
compliance with the ethics committee of the Xiyuan Hospital.

Assay of serum indices

Serum TG and TC were analyzed by T300 automatic biochemical analyzer (Changchun Dirui), including
TG and TC, the methods and procedures were determined according to the specification of the reagent
strictly.

The serum levels of hepcidin, NO, ET-1, ROS, MDA, SOD, IL-1, IL-6 and TNF-a were detected by ELISA
kits according to the manufacture’s instruction.

Assay of iron content in aorta
Aorta was fully homogenized followed by iron content analysis using iron-detecting kit according to
the protocol of manufacturer.

Histological examination

The liver and aorta were paraffin embedded after fixation of 7 days, and tissue sections were stained
with H&E, which was used for observing the morphology of the liver and aorta, following a standard
protocol, as previously described [17-19].

Statistical analysis

Independent t test or one-way ANOVA test was used to analyze the experimental data. Alternatively,
non-parametric test was employed in the case of non-normal distribution. Multiple linear regression was
used to determine the independent predictors of hepcidin. Values of P<0.05 or P<0.01 was considered
statistically significant.

Results

Effects of hyperlipidemia and TMP intervention on iron metabolism in aorta

Firstly, we investigated the effects of Fpnl knockout and TMP intervention on the
lipid metabolism. As shown in Fig. 2.A, the level of serum TC in Group M was significantly
increased compared to Group N (P < 0.01), and serum TC level was also significantly
increased in Group FM compared to Group FN (P < 0.01), demonstrating the successful
establishment of hyperlipidemia mouse model. However, there was no significant change
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of serum TC between Group N and Group
FN, indicating no effect of Fpnl knockout
on lipid metabolism. Similarly, no
significant change was observed between
Group FM and Group FMT, demonstrating
that TMP intervention cannot attenuate
hyperlipidemia. Interestingly, we didn't
observe any significant change among all
groups for serum TG.

Next, we investigated the effects of
hyperlipidemia and TMP intervention on
the iron metabolism in aorta. Compared
to Group N, the iron content of aorta
was significantly increased in Group M
and FM, particularly in Group FM (Fig.
2.B, P < 0.05 and P < 0.01, respectively),
revealing that hyperlipidemia can induce
iron overload which can be exacerbated
by Fpnl knockout. However, there was no
significant change of iron level between
Group N and FN, probably due to low level
of stored iron and high utilization of iron
in aorta, or the short experimental period.
[ron content in Group FMT was significantly
reduced compared to Group FM (P < 0.01),
demonstrating that TMP intervention
can reverse hyperlipidemia-induced iron
overload.

Taken  together, these  results
demonstrated that hyperlipidemia can
induce iron deposition in aorta and TMP
intervention can reverse this process.
But TMP intervention had no effect on
hyperlipidemia.

Regulation of serum hepcidin by Fpnl

knockout and TMP intervention under

hyperlipidemia

Since hepcidin is the main regulator of
systemic iron level corresponding to iron
homeostasis, we investigated the effects of
Fpn1 knockout and TMP intervention on the
hepcidin expression under hyperlipidemia.
As shown in Fig. 3, the levels of serum
hepcidin in Group M, FM and FMT were
dramatically increased compared to Group
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Fig. 2. The levels of serum TC and TG, and
the content of iron in aorta. Mice were sacrificed
at the time point as indicted in Methods. Blood
and aorta specimens were collected for analyses.
The blood lipid indexes (TG and TC) were analyzed
by automatic biochemical analyzer (n = 20) and
iron content of aorta was analyzed using an iron-
detecting kit (n = 6). Compared with N group, AP < 0.
05, AAP <0.01; compared with M group, * P < 0. 05
, **P<0.01; compared with FM group, # P < 0. 05
, ##P<0.01.
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Fig. 3. The level of serum hepcidin. Serum hepcidin
was determined by Elisa (n = 6). Compared with N
group, AP < 0. 05, AAP < 0. 01; compared with M
group, * P < 0. 05, ** P < 0. 01compared with FM
group, # P < 0.05, ## P < 0. 01.

N (P < 0.01) while there were no significant differences in Group FN and FNT compared
to Group N. Compared to Group M, the level of serum hepcidin in Group FM increased
significantly (P < 0.05), while it was drastically decreased in Group FMT (P < 0.05). The
level of serum hepcidin in Group FMT was also drastically decreased compared to Group
FM (P < 0.01). Together, these results demonstrated that hyperlipidemia increased serum
hepcidin level and Fpnl knockout further induced hepcidin expression. TMP intervention
inhibited the induction of hepcidin. The results of serum hepcidin were consistent with the
observations of iron content of aorta as shown in Fig. 2.
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Effects of Fpnl knockout and TMP

intervention on endothelial function

under hyperlipidemia

Endothelial dysfunction is the initiating
cause of AS, and serum ET-1 and NO are
the representative indices of endothelial
function. Thus, we investigated the effects
of Fpn1 knockout and TMP intervention on
the endothelial dysfunction. As shown in
Fig. 4, the levels of ET-1 were tremendously
increased in Group M, FM and FMT (P <
0.01), but not in Group FN and FNT, as
compared to Group N. There was significant
increase of ET-1 in Group FM compared to
Group M (P < 0. 05). The level of ET-1 was
considerably decreased in Group FMT when
compared to Group FM (P <
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Fig. 4. Comparison of related indexes of endothelial
injury. The levels of ET-1 and NO were determined
by Elisa (n = 6). Compared with N group, AP < 0. 05,
AAP < 0. 01; compared with M group, * P < 0. 05, **
P < 0. 01; compared with FM group, # P < 0. 05, ##
P<0.01.

0.01). As compared to EM-1,
the level of NO exhibited an R
opposite pattern of changes
among different groups (Fig.
4). These results revealed
that hyperlipidemia
induced endothelial
dysfunction which was
further exacerbated by
Fpnl knockout. And TMP
intervention can inhibit
such dysfunction.
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on oxidative damage

under hyperlipidemia

Oxidative stressdirectly
poses a cytotoxic effect on
endothelial cells and iron
deposition is one of the
major inducers for oxidative

Fig. 5. Comparison of the levels of ROS, MDA and SOD. The levels of ROS
(A), MDA (B) and SOD (C) were determined by Elisa (n = 6). Compared
with N group, AP < 0. 05, AAP < 0. 01; compared with M group, * P < 0.
05, ** P < 0. 01; compared with FM group, # P < 0. 05, ## P< 0. 01.

stress. We here explored a)
the effects of Fpnl knockout
and TMP intervention on
the oxidative damage under
hyperlipidemia. As shown in
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Fig. 6. Comparison of the levels of
inflammatory factors. The levels [(B)
of IL-1 (A), IL-6 (B) and TNF-a
(C) was determined by Elisa (n =
6). Compared with N group, AP <
0. 05, AAP < 0. 01; compared with
M group, * P < 0. 05, ** P < 0. 01;
compared with FM group, # P < 0.
05, ## P< 0.01.
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Fig. 7. The representative images of histological
examination of liver specimens. Liver specimens were
fixed for histological examination. The representative
images of liver sections are presented with H&E staining
(original magnification 200x). The Group N, FN and FNT
showed clear structure of hepatic lobules and hepatic
cords. The Group M and FM liver lobule structures were
not clear, the circular fat vacuoles were clearly seen,
the hepatocytes with degeneration, inflammatory cell
infiltration and apoptosis. The Group FM had more fat
vacuoles and more apoptotic hepatocytes. The Group FMT significantly improved as compared to Group FM

Fig. 8. The representative images of histological
examination of aorta specimens. Aorta specimens were
fixed for histological examination. The representative
images of aorta sections are presented with H&E
staining (original magnification 200x). The Group N
and FNT the thoracic aortic intima was smooth, the
endothelial cells were intact. In Group FN, there were
small amount of endothelial cell shedding and mild Lt
structural disorder. In Group M and FM, The endothelial o

cell structure was disorder and shedding seen, o

accompanied by thickening of the middle membrane.

In FMT group the structure and status of thoracic aorta endothelial cells were significantly improved.

Fig.5.A and B, both levels of ROS and MDA were drastically increased in Group M, FM and FMT
compared to Group N (P < 0.01). No difference of ROS and MDA levels was observed in Group
FN and FNT compared to Group N. There was no difference between Group FM and M in the
level of ROS and MDA. The levels of ROS and MDA in Group FMT were remarkably decreased
when compared to Group FM (P < 0.01). In contrary, the level of SOD was significantly
decreased in Group M, FM and FMT compared to Group N (P < 0.01). SOD level in Group FN
was also significantly decreased compared to Group N (P < 0.05) and TMP treatment (Group
FNT) increased SOD level. The level of SOD in FM group was significantly decreased when
compared to Group M (P < 0.05). There was a tendency of increase of SOD level in Group
FMT compared to FM, although no significantly difference was observed. Taken together,
we showed that hyperlipidemia impaired the anti-oxidant capability of endothelial cells and
thus induced the oxidative stress. Fpn1 knockout aggravated this process while TMP can
attenuate it.

Regulation of inflammation by Fpn1 knockout and TMP intervention under hyperlipidemia

Meanwhile, inflammation plays an important role in the development of AS and the
levels of IL-1, IL-6 and TNF-a were measured in our study. As shown in Fig. 6, levels of IL-1,
IL-6 and TNF-a were remarkably increased in Group M, FM and FM compared to Group N
(P < 0.01), while there were no difference seen in Group FN and FNT. Compared to Group M,
levels of IL-1 and TNF-a were remarkably increased in Group FM (Fig. 6.A and C, P < 0.01).
The levels of IL-1, IL-6 and TNF-a were remarkably decreased in Group FMT as compared
to Group FM (P < 0.01). Thus, Fpnl knockout can aggravated the hyperlipidemia-induced
inflammatory response, which can be inhibited by TMP.

Pathological changes of liver and aorta in mice

Group N, FN and FNT showed clear structure of hepatic lobules and hepatic cords, with
large and round nuclei in the center of the well-arranged cells. However, obvious circular fat
vacuoles with different sizes were clearly shown in Group M and FM, indicating degenerated
hepatocytes, inflammatory cell infiltration and apoptosis. Moreover, Group FM exhibited
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more fat vacuoles and more apoptotic hepatocytes, which greatly decreased in Group FMT
(Fig. 7).

In terms of aorta, Group N and FNT showed smooth thoracic aortic intima, intact
endothelial cells with arrangement in a neat and compact order, and no thickening in the
middle membrane. Compared to Group N, there were small amount of endothelial cell
shedding and mild structural disorder in Group FN. In Group M and FM, the endothelial
cell structure disorder and shedding were more obvious, accompanied by thickening of the
middle membrane, particularly in Group FM. However, these pathological changes were
significantly improved after TMP intervention (Fig. 8).

Multivariate linear regression analysis of influencing factors of hepcidin

Hepcidin was used as dependent variable, and NO, ET-1, ROS, MDA, SOD, IL-1, IL-6,
TNF-a as independent variable, multiple linear regression analysis was used. The results
indicated that TNF-a and ET-1 were the influencing factors of hepcidin, the other indexes
were excluded.

Discussion

Iron plays an important role in the body metabolism, as an indispensable component of
hemoglobin, myoglobin, cytochrome and a variety of non heme enzymes [20]. Meanwhile,
iron overload has toxic effect and causes damage to cells and tissues by inducing oxidative
stress [21]. It has been verified that iron overload can lead to disorders of lipid metabolism
[22]. Therefore, the maintenance of the body iron homeostasis requires strict control and
mainly through the regulation of iron absorption and storage by hepcidin-ferroportin axis
[23, 24]. As the only iron exporter in mammals and ubiquitously expressed, e.g. liver cells,
duodenal epithelial cells and reticuloendothelial macrophages, FPN1 plays a critical role
both in systemic and local iron metabolism [25]. Previous researches suggested that some
medicinal plant extracts and natural compounds have the capability to regulate hepcidin
expression [26, 27]. Endothelial dysfunction is one of the initial events of cardiovascular
disease and plays a crucial role in the pathogenesis of AS. Hyperlipidemia induces endothelial
dysfunction and oxidative stress, which can lead to endothelial damage [28]. TMP have been
reported to have therapeutical effect for multiple disorders, including inflammation and
cardiovascular diseases and it has the capability to improve blood supply [16], implying
its potential application in modulating iron homeostasis. We here used an endothelium-
specific Fpn1 knockout mouse model to investigate the association between iron deposition
in endothelial cells and endothelial dysfunction under hyperlipidemia, and the intervention
effect of TMP.

Epidemiological survey conducts that iron overload is related to metabolic diseases.
Diabetes, nonalcoholic fatty liver, metabolic syndrome and other metabolic diseases are
often accompanied with the body iron overload [29]. Animal experiments have verified
that iron overload can lead to disorders of lipid metabolism, serum TC and TG levels [22].
We found that hyperlipidemia can cause iron overload, which was more severe after Fpnl
knockout. TMP exhibited the effect on reducing the iron deposition of aorta but not on
serum lipid levels. Fpn1 knockout leads to iron deposition in endothelial cells and can-not be
transferred out, which results in iron overload in endothelial cells. As the upstream regulator
of FPN1, serum hepcidin was shown to be increased in Fpnl knockout mice, particularly
under hyperlipidemia. And TMP has an inhibitory effect on the abnormal high expression of
hepcidin.

Endothelial dysfunction is the initiating cause of AS [30]. Vascular endothelial cells can
produce endothelin, nitric oxide and other dozens of bioactive substances, which can regulate
the vascular contraction state. Serum ET-1 and NO have opposite vasoactive substances
released by endothelial cells, and are the representative indices of endothelial function [31].
With assay of serum ET-1 and NO, we found TMP had protective effect against endothelial
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dysfunction induced by hyperlipidemia even in Fpn1 knockout mice.

Oxidative stress, which occurs in response to an altered metabolic state, and apoptosis
and lipid peroxidation, is additionally involved in the pathogenesis of AS [32-34]. The activity
of SOD reflects the ability of scavenging oxygen free radicals to a certain extent [35-37]. MDA
is one of the degradation products of lipid peroxidation, and the change of MDA in serum
can reflect the degree of lipid peroxidation indirectly [38]. Our results showed that Fpn1
knockout decreased the antioxidant capacity of endothelial cells which might explain the
mechanism of hyperlipidemia-induced endothelial dysfunction, and the protective effect of
TMP on endothelial cells may be related to the inhibition of oxidative stress.

Inflammation plays an important role in the development of AS [39-41]. Monocytes
release a large number of inflammatory cytokines, such as IL-1, IL-6 and TNF-«, which
contribute to vascular endothelium injury and induce the formation of plaque [42-44]. It
has been reported that TMP can reduce inflammation and inhibit inflammatory cytokine
expression [45]. Our results suggested that Fpnl knockout can induce and aggravate the
inflammatory response, which can be inhibited by TMP.

We first used the hyperlipidemic FPN1 Tek-cre mice to establish the animal model.
Our study demonstrated that hyperlipidemia can induce iron deposition and increase the
expression of hepcidin, which can be attenuated by TMP intervention. Under hyperlipidemia,
knockout of Fpnl in endothelial cells aggravates the iron overload in the aorta, hepcidin
overexpression in serum and endothelial dysfunction through promoting oxidative stress
and inflammatory response. TMP intervention could reverse these processes. Therefore,
these results suggest that TMP may be developed into therapies (e.g., injection) which
ameliorate iron overload-related by inhibiting the high expression of hepcidin in serum and
decreasing the iron deposition in tissues. Our study may help develop a new therapeutic
strategy for treating AS by Chinese herbs.
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