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Abstract Atherosclerosis (AS) is the leading cause of heart attacks, stroke, and peripheral vascular dis-

ease. Berberine (BBR), a botanical medicine, has diversified anti-atherosclerotic effects but with poor ab-

sorption. The aim of this study was to develop an effective BBR-entrapped nano-system for treating AS in

high-fat diet (HFD)-fed Apoe(�/�) mice, and also explore the possible underlying mechanisms involved.

Three D-a-tocopherol polyethylene glycol (PEG) succinate (TPGS) analogues with different PEG chain

lengths were synthesized to formulate BBR-entrapped micelles. HFD-fed Apoe(�/�) mice were adminis-

tered with optimized formula (BBR, 100 mg/kg/day) orally for 5 months. The artery plaque onset and

related metabolic disorders were evaluated, and the underlying mechanisms were studied. Our data

showed that, BT1500M increased BBR deposition in liver and adipose by 107.6% and 172.3%, respec-

tively. In the Apoe(�/�) mice, BT1500M ameliorated HFD-induced hyperlipidemia and lipid accumulation

in liver and adipose. BT1500M also suppressed HFD-induced chronic inflammation as evidenced by the

reduced liver and adipose levels of interleukin-6 (IL-6), tumor necrosis factor-a (TNF-a) and inter-

leukin-1b (IL-1b); and decreased plasma level of TNF-a, IL-6, IL-1b, interferon-g (IFN-g), monocyte

chemotactic protein (MCP), and macrophage inflammatory factor (MIP). The mechanism study showed
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that BT1500M changed Ampk and Nf-kb gene expression, and interrupted a crosstalk process between ad-

ipocytes and macrophages. Further investigation proved that BT1500M decreased endothelial lesion and

subsequent macrophage activation, cytokines release, as well as cholesteryl ester gathering in the aortic

arch, resulting in ameliorated artery plaque build-up. Our results provide a practical strategy for treating

AS using a BBR-entrapped nano-system.

ª 2020 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Atherosclerosis (AS) is by far the single most important patho-
logical process in the development of cardiovascular diseases
(CVDs) and responsible for more than 75% of all deaths due to
CVDs1. AS begins with endothelial damage. Dysregulation of
lipid metabolism and aberrant inflammatory responses are
considered major risk factors for AS2. Despite the use of statins
(lipid-lowering drugs) in clinical treatments, many problems
remain because of the limited action of these drugs on sub-
clinical risk factors other than lipid metabolism3. In addition,
typical side effects such as myopathy (which may progress to
rhabdomyolysis statin-associated muscle symptoms), gastroin-
testinal disorders, renal damage, liver function impairment, and
fatigue have been frequently reported and recognized as the main
causes of statin discontinuation4. Moreover, the European So-
ciety of Cardiology Guidelines states that statins might increase
the incidence of diabetes, especially in older patients and those
with other diabetes risk factors5. Aspirin is an important agent
applied in the treatment and long-term prevention of CVDs.
However, recent research revealed that aspirin shows only
modest benefit and is not recommended for those over age of 70.
Furthermore, the United States Preventive Services Task Force
recommends against the use of aspirin for prevention of CVDs in
women less than 55 years and men less than 45 years of age, as
the risk of serious bleeding is almost equal to the benefit with
respect to cardiovascular problems6,7. Therefore, there is an ur-
gent need to find complementary and alternative medicines for
patients with a high risk of AS. Recently, berberine (BBR), an
isoquinoline derivative alkaloid [molecular weight (MW)
235.32 Da] extracted from medicinal herbs, has drawn
increasing attention. It is an approved nutraceutical compound
for the treatment of variety of metabolic disorders8,9. Its safety
and tolerability for long-term applications have been supported
by epidemiological data10. In the past decade, accumulating
studies have demonstrated the anti-atherosclerotic effect of BBR
in multiple phases with diverse mechanisms, including recu-
peration of dyslipidemia, alleviation of inflammatory processes
and improvement of endothelial dysfunction11. In addition, the
affirmative effects of BBR against metabolic diseases, such as
diabetes and insulin resistance10, liver diseases12 and obesity13,
which are the high-risk factors for atherogenesis, have been
acknowledged. BBR has the potential to be a promising medi-
cine for palliating AS. However, the efficacy of BBR in treating
AS should be further improved for its clinical application.

The absolute bioavailability of BBR after oral administration
has been reported to be below at 1%14. Therefore, several ap-
proaches have been explored to increase its bioavailability15,16.
However, its further translation into therapeutic intervention was
hindered by inefficient studies on pharmacodynamics and
mechanisms. D-a-Tocopherol polyethylene glycol succinate
(TPGS) is a water-soluble derivative of natural vitamin E (VE, D-a-
tocopherol) formed by the esterification of VE succinate with
polyethylene glycol (PEG). TPGS-based nano delivery systems
show promise in improving drug absorption through their abilities
to reduce aggregation17, increase solubility, and enhance perme-
ability of the entrapped agents. TPGS also acts as a P-glycoprotein
(P-gp) inhibitor to improve the oral bioavailability and cellular
uptake of many drugs18. TPGS has been approved by the U.S. Food
and Drug Administration (FDA) as a safe pharmaceutic adjuvant,
and VE was reported to benefit AS treatment19. TPGS nano-system
is considered to have unique advantages on BBR delivery and
possess a synergistic effect with BBR in the treatment of AS20.
Previous studies demonstrated that the P-gp-inhibiting and
permeation-enhancing abilities of TPGS-based micelles were
related to the length of their tethering chains18,21; TPGS with
1000e2000 PEG chains were the most studied ones19,20,22.
Therefore, in this study, three TPGS analogs with a range of PEG
chain lengths (400, 1500, and 3000 Da) were synthesized to
formulate a BBR-entrapped nano-system. The optimized BBR
formula was verified for its anti-atherogenic efficacy in Apoe(�/�)

mice, and the underlying molecular mechanism of this system was
intensively explored in vitro and in vivo. In the present study, we
aimed to enhance the anti-atherosclerotic efficacy of BBR by using
FDA-approved functional biomaterial TPGS as a carrier and
elucidate its therapeutic effect and underlying molecular.
2. Materials and methods

D-a-Tocopherol, succinate, PEG (MW 400, 1500 and 300 Da),
triethylamine (TEA), 4-dimethylaminopyridine (DMAP), N,N0-
dicyclohexylcarbodiimide (DCC) and phosphate buffered saline
(PBS, pH 7.4) were purchased from SigmaeAldrich (St. Louis,
MO, USA). BBR was obtained from J&K Scientific Ltd. (Beijing,
China). Trypsin-EDTA (0.25%), cell culture media, penicillin/
streptomycin and FBS were obtained from Thermo Fisher Scien-
tific (Waltham, MA, USA). All other reagents were of analytical
grade. All water used in the study was freshly double distilled.

3T3-L1, HepG2 and Caco2 cell lines were obtained from the
Cell Resource Center, Peking Union Medical College (head
quarter of National Infrastructure of Cell Line Resource, NSTI,
Beijing, China).

Male Apoe(�/�) mice (6 weeks, 20e22 g) were purchased from
Charles River (Beijing, China). The in vivo study was approved by
the Laboratories’ Institutional Animal Care and Use Committee of
the Chinese Academy of Medical Sciences (Beijing, China), and
the research was conducted in accordance with the guidelines and
ethics of the Chinese Council on Animal Care (project identifi-
cation code 00005970).

http://creativecommons.org/licenses/by-nc-nd/4.0/
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2.1. Synthesis and characterization of TPGS analogues

The procedure for the synthesis of a-tocopherols succinate was
adapted from Abu-Fayyad et al.23 and described in Supporting
Information.

2.2. Preparation and characterization of BBR-TPGS micelles

The preparation and characterization of BBR-TPGS micelles were
described by Miet et al.19 and Bisht et al.24 The details were
included in Supporting Information.

2.3. Bio-distribution of orally administered BBR formulations in
Apoe(�/�) mice

Different BBR containing micelles were administered to Apoe(�/�)

mice by gavage (100 mg/kg/day of BBR). At each preset time
point, five mice for each group were euthanized. The blood sam-
ples were gathered from posterior orbital venous plexus to a hep-
arinized tube. The major organs (heart, liver, lung and adipose)
were harvested and immediately immersed in liquid nitrogen and
stored at �80 �C. The distribution of BBR in various formulations
was also analyzed by LC‒MS/MS (Shimadzu LC-20AD-UFLC,
Kyoto, Japan) described previously25.

2.4. Cell culture and treatment

The procedure of cell culture and treatment was described in
Supporting Information.

2.5. In vivo study

Apoe(�/�) mice were fed with HFD (high-fat diet) accompanied
with pure BBR (BP), BT1500M (BM) or empty micelle (EV) for 5
months. Untreated HFD-fed mice were used as model control
(MC) while Apoe(�/�) mice fed with standard chow diet as
negative control (NC). At the end of the experiments, 1H-MRS
spectrum and MRI were conducted to analyze fat accumulation.
Then the mice were anesthetized after 12 h fasting period. Plasma
was collected for biochemical and cytokine analyses. The tissues
of liver, epididymis fat and arterial arch were harvested and
weighed. All tissues were divided into two parts, one was fixed
with 10% formalin, and the remaining one was immediately
immersed in liquid nitrogen and stored at �80 �C for further
analysis. The procedure of in vivo analysis was described in
Supporting Information.

3. Results

3.1. Synthesis and characterization of TPGS analogues

The 1H NMR (500 Hz; Varian, Palo Alto, CA, USA) spectra and
FT-IR (Nicolet5700, Madison, USA) spectra of D-a-tocopherol,
PEG, succinate, and TPGS are shown and described in Supporting
Information (Supporting Information Fig. S1).

3.2. Preparation and characterization of BBR-TPGS micelles

The characterizations of BBR-TPGS micelles are shown and
described in Supporting Information (Supporting Information
Figs. S2 and S3).
3.3. Bio-distribution of orally administered BBR formulations in
Apoe(�/�) mice

Effective drug delivery to the target sites is a prerequisite for
disease therapy. The bio-distribution properties of BT1500M (BM)
and pure BBR (BP) were verified by LC‒MS/MS analysis
described previously25,26. As shown in Supporting Information
Fig. S4 and Tables S1 and S2, BBR had a high distribution in
tissues such as the liver and fat. Notably, deposition of active BBR
in the liver and fat was found to be increased dramatically in
BT1500M-treated mice compared with that in BP-treated mice
whereas BBR organ distribution property was not changed by the
nano delivery system. The enhanced active drug deposition in the
BM group was consistent with the results of in vitro Caco2
transwell permeability assay and cellular uptake experiments. This
phenomenon could be due to improved gut absorption and
enhanced cellular uptake of BBR assisted by the micelles.
Although increase in liver drug deposition was also found in the
BT400M and BT3000M-treated group, it was not as significant as
that in the BT1500M group (data not show), agreeing with previous
studies which demonstrated that the length of the PEG chain in
TPGS could influence the P-gp-inhibiting and permeation-
enhancing ability of TPGS micelles. As liver and adipose tissues
are active participants in whole body energy homeostasis and
inflammation, they were proved to play important roles in AS
treatment. The improved liver and adipose deposition of BBR
might benefit its therapeutic effect. BBR was undetectable in the
arterial arch.

3.4. Pharmacodynamics study

Owing to the marked characteristics of BT1500M in vitro, we
studied its effect in vivo and explored the underlying mechanisms.
Apoe(�/�) mice fed HFD were divided into 4 groups. These groups
received PBS (MC), BP, BM, or empty vector (EV), respectively
for 5 months via gavage. Apoe(�/�) mice fed standard chow diet
were used as negative control (NC).

3.4.1. BT1500M intervention results in improvement of
endothelial injury and consequent inflammation process
AS is a multistep disease of the arterial wall, alteration of the
function and structural integrity of the endothelial barrier precede
the formation of plaques27. The expression levels of ICAM-1 and
VCAM-1, the two crucial adhesion molecules, were determined in
the aortas of experimental mice. The results show that 5 months of
HFD feeding upregulated the expression of ICAM-1 and VCAM-1
in the aortas of Apoe(�/�) mice (Fig. 1 and Supporting Information
Fig. S5A), which is in agreement with the results of previous
research28. In contrast, the expression of ICAM-1 and VCAM-1
was significantly decreased in the aortas of mice in BM group.
A slight decline in the expression of these molecules was observed
in BP mice. An improvement in the expression of ICAM-1 and
VCAM-1 was observed in EV mice, but the difference was not
statistically significant. The expression of different cytokines
including TNF-a, IL-6, monocyte chemoattractant protein 1
(MCP-1), and matrix metalloprotease 9 (MMP9) was further
tested. As shown in Figs. 1C, 2A and 2B, a substantial increase in
these cytokines was detected in the aortic arch of MC mice
compared with that of NC mice. Treatment of HFD-fed Apoe(�/�)

mice with BT1500M greatly inhibited these increases. A mild
decline in these cytokines was observed in BP mice and EV mice,
but the differences were not statistically significant.



Figure 1 BT1500M decreases endothelial injury in atherosclerotic lesion. Apoe(�/�) mice were fed with HFD accompanied with pure BBR (BP),

BT1500M (BM) or empty vector (EV) for 5 months. Untreated HFD-fed mice were used as model control (MC) while Apoe(�/�) mice fed with

standard chow diet were used as negative control (NC). At the end of experiment, the aortas from Apoe(�/�) mice in different group were

collected. (A) Representative adhesive molecule expression. Atherosclerotic lesions in the aortic sinuses from Apoe(�/�) mice in different group

were stained for ICAM (red), VCAM (green) and DAPI (blue). (B) The mRNA expression of Icam and Vcam was evaluated by RT-PCR. The

results were normalized to Gapdh. (C) The protein expression of ICAM, VCAM, MCP-1, MMP9, IL-6 and TNF-a was tested using Western blot

analysis. The results were normalized to b-actin. Data are presented as mean � SEM (n Z 6), *P < 0.05, **P < 0.01, ***P < 0.001, vs. mice in

MC group. Scale bars, 100 mm (A).
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3.4.2. BT1500M ameliorate arterial plaque
Apoe(�/�) mice have been well recognized to develop a robust
aortic atherosclerotic phenotype when fed with HFD19. The
severity of aortic AS in HFD-fed Apoe(�/�) mice was evaluated
after treatment with different reagents. As shown in Fig. 3, HFD-
fed mice developed more aortic lesions than chow diet-fed mice.
Notably, BT1500M-treatment significantly reduced the severity of
atherosclerotic lesions in the aortic arch of HFD-fed Apoe(�/�)

mice. A dramatic increase in cholesteryl (CE) gathering was found
in the aortic artery of MC mice compared with that of NC mice
(Fig. S5B). Treatment of HFD-fed Apoe(�/�) mice with BT1500M
greatly inhibited CE content. A mild alleviation of atherosclerotic
lesions and CE gathering was also detected in BP mice and EV
mice.

3.5. Mechanism study

The liver plays central role in nutrients metabolism. As energy
storage site, adipose tissue has been recognized as a major
endocrine organ which secret many pro-inflammatory cytokines,
thereby inducing a chronic systemic inflammatory response29.
Previous studies of us and others proved that, liver and adipose are
the target site for BBR on metabolic diseases30e32. Tissue
distribution analysis showed that BT1500M improved BBR depo-
sition in the liver and adipose. Therefore, we further explored the
molecular mechanisms and interpreted the therapeutic effect of
BT1500M on AS, taking liver and adipose as target tissues.

3.5.1. BT1500M modulated the expression of NF-kB and AMPK
in the liver and fat tissues
Multiple target pathways have been identified for verifying the
anti-dyslipidemic and anti-inflammatory effects of BBR, among
which AMP-activated protein kinase (AMPK) and nuclear factor
kappa B (NF-kB) play pivotal roles. The expression of NF-kB
and AMPK in the liver and fat tissues was examined by immu-
nofluorescence (IF) staining (C2t Nikon fluorescent microscope,
Tokyo, Japan) as well as quantitative RT-PCR (ABI 7500 Fast,
Foster, USA) and Western blot (Bio Rad, Hercules, CA, USA)
analyses. As shown in Fig. 4A and B, HFD significantly
increased NF-kB expression in the liver and adipose of Apoe(�/�)

mice compared with standard chow diet. BT1500M-treated mice
showed amplified levels of p-AMPK and decreased levels of NF-
kB in liver and fat tissues compared with MC group. The gene-
modulating effect of BT1500M was further confirmed by Western
blot and RT-PCR (Fig. 4C‒E) analyses. The effect was also
observed in BP, but it was less pronounced. In EV-treated mice,



Figure 2 BT1500M alleviated arterial inflammation. HFD-fed Apoe(�/�) mice treated with various BBR formulations (100 mg/kg/day of BBR)

by gavage. Untreated HFD-fed mice were used as model control while Apoe(�/�) mice fed with standard chow diet were used as negative control.

At the end of experiment, the aortas from Apoe(�/�) mice in different group were collected. (A) The mRNA expression of Tnf-a, Il-6, Mcp-1 and

Mmp9 was evaluated by RT-PCR. The results were normalized to Gapdh. (B) Representative protein expression of MCP-1, TNF-a, IL-6 and

MMP9 visualized by ICH staining. Data are presented as mean � SEM (n Z 6), *P < 0.05, **P < 0.01, ***P < 0.001, vs. mice in MC group.
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no effect on p-AMPK was detected, while NF-kB was found to
be down-regulated.
3.5.2. BT1500M alleviated hyperlipidemia and metabolic
disorders in HFD-fed Apoe(�/�) mice
We first evaluated the therapeutic effect of BT1500M on hyper-
lipidemia. As shown in Fig. 5A, after 5 months of treatment, the
plasma levels of total cholesterol (TC), triglyceride (TG), and low-
density lipoprotein-cholesterol (LDL-c) in MC mice were signif-
icantly higher than those in NC mice. However, the plasma levels
of TC, TG, and LDL-c in HFD-fed mice treated with BT1500M
drastically decreased compared with those in the MC group. No
significant difference in HDL-c levels was found among all
groups. BP was also found to ameliorate plasma lipid levels but to
a lesser extent. No change was found in the plasma lipid levels of
mice after treatment with EV. An increase in subcutaneous fat,
liver index, and epididymis fat index was observed in MC group
compared with that in NC mice. Although BT1500M treatment
improved these disorders, the difference between treated and un-
treated groups was not statistically significant (Fig. 5B and C),
representative MRI images tested using Pharma Scan 70/16 US
small animal MRI (Bruker, Karlsruhe, Germany). No drastic dif-
ference in AST and ALT levels was found among all tested ani-
mals (Fig. 5D). The images of whole body, liver, and epididymis
fat in experimental animals are shown in Fig. 5E.
3.5.3. BT1500M suppressed lipid accumulation and ROS
generation in the liver
As shown in Fig. 6A, the livers in MC group showed numerous
spherical vacuoles. The accumulation of large lipid droplets was
verified by Oil Red O staining (Fig. 6B). BM intervention mark-
edly decreased hepatocyte lipid accumulation. A decrease in lipid



Figure 3 BT1500M ameliorated arterial plaque formation. HFD-fed Apoe(�/�) mice treated with various BBR formulations (100 mg/kg/day of

BBR) by gavage. Untreated HFD-fed mice were used as model control while Apoe(�/�) mice fed with standard chow diet were used as negative

control. (A) Representative images of oil red-stained aortic arch lesion in Apoe(�/�) mice. (B) Representative images of HE-stained cross-sections

of the aorta in Apoe(�/�) mice. Scale bars 200 mm (B, up) and 50 mm (B, down).
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droplet accumulation was detected in BP administered mice, but
the magnitude was lower than that in BM mice. No significant
change was found in EV-treated animals compared with that in
MC group. In addition, ROS production induced by HFD was
greatly inhibited after BT1500M exposure (Fig. 6C and D).
Consistent with the in vivo evaluation, in vitro experiment on
HepG2 cells verified that the increase in ROS production and
inflammatory factors induced by saturated fatty acids was
inhibited by BT1500M (Supporting Information Fig. S6). Mild
anti-ROS and anti-inflammatory effects were detected in BP-
treated cells. Notably, a decline in inflammatory cytokine levels
was observed in vector-treated HepG2 cells with less ROS pro-
duction. Among all the tested groups, BT1500M showed the best
benefits against palmitic acid (PMA)-stimulated ROS production
and inflammatory response. The enhanced effects of BT1500M
might be attributed to the conjunction effect.

3.5.4. BT1500M inhibited lipid accumulation and interrupted a
crosstalk process between adipocytes and macrophages
Adipose tissue macrophage (ATM) activation plays an important
role in the development of low-grade chronic inflammation. It was
proved that hypertrophic enlarged adipocytes tend to release altered
adipocytokines, initiating the macrophage infiltration and
polarization. Polarized type 1 macrophages (M1) release more in-
flammatory cytokines which in turn activate the inflammatory
response in adipocytes and macrophages. This chronic inflammation
was then propagated by this feed-forward process33,34. We first
examined the effect of BT1500M treatment on fat accumulation in
adipose tissues. As can be seen in Fig. 7A, MC group showed an
increase in adipocyte size relative to NC mice. BT1500M medication
restored adipocyte size to that of NC mice. Adipocyte size in BP
mice was smaller than that in MC mice. No significant difference in
adipocyte size was found in EV and MC mice. The effect of BBR
formulation on macrophage infiltration and M1 type macrophage
activation was explored. As illustrated in Fig. 7B, F4/80þ cells,
which represent macrophages, increased in HFD-fed mice compared
with that in normal chow-fed mice. F4/80þ/CD86þ cells, which
represent M1, also significantly increased (Fig. 7C). A significant
increase in the expression of Inos and Il-12 (M1) was detected in
adipose tissues of HFD-fed mice compared with that of NC group
(Fig. 7D). After treatment with BT1500M, the number of F4/80þ

macrophages that infiltrated into the adipose of Apoe(�/�) mice
significantly decreased compared to untreated mice. The number of
F4/80þ/CD86þ cells and expression of Inos and Il-12 decreased after
BT1500M intervention. BP and EV showed milder modulatory effects
on macrophage activation than BM did.



Figure 4 BT1500M modulated the expression of AMPK and NF-kB in Apoe(�/�) mice fed with HFD. HFD-fed Apoe(�/�) mice treated with

various BBR formulations (100 mg/kg/day of BBR) by gavage. Untreated mice fed with standard rodent diet (NC) were used as control. (A)

Representative photographs of p-AMPK (green) and NF-kB (red) protein expression in liver tissue of different group mice visualized using C2t

Nikon fluorescent microscope by probing with anti-p-AMPK and NF-kB antibodies simultaneously. (B) Representative photographs of p-AMPK

(green) and NF-kB (red) protein expression in adipose of different group mice visualized using C2t Nikon fluorescent microscope by probing with

anti-p-AMPK and NF-kB antibodies simultaneously. (C) The protein expression of p-AMPK and NF-kB was tested using Western blot analysis.

The result was normalized to b-actin. (D) The mRNA expression of Ampk and Nf-kB was evaluated by RT-PCR. The results were normalized to

Gapdh. (E) The semi-quantitative analysis of Western blot data. Data are presented as mean � SEM (n Z 6), *P < 0.05, **P < 0.01,
***P < 0.001, vs. mice in MC group. Scale bars, 100 mm (A) and (B).
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The effect of BT1500M on macrophage activation was verified
in vitro. First, we detected whether the effect of BBR formulation
on adipocytes would modulate chemotaxis of macrophages using
vitro chemotaxis transwell migration assay (24-well plates, 8 mm
pore size, Corning, Lowell, MA, USA). As described in the
experiment section, RAW 264.7 cells were incubated with
conditioned medium collected from 3T3-L1 cells stimulated with
PAM presented with BBR formulations or vectors. As shown in



Figure 5 In vivo pharmacodynamic analysis HFD-fed Apoe(�/�) mice were treated with various BBR formulations by gavage. Untreated mice

fed with HFD (MC group); and standard rodent diet (NC group) were used as control. (A) Plasma lipid analyses. Plasma TG, cholesterol, LDL-c

and HDL were measured with enzymatic methods using an automatic biochemical analyzer. (B) Representative MRI images tested using Pharma

Scan 70/16 US small animal MRI. White arrow points subcutaneous fat. (C) Liver and epididymis fat index. (D) ALT and AST level analyses. (E)

Representative pictures of whole body, liver tissue and epididymal fat. Data are presented as mean � SEM (n Z 6), *P < 0.05, **P < 0.01,
***P < 0.001, vs. mice in MC group.
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Supporting Information Fig. S7A, the migration of RAW 264.7
macrophages was highly enhanced by the conditioned medium
collected from adipocytes treated with PAM, and this phenomenon
was suppressed by BT1500M treatment. Next, we evaluated the
effect of BBR formulations on macrophage polarization. RAW
264.7 macrophages were incubated with LPS alone or combined
with BBR formulations, and the expression of M1 phenotype was
determined. Flow cytometry (BD FACSVerse, Franklin, USA)
analysis showed that the number of CD11Cþ/CD86þ cells
significantly increased in LPS-treated cells than in solvent-treated
ones (Supporting Information Fig. S7B). Furthermore, LPS
induced a significant increase in the expression of Il-6, Il-12 and
Tnf-a, and a decrease in the expression of Il-10 in RAW
264.7 cells (Figs. S7C and D). After treatment with BT1500M, the
number of CD11Cþ/CD86þ cells significantly decreased
compared to untreated RAW 264.7 macrophages stimulated with
LPS. BP and EV groups showed mild modulatory effects on M1
activation. Among the different treatments, BT1500M showed
optimal efficacy. The improved effect of BT1500M on macrophage
infiltration and activation might be attributed to the synergistic
effect of BBR and vector as well as improved cellular uptake35.
These results implied that BT1500M successfully inhibited the
trigger of macrophage activation and interrupted the crosstalk
process between adipocytes and macrophages, which might
contribute to its anti-inflammatory effect.

3.5.5. BT1500M improved inflammation status in HFD-fed
Apoe(�/�) mice
Chronic inflammation is a major contributing factor to AS.
Compelling evidence has suggested that various markers of



Figure 6 BT1500M suppressed lipid accumulation and ROS production in liver. Apoe(�/�) mice were fed with HFD accompanied with pure

BBR (BP), BT1500M (BM) or empty vector (EV) for 5 months. Untreated HFD-fed mice were used as model control (MC) while Apoe(�/�) mice

fed with standard chow diet were used as negative control (NC). At the end of experiment, the liver tissues from Apoe(�/�) mice in different group

were collected. (A) Representative photograph of HE-stained liver sections. (B) Representative photographs of oil red-stained liver sections. (C)

Representative fluorescent images of fluorescence in liver tissue visualized using C2t Nikon fluorescent microscope; ROS production was

measured using a fluorescent probe, H2DCFDA. (D) Representative Flow cytometry diagrams of ROS in isolated liver cells. Scale bars,

100 mm (A), (B) and (C). Representative fluorescent images of fluorescence in liver tissue visualized using C2t Nikon fluorescent microscope;

ROS production was measured using a fluorescent probe, H2DCFDA. (D) Representative Flow cytometry diagrams of ROS in isolated liver cells.

Scale bars, 100 mm (A), (B) and (C).
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inflammation are upregulated inpatients with established
atherosclerotic disease and the pro-inflammatory cytokines were
associated with endothelial dysfunction and important in
response to AS and valvar lesion. In this study, proinflammatory
factors in tissues and circulation were investigated. As shown in
Fig. 8A and B, NC mice expressed low levels of TNF-a, IL-6,
and IL-1b in the liver and adipose tissues, whereas the levels
of these factors increased in MC mice. BT1500M intervention
significantly reduced the expression of these proinflammatory
factors. The mRNA expression levels of proinflammatory cyto-
kines, including Il-1b, Il-6 and Tnf-a, markedly reduced in the
liver and adipose tissues in BM mice compared to those in MC
mice. The results of Western blot analysis were consistent with
those of RT-PCR. The above findings suggest that BT1500M
treatment successfully alleviated inflammation in Apoe(�/�) mice
fed HFD. BP exposure tended to reduce the levels of Il-6, Il-1b,
and Tnf-a in both hepatic and adipose tissues, with a magnitude
lesser than that of BM group. Notably, HFD-fed mice treated
with EV showed decreased Il-6, Il-1b and Tnf-a level in fat and
liver tissues, but the differences were not statistically significant.
Ten inflammatory cytokines in the circulation were further
investigated. As shown in Fig. 8C, a substantial increase in TNF-



Figure 7 BT1500M reduced lipid accumulation, inhibited macrophages infiltration and activation in fat tissue. Apoe(�/�) mice was fed with

HFD accompanied with pure BBR (BP), BT1500M (BM) or empty vector (EV) for 5 months. Untreated HFD-fed mice were used as model control

(MC) while Apoe knock-out mice fed with standard chow diet were used as negative control (NC). At the end of experiment, the epididymis fat

from Apoe(�/�) mice in different group were collected. (A)-a, representative photograph of HE-stained epididymis fat sections; (A)-b, mean

adipocyte size of epididymis fat. (B)-a, macrophage infiltration was visualized with C2t Nikon fluorescent microscope after staining for mac-

rophages marker F4/80; (B)-b, mean fluorescent intensity (MFI) of PE. (C)-a, epididymal fat stromal vascular cells were isolated and M1

macrophages were analyzed by flow cytometry after staining with PE-conjugated anti-F4/80 antibody and APC-conjugated anti-CD86 antibody;

(C)-b, percentage of F4/80þ/CD86þ cells. (D) Total RNAwas extracted from epididymis fat and analyzed by quantitative real-time PCR for Inos,

Il-12 (M1 phenotype marker) and Arginase1, Ym1 (M2 phenotype marker) the results were normalized to Gapdh. Data are presented as

mean � SEM (n Z 5), *P < 0.05, **P < 0.01, ***P < 0.001, vs. mice in MC group. Scale bars, 100 mm (A) and (B).
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a, IL-1b, IFN-g, MCP, MIP, and IL-6 production was detected in
the plasma of MC mice compared with that of NC mice by
enzyme linked immunosorbent assay (ELISA; R&D Systems,
MN, USA) according to instruction of the manufacturer. How-
ever, treatment of HFD-fed Apoe(�/�) mice with BM greatly
inhibited this elevation. A decline in these cytokines was also
observed in BP mice and EV mice, but the magnitudes were
lower than that in BM-treated mice.

3.6. In vivo safety

Long-term safety was investigated to examine the biocompatibility
of BT1500M. Apoe(�/�) mice received BT1500M (100 mg/kg/day of
BBR, nZ 5) for 5 months by gavage administration, and untreated
mice were used as controls. As shown in Supporting Information
Fig. S8, no obvious histological difference was found between the
major organs of treated and untreated mice. No significant differ-
ences in plasma levels of ALT, AST, creatinine, and blood urea
nitrogen were found between the two groups, implying good safety
and tissue compatibility of BT1500M.

3.7. Statistical analysis

Data were expressed as the mean � standard error means (SEM).
Values measured by the two folds of standard deviation were
discarded. Statistical analysis was performed in GraphPad Prism
Software Version 5.0a (GraphPad, San Diego, CA, USA) using
unpaired Student’s t-test.



Figure 8 BT1500M improved inflammation status in HFD-fed Apoe(�/�) mice. HFD-fed Apoe(�/�) mice treated with various BBR formulations

by gavage. The tissue of epididymal fat and liver were harvested. (A)-a, representative photograph of immuno-fluorescent stained liver tissues for

IL-6, IL-1b or TNF-a visualized using C2t Nikon fluorescent microscope; (A)-b, the expression of Il-6, Il-1b and Tnf-a mRNA in liver tissue were

evaluated by RT-PCR. The results were normalized to Gapdh; (A)-c, the protein expression of IL-6, IL-1b and TNF-a in liver tissue was evaluated

by Western blot, b-actin used as control. (B)-a, representative photographs of immuno-fluorescent stained adipose tissues for IL-6, IL-1b or TNF-

a visualized using C2t Nikon fluorescent microscope; (B)-b, the expression of Il-6, Il-1b and Tnf-amRNA in adipose tissue were evaluated by RT-

PCR. The results were normalized to Gapdh; (B)-c, the protein expression of IL-6, IL-1b and TNF-a in adipose was evaluated by Western blot, b-

actin used as control. (C) Pro-inflammation cytokine levels in plasma. Following the termination of the experiment, blood samples were collected

and used for the determination of plasma TNF-a, IL-1b, IL-6, IL-2, IL-10, MCP-1, MIP and IFN-g levels by ELISA according to instruction of

the manufacturer. Data are presented as mean � SEM (n Z 6). *P < 0.05, **P < 0.01, ***P < 0.001, vs. mice in MC group. Scale bars,

100 mm (A) and (B).
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4. Discussion

In this study, the nano delivery system BT1500M was developed for
improving the anti-atherosclerotic efficacy of BBR. The bioac-
tivity of BT1500M was elucidated via intensive studies on its
formulation properties, organ distribution, and molecular mecha-
nism. The results demonstrated that Ampk and Nf-kb gene ex-
pressions, which are crucial for energy homeostasis and
inflammation, were extensively modulated because of improved
drug deposition and drugecarrier synergism. In Apoe(�/�) mice,
BT1500M effectively ameliorated dyslipidemia and inflammation
induced by HFD feeding. Endothelial injury, subsequent macro-
phage accumulation, and cholesteryl ester gathering in the aortic
arch site were reduced, resulting in the inhibition of artery plaque
build-up. BT1500M exhibited a better therapeutic effect on HFD-
induced AS than BP or EV did, with no apparent toxicity.

AS is a disease in which the inside of an artery narrows due to
the build-up of plaque. The build-up of an atheromatous plaque is
a complex process developed through a series of cellular events,
and in response to various local vascular and circulating factors.
Endothelial injury has been recognized to be the first and essential
step for AS. It favours following cell adhesion and migration,
lipids deposition, monocytes invasion and differentiation into
macrophage, smooth muscle cells transfer into the intima, as well
as further damaging the vasculature, propagating plaque erosion
and augmenting thrombusformation31. Accumulating evidence
confirms that endothelial dysfunction is associated with LDL
particles and chronic inflammation. Dyslipidemia and chronic
inflammation induce an increase in the expression of Icam-1 and
Vcam-1 in endothelial cells, making it more adhesive to mono-
cytes and other effectors in the circulation for trans-endothelial
recruitment. The blood-derived monocytes transmigration
through the endothelium then extravagates into the intima, and
hence differentiates into macrophage. In the intima, macrophage
proliferated and engulfed ox-LDL through receptor-mediated
process, resulting in a series of highly regulated, albeit maladap-
tive cellular events which drive the atherogenic response.
Increased secretion of cytokines including TNF-a, IL-6, MCP-1,
and MMP9 induce the expression of scavenger receptors on
macrophages, resulting in the accumulation of large amounts of
cholesteryl esters and formation of foam cells that appear as a
fatty streak27.

BBR is a promising candidate for AS treatment owing to its
pleiotropic anti-dyslipidemic and anti-inflammatory effects. In
2004, our team first discovered BBR, a new lipid-lowering drug
with a novel mechanism compared to statins. The anti-
inflammatory activity of BBR was observed both in vitro and
in vivo via reduction of proinflammatory cytokines and acute
phase proteins36,37. BBR treatment has been shown to reduce the
production of TNF-a, IL-6, IL-1b, MMP9, cyclooxygenase-2,
inducible nitric oxide synthase, MCP-1, C-reactive protein, and
haptoglobin in cultured adipocytes, liver cells, macrophages,
splenocytes, and pancreatic b-cells. In vivo research proved that
BBR can reduce proinflammatory cytokines in different tissues
such as the serum, liver, adipose, and kidneys38. Furthermore,
clinical study has shown that BBR therapy at a dose of 1 g/day for
3 months significantly reduced serum IL-6 levels in patients with
type 2 diabetes mellitus39. AMPK and NF-kB are main targets in
the molecular mechanism underlying the anti-metabolic and anti-
inflammatory effects of BBR40. As an energy gauge41, AMPK
plays a crucial role in the regulation of fatty acid oxidation42, lipid
metabolism43, and cholesterol synthesis43,44. Numerous recent
studies have implicated a key role for NF-kB signaling pathway in
the liver, adipose tissue, and central nervous system in the
development of inflammation-associated metabolic diseases45.
BBR has been proved to reduce inflammation-induced NF-kB
overexpression46,47. However, the efficacy of BBR for AS treat-
ment needs to be improved.

We previously designed a liver-target system for boosting the
effect of BBR on cardio-metabolic diseases26. However, its clinic
application is still in its infancy because of the tedious examina-
tion and approval procedures for new materials. In this study,
TPGS was selected for BBR delivery, and its effect on AS treat-
ment and the molecular mechanism of the system were intensively
explored. In recent years, many research groups have concentrated
on various applications of TPGS as drug delivery vehicles in
nanomedicine, among which micelles have unique advantages48.
TPGS-based micelles effectively reduced the aggregation of drugs
in circulation and simulated body fluid, enhanced the permeability
in the gut intestinal tract, and increased intracellular uptake of
entrapped reagents17,18. A wide range of drug-containing micelles
such as camptothecin49, paclitaxel50, quercetin51, and cetuximab51

have been successfully investigated. Three TPGS analogs were
synthesized in this study to formulate BBR-entrapped nano-sys-
tem. Our results showed that BT1500M formed stable micelles in
aqueous vehicles at low concentrations with high encapsulation
efficiency. This nano-system could increase gut absorption and
intracellular uptake of BBR, leading to increased active drug
deposition in the liver and adipose site.

The organ distribution property of pharmaceuticals can help
elucidate the possible molecular mechanism. Previous studies by
us and others30,31 proved that the liver and adipose are the target
sites for BBR on metabolic diseases. The liver plays a central role
in nutrient metabolism (especially lipid), including cholesterol
synthesis, lipogenesis, TG production; a bulk of the body’s lipo-
proteins are synthesized in the liver. Adipose tissue, which is
known as an energy storage site (in the form of lipids), has
recently been recognized as a major endocrine organ as it pro-
duces hormones such as, estrogen, resistin, and cytokines. Adipose
tissue macrophage activation plays an important role in the
development of low-grade chronic inflammation. Hypertrophic
enlarged adipocytes tend to release altered adipocytokines, initi-
ating macrophage infiltration and polarization. Polarized macro-
phages release more inflammatory cytokines which in turn
activate inflammatory response in adipocytes and macrophages. In
adipose tissue, an increased secretion of various adipose tissue-
derived proinflammatory cytokines leads to local effects on
white adipose tissue; these effects also extend to tissues such as
the liver, where they can stimulate hepatic inflammation13 and
produce many acute phase proteins, inducing a chronic systemic
inflammatory response29. Chronic inflammation, a major
contributing factor to AS, is then propagated by this feed-forward
process33,34. In this study, the time-dependent in vivo bio-
distribution of BBR was monitored using LC‒MS/MS method
after gavage administration of BBR-containing formulations in
Apoe(�/�) mice. Improved accumulation of BBR in the liver and
fat tissues was found in BT1500M-treated animals compared with
mice treated with BP. This was consistent with the findings of
previous studies14,27. Notably, this nano-system did not change the
organ distribution profile of BBR, but strengthened BBR retention
in tissues. TPGS might reduce drug efflux, thus leading to
improved drug accumulation and therapeutic efficacy. Although
an increase in liver drug deposition was also found in BT400M-
and BT3000M-treated groups, it was not as significant as that in the
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BT1500M group (data not shown). This finding is in agreement
with that of previous studies, which demonstrated that the length
of PEG chain in TPGS could influence the P-gp-inhibiting and
permeation-enhancing ability of TPGS micelles. Collnot et al.18

demonstrated that PEG length (200e6000) of TPGS could
inhibit the activity of efflux pump. The promising TPGS de-
rivatives are TPGS with PEG 1100e1500. Zhao et al.21 suggested
that the high surface energy of micelles formed by TPGS with
PEG chain lengths between 1000 and 1500 can overcome the
bending energy needed to penetrate cells through endocytosis
mechanism. BBR was undetectable in arterial arch tissue of
experimental mice, which indicated that the effect of BBR on AS
might attribute to its action in the liver and adipose rather than the
direct treatment of arterial lesions. Based on these results, we
further explored the molecular mechanism and pharmacody-
namics of BT1500M on AS. Consistently, the results showed that
BT1500M could effectively upregulate p-AMPK expression and
downregulate NF-kB expression in the liver and fat tissues, inhibit
the trigger of macrophage activation, and interrupt a crosstalk
process between adipocytes and macrophages, leading to
improved status of dyslipidemia and inflammation induced by
HFD. These results were verified by in vitro experiments on PMA-
stimulated adipose and LPS-stimulated macrophage cells. The
optimal effect of BT1500M probably attributes to its efficacy in
improving drug deposition and synergistic effect with the func-
tional carrier TPGS1500. Recently, many studies have been per-
formed to elucidate the effect of BBR on AS, but the underlying
mechanism is unclear11,52,53. In the present study, we elucidated,
at least in part, the molecular mechanism and pharmacodynamics
of the studied drugs based on information on organ distribution.
Finally, our results demonstrated that the positive effect of BBR
on AS treatment could be magnified by increasing drug absorption
and drugecarrier synergism via functional biomaterial-based nano
technology. However, a BBR nano-system without D-a-tocopherol
moiety should be investigated to further elucidate the synergistic
anti-atherosclerosis effect of the TPGS carriers and BBR.
5. Conclusions

In this study, three TPGS analogs were synthesized to formulate
BBR-entrapped nano-systems for improving the anti-
atherosclerotic efficacy of BBR. Our study showed that the
nano-system BT1500M could increase gut absorption and intra-
cellular uptake of BBR, leading to increased active drug deposi-
tion in the liver and adipose site. In Apoe(�/�) mice, BT1500M
intervention (100 mg/kg of BBR) for 5 months ameliorated dys-
lipidemia and inflammation induced by HFD. Thus, endothelial
injury and consequent macrophage activation, cytokine release as
well as CE gathering in the aortic arch site improved, resulting in
the alleviation of artery plaque build-up. The molecular mecha-
nism study showed that the therapeutic benefit of BT1500M was
attributed to its gene-modulating effect and macrophage inhibi-
tion. In conclusion, BT1500M shows promise for clinical use in the
treatment of AS.
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