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Apolipoprotein E-depletion accelerates arterial fat
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Abstract: Hypertension and atherosclerosis are often found in one patient causing serious cardiovascular events.
An animal model simultaneously expressing hypertension and atherosclerosis would be useful to study such a
complex risk status. We therefore attempted to introduce a null mutation of the apolipoprotein E (ApoE) gene into
the spontaneously hypertensive rat (SHR) using CRISPR/Cas9 to establish a genetic model for atherosclerosis
with hypertension. We successfully established SHRAP°E(~~) having a 13-bps deletion in the 5-end of ApoE gene.
Deletion of ApoE protein was confirmed by Western blotting. Blood pressure of SHRAP°E(~~) was comparable to
that of SHR. Feeding the rats with high fat high cholesterol diet (HFD) caused a significant increase in LDL cholesterol
as well as in triglyceride in SHRAPE(=)_ After 8 weeks of HFD loading, superficial fat deposition was observed both
in the aorta and the mesenteric arteries of SHRAP°E(~~) instead of mature atheromatous lesions found in humans.
In addition, a null mutation of peroxiredoxin 2 (Prdx2) was introduced into SHRAPE(~) to examine the effect of
increased oxidative stress on the development of atherosclerosis. SHR with the double depletion of ApoE and
Prdx2 did not show mature atheroma either. Further, salt loading did not promote development of atheroma although
it accelerated the development of fat deposition. These results indicated that when compared with ApoE-knockout
mice, SHRAPPE(~) was more resistant to atherosclerosis even though they have severe hypertension.
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Introduction

Atherosclerosis is one of the most prevalent arterial
diseases that causes severe cardiovascular events such
as myocardial and cerebral infarction [1-3]. It is impor-
tant to clarify pathophysiological mechanisms of athero-
sclerosis to prevent severe cardiovascular events. In this
context, it was of note that apolipoprotein E (ApoE)-
depleted mice was developed in 1992, which has made

tremendous contribution in basic studies of atheroscle-
rosis [4, 5]. However, as ApoE-depleted mice had sev-
eral limitations, it is worth to establish another model for
atherosclerosis [6]. Rats are preferred in some biological
studies because of their larger body size suitable for
physiological experiments as well as repeated collection
of biological samples such as serum. In addition, it is a
great advantage that rats have genetic models for various
diseases such as hypertension and diabetes [7, 8].
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Hypertension is another important cardiovascular
disease widely seen in the world. The two vascular dis-
eases, i.e., hypertension and atherosclerosis, were often
observed in one patient and their combination was
thought to deteriorate arterial damages [9].

We therefore planned to establish a model for com-
bined hypertension and atherosclerosis in rats to study
effects of interaction between hypertension and athero-
sclerosis on the vasculature in detail. In this study, we
employed the spontaneously hypertensive rat (SHR), the
most popular genetic model for hypertension, to establish
a model for combined hypertension and atherosclerosis
through knocking out the ApoE gene by the genome
editing strategy using CRISPR/Cas9. In addition, we
attempted two manipulations to accelerate atheromatous
changes in the ApoE-knockout SHR; (1) we made a
double-knockout SHR by crossing the ApoE-knockout
SHR with the peroxiredoxin 2 (Prdx2)-knockout SHR
to examine whether oxidative stress would deteriorate
atherosclerosis and hypertension. Prdx2 is one of key
enzymes erasing reactive oxygen species in cells [10],
and it was previously reported that Prdx2-depletion ac-
celerated atheromatous lesions in ApoE-knockout mice
[11]. (2) We examined effects of salt-loading on fat de-
position in SHR and SHRAP°E(~~) A previous report
showed that salt-loading aggravated fat deposition in the
mesenteric artery in SHRSP under high fat high choles-
terol diet (HFD) [12]. In this study, we constructed
ApoE-knockout and ApoE-/Prdx2-double knockout SHR
(SHRAPOE(~/=) and SHRAPOE(/=)Prdx2(=/=) " respectively),
and examine effects of those gene-knockouts on athero-
sclerosis in SHR.

Materials and Methods

Construction of gene knockout SHR

SHR/Izm was provided by the Disease Model Coop-
erative Research Association (Kyoto, Japan). Deletion
of the ApoFE gene was done in SHR by the genome edit-
ing with CRISPR/Cas9 as described in the previous study
[13]. Briefly, the target sequence was selected from the
rat genome sequence using CRISPR Design Tool made
by Dr. Feng Zhang et al. [https://zlab.bio/guide-design-
resources].

The target sequence selected was 5'-GCTGTTG-
GTCCCATTGCTGA-3' from +21 to +40 of the ApoE
gene. Guide RNA and Cas9 mRNA were obtained
through in vitro transcription on the cloned plasmid as
a template using commercial kits [13]. Microinjection
of Cas9 mRNA (100 ug/ml) and the guide RNA (50 ug/
ml) was done at the pronuclear-stage of embryos. Thir-
ty-six pups were obtained as a total. By direct sequenc-
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ing of PCR products of the target region (forward
primer; 5'-AGGACTGGGAGCTGGAATTT-3’, reverse
primer; 5'-AGCTGCTCAGGGCTATTGAA-3"), two
pups either with a 12- or a 13-bps-deletion were identi-
fied. All the procedures of genome editing were per-
formed in Kyoto University. A heterozygous pup with a
13-bp deletion was selected and backcrossed with SHR
to establish SHR4P°E(~/~) (Supplementary Fig. 1)

ApoE protein expression was examined in SHRA70E(~/~)
by the western blotting performed as previously de-
scribed [14]. Briefly, serum and liver obtained from
SHR/Izm and SHRAP°E(~/7) at 1416 weeks of age were
used. RIPA buffer (Nakalai Tesque, Kyoto, Japan) and
Protein BCA Assay Kit (FUJIFILM Wako, Osaka, Japan)
were used for preparation of liver lysates and determina-
tion of protein concentration, respectively. Denatured
serum (1 ul) or liver proteins (20 ug) were separated by
SDS-PAGE on a 10% acrylamide gel and were trans-
ferred to a PVDF membrane (Immobilon-P, Merk Mil-
lipore, Burlington, MA, USA). An intermittent micro-
wave irradiation method using a microwave processor
(MI-77, Azumaya, Tokyo, Japan) [15] was employed for
the antigen-antibody reactions with rabbit anti-ApoE
polyclonal antibody (1:100, sc-98574, Santa Cruz, Dal-
las, TX, USA) and peroxidase conjugated goat anti-
rabbit IgG polyclonal antibody (1:2,000, Dako, Glostrup,
Denmark). Chemiluminescence reaction and image ac-
quisition were performed using Clarity Peroxidase Solu-
tion (Bio-Rad, Hercules, CA, USA) and ImageQuant
LAS-4000 (GE Healthcare, Chicago, IL, USA), respec-
tively.

SHRAPOE(~/=)Prdx2(~/=) was established through crossing
Prdx2-knockout SHR with SHRAPOE(~/~) [13]. SHRAPOE(/~)
and SHRAPOE(=/=)Prdx2(=/=) yere deposited to the National
BioResource Project-Rat under #0810 (SHR-ApoEe™ ™)
and #0851 (SHR-ApoEe™!zmPrdx2em!zm) respectively.
The procedure of genome editing using CRISPR/Cas9
was approved by the local committee for Animal Re-
search in Kyoto University (#160167).

Animal experiments

Male SHR and SHR#7°E(*/7) at 12-weeks old were used
in the experiments. Body weight (BW) and systolic blood
pressure (SBP) by the tail-cuff method (BP-98A, Softron,
Tokyo, Japan) were measured at the start of experiments.
Rats were divided into 4 groups that were fed either (i)
the normal diet (MF, Oriental Yeast Co., Ltd., Tokyo,
Japan) and water, (ii)) MF and 1% salt water, (iii) high
fat high cholesterol diet containing 1% cholesterol,
0.25% cholic acid, 15% cocoa butter (HFD, Oriental
Yeast Co., Ltd.) and water, or (iv) HFD and 1% salt
water for 8 weeks. In the group (iii) and (iv), HFD was
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given to rats every second day (MF and HFD were
given alternately) because continuous feeding of HFD
induced sudden death of rats for an unknown reason.
At the end of experiments, urine was collected for 24
h with metabolic cages and then rats were fasted for 16
h and euthanized under anesthesia using 3% of isoflurane
to collect the aorta, the mesenteric artery and blood
samples. Blood samples were centrifugated at 3,000 rpm
for 10 min at 4°C to obtain serum samples, which were
stored at —80°C until use. Urine samples were briefly
centrifugated and supernatants were stored at —80°C.
All animals were kept in an animal room at a constant
temperature (23 + 2°C) and humidity (55 £+ 10%), with
amean ventilation frequency of 10—13/h and a 12 h light/
dark cycle (light: 7:00-19:00). The rats were housed in
TPX cages (W270 x L440 x H187 mm, Natsume Sei-
sakusho Co., Ltd., Tokyo, Japan) containing woodchips
(Clean Chip, Shimizu Laboratory Supplies, Co., Ltd.,
Kyoto, Japan). All experiments were performed accord-
ing to the Guide for the Care and Use of Laboratory
Animals in Shimane University and approved by the
Institutional Review Board of the University (# 122-22).

Biochemical analysis

Total cholesterol (TC), high density lipoprotein-cho-
lesterol (HDL-C) and triglycerides (TG) were measured
using commercial kits (Determiner L TC II, MetaboLead
HDL-C and Determiner L TG II for TC, HDL-C and TG,
respectively, Kyowa Medex Co., Ltd., Tokyo, Japan) on
an automated analyzer (JCA-BM6070, JEOL Ltd., To-
kyo, Japan). Serum lipoprotein cholesterol composition
were analyzed using high-performance liquid chroma-
tography (Skylight Biotech Inc., Akita, Japan) [16].
Urinary isoprostane (IsoP) was measured by ELISA
using a commercial kit following the manufacturer’s
protocol (Nikken Seil Co., Ltd., Shizuoka, Japan).

Fat deposition in the aorta and the mesenteric
artery

Aorta and mesenteric artery were collected and fatty
tissue outside of vessels were removed in ice-cold PBS.
For quantitative evaluation of fat deposition, the aorta
and the mesenteric artery were stained with Oil red O
and images were recorded using a digital camera. For
the aorta, a ratio of fat-deposited area / the total area was
calculated using NIH Image-J [6]. For the mesenteric
artery, a number of ring-like depositions / the length of
artery (/cm) was counted.

Severity of atheromatous lesion was examined by
microscopic observation of fat-deposited lesions in the
aorta. Aortic tissue was stained either with H&E or with
oil-red O for microscopic observation (show only
SHRA4P0E(~/7) aortic tissue in Supplementary Fig. 2).

Statistical analysis

All values were expressed as mean = SD. Inter-group
differences were analyzed by Student’s #-test or ANOVA.
Analyses were conducted with Prism (v.8, GraphPad
Prism Software Inc., San Diego, CA, USA). P<0.05 was
considered statistically significant.

Serum lipid profiles

Table 1 summarizes lipid profiles of the rats. Even
under MF, SHR4P0E(~/~) and SHRAPOE(~/=)Prdx2(~/=) showed
a significantly greater level of TC and TG than those in
SHR. In contrast, HDL-C was lower than that in SHR.
Under HFD, greater increase of TC was observed in both
SHRAPOE(=) and SHRAPOE(—/7)Prdx2(~/=) On the other
hand, TG did not increase from the level of the rats under
MF. In addition, HDL-C increased modestly in both
SHRAPOE(~=) and SHRAPOE(~/=)Prdx2(~/=) \hile no increase
was observed in SHR. These profiles were consistent
with those in ApoE-knockout mice, indicating the role

Table 1. Lipid profile of SHR, SHR#P°E(~) and SHRAPE(~/~)Prdx2(~/~) ynder normal chow or HFD

SHR SHRApaE(*/*) SHRApoE(*/*)Prde(*/*) P

(AYMF N 3 7 7

TC (mg/dl) 63.3+£2.7 171.7 +28.7 1724+ 13.4 <0.01**

HDL-C (mg/dl) 456+ 1.3 23+13 23.1+1.3 <0.01**

TG (mg/dl) 43.1+6.1 131.9+41.8 127.4+23.8 <0.01%t
(BYHFD N 3 7 7

TC (mg/dl) 73+22 710.4 +77.9 680.6 + 104.0 <0.01*

HDL-C (mg/dl) 44+ 1.8 419+ 154 61.1+16.0 n.s.

TG (mg/dl) 409+3.6 98.9 +36.2 82.8+19.0 <0.01f

Male rats at 12 weeks of age were fed normal chow or HFD. After 8 weeks of feeding, serum samples were
taken and total cholesterol (TC), high density lipoprotein cholesterol (HDL-C)) and triglyceride (TG) were
measured as described in Methods. Each value represents mean = SD. *: SHR vs. SHR#7°Z(~/~) #: SHR vs.
SHRAPOE(~/=)Prdx2(~/) No significant differences were observed between SHR#P°E(~/~) and SHRAPOE(/)Prdx2(~/=),
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of ApoE in HDL [6]. It was of note that Prdx2-depletion
did not influence the profile significantly.

Fat deposition in the aorta and the mesenteric artery

As shown in Fig. 1, little deposition was found either
in the aorta or in the mesenteric artery of the three rat
strains examined. In contrast, under HFD, both
SHRAPOE(/=) and SHRAPOE(~/=)Prdx2(~/=) had significantly
greater fat deposition in the two arteries when compared
with SHR. No significant differences were observed in
severity of fat deposition between SHRAP°£(~/~) and
SHRAPOE(~/~)Prdx2(~/-)

Neither SHRAPE(~/~) nor SHRAPOE(/=)Prdx2(~/) showed
severe atheromatous changes as observed in ApoE- and
Prdx2-double knockout mice [11]. Instead, we found fat
deposition and foamy histiocytes positive in oil-red O
stain on the intimal surface of the aorta without intimal
thickening in both SHR#PE(~/~) and SHRAPOE(/~)Prdx2(~/~)
(show only SHR#P°E(~/~) in Supplementary Fig. 2). After
eight weeks under HFD, SHR showed no depositions
either in the aorta or in the mesenteric artery.

Evaluation of oxidative stress

Oxidative stress measured by urinary IsoP secretion
did not differ significantly between SHR47°E(~/~) and
SHRAPoE(=/=)Prdx2(=/=) though IsoP tended to be greater
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L
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I
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W SHRARE(IPrax2(-/)
5
0 |

Fat deposition, % total area

MF

under HFD. HFD increased urinary IsoP significantly in
SHRAPOE(~/=)Prdx2(=/=) when compared with that under
MF (Fig. 2A). Although we expected that oxidative stress
induced by Prdx2-depletion would modify the lipopro-
tein profile through oxidization of lipoprotein, a detailed
analysis of the lipid profile indicated no apparent chang-
es in the relative pattern of cholesterol level among the
lipoprotein fractions between SHRAP?E(~/~) and
SHRAPOE(=/-)Prdx2(=/-) (Fig. 2B).

Effects of salt-loading

As shown in Fig. 3, salt-loading accelerated the fat
deposition both in the aorta and in the mesenteric artery
only in SHRAP°E(~/~)_ Urinary IsoP excretion increased
in SHRAP°E(~/~) under salt-loading (Supplementary Fig.
3), suggesting that salt-loading accelerated the fat depo-
sition probably through the increase in oxidative stress.

In this study, we constructed two knockout SHR
strains, SHRAPOE(~/=) and SHRAPOE(=/=)Prdx2(~/=) ip an at-
tempt to establish a model for combined hypertension
and atherosclerosis. As SHR#P°2(~/~) was shown to have
a 13-bps deletion in the coding sequence just after the
initiation codon, we expected that this rat harbored a

(B) Mesenteric artery

SH RApoE( /-) S H RApoE( /-)Prdx2(-/-)

SHR

MF

HFD

£

o

o

Z

&

=

kel

=

[}

o

b5y

- 50

Q

£

>

£

x é.*
0

MF HFD

Fig. 1. Arterial fat deposition in spontaneously hypertensive rat (SHR), SHRAPE(~/~) and SHRAPoE(~/~)Prdx2(~/~) Fat
deposition in the aorta (A) and in the mesenteric artery (B) are shown in the figure. Rats were fed either
normal diet (MF) or high-fat high-cholesterol diet (HFD) for 8 weeks. Fat deposition was quantified as
described in Methods. Each column and error bar shows mean and SD, respectively. In contrast to SHR that
showed no fat deposition under either MF or HFD, the two knockout SHRs showed significantly greater fat
deposition both in the aorta (A) and in the mesenteric artery (B). No significant differences were observed
between the two knockout SHRs. *: P<0.05 vs. the deposition under MF. $: P<0.05 vs. SHR. No significant
difference was observed between SHRA7E(~/~) and SHRAPoE(~/~)Prdx2(~/) gither under MF or HFD.
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Fig. 2. Effects of high fat high cholesterol diet (HFD) on urinary isoprostane (IsoP) (A) and on serum lipo-
protein profile (B). Blood and urine samples were collected after 8-weeks of HFD feeding. (A) IsoP
in urine collected for 24 h was measured by ELISA as described in Methods. Each column and error
bar shows mean and SD, respectively. *: P<0.05 vs. normal diet (MF). No significant difference was
observed between SHRAP°E(~/~) and SHRAPE(/)Prdx2(~/~) either under MF or HFD. (B) Serum lipo-
protein was fractionated by HPLC, and cholesterol was measured in each fraction as described in
Methods. Percent cholesterol against total cholesterol is indicated in the panel. No significant dif-
ference in the lipoprotein profile was observed between SHRAP°E(~/=) and SHRAPOE(/=)Prdx2(=/=),

flame-shift of the coding sequence resulting in ‘func-
tional’ knockout of ApoE, which was supported by the
much greater cholesterol level in SHRAP?E(~/7) as well
as no specific bands identified in western blotting analy-
sis (see Table 1 and Supplementary Fig. 1). In spite of
that, it may be necessary to examine whether SHRAP0E(~/~)
expresses (1) a partial ApoE protein without the epitopes
recognized by the antibody we used or (2) no ApoE pro-
tein at all.

Although we expected that Prdx2-depletion in addi-
tion to hypertension would accelerate atherosclerosis in
SHRAPOE(=/=)Prdx2(=/=) " this study clearly showed that
those were not enough to make severe atheromatous
lesions in SHR (see Supplementary Fig. 2), and that
SHRAPOE(~/=)Prax2(~/=) \yould not be a good model for
atherosclerosis observed in humans.

In rodents, it is well known that the cholesterol me-
tabolism differs from that in humans; rodents lack the
cholesteryl ester transfer protein (CETP) that transfers
cholesterol from HDL to LDL. Accordingly, rodents are
known to be resistant to atheromatous diseases [17].
However, after the establishment of ApoE-knockout
mice, many studies showed development of atheroma-
tous lesions in the proximal part of the aorta of ApoE-

knockout mice [18, 19], indicating that this mouse
model was, at least partly, useful as a model of athero-
sclerosis.

The present study implied that SHR was more resistant
to atherosclerosis than was the mouse model. It was
repeatedly shown that phenotypes of transgenic or
knockout animals were largely dependent on the ge-
netic background of the animals [20]. Even though SHR
seemed to have an advantage due to its hypertension, its
genetic background might make this strain particularly
resistant to atherosclerosis.

A few attempts have been done to evaluate ApoFE-
depletion on atherosclerosis in rats [21-23]. As they did
not provide quantitative information about fat-deposited
area, it is not possible to compare severity of atheroscle-
rosis in terms of the size of fat-deposited area between
SHRAP°E(~/~) and the ApoE-depleted rats reported previ-
ously. However, as far as microscopic photographs in
the reports were examined, fat deposition was limited
on the intimal surface of the aorta, which was similar to
our observation in SHR#P°2(~/") (references 6 and 21,
and see Supplementary Fig. 2). This observation sug-
gested that ApoE-depleted rats were resistant to athero-
sclerosis in general even if hypertension was added to

Exp. Anim. 2023; 72(4): 439—-445 | 443
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Fig. 3. Effect of salt loading on arterial fat deposition. Rats were fed high-fat high-cholesterol diet
(HFD) with or without 1% salt water for 8 weeks. Fat deposition was evaluated in the
aorta (A) and in the mesenteric artery (B) as described in Methods. No fat depositions were
observed in spontaneously hypertensive rat (SHR) under all the condition examined here.
Each column and error bar indicates the mean and SD, respectively. Salt-loading acceler-
ated fat deposition significantly in SHR#7Z(~/~) both in the aorta (A) and in the mesenteric

artery (B). *: P<0.05 vs. rats without salt.

promote endothelial damage. On the other hand, it is
interesting that some studies successfully induced inti-
mal thickening by implanting stents in the aorta or by
keeping the rats under germ-free condition [22, 23].
These observations suggested that additional environ-
mental factors modifying inflammatory and/or meta-
bolic conditions in rats would be essential to induce
mature atherosclerosis in rats.

Recently, several studies pointed out that activation
of the inflammasome might be a key process in athero-
genesis [24]. It may be of interest whether activators of
inflammasome such as LPS would accelerate atheroscle-
rosis in SHRAPOE(/™)Prdx2(=/=)

Instead of mature atheromatous lesions, we observed
superficial fat depositions in arteries both in
SHRAPoE(~/=)Prdx2(~/=) and SHRAP°E(~~) However, Prdx2
depletion in SHR#PE(~/~) did not accelerate the fat de-
positions significantly. In a previous study, Prdx2 deple-
tion deteriorated atherosclerosis in ApoE-knockout mice
[11]. In addition, Prdx2 was reported to play an important
role in the regulation of intracellular oxidative stress [25,
26], which was confirmed in our previous study [13].
Unexpectedly, however, the present study could not rep-
licate those observations. Effects of constitutive deple-

444 | doi: 10.1538/expanim.23-0012

tion of Prdx2 might have only a marginal effect due to
potential compensation by alternative systems against
oxidative stress.

In contrast to Prdx2 depletion, salt-loading resulted
in a significant increase of fat deposition in HFD-fed
SHRAP°E(~/~) | As a significant increase in urinary IsoP
excretion was observed in the salt-loaded rats, oxidative
stress might be responsible for the acceleration of depo-
sition. Alternatively, salt-induced increase in BP was the
causative factor. Periodical ring-like fat depositions
observed in the mesenteric artery implied that a kind of
mechanical stress induced those pathological changes.
Increased BP would aggravate sheer stress on the endo-
thelial cells of arteries, which might induce fat deposition
[27]. Although we planned to examine BP of SHRAPoE(~/~)
in the present study, it was not possible because
SHR#P°£(~/~) yunder HFD was somehow vulnerable to
stress and a substantial number of rats suffered from
sudden death after tail-cuff measurement of BP.

We need to refer to a limitation of the present study;
potential off-target modifications have not been exam-
ined in SHRAP°E(~~) yet. We expected a low incidence
of off-target modifications in SHR4P°2(~/") because we
did not use cDNA but used mRNA in the microinjection
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of Cas9 and the guide RNA [28, 29]. However, it would
be necessary to examine off-target effects in SHRAPeE(~/~)
before further phenotype analyses.

In conclusion, two knockout SHR strains, SHRA4P°£(~/~)

and SHRAPOE(/7)Prdx2(~/=) were successfully established.
These knockout SHRs, however, did not show severe
atheromatous lesions even though they showed severe
hypercholesterolemia and hypertension. Other environ-

mental and/or genetic factors would be necessary to

promote atherosclerosis in these rat models.
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