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Background: Evolocumab inhibits the proprotein convertase subtilisin/kexin type 9 protein and is a potent
cholesterol-lowering drug. However, the relationship between evolocumab and inflammation, and the effects
of evolocumab on the stability of atherosclerotic plaques remain unknown.

Methods: Twenty-seven purebred New Zealand rabbits were fed with an atherogenic diet for 2 weeks.
The abdominal aortic endothelium was balloon-injured. The rabbits were divided into the atorvastatin
(2 mg/kg/day; Ato), evolocumab (7 mg/kg/2 weeks, Evo) and control groups. Intravascular ultrasound (IVUS)
images of the abdominal artery were analyzed at 10 and 18 weeks. Additionally, the serum levels of the
biomarkers were measured at baseline, and at 10 and 18 weeks.

Results: The serum levels of triglycerides, total cholesterol, low-density lipoprotein cholesterol (LDL-C),
and monocyte chemoattractant protein-1 (MCP-1) increased after 10 weeks of administration of the
proatherosclerotic diet, while the levels of high-density lipoprotein cholesterol (HDL-C) and transforming
growth factor-p (TGF-B) decreased. The reduction in the serum levels of triglycerides, total cholesterol,
LDL-C, MCP-1, TGF-B, and toll-like receptor 4 (TLR4) following treatment with evolocumab was
higher than that of atorvastatin. Both evolocumab and atorvastatin reduced the percent atheroma volume.
Evolocumab increased the fibrotic% and decreased the necrotic%. Correlation analysis revealed that the
levels of triglycerides, total cholesterol, LDL-C, MCP-1, TGF-B, and TLR4 were negatively correlated
with the fibrotic%, but were positively correlated with the necrotic%. Multivariate linear regression analysis
revealed that treatment with atorvastatin, and especially evolocumab, was a consistent predictor of the
percent atheroma volume, and fibrotic and necrotic composition.

Conclusions: Proprotein convertase subtilisin/kexin type 9 regulates the serum levels of lipid and
cholesterol may via inflammatory pathways. The results also indicate that evolocumab is more potent than

atorvastatin in suppressing the progression and stability of atherosclerotic plaque in rabbits.
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Introduction

Atherosclerosis is a common pathological phenomenon
observed in several cardiovascular diseases, and is a serious
threat to human health (1). It is characterized by the massive
accumulation of lipids and inflammation (2,3). However,
the pathophysiology of atherosclerosis is a complicated
one. Multiple factors are thought to be involved in the
induction of atherosclerosis, including cholesterol, low-
density lipoprotein cholesterol (LDL-C), and certain
inflammation cytokines (4). Therefore, the reduction of
lipid accumulation and suppression of inflaimmation may
serve as crucial strategies in the prevention and treatment of
atherosclerosis.

The onset of atherosclerosis is marked by chronic
inflammation, which is caused by the imbalance of lipid
metabolism. This subsequently results in the accumulation
of cellular cholesterol, which stimulates the adaptive
immune response. The chronic inflammation induces
the formation of atherosclerotic plaques in the vascular
tissues. The formation of atherosclerotic plaques is
primarily triggered by lipid accumulation and the secretion
of inflammatory cytokines. It has been reported that
the considerable accumulation of LDL-C can promote
atherosclerosis by inducing the formation of atherosclerotic
plaques in the media intima of the arteries. On the contrary,
high-density lipoprotein cholesterol (HDL-C) inhibits
atherosclerosis by transporting cholesterol into the liver,
and thereby reduces the cellular cholesterol content (5).
Monocyte chemoattractant protein-1 (MCP-1), also
known as CC-chemokine ligand 2, is actively involved
in the initiation and progression of atherosclerosis (6-8).
Increasing evidence suggests that the expression of MCP-
1 is up-regulated in patients diagnosed with atherosclerosis
(9-11). Transforming growth factor-p (TGF-B) is an
important anti-inflammatory cytokine with pleiotropic
functions (12). TGF- is known to control calcification and
the immune response, both of which are major components
of the atherosclerotic process (13,14). Toll-like receptors
(TLRs) are pattern recognition receptors that play a
critical role in regulating the inflammatory response and in
maintaining inflammatory homeostasis. Toll-like receptor
4 (TLR4) has been implicated in the pathophysiology of
atherosclerosis (15) and is over-expressed in both human
and murine atherosclerotic lesions at different stages of
atherogenesis (16-20).

The atherosclerotic plaques can change from a
stable state to an unstable state, undergo erosion and
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finally rupture, leading to thrombosis. From a clinical
viewpoint, it is therefore crucial to explore the strategies
for stabilizing atherosclerotic plaques. Several methods,
including histopathological examination (21,22), grayscale
intravascular ultrasound (IVUS) (23), and intravascular
ultrasound elastography (IVUSE) (24) have been previously
employed in animal studies for studying the stability and
progression of atherosclerotic plaques. However, only a few
animal studies have used color IVUS form to determine the
stability and progression of atherosclerotic plaques. The
iMAP (Boston Scientific, MA, USA) color IVUS systems
has a relatively new software package for analysis of the
fibrotic, lipidic, necrotic, calcific plaque components of
atherosclerotic plaques on the basis of the backscattered
ultrasound frequency spectrum (25,26). The feasibility of
using IMAP-IVUS in diagnosis of plaque vulnerability and
prediction of plaque components in patients with acute
coronary syndrome has been confirmed (27,28).

Evolocumab is an inhibitor of the proprotein convertase
subtilisin/kevin type 9 (PCSK9) protein. It has been
reported that PCSK9 promotes atherosclerosis by
increasing the serum levels of LDL-C (29). The inhibition
of PCSK9 has been shown to significantly reduce the
plasma levels of LDL-C in atherosclerotic patients, thus
reducing the incidence and mortality of cardiovascular
diseases (30-32). In this study, we investigated the
relationship between inflammation and evolocumab, and
the effects of evolocumab on the serum levels of lipids and
the plaque components in the abdominal arteries of a rabbit
model of atherosclerosis using iMAP-IVUS.

We present the following article in accordance with the
ARRIVE reporting checklist (available at http://dx.doi.
org/10.21037/apm-20-690).

Methods
Experimental animals

Twenty-seven 4-month-old New Zealand white male
rabbits (mean weight 1.84+0.13 kg) were provided by the
Jinan Xilingjiao Culture and Breeding Center, Jinan, China
(license number: SCXK(LU) 20160005). The animals were
fed with an atherogenic diet containing 1% cholesterol
and 99% normal rabbit diet (150 g/day) for 2 weeks. The
abdominal aortic endothelium of all the rabbits was balloon-
injured after 2 weeks of administration of the atherogenic
diet, as described in previous studies (33-35). At the end
of week 10, the rabbits were randomly divided into three
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groups: the Ato group (n=9), in which the rabbits received
intragastric administration of 2 mg/kg atorvastatin calcium
(Pfizer, NY, USA) through a stomach tube once a day for
8 weeks; the Evo group (n=9), in which 7 mg/kg evolocumab
(Amgen Inc., Thousand Oaks, CA, USA) was administered
biweekly via subcutaneous injections; and the control group
in which the animals received normal saline. The dosage
of atorvastatin and evolocumab was determined according
to the body surface area and body weights of humans and
animals. Doses of 2 mg/kg atorvastatin calcium and 7 mg/kg
evolocumab in rabbits were equivalent to doses of 40 mg
atorvastatin calcium and 140 mg evolocumab in humans,
respectively.

Experiments were performed under a project license (No.
2016061) granted by the ethics committee of Jinan Central
Hospital Affiliated to Shandong University, in compliance
with the Guide for the Care and Use of Laboratory Animals
published by the US National Institutes of Health (NIH
Publication No. 85-23, revised 2011). All the aseptic
operations were performed under general anesthesia to
minimize the suffering of the rabbits.

Plasma assays

Blood was drawn from the marginal ear vein of the rabbits
that had been starved overnight for 12h. The blood samples
were collected at baseline (beginning of the study) and
at weeks 10 and 18. The supernatant was collected after
centrifugation at 4,000 rpm for 8 min on a TGL-16B
high speed centrifuge (Anke Science Instrument Factory,
Shanghai, China) and stored at -80 °C. The serum levels
of triglycerides (T'G), total cholesterol (T'C), HDL-C, and
LDL-C were measured using a biochemical autoanalyzer
(Cobas 8000 c¢701; Roche Diagnostics, Mannheim,
Germany). The levels of inflammatory factors including
MCP-1 and TGF-B, were determined by enzyme-linked
immunosorbent assay.

Immunobistochemical staining

All the rabbits were euthanized at the end of the study,
and their abdominal aortas (5 cm long proximal to the
iliac arterial bifurcation) were harvested. The abdominal
aortas were fixed in 4% formaldehyde and serially
cut into 5-mm-thick segments. The segments were
embedded in paraffin and dehydration. The segments were
subsequently sliced into 4-pm thick sections, which were
immunohistochemically stained with a murine antibody
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against rabbit TLR4 (cat. no. ab22048; Abcam, Cambridge,
MA, USA) using a diaminobenzidine kit (Zhongshan
Golden bridge Biotechnology, Beijing, China).

The histological images were captures with an optical
microscope (Olympus, Tokyo, Japan) and the images were
analyzed using an image analysis system (Image Pro Plus 6.0,
Media Cybernetics Inc, MD, USA). Ten high-power fields
(400x) were randomly selected from each section, and five
sections were selected from each animal for measurement.
The level of TLR4 was expressed in terms of the integrated
optical density (IOD).

IVUS measurement

At the end of 10 and 18 weeks, the plaque volume and
composition of the target segments of the abdominal
aorta (10-mm-long segments with minimal luminal cross-
sectional area, devoid of side branches) were determined by
IVUS. A 2.5-F, 40-MHz imaging catheter (Atlantis SR Pro2
and iLab Ultrasound Imaging System, Boston Scientific,
Natick, MA, USA) was inserted into the abdominal aorta via
the right femoral artery. The transducer of the catheter was
positioned on the left renal artery ostium and withdrawn
at a speed of 0.5 mm/s. The images obtained by IVUS
were recorded on a DVD for further offline analyses. The
bifurcation of the iliac artery was used as the reproducible
landmark to synchronize the target segment at both time
points (end of 10 and 18 weeks).

The data obtained by IVUS was processed according to
the methods described in published guidelines (36) using
special software (echoPlaque version 4.0, Indec Systems,
CA, USA). The percent atheroma volume (PAV) was
calculated as described in a previous study (37). PAV is
defined as the percentage of vessel volume that is occupied
by a plaque in the target segment. The following formula
was used for calculating the PAV:

3.(EEMcsa — LUMENcsa )
> EEMcsa

where, the abbreviations EEM and csa stand for external

PAV = x100 (1]

elastic membrane and cross-sectional area, respectively.
The iMAP-IVUS radio frequency imaging system was
used to characterize the tissues. The imaging system uses
a pattern-recognition algorithm to decipher the spectra
obtained from the Fast Fourier transformation of a human
autopsy database of coronary atheroma (26). The iMAP
system uses color-coding and depicts fibrotic tissues in
light green, lipidic tissues in yellow, necrotic tissues in
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pink, and calcified tissues in blue. The fibrotic%, lipidic%,
necrotic%, and calcified% represent the percentages of
the total volume of the atheroma in the target segment
that is occupied by fibrous, lipidic, necrotic, and calcified
components, respectively. The following formulae were
used for calculating the fibrotic%, lipidic%, necrotic%, and
calcified%:
Fibrotic volume

Fibrotic% = x100 2]
Total atheroma volume

Lipidic volume

Lipidic% = x100 3]

Total atheroma volume

Necrotic% = Necrotic volume <100 4]
Total atheroma volume

Calcified% — Calcified volume <100 (5]
Total atheroma volume

Statistical analysis

The continuous variables are presented as the mean =
standard deviation for the normally distributed variables and
median values (interquartile range) of the nonparametric
data. The differences in the paired continuous variables
between the groups were estimated by the paired sample
t-test. One-way analysis of variance was performed to
compare the differences between the groups when the
homogeneity of the variance assumptions was satisfied. In
other cases, the Kruskal-Wallis H test was applied. The
Tukey’s test or the Dunn-Bonferroni test was used for
multiple post-hoc comparisons. The Spearman’s correlation
and multivariate linear regression analyses were performed
to assess the relationships between the IVUS-derived
parameters and the serum levels of lipids, and biomarkers.
All the data were analyzed using SPSS version 22.0 (IBM,
NY, USA). For the two-tailed tests, P<0.05 was considered
to be statistically significant.

Results

Evolocumab decreases lipid profiles in atherosclerotic
rabbits

After 10 weeks of administration of the atherogenic
diet, the serum levels of TG, TC and LDL-C increased
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markedly, while the levels of HDL-C decreased in the
serum (Figure 14,B,C,D). After 8 weeks of treatment with
evolocumab, the serum levels of TG, TC, and LDL-C
significantly decreased, while the serum levels of HDL-C
significantly increased (Figure 1E). In this study, we used
atorvastatin as the positive control. Atorvastatin belongs to
the statin class of drugs, and is used to lower the lipid levels
in the serum. The results demonstrated that evolocumab
was more effective in reducing the serum levels of TG,
TC, and LDL-C, than atorvastatin (Figure 1E), but there
was no difference in the serum levels of HDL-C following
treatment with either evolocumab or atorvastatin.

Evolocumab reduces inflainmation in atherosclerotic
rabbits

After 10 weeks of administration of the atherogenic diet it
was observed that the serum levels of MCP-1 significantly
increased, while the levels of TGF-f significantly decreased
(Figures 2A4,B). The administration of evolocumab and
atorvastatin significantly reversed these changes; however,
evolocumab was more effective at reducing the serum levels
of MCP-1 and increasing the levels of TGF-p compared
to the efficacy exhibited by atorvastatin (Figure 2C).
Additionally, the results of immunohistochemical staining
assays revealed that both evolocumab and atorvastatin
significantly reduced the expression of the TLR4 protein
(Figures 2D,E). The expression of the TLR4 protein in the
abdominal aorta of atherosclerotic rabbits that received
evolocumab was significantly lower than that of the rabbits
that were treated with atorvastatin (Figure 2E).

Grayscale and iMAP-1IVUS volumetric parameters

After 8 weeks of treatment with atorvastatin and
evolocumab, the PAV of the atherosclerotic rabbits in the
treatment groups decreased significantly (Figure 3A4). The
fibrotic% increased significantly (Figure 3B) while the
necrotic% decreased (Figure 3C), compared to those of the
control group at the end of 18 weeks. The necrotic% of the
atorvastatin and evolocumab groups was significantly lower
than that of the atherosclerotic rabbits in the control group at
the end of 10 weeks. There were no differences in the lipidic%
and calcified% in the abdominal aorta (Figure 3D,E). The
representative grayscale and corresponding iMAP-IVUS
images are illustrated in Figure S1.
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Figure 1 Effect of the atherogenic diet and treatment with atorvastatin and evolocumab on the serum lipid profiles. HDL-C, high-density

lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; T'C, total cholesterol; TG, triglyceride; NS, non-significant (P>0.05).
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Figure 2 Response of inflammatory biomarkers and TLR4 to the atherogenic diet and treatments with atorvastatin and evolocumab. (A,B)

Serum levels of MCP-1 and TGF-B, respectively, at the baseline and at week 10; (C) the comparison of the serum levels of MCP-1 and

TGF-B levels across the three experimental groups at the 18 weeks; (D) the representative images obtained from the immunochemistry assay

for the TLR4 protein (400x); (E) the comparison of the integrated optical density (IOD) values for the TLR4 protein. NS, non-significant

(P>0.05). **, P<0.001 vs. control.
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Figure 3 Effect of the atherogenic diet and treatments with atorvastatin and evolocumab on the atherosclerotic plaques. (A) The percent
atheroma volume (PAV) in abdominal aorta; (B,C,D,E) the fibrotic%, necrotic%, lipidic%, and calcified% in the abdominal aorta of the

rabbits, respectively. NS, non-significant (P>0.05).

Bivariate correlations analysis and multivariate linear
regression analysis

Figure 4 depicts the relationships between PAV and the
biomarkers at 18 weeks. The values of PAV were found
to be positively correlated with the serum levels of TG
(r=0.596, P=0.001), TC (r=0.549, P=0.003), LDL-C
(r=0.560, P=0.002), MCP-1 (r=0.575, P=0.002), and TLR4
expression (r=0.511, P=0.006), while it was negatively
correlated with the levels of TGF-B (r=-0.437, P=0.023).
Correlation analyses (7able 1) revealed that the fibrotic%
was negatively correlated with the TC (r=-0.696, P<0.001),
TG (r=-0.385, P=0.048), LDL-C (r=-0.651, P<0.001),
calcified% (r=-0.603, P=0.001), MCP-1 (r=-0.412,
P=0.033) and TLR4 (r=-0.463, P=0.015) at the end of 18
weeks. Fibrotic% was found to be positively correlated with
the expression of TGF-B at 18 weeks (r=0.396, P=0.041).
However, necrotic% was found to be positively correlated
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with TC (r=0.793, P<0.001), TG (r=0.556, P=0.003),
LDL-C (r=0.751, P<0.001), calcified% (r=0.517, P=0.006),
MCP-1 (r=0.457, P=0.016), and TLR4 expression (r=0.493,
P=0.009). Necrotic% was found to be negatively correlated
with the expression of TGF-p (r=-0.453, P=0.018).

A multivariate analysis was performed using the
variables derived from IVUS, namely, PAV, fibrotic%, and
necrotic%, using the following candidate predictors: the
different treatments (converting to two dummy variables:
Ato and Evo), TG, TC, HDL-C, LDL-C, MCP-1,
TGF-B, and TLR4. The values of all the aforementioned
variables represented the follow-up values for week 18.
It is evident from 7Table 2 that the type of treatment was
the consistent predictor for the variables derived from
IVUS, and evolocumab had higher absolute values of
regression coefficients compared to those of atorvastatin
(34.46 vs. 21.007, 12.326 vs. 2.509, and 7.753 vs. 2.133, for
evolocumab vs. atorvastatin, respectively). It was additionally
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Figure 4 The variables intravascular ultrasound (IVUS) had significant positive correlation with the percent atheroma volume (PAV).

Table 1 Relationships between fibrotic and necrotic volume and other biomarkers at week 18

Variables TC TG LDL-C Calcified TGF-p MCP-1 TLR4
Fibrotic volume percentage -0.696** -0.385* -0.651** —-0.603** 0.396* -0.412* -0.463*
Necrotic volume percentage 0.793** 0.556™* 0.751* 0.517* —-0.453" 0.457* 0.493**

*, P<0.05; **, P<0.01. TC, total cholesterol; TG, triglycerides; LDL-C, low-density lipoprotein cholesterol; TGF-B, transforming growth
factor-p; MCP-1, monocyte chemoattractant protein-1; TLR4, toll-like receptor 4.

observed that LDL-C correlated with the variables derived
from IVUS.

Discussion

The present study demonstrates the efficacy of the PCSK9
inhibitor, evolocumab, in inhibiting the progression and
stability of atherosclerotic plaques in rabbits using grayscale
IVUS and iMAP-IVUS. Evolocumab was more effective
than atorvastatin in reducing the progression and stability
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of atherosclerotic plaques. The PAV was found to be
significantly correlated with the serum levels of TG, TC,
LDL-C, MCP-1, and TGF-B, and the expression of TLR4
in the abdominal aorta.

Previous studies in human subjects have demonstrated
that statins can reduce the volume of atherosclerotic
plaques (38-41). The GLAGOV (Global Assessment of
Plaque Regression with a PCSK9 Antibody as Measured
by IVUS) trial demonstrated that PCSK9 inhibitors
could effectively reduce the volume of atherosclerotic
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Table 2 Multivariate linear regression analysis results for IVUS
variables and respective predictors

IVUS variable and respective predictor Coefficient P value

PAV (mm®)
Ato -21.007 <0.001
Evo -34.46 0.004
LDL-C (mg/dL) 0.264 0.05
Fibrotic%
Ato 2.509 0.253
Evo 12.326 <0.001
LDL-C (mg/dL) -0.056 <0.001
Necrotic%
Ato -2.133 0.033
Evo —-7.753 <0.001
LDL-C (mg/dL) 0.041 <0.001

All values are the follow-up values of week 18. IVUS,
intravascular ultrasound; PAV, percent atheroma volume; LDL-C,
low-density lipoprotein cholesterol. Ato, atorvastatin; Evo,
evolocumab.

plaques (42), similar to the results obtained in our study.
Previous studies have demonstrated the plaque-stabilizing
effects of statins. Using IB-IVUS and optical coherence
tomography (OCT), Hattori and colleagues have verified
that pitavastatin increases the thickness of fibrous caps
and reduces the lipidic% in human coronary plaques (43).
Using OCT, Komukai and colleagues obtained similar
results with atorvastatin (44). Although the iMAP-IVUS
method differed from IB-IVUS with respect to the imaging
mechanism, similar results were obtained in our study due
to the fact that the necrotic% determined with iMAP was
positively correlated with the lipid pool calculated using
IB-IVUS (45). By employing the iMAP-IVUS method
and multivariate linear regression analysis, we additionally
observed that evolocumab had a more significant effect
on the regression and stabilization of the atherosclerotic
plaques than the effect exhibited by atorvastatin, as
indicated by the increased fibrotic% and decreased
necrotic% following evolocumab treatment.

LDL is vital to the formation of atherosclerotic
plaques. As inhibitors of 3-hydroxy-3-methylglutaryl
coenzyme A, statins are standard anti-atherosclerotic
pharmacotherapeutic agents that are used to lower the
levels of lipid in the blood. PCSK9 inhibitors can reduce
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the recycling of the LDL receptor to the hepatic surface,
thereby limiting the removal of LDL particles from the
circulation (29). As evolocumab is a type of monoclonal
antibody against PCSKD9, it can notably reduce the levels of
LDL-C when administered alone or in combination with
statins (46). In the present study, evolocumab was more
effective than atorvastatin in reducing the serum levels of
TG, TC, and LDL-C. These results are consistent with
those of previous studies.

The development of atherosclerosis may have an
inflammatory and immune basis (47). TLRs are important
innate immune receptors that also function as pattern-
recognition receptors. Some TLRs, including TLR4,
can directly promote atherosclerotic progression via the
stimulation of macrophages (48,49). TLR4 is expressed
in the arterial walls of normal subjects at low levels, but
is overexpressed in atheroma, and is mainly concentrated
in the shoulder region where the plaque is most likely to
rupture (50). Therefore, TLR4 can be an ideal marker
for indicating plaque vulnerability. The progress of
atherosclerotic inflammation is mediated by the TLR4-
nuclear factor-«B (NF-«B) pathway, which induces the
overexpression of several inflammatory cytokines including
MCP-1 (18). MCP-1 recruit monocytes to the vessel
wall and is expressed in the macrophage-rich regions
of atherosclerotic plaques (51). The proatherosclerotic
effects of MCP-1 have been proved by gene deletion
experiments (52). The results of the present study indicated
that atorvastatin reduced the expression of TLR4 and
MCP-1, and this effect was intensified by treatment with
evolocumab. These results indicated the anti-inflammatory
effect of evolocumab was mediated via the decrease in
the expression of MCP-1/TLR4 and an increase in the
expression of TGF-B. These findings provide novel
evidence for elucidating the mechanisms underlying the
anti-inflammatory effects of evolocumab.

In conclusion, the results of our study suggested that
evolocumab probably regulated the levels of lipid and
cholesterol via the inflammatory pathways. Additionally,
the use of IVUS techniques would help to elucidate the
mechanism underlying the inhibition of atherosclerotic
plaques by evolocumab.
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Supplementary

Figure S1 Representative grayscale and corresponding iMAP-IVUS images. (Al) Representative grayscale IVUS transverse image of a
section of the abdominal aorta of a rabbit in the Evo group at 10 weeks. (A2) Corresponding iMAP-IVUS image for Al. (B1) Grayscale IVUS
transverse image of the same section in Al at 18 weeks. (B2) Corresponding iMAP-IVUS image for B1. The four tissue compositions are
depicted in light green (fibrotic), yellow (lipidic), pink (necrotic), and blue (calcific). The cross-sectional area of the plaque in Al is 4.68 mm’,

while the area of the plaque in B1 is 3.59 mm’.
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