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Abstract

Background: Clinical studies have shown that atherosclerotic cardiovascular
disease and cancer often co-exist in the same individual. The present study
aimed to investigate the role of high-fat-diet (HFD)-induced obesity in the
coexistence of the two diseases and the underlying mechanism in
apolipoprotein E-knockout (ApoE™’") mice.

Methods: Male ApoE_/ ~ mice were fed with a HFD or a normal diet (ND)
for 15 weeks. On the first day of Week 13, the mice were inoculated
subcutaneously in the right axilla with Lewis lung cancer cells. At Weeks
12 and 15, serum lectin-like oxidized low-density lipoprotein receptor-1
(LOX-1) and vascular endothelial growth factor levels were measured by
enzyme-linked immunosorbent assay, and blood monocytes and macrophages
were measured by fluorescence-activated cell sorting. At Week 15, the volume
and weight of the local subcutaneous lung cancer and metastatic lung cancer
and the amount of aortic atherosclerosis were measured.

Results: At Week 15, compared with mice in the ND group, those in the HFD
group had a larger volume of local subcutaneous cancer (p = 0.0004), heavier
tumors (p = 0.0235), more metastatic cancer in the lungs (p < 0.0001), a larger
area of lung involved in metastatic cancer (p =0.0031), and larger areas of
atherosclerosis in the aorta (p < 0.0001). At Week 12, serum LOX-1, serum
vascular endothelial growth factor, and proportions of blood monocytes and
macrophages were significantly higher in the HFD group than those in the
ND group (p=0.0002, p=0.0029, p=0.0430, and p =0.0106, respectively);

Abbreviations: ApoE~'~, apolipoprotein E-knockout; ASCVD, atherosclerotic cardiovascular disease; HDL-C, high-density lipoprotein cholesterol;
HFD, high-fat diet; LDL-C, low-density lipoprotein cholesterol; LLC, Lewis lung cancer; LOX-1, lectin-like oxidized low-density lipoprotein
receptor-1; ND, normal diet; TC, total cholesterol; VEGF, vascular endothelial growth factor.
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p =0.0204).
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1 | INTRODUCTION

Atherosclerotic cardiovascular disease (ASCVD) and
cancer are two chronic diseases that are known to be
the leading causes of death worldwide [1]. Athero-
sclerosis is the most common condition underlying
cardiovascular disease [2, 3], which has a multifactorial
etiology. The most common risk factors are hyper-
cholesterolemia, hypertension, diabetes mellitus, ciga-
rette smoking, age, male sex, and a strong family history.
A sedentary lifestyle, obesity, a diet high in saturated and
transfatty acids, and certain genetic mutations also
contribute to the risk of cardiovascular disease [4].

Although cancer is widely considered to be different
from atherosclerosis in terms of its clinical manifesta-
tions and pathogenesis, there is an increasing body of
evidence showing coexistence of atherosclerosis and
cancer in the same individuals [5]. A cohort study that
investigated the incidence of new cancers in 32,095
patients with cardiovascular disease according to the
presence or absence of atherosclerosis found that the
incidence of new tumors was twice as high in patients
with ASCVD [6].

One possible reason for the coexistence of athero-
sclerosis and cancer in the same individuals is the
similarity between the risk factors for the two conditions,
such as age, sedentary lifestyle, smoking, and a diet rich
in fat and carbohydrates [7]. Obesity and hyperlipidemia
are well-known risk factors for atherosclerosis and have
been demonstrated to have a significant impact on
tumorigenesis and the invasiveness of cancer in murine
models and in vitro research [8-10]. Until now, no study
has investigated whether high-fat-diet (HFD)-induced
obesity can simultaneously promote progression of
atherosclerosis and cancer in the same individual.

Clinical research by our group has demonstrated an
association between the anatomical severity of coronary
artery disease and the risk of lung cancer [11, 12];
however, the underlying mechanism remains elusive. In

response and VEGF.

this trend persisted until Week 15 (p =0.0014, p =0.0012, p =0.0001, and

Conclusions: In this study, HFD-induced obesity could simultaneously
promote progression of lung cancer and atherosclerosis in the same mouse.
HFD-induced upregulation of LOX-1 may play an important role in the
simultaneous progression of these two conditions via the inflammatory
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the present study, we investigated the impact of HFD-
induced obesity on progression of both lung cancer and
atherosclerosis in the same mice. Lectin-like oxidized
low-density lipoprotein receptor-1 (LOX-1) is becoming
an important target in terms of the link between
atherosclerosis and cancer [13, 14]. We observed an
effect of HFD on the serum LOX-1 level in this study.
The circulating vascular endothelial growth factor
(VEGF) level was also assessed to elucidate the role of
LOX-1 in the coexistence of atherosclerosis and lung
cancer. We detected changes in levels of monocytes and
macrophages, which have an important role in the
pathogenesis of both atherosclerosis and cancer [15, 16].

2 | MATERIALS AND METHODS

2.1 | Animals and protocols

Six-week-old male apolipoprotein E-knockout (ApoE~'")
mice with a C57BL/6J background were purchased from
Beijing Vital River Laboratory Animal Technology Co.,
Ltd. All animals were kept in a specific pathogen-free
animal facility on a 12/12-h light/dark cycle at (22 + 2)°C
and 50% relative humidity. Five mice were housed per
cage. The mice were randomly allocated to receive a
normal diet (the ND group, n=14) or a HFD (77.75%
basal diet + 21% lard +1.25% cholesterol; the HFD group,
n=14) for 15 weeks. The mice were subcutaneously
inoculated with Lewis lung cancer (LLC) cells at the first
day of Week 13. Thereafter, the mice were monitored
continuously for the development of lung cancer. After
15 weeks (Day 105), cervical dislocation euthanized mice,
and the aorta and lungs were removed for evaluation of
atherosclerosis in the aorta and metastasis of lung
cancer, respectively. Body length, body weight, and
abdominal circumference were measured at Weeks 0, 4,
8, and 12. No adverse events were observed during any of
the study procedures.
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2.2 | Lipid profile

At Week 12, the lipid profile was determined in venous
blood collected from the inner canthus vein, from which the
serum was separated for measurement of blood lipid levels.
Lipids included total cholesterol (TC), triglycerides, high-
density lipoprotein cholesterol (HDL-C), and low-density
lipoprotein cholesterol (LDL-C), which were measured
using an automated biochemistry instrument following the
manufacturer’s protocol (Servicebio Technology).

2.3 | Culture of LLC cells

The LLC cells were purchased from Beijing Baiaosicheng
Biotechnology Co., Ltd. and cultured in Dulbecco's
modified Eagle medium (Gibco) supplemented with
10% fetal calf serum in a humidified atmosphere with
5% CO, at 37°C.

2.4 | Tumor allograft model

At Week 13 (Day 85), 1x10° LLC cells in 100 uL of
phosphate-buffered saline (PBS) were inoculated sub-
cutaneously in the right axilla of each mouse to construct
an allograft tumor model. After inoculation with LLC
cells, the mice were fed with ND or HFD for a further
3 weeks.

2.5 | Measurement of tumor volume
and weight

The local subcutaneous cancers could be seen from Week
14 (Day 11 postinoculation of LLC cells) onward. The
longest and shortest diameters of the tumors were
measured using vernier calipers at Day 11, 14, 17, and
21 postinoculations with LLC cells. The tumor volume
was calculatedhas length x width®/2. On Day 21, the
local subcutaneous tumors were removed and weighed.

2.6 | Measurement of metastatic
lung cancer

The mice were euthanized on Day 21 postinoculation.
The lungs were harvested for evaluation of metastasis of
lung cancer. The number of metastatic tumors on the
lung surface was calculated visually. Hematoxylin—eosin
staining was performed after fixation of the lungs with
4% paraformaldehyde to observe the metastasis of lung
cancer in the maximum cross-sectional area of the lung.

The area of lung involved in metastatic cancer were
measured using CaseViewer software (3DHISTECH).

2.7 | Assessment of atherosclerosis

At Day 21 post-LLC transplantation, the mice were
euthanized, and the wvasculature in the heart was
perfused with 10 mL of PBS followed by 5 mL of buffered
formalin (Thermo Fisher Scientific). The entire length of
the aorta, from the heart, including the subclavian and
right and left carotid arteries, through to 2-5mm after
bifurcation of the iliac artery, was dissected free of fat
and postfixed in buffered formalin for 24 h at 4°C and
then stored in PBS at 4°C. The aorta was stained with oil
red-O, which identifies neutral lipids in plaque, to
quantify the lesion burden. After staining, the aorta
was opened, laid flat, and digitally scanned [17].
Morphometric measurements of the aorta were obtained
in a blinded fashion. Three independent measurements
of lesion area (red pixels) were selected and averaged for
each aorta using Adobe Photoshop software (Adobe Inc.).
Similarly, the total area of the aorta was determined.
The lesion area was expressed as the mean percentage +
standard deviation of total aortic area.

2.8 | Measurement of serum LOX-1
and VEGF

Serum LOX-1 and VEGF levels were measured by enzyme-
linked immunosorbent assay following the protocol outlined
by the manufacturer (Delos Biotechnology Co.).

2.9 | Flow cytometry analysis of blood
monocytes and macrophages

Peripheral blood was collected from the medial canthal
vein and anticoagulated using heparin sodium. After lysing
the red blood cells in the peripheral blood sample, it was
incubated with mF4/80-PE (macrophages), mCD11b APC,
and mLY6C-FITC (monocytes) (BD Pharmingen). After
two washes, collect samples and analyze them using the
FACS Calibur system (BD Biosciences) to measure the
levels of monocytes and macrophages.

2.10 | Statistical analysis

The data are presented as the mean + standard deviation.
Means were compared between the two groups using the
Student's ¢ test. All statistical analyses were performed
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using GraphPad Prism version 5 (GraphPad Software
Inc.). All tests were two-tailed, and a p-value < 0.05 was
considered statistically significant.

body weight, and abdominal circumference were
evaluated at 4-week intervals in both groups before
inoculation with LLC cells. There was no significant
difference in body length between the HFD group
and the ND group ((7.750 +£0.418) cm vs. (7.733 +

3 | RESULTS 0.501) cm at Week 12, p=0.9513). At Week 12,
weight gain was significantly greater in the HFD
3.1 | Body length, body weight, group than in the ND group ((33.860+1.163) g vs.

abdominal circumference, and lipid
concentrations

The morphometric data for the mice after 12 weeks
of a HFD are shown in Figure 1. Body length,

(31.870+1.807) g, p=0.0464), as was abdominal
circumference ((9.650+0.207) cm vs. (8.933+
0.427) cm at Week 1, p=0.0041) (Figure la-c). The
morphology of mice after 12 weeks of a HFD or a ND is
shown in Figure 1d.

(@) (b) c)
* ND # HFD - ND = HFD 3 e ND = HFD
359 * 8.0+ £ 10.0-
" ) dedke
5 ° 'gm- 2 s =
‘55, 301 = E 7.8 ns ns ‘E n.s
® 2 ns . 3 3 9.0- .
H ns o S 774 ns _a— ._‘; ns
3 25+ = > % st - °
2 * 8 g 854ns i
m ns m 7.6 E -
20 [ 7.5 § 8.0 T T |
0 H 8 12 “o 4 8 12 < 0 4 8 12
Time (week) Time (week) Time (week)
(d) €
*dkdkk
—~ 20+
T
-
5 157
£
E 10-
2
5_
0-
ND HFD
f h i
M 5 @, ™ () 5
Fekkek * % Kekodek ook
o ‘l:\ 4 e 4
) 1
'y 24 = - 3
S 2 34 5 104 o 34
o £
= £ E &
£ - £ Q
~— (6} 2 St A 2
© " o) Q@ 54 a
- [a) El -
I 19 a 1+
0- 0- 0- 0-
ND  HFD ND HFD ND  HFD ND HFD

FIGURE 1 Morphometric changes and lipid concentrations in mice at 12 weeks. Changes in (a) body length, (b) body weight, and
(c) abdominal circumference at Weeks 0, 4, 8, and 12. (d) Photographs showing top and profile views of the mice after 12 weeks of a high-fat
diet or a normal diet. (e) TC, (f) TG, (g) HDL-C, (h) LDL-C, and (i) the LDL-C/HDL-C ratio at Week 12. The data are presented as the
mean =+ standard deviation (n = 6). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 versus the ND group. HDL-C, high-density lipoprotein
cholesterol; HFD, high-fat diet; LDL-C, low-density lipoprotein cholesterol; ND, normal diet; TC, total cholesterol; TG, triglycerides.
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The lipid profile was assessed at Week 12 before
inoculation with LLC cells. Mice in the HFD group
had higher levels of TC ((20.020 +1.284) mmol/L vs.
(11.360 £1.058) mmol/L, p<0.0001), triglycerides
((2.287 + 0.1456) mmol/L vs. (1.393 +0.1227) mmol/L,
p<0.0001), HDL-C ((3.604+0.490) mmol/L vs.
(2.653+0.199) mmol/L, p=0.0013), and LDL-C
((12.360 +0.926) mmol/L vs. (5.791 +0.820) mmol/L,
p <0.0001). The LDL-C/HDL-C ratio was higher in the
HFD group than in the ND group (3.488+0.585 vs.
2.163 +0.380, p = 0.0009) (Figure le-i).

3.2 | HFD promoted simultaneous
progression of lung cancer and
atherosclerosis

The subcutaneous tumors were visible to the eye from Day
11 postinoculation with LLC cells, and their volumes were
measured on Days 11, 14, 17, and 21 postinoculations.
Interestingly, the tumor volume was smaller in the HFD
group than in the ND group at Day 11 ((21.19 + 6.07) mm®
vs. (2525+13.93) mm®, p=0.1543); however, the
difference was not statistically significant. On Days 14,
17, and 21, the tumor volume was larger in the HFD group
than in the ND group ((151.90+42.25) mm’ vs.
(80.13 + 36.95) mm>, p=0.0088; (457.50 + 168.20) mm’
vs. (269.50 +33.78) mm®, p=0.0229; and (1657.21 +
167.70) mm?® vs. (1132.10+183.10) mm?, p=0.0004,
respectively).

The tumors and lungs were harvested from the mice
after they were euthanized on Day 21 postinoculation
with LLC cells. Tumors were heavier in the HFD group
than in the ND group ((1.972+0.609) g vs. (1.205+
0.351) g, p=0.0235) (Figure 2a,b). These results indi-
cated that hyperlipidemia may delay onset of a tumor,
but when a tumor is formed, the tumor volume increases
rapidly, exceeding the normal growth rate of the
tumor.

There were more metastatic tumors on the surface of the
lungs in the HFD group than in the ND group (18.500 +
3.674 vs. 8.010+1.265, p<0.0001). Hematoxylin—eosin
staining of the maximum cross-sectional area of the lungs
showed that the total area of the lung involved in metastatic
disease was significantly greater in the HFD group than in
the ND group ((5.983 + 1.710) mm? vs. (2.967 + 0.857) mm?,
p = 0.0031) (Figure 2c-f).

At Week 15, the aorta was removed for oil red-O
staining. The results showed that the area of athero-
sclerosis was significantly larger in the HFD group
than in the ND group (14.200% + 2.347% vs. 1.868% =+
0.403%, p <0.0001) (Figure 2g,h), indicating that a HFD
increases the burden of atherosclerosis.

3.3 | HFD induced LOX-1 and VEGF
expression

At 12 weeks (before inoculation of LLC) and at Week 15
(i.e., Day 21 postinoculation of LLC), blood was collected
from the epicanthus vein of each mouse, and serum was
harvested for measurement of serum LOX-1 and VEGF
levels by enzyme-linked immunosorbent assay.

At Weeks 12 and 15, the serum LOX-1 level was
higher in the HFD group than in the ND group
((32.032+1.979) pg/mL vs. (22.453+3.688) pg/mL,
p=0.0002 and (36.820 +1.805) pg/mL vs. (30.691 +
2.921) pg/mL, p =0.0014, respectively) (Figure 3a). The
serum VEGF level was also significantly higher in the
HFD group at Weeks 12 and 15 ((27.153 +4.960) pg/mL
vs. (22.422+4.140) pg/mL, p=0.0029 and (30.663 +
1.994) pg/mL vs. (25.350+2.105) pg/mL, p=0.0012,
respectively) (Figure 3b).

3.4 | HFD increased the inflammatory
response in blood

The proportion of monocytes and macrophages in the HFD
group was higher than that in the ND group. The proportion
of monocytes in the HFD group was higher than that in the
ND group at Week 12 (31.623 +7.359 vs. 23.501 +4.876,
p =0.0480) and Week 15 (69.800 + 7.148 vs. 37.680 + 10.520,
p = 0.0001) (Figure 4a,b). The proportion of macrophages in
the HFD group is still higher at Week 12 (20.427 + 5.207 vs.
13.253 +2.083, p =0.0106) and Week 15 (16.232+1.713 vs.
12.881 + 2.441, p = 0.0204) (Figure 4c,d).

4 | DISCUSSION

To the best of our knowledge, this is the first basic study
to investigate the effect of HFD-induced obesity on the
progression of both lung cancer and atherosclerosis in
the same mice. Our data show that an HFD simulta-
neously promoted the progression of lung cancer and
aortic atherosclerosis in mice and also induced expres-
sion of LOX-1 and VEGF as well as increased proportions
of monocytes and macrophages. Therefore, obesity could
promote the simultaneous progression of lung cancer
and atherosclerosis in the same individual possibly
through a LOX-1-related pathway.

Both ASCVD and lung cancer are multifactorial
diseases with a serious impact on human health. In the
past, these two diseases were widely considered to be
completely different in terms of their pathogenesis,
clinical manifestations, and prognosis. However, in
recent decades, an increasing body of evidence has
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FIGURE 2 Progression of lung cancer and atherosclerosis in the ND and HFD groups at Week 15. (a) Lung cancer volume on Days 0,
11, 14, 17, and 21 after inoculation with LLC cells. (b) Lung cancer weight on Day 21 after inoculation with LLC cells. (c) Photograph
showing lung nodules on Day 21 after inoculation with LLC cells (arrows indicate visible lung tumors). (d) Quantification analysis of the
numbers of metastatic lung cancers on the lung surface in the two groups. (e) Representative HE staining of lung sections on Day 21 after
inoculation with LLC cells (arrows indicate visible metastatic lung tumors). (f) Quantification analysis of the area of tumor metastasis in the
lung with HE staining in the two groups. (g) Representative image of an aorta stained with oil red-O on Day 21 after inoculation with LLC
cells. (h) Quantification analysis of oil red-O staining area in the aorta in the two groups. The data are shown as the mean + standard
deviation (n =6). *p < 0.05, ****p < 0.0001 versus the ND group. HE, hematoxylin-eosin; HFD, high-fat diet; LLC, Lewis lung cancer;
ND, normal diet.
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emerged to show that the two diseases are directly
associated [1, 18]. Nevertheless, the pathogenesis of the
two diseases is complex, and the mechanism for their
coexistence remains elusive. It is now recognized that the
two diseases have shared risk factors, including advancing
age, smoking, sedentary lifestyle, and obesity [7]. Obesity has
been demonstrated to aggravate the progression of both
cancer and atherosclerosis [8-10]. However, research on
whether obesity can simultaneously promote the progression
of the two diseases in the same individuals is rare.

The present study identified an impact of HFD-induced
obesity on atherosclerosis and lung cancer in the same mice.
Compared with ND, HFD promoted increases in weight and
abdominal circumference. Mice fed with a HFD had higher
TC, triglyceride, LDL-C, and HDL-C levels. Unlike TC,
triglycerides, and LDL-C, HDL-C has been considered to
protect against atherosclerosis and cancer [19]. However,
mice fed a HFD had a higher LDL-C/HDL-C ratio,
indicating that the protective effect of HDL-C may be
inhibited by LDL-C.

The mice in this study underwent subcutaneous LLC
cell transplantation on the first day of Week 13 and were
then fed with a HFD or an ND for a further 3 weeks. The
results showed that the local cancers were larger and
heavier in the HFD group than in the ND group.
Moreover, there were more metastatic cancers in the
lung in the HFD group than in the ND group.
Furthermore, the burden of aortic atherosclerosis was
greater in the HFD group. Our study shows that a HFD
could promote the growth and metastasis of lung cancer
as well as the development of atherosclerosis in the same
mice and provides direct evidence that obesity could
contribute to the simultaneous progression of athero-
sclerosis and cancer in the same individual.

To further elucidate the underlying mechanism for
obesity-induced progression of atherosclerosis and lung

cancer, we investigated the change in expression of
LOX-1, which is the primary receptor for ox-LDL and is
responsible for the recognition, binding, and internaliza-
tion of ox-LDL [20, 21]. LOX-1 is mainly expressed in
endothelial cells and macrophages [14, 20]. It is well
established that LOX-1 is a crucial driver of ASCVD [21,
22]. It has also been demonstrated that LOX-1 is
upregulated in various types of cancer [14]. The
mechanism for the involvement of LOX-1 in athero-
sclerosis and cancer may involve its ability to enhance
proinflammatory signaling pathways and proangiogenic
proteins [14].

Inflammation is widely accepted to be a prominent
element during the progression of atherosclerosis and
tumorigenesis [23-27]. Monocytes and macrophages are
the most important cells in the innate immune system
and play key roles in the pathogenesis of atherosclerosis
and cancer [16, 28-31]. The quantities, polarization
states, and ratios of the different types of macrophages
affect the progression of both diseases [16, 30]. Tumor-
associated macrophages play an important role in
the development of cancer [16]. Pro-inflammatory M1
macrophages have an enhanced ability to destroy cancer
cells and increase the antitumor immune response [16],
whereas anti-inflammatory M2 macrophages produce
low amounts of cytokines. Transforming tumor-
associated macrophages by M2 polarization into the
tumor-suppressive M1 phenotype is an important
approach in tumor therapy [16]. LOX-1 has been shown
to play a key role during M1 polarization induced by the
naturally occurring mild ox-LDL found in the serum of
patients with hypercholesterolemia [32].

Our present findings indicate that HFD could promote
the expression of LOX-1. We also observed a change in
inflammation-related immune cells, including monocytes
and macrophages. The percentages of both monocytes and
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macrophages were increased in the HFD group in compari-
son with the ND group. Moreover, VEGF is required for
tumor growth and metastasis because a blood supply is
necessary for the growth and dissemination of a tumor [33].
LOX-1 activated by ox-LDL could promote upregulation of
VEGEF [20]. In the present study, mice in the HFD group
showed a trend of increasing LOX-1, VEGF, and inflamma-
tory cells at Weeks 12 and 15.

In view of the above findings, it is reasonable to infer
that HFD-induced obesity likely promotes the simulta-
neous progression of lung cancer and atherosclerosis via
a LOX-1-related pathway that upregulates the inflamma-
tory response and VEGF. HFD promoted metabolic
disease by increasing LDL-C, which in turn induces the
expression of LOX-1. Upregulation of LOX-1 could
increase the inflammatory response and serum VEGF,
not only promoting atherosclerosis but also accelerating
the development and metastasis of lung cancer.

There are still some limitations in the experiment.
The present study indicates that obesity promotes the
simultaneous progression of lung cancer and athero-
sclerosis in the same individual, likely through the
LOX-1-related pathway. But its specific mechanism and
pathway are not yet clear. In future experiments, it is
recommended to include additional validation of the key
genes identified to enhance the experimental findings.

5 | CONCLUSION

Based on the results of this study, it is reasonable to
conclude that HFD-induced obesity can simultaneously
promote the progression of lung cancer and athero-
sclerosis in the same individual. Our findings indicate
that HFD-induced upregulation of LOX-1 may play an
important role in the underlying mechanism via an
inflammatory response and VEGF. However, the molec-
ular mechanism for the effect of LOX-1 on the
simultaneous progression of lung cancer and athero-
sclerosis needs further study.
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