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Abstract: Capsanthin is a red pigment and the major carotenoid component of red paprika (Capsicum
annuum L.). However, its role in atherosclerosis is yet to be fully elucidated. This study investigated
the role of dietary capsanthin in vascular inflammation in atherosclerotic mice. We evaluated the
anti-atherosclerotic effects of daily oral administration of capsanthin (0.5 mg/kg of body weight/day)
in apolipoprotein E-deficient (ApoE−/−) mice fed a Western-type diet (WD). Capsanthin treatment
inhibited vascular cell adhesion molecule 1 expression and nuclear factor-κB ser536 phosphorylation
in tumor necrosis factor-α-stimulated cultured endothelial cells. Dietary capsanthin significantly
inhibited the WD-induced elevation in the plasma levels of total cholesterol, low-density lipoprotein
cholesterol (LDL-C), and triglyceride in mice. Interestingly, capsanthin reduced aortic plaque forma-
tion and VCAM-1 expression, which is vascular inflammation, in atherosclerotic mice. In addition, the
neutrophil–lymphocyte ratio, a systemic inflammatory marker, was inhibited in capsanthin-treated
mice. Furthermore, capsanthin significantly reduced the levels of proinflammatory cytokines, such as
TNF-α, interleukin-6, and monocyte chemoattractant protein-1, in the plasma of atherosclerotic mice.
Collectively, our data demonstrate that dietary capsanthin plays a protective role against atheroscle-
rosis in hyperlipidemic mice. This protective effect could be attributed to the anti-inflammatory
properties of capsanthin.
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1. Introduction

Atherosclerosis is a primary cause of vascular diseases such as heart failure, myocar-
dial infarction, and stroke [1,2]. It is a pathologic condition in which an atherosclerotic
plaque, formed by the deposition of cholesterol and inflammatory cells on the lining of the
artery wall, causes stenosis of the inner diameter of the blood vessel. Atherosclerosis is
characterized by chronic vascular inflammation in all its phases [3–5]. Current evidence sup-
ports the central role of vascular inflammation regulation in treating atherosclerosis [6–8].
Therefore, anti-inflammatory agents may be beneficial against atherosclerosis.

Endothelial activation, which is an early process during atherosclerosis, is a crucial
target for vascular inflammation regulation. Vascular endothelial cells (ECs) are the primary
barrier between the blood and tissues, and play a crucial role in vascular homeostasis [9–11].
Endothelial activation is characterized by the expression of proinflammatory molecules
such as vascular cell adhesion molecule 1 (VCAM-1), which mediates the recruitment of
circulating monocytes [12,13]. Monocytes migrate into the subendothelial layer of the
intima and differentiate into macrophages; this is followed by their transformation into
foam cells [14].
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In several studies, atherosclerosis in animal models resulted from accelerated plaque
formation due to a diet rich in nutrients, such as cholesterol, and genetic manipulations
related to cholesterol metabolism [15–17]. The apolipoprotein E-deficient (Apo E−/−)
mouse model is frequently used in atherosclerosis research. ApoE−/− mice that were
fed a Western-type diet (WD) showed hypercholesterolemia and atherosclerotic lesion
progression [16,18].

Carotenoids are the most widely distributed pigments in nature, found in a variety of
fruits and vegetables [19–21]. Among carotenoids, capsanthin is a lipophilic red pigment
responsible for the red pigmentation of paprika fruits (Capsicum annuum L.) [22–24]. Cap-
santhin belongs to the xanthophyll class of carotenoids, such as lutein and zeaxanthin [22].
Xanthophyllic carotenoids have been reported for their ability to improve eye function-
ality [25,26]. Capsanthin also shows the ability to maintain intraocular pressure within a
healthy range in a rat model [27]. Among other carotenoids, capsanthin is one of the most
powerful antioxidants, able to scavenge radicals because of its structural characteristics [28].
In addition to the antioxidant potential of capsanthin, previous studies have reported its
antitumor, skin photoprotective, antidiabetic, and anti-obesity activities in in vitro and
in vivo models [29–31]. We have previously reported the protective effect of capsanthin in
a mouse model of nonalcoholic fatty liver disease [32]. However, the role of capsanthin in
atherosclerosis remains unclear.

This study aimed to investigate the role of dietary capsanthin in vascular inflammation
in atherosclerotic mice. The anti-atherosclerotic effects of the daily oral administration of
capsanthin in ApoE−/− mice fed a WD was evaluated. Collectively, our results demonstrate
the potential role of capsanthin against chronic vascular diseases, such as atherosclerosis.

2. Materials and Methods
2.1. Cell Culture and Treatments

HUVECs, human umbilical vein endothelial cells (C2517A, Lonza, Walkersville, MD,
USA), were cultured in an EGM-2 (Lonza, Walkersville, MD, USA). Capsanthin and human
tumor necrosis factor-α (TNF-α) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
The cells were pretreated for 1 h with capsanthin at a dose range of 0.5–5 µg/mL and
treated with 10 ng/mL of TNF-α for 18 h. HUVECs were used for experiments between
passages five and eight.

2.2. Immunoblotting

Cell and aorta tissue samples were lysed using RIPA buffer (Cell Signaling Technology,
Danvers, MA, USA) and then homogenized using an ultrasonic homogenizer (Hielscher,
Germany). The lysates were separated by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis and transferred on a polyvinylidene fluoride (PVDF) membrane. Membranes
were incubated with specific primary antibodies (1:1000 anti-VCAM-1 or NF-κB p65 or
p-NF-κB p65 [s536] and 1:5000 anti-β-actin). Specific antibodies against VCAM-1 (R&D
Systems, Minneapolis, MN, USA), nuclear factor-κB (NF-κB) p65, p-NF-κB p65 (s536) (Cell
Signaling Technology, Danvers, MA, USA), and anti-β-actin (Sigma-Aldrich, St. Louis, MO,
USA) were used in this study.

2.3. Animal Studies

Experiments were performed using male ApoE−/− mice aged 8–10 weeks. Mice were
fed with a normal chow diet or a Western-type diet containing 21% fat, 34% sucrose, 19.5%
casein, and 0.2% cholesterol (Envigo, Madison, MI, USA) for 12 weeks. There were four
experimental groups (n = 6/each group): a normal chow-diet-fed group (ND), a Western-
type diet with a vehicle (corn oil, C8267, Sigma-Aldrich, St. Louis, MO, USA)-fed group
(WD), a Western-type diet with capsanthin (0.5 mg/kg of body weight/day)-fed group
(WDC), and a Western-type diet with atorvastatin (20 mg/kg of body weight/day)-fed
group (WDA). The mice were bred with a 12 h light/dark cycle at 24 ◦C for 12 weeks.
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All procedures of animal study were approved by the Animal Experimentation Ethics
Committee of Chungnam National University (202109A-CNU-174).

2.4. Hematological Parameter

Blood samples (0.6 mL/each mouse) were collected from the hearts of the mice, which
were deeply anesthetized by intraperitoneal injections of ketamine/xylazine. Whole blood
was transferred into EDTA-coated tubes for complete blood cell count tests. Complete blood
cell counts were performed using an XN-V hematology analyzer (Sysmex, Kobe, Japan).

2.5. Measurement of Lipid Parameters and Plasma Cytokines

To obtain plasma, whole blood was transferred into sodium heparin tubes. Plasma
samples were obtained by centrifugation at 2000× g for 10 min and were analyzed for
blood chemistry and the measurement of cytokine levels. The total cholesterol (TC), low-
density lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C),
and triglyceride (TG) levels were measured at the KPNT Analysis Service Center (KPNT,
Cheongju, Korea). The levels of plasma cytokines, including TNF-α, interleukin (IL)-1β,
IL-6, and monocyte chemoattractant protein-1 (MCP-1), were measured using an immunol-
ogy multiplex assay kit at the KOMA analysis service center (KomaBiotech, Seoul, Korea).

2.6. Oil Red O Staining

Aortas were harvested and fixed in 10% neutral-buffered formalin solution overnight
at 20 ◦C. To analyze the atherosclerotic lesions in the entire aorta, the aortas were then
opened longitudinally from the root to the iliac arteries and fixed en face on a rubber plate.
The fixed aortas were exposed to 60% isopropanol for 3 min and incubated in oil red O
solution (Sigma-Aldrich, St. Louis, MO, USA), washed with double-distilled water for 5
min, and photographed under a BA210 microscope (Motic, Vancouver, BC, Canada). The
total surface area and oil red O positive area were evaluated using Image J software [33].

2.7. Histological Analysis

For cross-sectional aortic analysis, thoracic aortas were embedded in optimal cutting
temperature (OCT) compound after fixation with 10% neutral-buffered formalin solution
for 24 h. The aorta, sectioned at a thickness of 3 µm, was stained with hematoxylin and
eosin (H&E) and oil red O staining. H&E and oil red O staining results were captured using
a Leica S9E microscope (Solms, Hessen, Germany). These images were analyzed using
Image J software to measure the plaque size in the aorta [34].

2.8. Immunohistochemistry

The aorta sections were incubated with anti-VCAM-1 (1:100) overnight at 4 ◦C. The
sections were then reacted with the secondary antibody in the Dako envision detection
system (Agilent Technologies, Santa Clara, CA, USA) for 30 min at room temperature.
After washing in phosphate buffered saline (PBS), the sections were detected with di-
aminobenzidine (DAB) substrate for 3 min using the Dako envision detection system and
counterstained with hematoxylin. All images were captured using a Leica S9E microscope
(Solms, Germany) and analyzed using Image J software.

2.9. Statistics

Values are presented as means ± standard error of means (SEM). Statistical significance
of the differences among groups was determined by one-way ANOVA with Dunnett’s post
hoc analysis. A p value of less than 0.05 was determined significant.
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3. Results
3.1. Capsanthin Inhibits VCAM-1 Expression and NF-κB p65 (s536) Phosphorylation in
TNF-α-Stimulated HUVECs

Endothelial activation, an early process during atherosclerosis, is characterized by
the expression of adhesion molecules such as the VCAM-1 [11,12]. We examined whether
capsanthin regulates the expression of VCAM-1 in TNF-α-stimulated HUVECs. As shown
in Figure 1A, capsanthin treatment significantly inhibited VCAM-1 expression in a dose-
dependent manner. A 67% (p < 0.05) inhibition of VCAM-1 expression was observed
with 5 µg/mL capsanthin, compared to that with TNF-α treatment alone. The expres-
sion of VCAM-1 in ECs is induced by NF-κB [35]. We examined the role of capsan-
thin on TNF-α-induced NF-κB p65 activation in HUVECs, and the results are shown in
Figure 1B. Interestingly, TNF-α-induced NF-κB p65 (serine 536) phosphorylation was inhib-
ited in capsanthin-treated cells. The level of phosphorylated NF-κB p65 decreased by 75%
(p < 0.05) at 5 µg/mL capsanthin treatment. The total expression of NF-κB p65 was
unaffected by capsanthin treatment. These results suggest that capsanthin inhibits TNF-α-
induced endothelial activation.
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Figure 1. Capsanthin inhibited tumor necrosis factor−α (TNF−α) −induced vascular cell adhesion
molecule 1 (VCAM−1) expression and nuclear factor−κB (NF−κB) p65 phosphorylation in human
umbilical vein endothelial cells (HUVECs). (A) Immunoblot analysis for VCAM−1 expression using
cell lysate from TNF−α−treated HUVEC for 12 h following pre-treatment with capsanthin (left).
β−actin was used as a loading control for VCAM−1. The bar graphs represent the quantitative
difference in the expression of VCAM−1 (right). (B) Immunoblot analysis for NF−κB p65 phospho-
rylation (ser536) using cell lysate from TNF−α−stimulated HUVEC for 6 h following pre-treatment
with capsanthin (left). NF−κB p65 and β−actin were used as loading controls for NF−κB p65
phosphorylation. Bar graphs represent the quantitative difference in the expression of NF−κB p65
phosphorylation (right). All values represent the mean ± standard error of the mean (SEM) (n = 3).
* p < 0.05 vs. TNF-α-induced group.
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3.2. Dietary Capsanthin Regulates Plasma Lipid Levels of WD-fed ApoE−/− Mice

The animal experiments were designed to investigate whether capsanthin admin-
istration affected aortic inflammation in hyperlipidemic ApoE−/−mice. To examine the
role of capsanthin, capsanthin (0.5 mg/kg of body weight/day) was orally administered
to ApoE−/− mice daily. The capsanthin dose used corresponded to the dose that in-
hibits nonalcoholic fatty liver disease in mice [32]. The lipid-lowering agent, atorvastatin
(20 mg/kg of body weight/day), was orally administered to ApoE−/− mice daily. First, we
evaluated whether capsanthin affects plasma lipid levels, such as TC, LDL-C, HDL-C, and
TG. As shown in Table 1, ApoE−/− mice in the WD group showed a remarkable increase in
plasma lipid levels compared to those in the ND group. Surprisingly, the capsanthin-treated
WDC group showed a significant inhibition of TC (48%, p < 0.001), LDL-C (55%, p < 0.001),
and TG (36%, p < 0.05) in the plasma levels, compared to the WD group.

Table 1. Plasma lipid levels in ApoE−/− mice with normal and Western-type diets.

Plasma Lipids ND WD WDC WDA

TC (mg/dL) 447.5 ± 31.6 1470.0 ± 77.2 ## 764.8 ± 119.7 *** 958.3 ± 53.7 ***
LDL-C (mg/dL) 187.3 ± 20.3 823.3 ± 47.0 ## 374.6 ± 60.8 *** 540.9 ± 31.4 ***
HDL-C (mg/dL) 62.9 ± 7.7 99.3 ± 10.2 ## 63.9 ± 3.8 ** 80.9 ± 3.3

TG (mg/dL) 97.0 ± 15.2 184.5 ± 24.7 ## 117.5 ± 14.1 * 116.0 ± 12.5 *
ND: normal diet, WD: Western-type diet, WDC: capsanthin with a Western-type diet, WDA: atorvastatin with
a Western-type diet, TC: total cholesterol, LDL-C: low-density lipoprotein cholesterol, HDL-C: high-density
lipoprotein cholesterol, TG: triglyceride. All values represent mean ± SEM, n = 6 animals per group. ## p < 0.01
versus ND, * p < 0.05, ** p < 0.01, *** p < 0.001 versus WD.

3.3. Capsanthin Reduces WD-Induced Atherosclerotic Plaque Formation

We examined whether capsanthin regulated plaque formation via histological exam-
ination of the mouse aorta using oil red O or H&E staining. The WD group showed a
remarkable increase in oil red O-positive lesions in whole and cross-sectional aorta, com-
pared to the ND group (Figure 2). The relative percentage of oil red O-positive area in the
total area of the ND group was 5%, whereas that of the WD group was 30% (p < 0.001).
However, the atorvastatin-treated WDA group showed a remarkable inhibition of the
plaque area compared to the WD group. Interestingly, the relative percentage of the plaque
area of the capsanthin-treated WDC group was significantly reduced by 12% (p < 0.01), and
the reducing effect of the WDC group was similar to that of the WDA group. These data
indicate that dietary capsanthin has the potential to exert anti-atherosclerotic effects.



Biomedicines 2022, 10, 1780 6 of 12
Biomedicines 2022, 10, x FOR PEER REVIEW 7 of 13 
 

 

Figure 2. Capsanthin inhibited plaque formation in the aorta of Western-type diet (WD)-fed 

apolipoprotein E deficient (ApoE−/−) mice. (A) Whole aortas were stained with oil red O for the ob-

servation of lipid accumulation (red). Representative images of the aorta from each group (left). 

Quantification of the plaque area as a relative percentage of the oil red O-positive area in total area 

using image J software (right). All values represent the mean ± SEM (n = 3). ** p < 0.01, *** p < 0.001 

vs. WD group. (B) Representative photomicrographs for cross-sectional aortas of H&E or oil red O-

staining from the thoracic aortic from each group in ApoE−/− mice. H&E images indicate ×10 magni-

fication (upper, scale bar, 100 μm) and ×20 magnification (bottom, scale bar, 50 μm). Cross-sectional 

aortas were stained with Oil Red O and counterstained with hematoxylin. Oil red O-stained aorta 

images show ×20 magnification (scale bar, 50 μm). ND; normal diet, WD; Western-type diet, WDC; 

capsanthin with Western-type diet, WDA; atorvastatin with Western-type diet. 

3.4. Capsanthin Inhibits Vascular Inflammation in Atherosclerotic Mice 

Next, we examined the expression of aortic VCAM-1, a vascular inflammatory 

marker [36], using immunohistochemical staining. As shown in Figure 3A, VCAM-1 level 

was remarkably increased six-fold (p < 0.001) in the aorta of the WD group compared to 

the aorta of the ND group. VCAM-1 was expressed in the blood vessel intima and media 

of atherosclerotic lesions. Interestingly, the VCAM-1 level was significantly reduced by 

85% (p < 0.001) in the aortas of the WDC group, compared to the WD group. The WDA 

group also showed a significant inhibition of 92%. Immunoblot analysis was performed 

to quantitatively analyze the alterations in VCAM-1 expression in the aorta. As shown in 

Figure 3B, the WD group showed a marked elevation in aortic VCAM-1 expression com-

Figure 2. Capsanthin inhibited plaque formation in the aorta of Western-type diet (WD)-fed apolipopro-
tein E deficient (ApoE−/−) mice. (A) Whole aortas were stained with oil red O for the observation of
lipid accumulation (red). Representative images of the aorta from each group (left). Quantification
of the plaque area as a relative percentage of the oil red O-positive area in total area using image J
software (right). All values represent the mean ± SEM (n = 3). ** p < 0.01, *** p < 0.001 vs. WD group.
(B) Representative photomicrographs for cross-sectional aortas of H&E or oil red O-staining from the
thoracic aortic from each group in ApoE−/− mice. H&E images indicate ×10 magnification (upper, scale
bar, 100 µm) and ×20 magnification (bottom, scale bar, 50 µm). Cross-sectional aortas were stained with
Oil Red O and counterstained with hematoxylin. Oil red O-stained aorta images show ×20 magnification
(scale bar, 50 µm). ND; normal diet, WD; Western-type diet, WDC; capsanthin with Western-type diet,
WDA; atorvastatin with Western-type diet.

3.4. Capsanthin Inhibits Vascular Inflammation in Atherosclerotic Mice

Next, we examined the expression of aortic VCAM-1, a vascular inflammatory marker [36],
using immunohistochemical staining. As shown in Figure 3A, VCAM-1 level was remarkably
increased six-fold (p < 0.001) in the aorta of the WD group compared to the aorta of the ND
group. VCAM-1 was expressed in the blood vessel intima and media of atherosclerotic lesions.
Interestingly, the VCAM-1 level was significantly reduced by 85% (p < 0.001) in the aortas
of the WDC group, compared to the WD group. The WDA group also showed a significant
inhibition of 92%. Immunoblot analysis was performed to quantitatively analyze the alter-
ations in VCAM-1 expression in the aorta. As shown in Figure 3B, the WD group showed
a marked elevation in aortic VCAM-1 expression compared to the ND group. Upregulated



Biomedicines 2022, 10, 1780 7 of 12

aortic VCAM-1 levels in the WD group were decreased by 53% (p < 0.01) in the WDC group.
These data indicate that capsanthin administration reduces atherosclerotic inflammation,
resulting in the inhibition of plaque formation.
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Figure 3. Capsanthin inhibited vascular inflammation in the aorta of Western-type diet (WD)-fed
ApoE−/− mice. (A) Photography of immunohistochemistry for VCAM-1 expression in the aortas of
each group. VCAM-1 was developed with a brown color in the aortas of each group and counterstained
with purple color (left). Representative immunohistochemistry images indicate ×10 magnification
(upper, scale bar, 100 µm) and ×40 magnification (bottom, scale bar, 25 µm). Fold changes in the levels
of VCAM-1 expression relative to those of the WD group are shown for each group (right). All values
represent the mean ± SEM (n = 3). ** p < 0.01, *** p < 0.001 vs. WD group. (B) Immunoblotting for
VCAM-1 expression using aortic-tissue lysates obtained from each experimental group (left). Relative
band intensities were normalized to that of β-actin. Bar graphs represent the quantitative difference in
VCAM-1 expression (right). All values represent the means ± SEM (n = 4). ** p < 0.01, *** p < 0.001,
**** p < 0.0001 vs. WD group. ND: normal diet, WD: Western-type diet, WDC: capsanthin with
Western-type diet, WDA; atorvastatin with Western-type diet.

3.5. Capsanthin Attenuates the Neutrophil–Lymphocyte Ratio (NLR), an Inflammatory Marker, in
Atherosclerotic Mice

We examined whether capsanthin regulated hematologic parameters using a complete
blood count. The red blood cell (RBC) counts remained unchanged under the experimental
conditions. (Supplementary Figure S1). However, the differential WBC counts were signifi-
cantly altered. As shown in Figure 4, WBC counts did not differ between the experimental
groups. However, the percentage of neutrophils in WD group was upregulated (67% for
WD vs. 36% for ND, p < 0.05), while the lymphocyte percentage was downregulated (29%
for WD vs. 63% for ND, p < 0.05). Interestingly, the WDC group showed significant changes
in the percentage of neutrophils (46%, p < 0.05) and lymphocytes (51%, p < 0.05). NLR
is an inflammatory marker related to atherosclerosis [37,38]. The WD group showed an
increased NLR, which was suppressed in the WDC group. The reducing effect of cap-
santhin was similar to that of atorvastatin. These results suggest that capsanthin exerts
anti-inflammatory effects.
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3.6. Capsanthin Inhibits Plasma Inflammatory Cytokines

Inflammatory cytokines are closely related to the progression of vascular lesions and
the pathogenesis of atherosclerosis [39]. Finally, we examined whether capsanthin affects
the production of circulating inflammatory factors in the blood. The levels of proinflamma-
tory and chemotactic cytokines in mice plasma were measured. The WD group showed a
dramatic increase in plasma cytokine and chemokine levels (Figure 5). Interestingly, WD-
induced proinflammatory cytokines, including TNF-α, interleukin (IL)-1β, IL-6, and monocyte
chemoattractant protein-1 (MCP-1), were significantly inhibited in capsanthin-treated mice.
Collectively, our data suggest that capsanthin attenuates the production of circulating inflam-
matory factors.
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4. Discussion

In the present study, we investigated the role of dietary capsanthin in atherosclerotic
mice. The capsanthin-mediated anti-inflammatory effects were not restricted to cultured
ECs. Daily administration of capsanthin inhibited vascular inflammation and plaque
formation in the arteries of ApoE−/−mice fed with a WD.

Carotenoids have various biological roles that contribute to their preventive and thera-
peutic effects, including anticancer, immunomodulatory, and anti-inflammatory effects [40–42].
Capsanthin is a lipophilic red pigment responsible for the red pigmentation of paprika fruits
(Capsicum annuum L.) and belongs to the xanthophyll class of carotenoids [22–24]. Among
other carotenoids, capsanthin is one of the most powerful antioxidants, able to scavenge
radicals due to its structural characteristics [28]. However, capsanthin has not been studied as
extensively as other carotenoids, such as beta-carotene, lutein, lycopene, astaxanthin, and zeax-
anthin. Since the health benefits of capsanthin were only discovered recently, it is necessary to
investigate its effects on various diseases.

In the present study, we orally administered capsanthin to ApoE−/− mice. Reports
have shown that capsanthin is not detected in human plasma under basal conditions;
however, the ingestion of capsanthin-rich foods is followed by an increase in the plasma
concentrations of capsanthin [43,44]. These data suggest that capsanthin is absorbed and
becomes biologically available in human plasma.

This study demonstrated the inhibitory role of capsanthin on TNF-α-induced en-
dothelial activation. Vascular ECs provide an essential protective barrier [10]. Endothelial
activation is characterized by the expression of adhesion molecules that mediate the recruit-
ment of circulating monocytes [12,13]. Our data show that capsanthin treatment inhibited
the VCAM-1 expression. The mechanism of the inhibitory role of capsanthin on adhesion
molecules is linked to NF-kB regulation. This study supports the finding that NF-kB p65
activation is inhibited by treating TNF-α-stimulated HUVECs with capsanthin. Endothelial
activation, an early event in atherosclerosis, is an important target in regulating atheroscle-
rotic lesions [9–11]. In parallel with the reduction in VCAM-1 in activated endothelial cells,
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a capsanthin-mediated inhibitory effect on vascular plaque formation in atherosclerotic
mice was also shown.

The capsanthin-mediated alleviation of atherosclerotic lesions is hypothesized to
be mainly mediated by its inhibitory effect on vascular inflammation. Atherosclerosis
is a chronic vascular disease, and inflammation is involved in all of its stages. Recent
studies have shown that controlling vascular inflammation plays a central role in treating
atherosclerosis [6–8]. We have also previously reported that anthocyanin-rich extracts
inhibit aortic plaque formation by inhibiting vascular inflammation in atherosclerotic
mice [45]. In this study, dietary capsanthin treatment reduced vascular inflammation. In
addition to inhibiting aortic VCAM-1 expression, NLR, an inflammatory marker associated
with atherosclerosis, was also reduced by capsanthin treatment. Inflammatory cytokines
are implicated in the progression of vascular lesions [39]. Our data revealed that capsanthin
reduced the production of inflammatory cytokines in the blood. These results suggest that
capsanthin exerts an anti-inflammatory effect, which plays an important role in preventing
atherosclerosis progression. Based on this study, further research is needed to investigate
the role of capsanthin in various diseases related to inflammation.

The capsanthin-mediated inhibition of atherosclerosis may also be associated with
the lipid-lowering effects of capsanthin. Our data reveal that capsanthin reduced plasma
lipid levels, including TC, LDL-C, and TG. Interestingly, there is evidence that lipid-
lowering agents such as statins have anti-inflammatory effects [46,47]. This suggests that
the capsanthin-mediated lipid-lowering effect may also affect the regulation of vascular
inflammation, thereby inhibiting the progression of atherosclerosis.

Our data reveal that the administration of 0.5 mg/kg of capsanthin inhibited vascular
inflammation and atherosclerotic lesions in WD-fed ApoE−/− mice. Based on body surface
area conversion, 0.5 mg/kg of capsanthin in mice equals 0.041 mg/kg of capsanthin
in humans [48]. In a previous study, the capsanthin content in Raon red paprika was
34.33 mg/100 g dry weight [32]. For a similar anti-arteriosclerosis effect, capsanthin content
was converted to 72 g of red paprika per day for a person weighing 60 kg. Considering
the amount of Raon red paprika, this dosage is a reasonable amount that a daily diet may
provide. In addition, in terms of application, capsanthin-rich products are widely available
in the form of food and feed additives as well as supplements. Based on these values,
it is possible to suggest the required amount of food containing capsanthin that could
effectively prevent atherosclerosis.

5. Conclusions

Taken together, our findings reveal that the administration of capsanthin alleviates
inflammatory markers in TNF-α-stimulated cultured ECs, and prevents the progression
of atherosclerosis in WD-fed ApoE−/−mice. This protective effect could be attributed to
the anti-inflammatory properties of dietary capsanthin. Therefore, regular consumption of
capsanthin-rich foods may contribute to lowering the risk of chronic vascular inflammatory
diseases such as atherosclerosis. Our preclinical efficacy evaluation of capsanthin for
arteriosclerosis can be a reference for future clinical studies.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biomedicines10081780/s1, Figure S1: Hematologic parameters of
Western-type diet (WD)-fed ApoE−/− mice.

Author Contributions: Conceptualization, B.-H.J. and H.-K.J.; data curation, S.K., E.-O.L., H.J. and
Y.-H.C.; formal analysis, S.K. and Y.-R.L.; writing—original draft writing, H.-K.J.; writing—review
and editing, B.-H.J. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Korea Institute of Planning and Evaluation for Technology
in Food, Agriculture, Forestry, and Fisheries (IPET) through the Golden Seed Project, funded by the
Ministry of Agriculture, Food and Rural Affairs (MAFRA) (No. 213002044SBX20). This research was
also supported by grants from the Basic Science Research Program through the National Research

https://www.mdpi.com/article/10.3390/biomedicines10081780/s1
https://www.mdpi.com/article/10.3390/biomedicines10081780/s1


Biomedicines 2022, 10, 1780 11 of 12

Foundation of Korea (NRF) funded by the Ministry of Education (NRF-2014R1A6A1029617 to B.-H.J.)
and the Ministry of Science, ICT & Future Planning (2020R1C1C1014490 to H.-K.J.).

Institutional Review Board Statement: The animal study was approved by the Ethics Committee of
Animal Experimentation of Chungnam National University (202109A-CNU-174).

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article and Supplementary Materials.

Conflicts of Interest: The authors declare no conflict of interest. The funders played no role in
the design of the study; in the collection, analyses, or interpretation of data; in the writing of the
manuscript; or in the decision to publish the results.

References
1. Frostegard, J. Immunity, atherosclerosis and cardiovascular disease. BMC Med. 2013, 11, 117. [CrossRef] [PubMed]
2. Banerjee, C.; Chimowitz, M.I. Stroke Caused by Atherosclerosis of the Major Intracranial Arteries. Circ. Res. 2017, 120, 502–513.

[CrossRef]
3. Spagnoli, L.G.; Bonanno, E.; Sangiorgi, G.; Mauriello, A. Role of inflammation in atherosclerosis. J. Nucl. Med. 2007, 48, 1800–1815.

[CrossRef] [PubMed]
4. Libby, P.; Ridker, P.M.; Maseri, A. Inflammation and atherosclerosis. Circulation 2002, 105, 1135–1143. [CrossRef] [PubMed]
5. Libby, P. Inflammation in atherosclerosis. Nature 2002, 420, 868–874. [CrossRef] [PubMed]
6. Back, M.; Hansson, G.K. Anti-inflammatory therapies for atherosclerosis. Nat. Rev. Cardiol 2015, 12, 199–211. [CrossRef] [PubMed]
7. Chistiakov, D.A.; Melnichenko, A.A.; Grechko, A.V.; Myasoedova, V.A.; Orekhov, A.N. Potential of anti-inflammatory agents for

treatment of atherosclerosis. Exp. Mol. Pathol. 2018, 104, 114–124. [CrossRef]
8. Soehnlein, O.; Libby, P. Targeting inflammation in atherosclerosis—From experimental insights to the clinic. Nat. Rev. Drug Discov.

2021, 20, 589–610. [CrossRef] [PubMed]
9. Theodorou, K.; Boon, R.A. Endothelial Cell Metabolism in Atherosclerosis. Front. Cell Dev. Biol. 2018, 6, 82. [CrossRef] [PubMed]
10. Cahill, P.A.; Redmond, E.M. Vascular endothelium—Gatekeeper of vessel health. Atherosclerosis 2016, 248, 97–109. [CrossRef]
11. Mudau, M.; Genis, A.; Lochner, A.; Strijdom, H. Endothelial dysfunction: The early predictor of atherosclerosis. Cardiovasc. J. Afr.

2012, 23, 222–231. [CrossRef] [PubMed]
12. Krieglstein, C.F.; Granger, D.N. Adhesion molecules and their role in vascular disease. Am. J. Hypertens 2001, 14, 44S–54S.

[CrossRef]
13. Osborn, L.; Hession, C.; Tizard, R.; Vassallo, C.; Luhowskyj, S.; Chi-Rosso, G.; Lobb, R. Direct expression cloning of vascular cell

adhesion molecule 1, a cytokine-induced endothelial protein that binds to lymphocytes. Cell 1989, 59, 1203–1211. [CrossRef]
14. Bobryshev, Y.V. Monocyte recruitment and foam cell formation in atherosclerosis. Micron 2006, 37, 208–222. [CrossRef] [PubMed]
15. Emini Veseli, B.; Perrotta, P.; De Meyer, G.R.A.; Roth, L.; Van der Donckt, C.; Martinet, W.; De Meyer, G.R.Y. Animal models of

atherosclerosis. Eur. J. Pharmacol. 2017, 816, 3–13. [CrossRef] [PubMed]
16. Plump, A.S.; Smith, J.D.; Hayek, T.; Aalto-Setala, K.; Walsh, A.; Verstuyft, J.G.; Rubin, E.M.; Breslow, J.L. Severe hypercholes-

terolemia and atherosclerosis in apolipoprotein E-deficient mice created by homologous recombination in ES cells. Cell 1992, 71,
343–353. [CrossRef]

17. Krieger, M.; Herz, J. Structures and functions of multiligand lipoprotein receptors: Macrophage scavenger receptors and LDL
receptor-related protein (LRP). Annu. Rev. Biochem. 1994, 63, 601–637. [CrossRef] [PubMed]

18. Lee, Y.R.; Joo, H.K.; Lee, E.O.; Park, M.S.; Cho, H.S.; Kim, S.; Jin, H.; Jeong, J.O.; Kim, C.S.; Jeon, B.H. Plasma APE1/Ref-1
Correlates with Atherosclerotic Inflammation in ApoE−/− Mice. Biomedicines 2020, 8, 366. [CrossRef]

19. Maoka, T. Carotenoids as natural functional pigments. J. Nat. Med. 2020, 74, 1–16. [CrossRef]
20. Rodriguez-Concepcion, M.; Avalos, J.; Bonet, M.L.; Boronat, A.; Gomez-Gomez, L.; Hornero-Mendez, D.; Limon, M.C.; Melendez-

Martinez, A.J.; Olmedilla-Alonso, B.; Palou, A.; et al. A global perspective on carotenoids: Metabolism, biotechnology, and
benefits for nutrition and health. Prog. Lipid Res. 2018, 70, 62–93. [CrossRef]

21. Xavier, A.A.; Perez-Galvez, A. Carotenoids as a Source of Antioxidants in the Diet. Subcell. Biochem. 2016, 79, 359–375.
22. Kennedy, L.E.; Abraham, A.; Kulkarni, G.; Shettigar, N.; Dave, T.; Kulkarni, M. Capsanthin, a Plant-Derived Xanthophyll: A

Review of Pharmacology and Delivery Strategies. AAPS PharmSciTech 2021, 22, 203. [CrossRef] [PubMed]
23. Rodriguez-Rodriguez, E.; Sanchez-Prieto, M.; Olmedilla-Alonso, B. Assessment of carotenoid concentrations in red peppers

(Capsicum annuum) under domestic refrigeration for three weeks as determined by HPLC-DAD. Food Chem. X 2020, 6, 100092.
[CrossRef] [PubMed]

24. Arimboor, R.; Natarajan, R.B.; Menon, K.R.; Chandrasekhar, L.P.; Moorkoth, V. Red pepper (Capsicum annuum) carotenoids as a
source of natural food colors: Analysis and stability—A review. J. Food Sci. Technol. 2015, 52, 1258–1271. [CrossRef]

25. Moukarzel, A.A.; Bejjani, R.A.; Fares, F.N. Xanthophylls and eye health of infants and adults. J. Med. Liban 2009, 57, 261–267.
26. Lima, V.C.; Rosen, R.B.; Farah, M. Macular pigment in retinal health and disease. Int. J. Retina Vitreous 2016, 2, 19. [CrossRef]

[PubMed]

http://doi.org/10.1186/1741-7015-11-117
http://www.ncbi.nlm.nih.gov/pubmed/23635324
http://doi.org/10.1161/CIRCRESAHA.116.308441
http://doi.org/10.2967/jnumed.107.038661
http://www.ncbi.nlm.nih.gov/pubmed/17942804
http://doi.org/10.1161/hc0902.104353
http://www.ncbi.nlm.nih.gov/pubmed/11877368
http://doi.org/10.1038/nature01323
http://www.ncbi.nlm.nih.gov/pubmed/12490960
http://doi.org/10.1038/nrcardio.2015.5
http://www.ncbi.nlm.nih.gov/pubmed/25666404
http://doi.org/10.1016/j.yexmp.2018.01.008
http://doi.org/10.1038/s41573-021-00198-1
http://www.ncbi.nlm.nih.gov/pubmed/33976384
http://doi.org/10.3389/fcell.2018.00082
http://www.ncbi.nlm.nih.gov/pubmed/30131957
http://doi.org/10.1016/j.atherosclerosis.2016.03.007
http://doi.org/10.5830/CVJA-2011-068
http://www.ncbi.nlm.nih.gov/pubmed/22614668
http://doi.org/10.1016/S0895-7061(01)02069-6
http://doi.org/10.1016/0092-8674(89)90775-7
http://doi.org/10.1016/j.micron.2005.10.007
http://www.ncbi.nlm.nih.gov/pubmed/16360317
http://doi.org/10.1016/j.ejphar.2017.05.010
http://www.ncbi.nlm.nih.gov/pubmed/28483459
http://doi.org/10.1016/0092-8674(92)90362-G
http://doi.org/10.1146/annurev.bi.63.070194.003125
http://www.ncbi.nlm.nih.gov/pubmed/7979249
http://doi.org/10.3390/biomedicines8090366
http://doi.org/10.1007/s11418-019-01364-x
http://doi.org/10.1016/j.plipres.2018.04.004
http://doi.org/10.1208/s12249-021-02065-z
http://www.ncbi.nlm.nih.gov/pubmed/34244867
http://doi.org/10.1016/j.fochx.2020.100092
http://www.ncbi.nlm.nih.gov/pubmed/32514498
http://doi.org/10.1007/s13197-014-1260-7
http://doi.org/10.1186/s40942-016-0044-9
http://www.ncbi.nlm.nih.gov/pubmed/27847637


Biomedicines 2022, 10, 1780 12 of 12

27. Shanmugham, V.; Subban, R. Extraction of capsanthin from Capsicum annum L. fruits and its effect on carbomer-induced
intraocular pressure in Albino Wistar rats. J. Food Biochem. 2021, 45, e13776. [CrossRef]

28. Perez-Galvez, A.; Minguez-Mosquera, M.I. Structure-reactivity relationship in the oxidation of carotenoid pigments of the pepper
(Capsicum annuum L.). J. Agric. Food Chem. 2001, 49, 4864–4869. [CrossRef]

29. Maoka, T.; Mochida, K.; Kozuka, M.; Ito, Y.; Fujiwara, Y.; Hashimoto, K.; Enjo, F.; Ogata, M.; Nobukuni, Y.; Tokuda, H.; et al.
Cancer chemopreventive activity of carotenoids in the fruits of red paprika Capsicum annuum L. Cancer Lett. 2001, 172, 103–109.
[CrossRef]

30. Fernandez-Garcia, E.; Carvajal-Lerida, I.; Perez-Galvez, A. Carotenoids exclusively synthesized in red pepper (capsanthin and
capsorubin) protect human dermal fibroblasts against UVB induced DNA damage. Photochem. Photobiol. Sci. 2016, 15, 1204–1211.
[CrossRef] [PubMed]

31. Maeda, H.; Saito, S.; Nakamura, N.; Maoka, T. Paprika Pigments Attenuate Obesity-Induced Inflammation in 3T3-L1 Adipocytes.
ISRN Inflamm. 2013, 2013, 763758. [CrossRef] [PubMed]

32. Joo, H.K.; Lee, Y.R.; Lee, E.O.; Kim, S.; Jin, H.; Kim, S.; Lim, Y.P.; An, C.G.; Jeon, B.H. Protective Role of Dietary Capsanthin in a
Mouse Model of Nonalcoholic Fatty Liver Disease. J. Med. Food 2021, 24, 635–644. [CrossRef] [PubMed]

33. Meng, Z.; Wang, M.; Xing, J.; Liu, Y.; Li, H. Myricetin ameliorates atherosclerosis in the low-density-lipoprotein receptor knockout
mice by suppression of cholesterol accumulation in macrophage foam cells. Nutr. Metab. 2019, 16, 25. [CrossRef] [PubMed]

34. Mohanta, S.; Yin, C.; Weber, C.; Hu, D.; Habenicht, A.J. Aorta Atherosclerosis Lesion Analysis in Hyperlipidemic Mice. Biol.
Protocol. 2016, 6, e1833. [CrossRef] [PubMed]

35. Kempe, S.; Kestler, H.; Lasar, A.; Wirth, T. NF-kappaB controls the global pro-inflammatory response in endothelial cells: Evidence
for the regulation of a pro-atherogenic program. Nucleic Acids Res. 2005, 33, 5308–5319. [CrossRef] [PubMed]

36. Ley, K.; Huo, Y. VCAM-1 is critical in atherosclerosis. J. Clin. Investig. 2001, 107, 1209–1210. [CrossRef] [PubMed]
37. Meng, L.B.; Yu, Z.M.; Guo, P.; Wang, Q.Q.; Qi, R.M.; Shan, M.J.; Lv, J.; Gong, T. Neutrophils and neutrophil-lymphocyte ratio:

Inflammatory markers associated with intimal-media thickness of atherosclerosis. Thromb. Res. 2018, 170, 45–52. [CrossRef]
38. Corriere, T.; Di Marca, S.; Cataudella, E.; Pulvirenti, A.; Alaimo, S.; Stancanelli, B.; Malatino, L. Neutrophil-to-Lymphocyte Ratio

is a strong predictor of atherosclerotic carotid plaques in older adults. Nutr. Metab. Cardiovasc. Dis. 2018, 28, 23–27. [CrossRef]
39. Ramji, D.P.; Davies, T.S. Cytokines in atherosclerosis: Key players in all stages of disease and promising therapeutic targets.

Cytokine Growth Factor Rev. 2015, 26, 673–685. [CrossRef] [PubMed]
40. Nabi, F.; Arain, M.A.; Rajput, N.; Alagawany, M.; Soomro, J.; Umer, M.; Soomro, F.; Wang, Z.; Ye, R.; Liu, J. Health benefits of

carotenoids and potential application in poultry industry: A review. J. Anim. Physiol. Anim. Nutr. 2020, 104, 1809–1818. [CrossRef]
41. Johnson, E.J. The role of carotenoids in human health. Nutr. Clin. Care 2002, 5, 56–65. [CrossRef] [PubMed]
42. Kabir, M.T.; Rahman, M.H.; Shah, M.; Jamiruddin, M.R.; Basak, D.; Al-Harrasi, A.; Bhatia, S.; Ashraf, G.M.; Najda, A.; El-Kott,

A.F.; et al. Therapeutic promise of carotenoids as antioxidants and anti-inflammatory agents in neurodegenerative disorders.
Biomed. Pharmacother. 2022, 146, 112610. [CrossRef] [PubMed]

43. Oshima, S.; Sakamoto, H.; Ishiguro, Y.; Terao, J. Accumulation and clearance of capsanthin in blood plasma after the ingestion of
paprika juice in men. J. Nutr. 1997, 127, 1475–1479. [CrossRef] [PubMed]

44. Aizawa, K.; Inakuma, T. Dietary capsanthin, the main carotenoid in paprika (Capsicum annuum), alters plasma high-density
lipoprotein-cholesterol levels and hepatic gene expression in rats. Br. J. Nutr. 2009, 102, 1760–1766. [CrossRef] [PubMed]

45. Joo, H.K.; Choi, S.; Lee, Y.R.; Lee, E.O.; Park, M.S.; Park, K.B.; Kim, C.S.; Lim, Y.P.; Park, J.T.; Jeon, B.H. Anthocyanin-Rich Extract
from Red Chinese Cabbage Alleviates Vascular Inflammation in Endothelial Cells and Apo E−/− Mice. Int. J. Mol. Sci. 2018,
19, 816. [CrossRef] [PubMed]

46. Lefer, D.J. Statins as potent antiinflammatory drugs. Circulation 2002, 106, 2041–2042. [CrossRef] [PubMed]
47. Cortese, F.; Gesualdo, M.; Cortese, A.; Carbonara, S.; Devito, F.; Zito, A.; Ricci, G.; Scicchitano, P.; Ciccone, M.M. Rosuvastatin:

Beyond the cholesterol-lowering effect. Pharmacol. Res. 2016, 107, 1–18. [CrossRef]
48. Nair, A.B.; Jacob, S. A simple practice guide for dose conversion between animals and human. J. Basic Clin. Pharm. 2016, 7, 27–31.

[CrossRef] [PubMed]

http://doi.org/10.1111/jfbc.13776
http://doi.org/10.1021/jf010547c
http://doi.org/10.1016/S0304-3835(01)00635-8
http://doi.org/10.1039/C6PP00134C
http://www.ncbi.nlm.nih.gov/pubmed/27537377
http://doi.org/10.1155/2013/763758
http://www.ncbi.nlm.nih.gov/pubmed/24049664
http://doi.org/10.1089/jmf.2020.4866
http://www.ncbi.nlm.nih.gov/pubmed/34161164
http://doi.org/10.1186/s12986-019-0354-7
http://www.ncbi.nlm.nih.gov/pubmed/31049071
http://doi.org/10.21769/BioProtoc.1833
http://www.ncbi.nlm.nih.gov/pubmed/27366759
http://doi.org/10.1093/nar/gki836
http://www.ncbi.nlm.nih.gov/pubmed/16177180
http://doi.org/10.1172/JCI13005
http://www.ncbi.nlm.nih.gov/pubmed/11375406
http://doi.org/10.1016/j.thromres.2018.08.002
http://doi.org/10.1016/j.numecd.2017.10.022
http://doi.org/10.1016/j.cytogfr.2015.04.003
http://www.ncbi.nlm.nih.gov/pubmed/26005197
http://doi.org/10.1111/jpn.13375
http://doi.org/10.1046/j.1523-5408.2002.00004.x
http://www.ncbi.nlm.nih.gov/pubmed/12134711
http://doi.org/10.1016/j.biopha.2021.112610
http://www.ncbi.nlm.nih.gov/pubmed/35062074
http://doi.org/10.1093/jn/127.8.1475
http://www.ncbi.nlm.nih.gov/pubmed/9237940
http://doi.org/10.1017/S0007114509991309
http://www.ncbi.nlm.nih.gov/pubmed/19646292
http://doi.org/10.3390/ijms19030816
http://www.ncbi.nlm.nih.gov/pubmed/29534512
http://doi.org/10.1161/01.CIR.0000033635.42612.88
http://www.ncbi.nlm.nih.gov/pubmed/12379569
http://doi.org/10.1016/j.phrs.2016.02.012
http://doi.org/10.4103/0976-0105.177703
http://www.ncbi.nlm.nih.gov/pubmed/27057123

	Introduction 
	Materials and Methods 
	Cell Culture and Treatments 
	Immunoblotting 
	Animal Studies 
	Hematological Parameter 
	Measurement of Lipid Parameters and Plasma Cytokines 
	Oil Red O Staining 
	Histological Analysis 
	Immunohistochemistry 
	Statistics 

	Results 
	Capsanthin Inhibits VCAM-1 Expression and NF-B p65 (s536) Phosphorylation in TNF–Stimulated HUVECs 
	Dietary Capsanthin Regulates Plasma Lipid Levels of WD-fed ApoE-/- Mice 
	Capsanthin Reduces WD-Induced Atherosclerotic Plaque Formation 
	Capsanthin Inhibits Vascular Inflammation in Atherosclerotic Mice 
	Capsanthin Attenuates the Neutrophil–Lymphocyte Ratio (NLR), an Inflammatory Marker, in Atherosclerotic Mice 
	Capsanthin Inhibits Plasma Inflammatory Cytokines 

	Discussion 
	Conclusions 
	References

