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Abstract

Background: Hyperlipidemia (hypercholesterolemia and/or hypertriglycer-

idemia) is a risk factor for atherosclerosis. Nogo-B receptor (NgBR) plays

important roles in hepatic steatosis and cholesterol transport. However, the

effect of NgBR overexpression on atherosclerosis remains unknown.

Materials and Methods: Apolipoprotein E deficient (ApoE-/-) mice infected

with adeno-associated virus (AAV)-NgBR expression vector were fed a high-

fat diet for 12 weeks, followed by determination of atherosclerosis and the

involved mechanisms.

Results: We determined that high expression of NgBR by AAV injection

mainly occurs in the liver and it can substantially inhibit en face and aortic

root sinus lesions. NgBR overexpression also reduced levels of inflammatory

factors in the aortic root and serum, and levels of cholesterol, triglyceride,

and free fatty acids in the liver and serum. Mechanistically, NgBR over-

expression increased the expression of scavenger receptor type BI and the

genes for bile acid synthesis, and decreased the expression of cholesterol

synthesis genes by reducing sterol regulatory element-binding protein 2

maturation in the liver, thereby reducing hypercholesterolemia. In addition,

NgBR overexpression activated AMP-activated protein kinase α via the Ca2+
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ABCG1/5/8, ATP-banding cassette G1 or G5 or G8; CAMKK2, calcium/calmodulin-dependent protein kinase kinase 2; IP, immunoprecipitation; CHO, total cholesterol;
DHCR24, 24-dehydrocholesterol reductase; EFCAB5, EF-hand calcium binding domain-containing protein 5; ER, endoplasmic reticulum; FASN, fatty acid synthase; FFA, free
fatty acid; H&E, hematoxylin-eosin; HDL-C, high-density lipoprotein cholesterol; HFD, high-fat diet; HMGCR, 3-hydroxy-3-methylglutaryl-coenzyme A reductase; LDL-C, LDL
cholesterol; LDLR, LDL receptor; LXR, liver X receptor; NgBR, Nogo-B receptor; Nogo-B, reticulon 4B; pAMPKα, phosphorylated AMPKα; pCAMKK2, phosphorylated
CAMKK2; PXR, pregnane X receptor; qPCR, quantitative real-time PCR; SCAP, SREBP cleavage activating protein; SR-BI, scavenger receptor class B type I; SREBP1/2,
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signaling pathway, which inhibited fat synthesis and improved hyper-

triglyceridemia.

Conclusions: Taken together, our study demonstrates that overexpression

of NgBR enhanced cholesterol metabolism and inhibited cholesterol/fatty

acid synthesis to reduce hyperlipidemia, and reduced vascular inflammation,

thereby inhibiting atherosclerosis in ApoE-/- mice. Our study indicates that

NgBR might be a potential target for atherosclerosis treatment.

INTRODUCTION

Atherosclerosis is the most common underlying pathol-
ogy of coronary heart disease. Various factors affect the
development of atherosclerosis, such as hyperlipidemia
(hypercholesterolemia and/or hypertriglyceridemia),
hypertension, inflammation, diabetes, and smoking.[1]

Among them, hyperlipidemia plays a major role in the
development of atherogenesis.

In the circulation system, excessive LDL cholesterol
(LDL-C) can cause endothelial dysfunction and
increase the secretion of proinflammatory factors which
may promote the adhesion of monocytes to the
endothelium layer. The monocytes infiltrating to the
underneath of endothelium layer will differentiate into
macrophages which can bind and internalize modified,
particularly the oxidatively modified LDL, to form lipid-
laden foam cells, the prominent part of atherosclerotic
lesions.[2,3] Clinically, lowering serum total cholesterol
(CHO), particularly LDL-C levels, is the main strategy
for atherosclerosis treatment. Statins inhibit the activity
of 3-hydroxy-3-methylglutaryl-coenzyme A reductase
(HMGCR), the rate-limiting enzyme for cholesterol
synthesis, and upregulate expression of LDL receptor
(LDLR) for LDL-C clearance. Therefore, statins potently
reduce CHO and LDL-C levels.[4]

In general, the NAFLD patients accompanied by
hypertriglyceridemia are also more likely to develop
atherosclerosis.[5] Excessive triglyceride (TG) and free
fatty acids (FFAs) have vascular toxicity and may enter
the artery wall to activate endothelial cells and induce
inflammation, thereby exacerbating atherosclerosis.[6]

Glucagon-like peptide-1 receptor agonists, thyroid
hormone receptor beta-agonists, and other compounds
that are being developed to alleviate NAFLD have been
demonstrated anti-atherogenesis properties.[7] In addi-
tion, many studies including ours suggest that anti-
hypertriglyceridemia can make substantial contributions
to the inhibition of atherosclerosis. For instance, treat-
ment of high-fat diet (HFD)-fed apoE deficient (ApoE-/-)
with the combination of a MEK1/2 inhibitor and a liver X
receptor (LXR) agonist or LXR agonist encapsulated in
a nanofiber hydrogel antagonized LXR agonist-induced

lipogenesis/hypertriglyceridemia, therefore, it further
enhanced LXR agonist-inhibited atherosclerosis.[8–10]

Reticulon 4B (Nogo-B) receptor (NgBR) is a trans-
membrane protein initially thought to interact with Nogo-
B in endothelial cell tube formation.[11] Nogo-B has been
shown to play an important role in the control of
vascular function and blood pressure.[12,13] However,
many studies have shown that Nogo-B and NgBR can
function independently and have no physiological
interaction. NgBR interacts with the Niemann Pick C2
protein to regulate cholesterol transport.[14] Adeno-
associated virus (AAV)-mediated hepatic NgBR over-
expression improved lipid metabolism and insulin
sensitivity in a mouse model of type 2 diabetes.[15]

Reactive oxygen species overload suppresses NgBR
expression in endothelial cells and smooth muscle cells
in pulmonary hypertension models, however, pulmo-
nary hypertension is generally unassociated with
atherosclerosis.[16–19] Meanwhile, hepatic NgBR is
involved in the de novo synthesis of lipids and the
hypolipidemic effects of statins,[20,21] suggesting a
possible influence of NgBR on the blood lipid levels.
Dyslipidemia is a key factor in atherosclerosis, and the
liver is a central site for lipid metabolism. Therefore, we
focused on the effect of hepatic rather than vascular
NgBR on atherosclerosis, due to the possibility that
hepatic NgBR may affect cholesterol and lipid metab-
olism. In this study, we overexpressed NgBR by
infecting ApoE-/- mice with AAV-NgBR expression
vector (AAV-NgBR) to determine if NgBR overexpres-
sion can inhibit HFD-induced atherosclerosis and the
involved mechanisms.

MATERIALS AND METHODS

In vivo studies

Animal studies were reported in compliance with the
ARRIVE guidelines. The care of animals and exper-
imental projects conformed to the “Guide for the Care
and Use of Laboratory Animals” of the National Institute
of Health (NIH Publications No. 8023, revised 1978)
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were approved by the Ethics Committee of Hefei
University of Technology (HFUT20190601002).

Male ApoE-/- mice (~8-wk-old, ~28 g) with C57BL/6J
background were purchased from the Animal Center of
Nanjing University (Nanjing, China). The animals were
hosted at 23±1 °C, with a relative humidity of 60%–

70% and 12 hours of light/dark cycles. All mice were
free to access water and food.

NgBR expression was driven by the CMV promoter,
in fusion with the Flag tag (GFP) at the C-terminus. AAV
vectors were serotyped with AAV2/9 coat protein and
packaged by Hanbio Biotechnology Co. (Shanghai,
China). The viral titer was ~4.5×1011 vg/mL for AAV2/9-
CMV-m-NgBR-3xflag-GFP vector (named as AAV-
NgBR) or ~2.5×1013 vg/mL for AAV2/9-GFP empty
vector (named as AAV-GFP). After acclimation to the
housing environment for >7 days, ApoE-/- mice
randomly received a tail-vein injection of 1×1012 vg
AAV-GFP/mouse as the control group (HFD) or 1×1012

vg AAV-NgBR/mouse as the NgBR overexpression
group (HFD-NgBR) (10 mice/group). After the virus
injection, all the animals were started HFD (21% fat,
0.5% cholesterol) feeding to induce atherosclerosis.
During the treatment, we recorded the body weight,
food intake, and external appearance, and observed no
difference between the 2 groups. Twelve weeks later,
all the mice were euthanized, followed by the collection
of blood and tissue samples individually. Initially, the
infection efficiency was confirmed by determining NgBR
mRNA expression by quantitative real-time PCR with
total RNA extracted from liver samples. Totally, 8 mice
with clear NgBR overexpression (> 3-fold in mRNA
levels) in HFD-NgBR group were continued all the rest
experiments, and 2 mice with no substantial NgBR
overexpression were abandoned.

After preparation, activities of alanine aminotransfer-
ase, aspartate transaminase, alkaline phosphatase,
and levels of TG, CHO, HDL cholesterol (HDL-C) and
LDL-C in serum were determined by an automatic
biochemical analyzer (3100, Hitachi High-Technologies
Corporation). The level of VLDL cholesterol (VLDL-C)
was determined by the ELISA kit which was purchased
from J&L Biological (Shanghai, China).

Liver and serum FFA levels were determined using
the FFA assay kit (BC0595, Solarbio, Beijing, China).
Liver TG or CHO levels were determined using the
LabAssay triglyceride kit (290-63701, WAKO, Japan)
and tissue CHO assay kit (E1015, Applygen, Beijing,
China). Lipid accumulation in and structure of the liver
were determined by oil red O and hematoxylin-eosin
(H&E) staining of liver frozen and paraffin sections,
respectively. Hepatic fibrosis was determined by pic-
rosirius red staining of liver paraffin sections.[8]

The entire aortas and cross cryosections of the aortic
root (5-μm) were conducted oil red O staining to
determine lesions as described.[8] The cross cryosec-
tions were also used to determine necrotic cores and

collagen content in atherosclerotic plaques by H&E and
picrosirius red staining, respectively.[9,22]

Cell culture

LO2 cells, a human hepatic cell line purchased from
ATCC (Manassas, VA, USA), were cultured in complete
RPMI 1640 medium (Biological Industries) supple-
mented with 10% (vol/vol) FBS, 50 μg/mL penicillin/
streptomycin and 2 mmol/L glutamine. Cells were
switched to a serum-free medium and received treat-
ment when the confluence was 70%–80%.

Statistics analysis

All the data were obtained by repeating at least 5 times in
each experiment, and the representative results are
presented. All the data analysis was carried out by
technicians who were blinded to which samples/animals
represent treatments and controls. All values (control and
test) are normalized to the mean of the experimental
control group and expressed as means±SEM. All the
data were initially analyzed for normality and equal
variance as a justification for using parametric or non-
parametric analyses using Prism software. Statistical
significance was evaluated using the unpaired 2-tailed
Student t test for 2 groups or 1-way ANOVA with post hoc
test among more than 2 groups. Data including 2 variables
were analyzed with the 2-way ANOVA and post hoc test.
The significant difference was considered if p<0.05.

The list of other reagents and other experimental
procedures were presented in the “Supplemental
Materials (http://links.lww.com/HC9/A119).”

RESULTS

Overexpression of NgBR inhibits
atherosclerosis and increases plaque
stability in ApoE-/- mice

Both clinical and basic research demonstrate that
hypertension, obesity, and dyslipidemia are the risk
factors for the development of atherosclerosis, the
major pathogen for cardiovascular diseases. We
believed that abnormal liver NgBR expression may be
linked to these risk factors to impact the development of
atherosclerosis. Thus, we initially determined the
changes of NgBR expression in the liver of patients or
mice with hypertension, obesity, and dyslipidemia.
Based on a search of the NCBI gene expression
omnibus database, we selected three relevant data
(GEO access: GSE19817, GSE32095, GSE15653) and
confirmed NgBR expression in the liver. We found lower
hepatic NgBR transcript levels in hypertension mice
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than in normotension mice (Figure S1A, http://links.lww.
com/HC9/A119). HFD feeding to wild type mice for 11
weeks reduced NgBR transcript levels in the liver
(Figure S1B, http://links.lww.com/HC9/A119). While
the reduced NgBR transcript levels in the livers of
obese patients were observed (Figure S1C, http://links.
lww.com/HC9/A119). The differences in hepatic NgBR
levels in these models suggest that NgBR may be
involved in the pathophysiological status of metabolic
diseases including atherosclerosis.

To determine the effect of NgBR on atherosclerosis
in the context of hypercholesterolemia, we detected
NgBR protein expression in the liver of normal chow-fed
C57BL/6J mice and HFD-fed ApoE-/- mice, or in normal
chow-fed and HFD-fed ApoE-/- mice. Compared with
normal chow-fed C57BL/6J mice or ApoE-/- mice,
hepatic NgBR expression was significantly decreased
in HFD-fed ApoE-/- mouse liver (Figure 1A, B).
Consistently, similar results in LDLR deficient (LDLR-/-)
mice were observed (Figure 1C, D). These preliminary
results suggest the association of NgBR expression in
the liver with the development of atherosclerosis.

Based on the results above, we further speculated
that NgBR overexpression can inhibit atherosclerosis in
ApoE-/- mice. Currently, no available NgBR chemical
activators have been developed, thus, we employed an
AAV system to manipulate NgBR expression in vivo,
particularly in the liver. We injected ApoE-/- mice AAV
empty vector (HFD group) or AAV-NgBR expression
vector (HFD-NgBR group), and then fed them HFD for
12 weeks (Figure 2A). At the end of the experiment, we
initially confirmed that 2 of 10 mice in HFD-NgBR group
had no changes in NgBR expression in the liver, and
had to abandon these 2 mice for the rest experiments.
Although most natural AAV coat proteins are able to
trigger efficient transgene expression in the liver, we still
determined if the high NgBR expression by AAV
injection can occur in other tissues than the liver. As
shown in Figure S2A–F (http://links.lww.com/HC9/
A119), AAV injection potently increased NgBR expres-
sion in the liver, while having little effect on NgBR
expression in mouse kidney, spleen, pancreas, skeletal
muscle, and aortas, suggesting that at the dose we
used, injection of AAV-NgBR caused high NgBR
expression mainly in the liver. Meanwhile, we found
NgBR overexpression had little effect on Nogo-B
expression in mouse liver or LO2 cells either (Figure
S2G–J, http://links.lww.com/HC9/A119).

During the treatment, mouse body weight was
routinely checked and found to be close between the
2 groups (Figure 2B). The ratio of liver weight to
body weight was not changed either by NgBR
overexpression (Figure 2C). However, compared with
the HFD group, en face aortic lesions and sinus lesions
in the aortic root were inhibited by ~68% and 45%
(Figure 2D, E), suggesting overexpression of NgBR can
substantially inhibit atherosclerosis.

The size of necrotic cores, the thickness of fibrous
cap, and collagen content or smooth muscle cell
phenotype are essential factors for the stability of
atherosclerotic plaques.[23] The results of H&E staining
of aortic root lesions demonstrate that the areas of
necrosis cores were reduced in HFD-NgBR group.
Meanwhile, the thickness of the fibrotic cap of
HFD-NgBR group was increased compared with HFD
group (Figure 2F). The picrosirius red staining shows
that the collagen content in HFD-NgBR group was
increased significantly (~1.5-fold of that in HFD group)
(Figure 2G). In addition, smooth muscle cell content
was increased in HFD-NgBR group, characterized as
increased contractile smooth muscle cells [α-smooth
muscle actin (α-SMA) and transgelin (SM22α) pos-
itive cells] in lesions (Figure 2H, I). Taken together,
these data suggest that NgBR overexpression
can ameliorate atherosclerosis complex in HFD-fed
ApoE-/- mice.

Overexpression of NgBR reduces hepatic
lipid accumulation, improves
hyperlipidemia, and diminishes aortic
inflammatory response

Associated with the development of atherosclerosis, HFD
also induces hyperlipidemia and fatty liver. Overexpression
of NgBR blocked the color changes of the liver induced
by HFD (Figure 3A). The results of oil red O and
H&E (Figure 3A) staining demonstrate severe lipid
accumulation, many vacuolar droplets, and infiltration of
inflammatory cells in the liver of HFD group mice.
However, all of these changes were substantially
reduced in mice in the HFD-NgBR group. Compared
with mice in the HFD group, the results of the lipid
quantitative assay show that levels of CHO, TG, and FFA
in the mouse liver of HFD-NgBR group were clearly
reduced (Figure 3B–D). The long-term steatohepatitis can
cause liver fibrosis. However, NgBR overexpression
reduced expression of the genes for collagen formation

F IGURE 1 NgBR expression is reduced in the liver of athero-
sclerotic mice. (A–D) C57BL/6J, ApoE−/− and LDLR−/− mice (~8-week-
old, male) were fed normal chow or HFD as indicated for 12 weeks,
followed by determination of liver NgBR expression by Western blot.
**p<0.01, n=3. Abbreviation: HFD, high-fat diet.
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(Figure S3A, http://links.lww.com/HC9/A119), demonstrat-
ing its anti-liver fibrosis function which was further
confirmed by picrosirius red staining of liver sections
(Figure S3B, http://links.lww.com/HC9/A119).

Compared with HFD group, NgBR overexpression
reduced serum levels of CHO, VLDL-C, HDL-C,
and LDL-C by ~33.5%, 49.0%, 20.0%, and 29.4%
(Figure 3E–H), respectively. Similarly, levels of serum

F IGURE 2 Overexpression of NgBR inhibits lesion development and increases plaque stability in ApoE−/− mice. A (experimental design):
ApoE−/− mice (~8-week-old, male) were randomly divided into 2 groups and fed HFD. One group was injected AAV empty vector (HFD group)
and another group AAV-NgBR expression vector (HFD-NgBR group) from tail vein, each at the same dose of 1012 vg/mouse. At the end of 12-
week experiment, mouse tissue samples were collected. Expression of NgBR mRNA among the all mice was screened by quantitative real-
time PCR. All the mice in HFD group (n= 10) and 8 mice in HFD-NgBR group with confirmed NgBR overexpression by quantitative real-time
PCR (n= 8) were used for the following assays. (B) mouse bodyweight monitored weekly. (C) Ratio of liver weight to bodyweight. (D and E)
Lesions in en face aortas and aortic root cross sections determined by oil red O staining. (F) H&E staining of aortic root cross sections with
quantitative analysis of necrotic cores and fibrous cap areas. nc: necrotic cores marked with black dotted line; fc: fibrotic cap marked with blue
dotted line. (G) Collagen content determined by picrosirius red staining of aortic root cross sections with quantitative analysis. (B–G) ns, not
significant; **P< 0.01, n= 10 (HFD group), n= 8 (HFD-NgBR group). (H and I) Smooth muscle cells content detected by immunofluorescent
staining of the aortic root cross sections with anti-α-SMA and SM22α antibody. NC (negative control): primary antibody was replaced by rabbit
normal IgG. **p< 0.01, n= 5. Abbreviations: AAV, adeno-associated virus; HFD, high-fat diet.
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TG and FFA in HFD-NgBR group were decreased
by ~45% and 20% (Figure 3I, J). Thus, overexpression
of NgBR clearly reduces HFD-induced hepatic lipid
accumulation, hypercholesterolemia, and hypertriglyceri-
demia.

The chronic inflammation is another risk factor for
atherosclerosis. NgBR overexpression clearly reduced
serum TNF-α and IL-1β levels (Figure 3K, L). Meanwhile,
levels of CD68, TNF-α, and IL-1β in atherosclerotic plaques
were decreased in HFD-NgBR group (Figure 3M, N),
indicating reduced macrophage/foam cell accumulation and
inflammation in lesions by NgBR overexpression. Alkaline
phosphatase is a biomarker for vascular calcification,
inflammation and endothelial dysfunction in renal and
cardiovascular diseases. Although NgBR overexpression
had little effect on serum alanine aminotransferase and

aspartate transaminase levels, it clearly decreased serum
alkaline phosphatase levels (Figure S3C–E, http://links.lww.
com/HC9/A119). Taken together, the data above suggest
that overexpression of NgBR can improve hyperlipidemia
and reduce the inflammatory response.

The anti-hypercholesterolemia
mechanisms of NgBR overexpression

The liver is the main tissue for cholesterol synthesis and
metabolism. Determination of mRNA expression of the
genes for cholesterol synthesis and metabolism indicates
that NgBR overexpression reduced expression of the
genes for cholesterol synthesis, such as HMGCR and
3-hydroxysteroid-24 reductase (DHCR24) (Figure 4B). In

F IGURE 3 NgBR overexpression improves NAFLD, hyperlipidemia and inflammatory response. Liver samples of mice in Figure 2 were used
to complete the following assays: liver photos, oil red O staining of liver frozen sections and H&E staining of liver paraffin sections with an arrow
indicates inflammatory cells in the liver (A). Quantitative analysis of liver CHO (B), TG (C), and FFA (D) with total liver lipid extract. Mouse serum
samples in Figure 2 were used to determine levels of CHO (E), VLDL-C (F), HDL-C (G), LDL-C (H), TG (I) and FFA (J). Serum TNF-α (K) and IL-1β
(L) levels were determined by Elisa. (B–L) *p<0.05, **p<0.01, n=10 (HFD group), n=8 (HFD-NgBR group). (M and N) Expression of CD68,
TNF-α, and IL-1β in aortic root cross sections were detected by immunofluorescent staining with the corresponding antibody. NC: primary antibody
was replaced by rabbit normal IgG. **p<0.01, n=5. Abbreviation: HFD, high-fat diet.
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contrast, NgBR overexpression substantially increased the
expression of scavenger receptor type BI (SR-BI)
(Figure 4B), an anti-atherogenic molecule by mediating
reverse cholesterol transport through uptake of HDL-C in
the liver for routing to bile synthesis.[24] Meanwhile, NgBR
overexpression induced expression of cytochrome P450
family 7 subfamily A member 1 (CYP7A1) (Figure 4B), the
rate-limiting enzyme for cholesterol catabolism/bile acid
synthesis. The results of Western blot also confirm that
mice with NgBR overexpression had reduced HMGCR,
DHCR24 and LDLR protein expression, and increased
SR-BI protein expression (Figures 4C, S7A, http://links.
lww.com/HC9/A119). The immunohistochemical staining
further confirms NgBR overexpression reduced HMGCR
while increased SR-BI expression in the liver (Figure 4D).

In vitro, transfection of LO2 cells with an NgBR
expression vector (Figures 4E, S7B, http://links.lww.
com/HC9/A119) regulated expression of the molecules
for cholesterol synthesis/metabolism at protein and
transcript levels (Figures 4F, G, S7C, http://links.lww.
com/HC9/A119) in a similar pattern to that in vivo by
AAV-NgBR injection. We further tested the ability of
LO2 cells to take up Dil-HDL, and found that NgBR
overexpression significantly increased HDL uptake by
LO2 cells, suggesting that NgBR overexpression may
activate SR-BI and reverse cholesterol transport
(Figure 4H). Meanwhile, we observed that ApoA1, a
major component of HDL, was significantly reduced in
the serum (Figure S4A, http://links.lww.com/HC9/A119).
Pregnane X receptor (PXR) acts as a negative regulator
of SR-BI.[25] Correspondingly, NgBR overexpression
reduced PXR transcript in vivo and in vitro (Figure S4B,
http://links.lww.com/HC9/A119), confirming the activa-
tion of SR-BI pathway. In contrast, inhibition of NgBR
expression by siRNA increased the expression of
HMGCR and DHCR24, and reduced the expression of
SR-BI in LO2 cells (Figures 4I, J, S7D, http://links.lww.
com/HC9/A119). Taken together, these results suggest
that the anti-hypercholesterolemia by NgBR overex-
pression is completed through inhibition of cholesterol
synthesis and activation of cholesterol metabolism in
hepatocytes/liver.

Overexpression of NgBR restrains SREBP2
maturation

SREBP2 is an intracellular cholesterol sensor by
regulating the expression of the genes for cholesterol
synthesis, particularly HMGCR. We found that NgBR
overexpression decreased SREBP2 protein in the liver
(Figure 5A) without effect on SREBP2 transcript
(Figure 5B). Furthermore, NgBR overexpression had
little effect on the expression of SREBP2 precursor
[SREBP2(p)] but clearly reduced the active form of
SREBP2 [SREBP2(m)] in mouse liver and LO2 cells
(Figures 5C, D, S7E, F, http://links.lww.com/HC9/

A119), suggesting SREBP2 maturation/function is
reduced.

The complex composed of site 1 proteases (S1P), S2P
and SREBP cleavage activating protein (SCAP) is respon-
sible for cleavage or maturation of SREBP2 into the active
form. Insulin-induced gene 2 (INSIG2) acts as a switch to
release SCAP-SREBP2 complex from the endoplasmic
reticulum (ER) and cleaves it in the Golgi apparatus.[26] In
ApoE-/- mouse liver and LO2 cells, NgBR overexpression
reduced expression of SCAP and S1P while having little
effect on S2P and INSIG2 (Figures 5E–G, S7G, http://links.
lww.com/HC9/A119), suggesting reduced SCAP expres-
sion may play a critical role in NgBR-inhibited SREBP2
maturation. Reciprocally, reduced NgBR expression by si-
NgBR increased both SCAP and SREBP2(m) (Figures 5H,
S7H, http://links.lww.com/HC9/A119), associated with
enhanced SCAP and S1P but not SREBP2 mRNA
expression (Figure S4C, http://links.lww.com/HC9/A119).

Taken together, the reduction of cholesterol levels by
NgBR overexpression might be related to the inhibition
of HMGCR and DHCR24 expression by inactivating the
SCAP-SREBP2 maturation pathway.

The underlying mechanisms for
anti-hypertriglyceridemia by NgBR
overexpression

Associated with reduced lipid accumulation in mouse
liver and TG and FFA levels in mouse serum
(Figure 3A, C, D, I, J), we determined that NgBR
overexpression reduced expression of the genes for
lipogenesis (fatty acid or TG synthesis) while
enhanced expression of the genes for TG hydrolysis
at both transcript and protein levels (Figures 6A, B,
S8A, http://links.lww.com/HC9/A119) in mouse liver.
Similar results were obtained with NgBR overexpress-
ing LO2 cells (Figures 6C, D, S7B, http://links.lww.
com/HC9/A119).

Activation of AMPK redirects metabolism toward
increased catabolism and decreased anabolism,
improving lipid homeostasis, glycolysis, and mitochon-
drial homeostasis.[27] We previously demonstrated that
hepatic NgBR deficiency induced lipogenesis by inhibit-
ing AMPKα in C57BL/6J mice.[20] Reciprocally, in this
study, we determined that NgBR overexpression
increased phosphorylated AMPKα (pAMPKα, the active
form of AMPKα) without effect on AMPKα expression in
the liver of HFD-fed ApoE-/- mice, the animals have
totally different pathological context from C57BL/6J
mice, and LO2 cells (Figures 6E, F, S8C, D, http://
links.lww.com/HC9/A119).

To further determine the effect of NgBR on AMPKα
activity and the underlying mechanisms, we utilized
the Seahorse Extracellular Flux XFp analyzer to
determine extracellular acidification rate (the process
which can reflect the ability of glycolysis and be
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activated by AMPKα in LO2 cells. The results in
Figure 6G–J clearly show that NgBR overexpression
strengthened glycolysis in cells. Subsequently, the

results of oxygen consumption rate assay demonstrate
the activation of energy metabolism by NgBR-
enhanced glycolysis since the basal respiration,

F IGURE 4 NgBR overexpression inhibits hypercholesterolemia. Total RNA, protein and sections were prepared with liver samples from mice
used in Figure 2, and used for the following determinations. Expression of NgBR mRNA [A, **p<0.01, n=10 (HFD group), n=8 (HFD-NgBR
group)], mRNA expression of the genes for cholesterol synthesis/metabolism and bile acid synthesis (B, *p< 0.05, **p< 0.01, n=5) by quantitative
real-time PCR (qPCR). (C) Protein expression of NgBR, HMGCR, DHCR24, LDLR, and SR-BI by Western blot. (D) Expression of HMGCR and
SR-BI by immunohistochemical staining with anti-SR-BI antibody. NC: primary antibody was replaced by rabbit normal IgG. (E): LO2 cells were
transfected with empty vector (Control, Ctrl) or NgBR expression vector (NgBROE) followed by determination of NgBR by Western blot. (F and G)
Expression of NgBR, DHCR24, HMGCR, LDLR, SR-BI in control and NgBR overexpressing LO2 cells were detected by qPCR (**p<0.01, n= 5)
and Western blot. (H) LO2 cells with or without NgBR overexpression were seeded in confocal dishes. Cells were then switched to serum-free
medium containing Dil-HDL (20 µg/ml) and incubated for 4 hours at 37 °C, followed by photographed with a fluorescence microscope (**p<0.01,
n=5). (I and J) LO2 cells were transfected with scrambled siRNA (si-NC) or NGBR siRNA (si-NGBR) at 50 nmol/L for 48 hours, followed by
determination of HMGCR, DHCR24, SR-BI, and NgBR protein and mRNA expression by Western blot and qPCR. The statistical results of band
density analysis were presented in Figure S7, (http://links.lww.com/HC9/A119). Abbreviations: HFD, HFD, high-fat diet; ns: not significant.
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maximal respiration, proton leak and ATP production
were increased in NgBR overexpressing cells
(Figure 6K, L). Similar to in vivo study, associated
with AMPKα activation, NgBR overexpression reduced
expression of SREBP1 and FASN. However, the
inactivation of AMPKα by Compound C substantially
attenuated NgBR overexpression-reduced SREBP1
and FASN (Figures 6M, N; S8M, http://links.lww.com/
HC9/A119). Thus, these results suggest the anti-
hypertriglyceridemia of NgBR overexpression is
mainly through reduction of lipogenesis and activation
of energy metabolism with involvement of AMPKα
activation.

NgBR overexpression activates AMPKα via
Ca2+/CaM/CAMKK2 pathway

The precise mechanism by which NgBR influences
AMPKα pathway is unclear and should be further
investigated. The intracellular Ca2+ can bind to calm-
odulin (CaM) to form the Ca2+-CaM complex to activate
calcium/CaM-dependent protein kinase kinase
2 (CAMKK2), which in turn activates AMPKα by
phosphorylating it.[27] In contrast, inhibition of mitochon-
drial Ca2+ uptake can reduce oxidative phosphorylation
to increase lipid accumulation by dephosphorylating
AMPKα[28]. To determine the role of Ca2+ signaling

F IGURE 5 Overexpression of NgBR reduces SREBP2 maturation. (A) Expression of SREBP2 in the liver was detected by immunohis-
tochemical staining with anti-SREBP2 antibody. NC: primary antibody was replaced by rabbit normal IgG. (B) mRNA expression of SREBP2 in
liver and LO2 cells was detected by quantitative real-time PCR (qPCR). n= 5. (C and D) Protein expression of SREBP2 precursor [SREBP2(p)]
and mature SREBP2 [SREBP2(m)] in liver and LO2 cells were detected by Western blot. (E and F) mRNA expression of SCAP, S1P, S2P, and
INSIG2 in liver and LO2 cells were detected by qPCR. **p<0.01, n= 5. (G) Expression of SCAP protein in liver and LO2 cells were detected by
Western blot. (H) LO2 cells were transfected with 50 nmol/L control siRNA (si-NC) or NgBR siRNA (si-NGBR) for 48 hours, followed by
determination of SCAP, SREBP2(m), and NgBR protein expression by Western blot. The statistical results of band density analysis were
presented in Figure S7 (http://links.lww.com/HC9/A119). Abbreviations: HFD, high-fat diet; ns: not significant.
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F IGURE 6 Overexpression of NgBR reduces lipid synthesis and actives AMPKα⊡ mRNA expression of the genes for lipogenesis and lipolysis in
mouse liver were determined by quantitative real-time PCR (qPCR) (A, *p<0.05, **p<0.01, n=5). Protein expression of FASN, SREBP1 precursor (p)
and mature form (m) were determined by Western blot (B). (C and D) Expression of the genes for lipogenesis were detected by qPCR and Western blot
as indicated. **p<0.01, n=5. (E and F) Expression of pAMPKα and AMPKα in mouse liver and LO2 cells were detected by Western blot. After
transfected with control or NgBR expression vectors, LO2 cells were seeded in plates at ~1×104 cells/well and cultured overnight. Then extracellular
acidification rate was monitored over the sequential injection of Rot/AA (0.5 μM) and 2-deoxyglucose (50 mM) (G–J). The OCR was monitored over the
sequential injection of oligomycin (1 μM), FCCP (1.5 μM) and Rot/AA (0.5 μM) (K, L). (H–J, L) **p<0.01, n=3. LO2 cells transfected with control or NgBR
expression vector were treated with compound C (5 μM) for 24 hours, followed by determination of SREBP1(p), pAMPKα, and AMPKα protein expression
by Western blot (M), and NgBR, FASN, and SREBP1 mRNA expression by qPCR (N, **p<0.01, n=5) as indicated. The statistical results of band
density analysis were presented in Figure S8 (http://links.lww.com/HC9/A119). Abbreviations: HFD, high-fat diet; ns: not significant.
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pathway in NgBR-activated AMPKα, we initially
conducted a flow cytometry assay on the fluorescence
of Ca2+ labeled with fluo-4/AM, and observed that NgBR
overexpression increased intracellular Ca2+ concentra-
tions (Figure 7A). The increased intracellular Ca2+

concentration in NgBR overexpressing LO2 cells was
further confirmed by the experiment determining the
rate of Ca2+ intake from the extracellular Ca2+ source.
Indeed, NgBR overexpressing LO2 cells took in less
extracellular Ca2+ than control cells since in the context
of the high intracellular Ca2+ concentration, the
intracellular Ca2+ homeostasis limited Ca2+ uptake
extracellularly by the cells (Figure 7B, C).

As a consequence of increased cellular Ca2+

concentration, increased CaM expression was observed
in NgBR overexpressing mouse liver and LO2 cells
(Figures 7D, E; S6C, D; S8F, http://links.lww.com/HC9/
A119), which in turn activated CAMKK2 expression and
phosphorylation (pCAMKK2) (Figures 7F, G, S8G, H,
http://links.lww.com/HC9/A119). Reciprocally, inhibition
of NgBR expression by siRNA decreased the expres-
sion of CaM, CAMKK2, and pCAMKK2 in LO2 cells
(Figures 7H, S8I, http://links.lww.com/HC9/A119).
Furthermore, inhibition of CAMKK2 by a chemical
inhibitor, STO-609, had little effect on NgBR-induced
CaM expression, but blocked NgBR-activated AMPKα
(Figures 7J, S8J, http://links.lww.com/HC9/A119), con-
firming that the Ca2+/CaM/CAMKK2 pathway is the
important mediator for activation of AMPKα by NgBR
overexpression.

To further dissect the molecular mechanism by which
NgBR regulates Ca2+ signaling, we transfected LO2 cells
with pcDNA3.1-3×Flag vector (pcDNA-flag-transfected cells)
or pcDNA3.1-3×Flag NgBR expression vector (pcDNA-flag-
NgBR-transfected cells). Initially, the total cellular proteins
extracted from pcDNA-flag-NgBR-transfected cells were
conducted immunoprecipitation (IP) with rabbit normal IgG
or anti-flag antibody, followed by SDS-PAGE (Figure 7K)
and MS assay to identify the candidate protein that can
interact with NgBR and regulate Ca2+ signaling pathway.
Indeed, MS assay identified some different proteins between
the normal IgG and anti-flag-precipitated samples (Figure
S6A, http://links.lww.com/HC9/A119). The further screening
assay on these proteins indicated EF-hand calcium binding
domain 5-containing protein (EFCAB5, a member of the
EFCAB family with involvement of several Ca2+ signaling
events [29] is rich in anti-flag-precipitated sample, implying
EFCAB5 can interact with flag-NgBR (Figure S6B, http://
links.lww.com/HC9/A119).

To further verify the interaction between NgBR and
EFCAB5, the total cellular proteins extracted from
pcDNA-flag-transfected and pcDNA-flag NgBR-trans-
fected cells were conducted IP with anti-EFCAB5 or
anti-flag antibody, followed by Western blot assay with
anti-NgBR or anti-EFCAB5 antibody. In anti-flag
antibody-precipitated proteins, both flag-NgBR and
EFCAB5 were detected in pcDNA-flag NgBR-

transfected cells, not in pcDNA-flag-transfected cells
(Figure 7L). In anti-EFCAB5-precipitated proteins, flag-
NgBR was detected in pcDNA-flag NgBR-transfected
cells only (Figure 7M). Thus, these results strongly
suggest the interaction between NgBR and EFCAB5,
and such interaction may consequently activate Ca2
+/CaM/CAMKK2 pathway to reduce lipogenesis and
activate energy metabolism, the important mechanisms
for amelioration of HFD-induced hypertriglyceridemia by
NgBR overexpression.

DISCUSSION

Reduction of cholesterol levels can effectively reduce the
risk of cardiovascular diseases. SR-BI profoundly influ-
ences cholesterol metabolism and the development of
atherosclerosis in animal models.[24] Hepatic overexpres-
sion of SR-BI reduced atherosclerosis in LDLR-/- mice,[30]

while inhibition of SR-BI expression enhanced athero-
sclerosis by increasing LDL-C levels in circulation.[31]

In this study, we determined that NgBR overexpression
increased SR-BI expression and increased HDL uptake,
which should enhance reverse cholesterol transport
(Figure 4B–H) to ameliorate hypercholesterolemia
(Figure 3E–H). In addition, expression of ABCA1 and
ABCG5/8 (Figure S4D-F, http://links.lww.com/HC9/A119)
were not influenced, indicating the decreased HDL-C is
mainly regulated by increased SR-BI. Multiple factors can
positively and negatively regulate SR-BI expression,
respectively.[32] We determined that PXR, the negative
regulator, was significantly reduced by NgBR overexpres-
sion (Figure S4A, http://links.lww.com/HC9/A119). Inter-
estingly, studies have shown that activation of AMPKα
inhibited PXR expression.[33,34] Thus, NgBR overexpres-
sion may inhibit PXR, thereby increasing the expression of
SR-BI through AMPKα activation. Moreover, we found that
NgBR overexpression increased CYP7A1 which can
promote bile acid synthesis to improve hypercholesteremia
(Figure 4B). Studies have shown that activation of
AMPK inhibits the transcriptional activity of FXR and
downregulates SHP.[35,36] Thus, the changes we observed
in the FXR-SHP-CYP7A1 pathway may be attributed to
activation of AMPK by NgBR overexpression. Taken
together, we determined the mechanism by which
NgBR regulates AMPKα activation and the NgBR
overexpression-activated SR-BI and bile acid synthesis
pathways may be regulated by AMPKα activation.

Cholesterol synthesis is another important factor
influencing cholesterol levels. Reduced cellular choles-
terol levels enhances SCAP-mediated SREBP2 matu-
ration to trigger HMGCR expression and cholesterol
synthesis.[37] Our results suggest that overexpression of
NgBR inhibits SCAP expression, thereby inhibiting
SREBP2 maturation (Figure 5G, H) to reduce
cholesterol synthesis. NgBR has been reported to
stabilize Niemann Pick C2 protein to facilitate the
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F IGURE 7 Overexpression of NgBR activates AMPKα by Ca2+/CaM/CAMKK2 pathway. (A) LO2 cells transfected with control or NgBR
expression vector were labeled with fluo-4/AM, followed by determination of Ca2+ fluorescence by flow cytometry. **p<0.01, n=3. (B and C)
Extracellular Ca2+ concentrations were measured by Oroboros 2K-fluorimetry which reflect the capacity of Ca2+ intake by cells indirectly. Cells:
LO2 cell transfected with control or NgBR expression vector; CaCl2: 1 μM. The value of fluorescence change (ΔFluorescence) was calculated
before and after addition of CaCl2 when the baseline was stable. The more fluorescence change reflects the higher extracellular Ca2+ concen-
tration, indicating reduced Ca2+ intake by cells. **p< 0.01, n= 3. (D) CaM expression in mouse liver was detected by immunofluorescent staining
of liver sections with anti-CaM antibody. NC: primary antibody was replaced by rabbit normal IgG. **p<0.01, n=5. (E–G) Expression of CaM,
pCAMKK2, and CAMKK2 in mouse liver or LO2 cells as indicated were determined by Western blot. (H and I) LO2 cells were transfected with
scrambled siRNA (si-NC) or NgBR siRNA (si-NgBR) at 50 nM for 48 hours, followed by determination of pCAMKK2, CAMKK2, CaM, NgBR protein
expression by Western blot (H), and CAMKK2, CaM1/2/3, NgBR mRNA expression by quantitative real-time PCR (qPCR) (I). **p<0.01, n= 5. (J)
The transfected cells were treated with STO-609 (10 μM) as indicated. Protein expression of pAMPKα, AMPKα, pCAMKK2, CAMKK2, CaM, and
NgBR were detected by Western blot. (K) Total cellular proteins (500 μg) extracted from pcDNA-flag NgBR-transfected cells were conducted IP
with anti-flag antibody (NgBR-flag) and rabbit normal IgG (IgG), respectively. The precipitated proteins were then subjected to SDS-PAGE. After
electrophoresis, the gel was stained with Coomassie brilliant blue and photographed. (L and M) Total cellular proteins extracted from pcDNA-
flag-transfected (pcDNA-flag) and pcDNA-flag NgBR-transfected (NgBR-flag) cells were conducted IP with anti-flag (L) or anti-EFCAB5 antibody
(M), followed by Western blot with anti-flag or anti-NgBR antibody. The statistical results of band density analysis in Western blots were presented
in Figure S8 (http://links.lww.com/HC9/A119). Abbreviations: HFD, high-fat diet; ns: not significant.
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translocation of cholesterol out of the lysosome, from
where it is eventually released into the ER for
processing and utilization.[14,38–41] At the same time,
SCAP is localized to the ER and can respond to
cholesterol levels. Therefore, NgBR overexpression
may increase the delivery of lysosomal-derived
cholesterol to the ER, thereby inhibiting SCAP
expression in a feedback manner.

Reduced LDLR expression (Figure 4B, C), another
SREBP2 target, further confirms the effect of NgBR
overexpression on SREBP2 maturation/function and
cholesterol synthesis. Activation of LDLR expression
can enhance LDL-C clearance in the liver, which
reduces circulating LDL-C levels and benefits
atherosclerosis. However, overexpression of NgBR
simultaneously reduced LDLR expression (Figure 4B,
C, F, G) and serum TC, VLDL-C, and LDL-C levels
(Figure 3E, H). The contradictory effects of NgBR
overexpression on LDLR expression and circulating
LDL-C levels indicate that the contribution of reduced
LDLR expression to circulating LDL-C levels would be
overwhelmed by that of NgBR-inhibited expression of
molecules for cholesterol synthesis. Therefore, reduction
of cholesterol synthesis should be another important
mechanism for NgBR-ameliorated hypercholesterolemia.

Studies have demonstrated that ectopic fat deposition in
the liver can make substantial contributions to
atherosclerosis.[5] Recent genetic studies have revealed
an important relationship between plasma TG levels and
the risk of atherosclerotic cardiovascular disease.[42] Bastian
Ramms et al.[43] found a significant improvement in
atherosclerosis after lowering plasma TG by administration
of an anti-oligonucleotide of ApoC-III. In our study, we
determined that serum and liver TG and FFA levels were
decreased by NgBR overexpression in pro-atherogenic
mice (Figure 3C, D; I, J). Combining the results in our
previous study,[20] we believed that NgBR overexpression
reduces transcription of fatty acid synthesis genes by
inactivating LXRα. Indeed, overexpression of NgBR
reduced nuclear LXRα but not LXRβ levels (Figure S5,
http://links.lww.com/HC9/A119). Since FFAs lipolyzed from
TG-rich lipoproteins (mainly VLDL) can directly activate a
variety of proinflammatory, proapoptotic, and procoagulant
pathways to aggravate the development of atherosclerotic
cardiovascular disease,[44,45] the reduced levels of inflam-
matory cytokines in both atherosclerotic plaques and serum
(Figure 3K–N) should be attributed to reduced TG, VLDL,
and FFA levels by NgBR overexpression (Figure 3C, D,
F, I, J).

Activation of AMPKα plays an important role in lipid
metabolism.[27] In this study, we found overexpression of
NgBR increased pAMPKα (Figure 6E, F) and glycolysis
(Figure 6G–J), which further supports that AMPKα
activation is another important mechanism for anti-
hypertriglyceridemia by NgBR. Furthermore, we unveiled
that NgBR overexpression activates AMPKα through the
regulation of Ca2+ signaling pathway, in which NgBR

overexpression increased intracellular Ca2+ concentrations
(Figure 7A, B). Meanwhile, we found that NgBR
overexpression promoted cellular respiratory capacity
and expression of the genes related to mitochondrial
fusion and division, indicating NgBR overexpression
enhanced mitochondrial dynamics (Figure S6E, F, http://
links.lww.com/HC9/A119) to increase mitochondrial
abundance.[46] In addition, it has been reported that
increased cytosolic Ca2+ can promote ATP production
and mitochondrial abundance,[47,48] suggesting that the
increased mitochondrial abundance, extracellular acid-
ification rate and oxygen consumption rate may be also
associated with increased Ca2+ concentrations.

More importantly, the Ca2+/CaM/CAMKK2/AMPKα
pathway plays an important role in lipogenesis. For
instance, hepatocytes isolated from CAMKK2-/- mice
have increased de novo lipogenesis.[49] S100 calcium-
binding protein A16 competes with CAMKK2 to bind
CaM, thereby inactivating Ca2+/CaM/CAMKK2/AMPKα
and enhancing hepatic lipogenesis.[50] Reciprocally, in
this study, we demonstrated that associated with the
activation of Ca2+/CaM/CAMKK2/AMPKα pathway
(Figure 7), NgBR overexpression reduced lipogenesis.
In addition, we demonstrated that increase of Ca2+

concentration by NgBR overexpression is related to the
interaction between NgBR and EFCAB5 (Figures 7, S6,
http://links.lww.com/HC9/A119), a protein closely asso-
ciated with RYRs regulating intracellular Ca2+ release/
functions.

CONCLUSIONS

Our study demonstrates that NgBR overexpression
plays an important role in the regulation of lipid
homeostasis. It potently ameliorates hypercholesterole-
mia by activating the SR-BI pathway to enhance
cholesterol metabolism and inactivating the SREBP2
pathway to reduce cholesterol synthesis. Meanwhile,
NgBR overexpression activates AMPKα via Ca2+/CaM/
CAMKK2 pathway through interaction with EFCAB5 to
inhibit lipogenesis and activate energy metabolism,
thereby reducing hypertriglyceridemia and FFA-induced
inflammation. These functions together result in that
NgBR overexpression inhibits HFD-induced atheroscle-
rosis in ApoE-/- mice, suggesting NgBR might be a
potential target for atherosclerosis treatment.
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