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Abstract Elevated levels of plasma cholesterol, impaired vascular wall, and pres-
ence of inflammatory macrophages are important atherogenic risk factors contribut-
ing to atherosclerotic plaque formation and progression. The interventions
modulating these risk factors have been found to protect against atherosclerosis
development and to decrease atherosclerosis-related cardiovascular disorders. Nutri-
tional approaches involving supplements followed by improving dietary habits and
lifestyle have become growingly attractive and acceptable methods used to control
atherosclerosis risk factors, mainly high levels of plasma cholesterol. There are a
large number of studies that show berberine, a plant bioactive compound, could
ameliorate atherosclerosis-related risk factors. In the present literature review, we put
together this studies and provide integrated evidence that exhibits berberine has the
potential atheroprotective effect through reducing increased levels of plasma cho-
lesterol, particularly low-density lipoprotein (LDL) cholesterol (LDL-C) via LDL
receptor (LDLR)-dependent and LDL receptor-independent mechanisms, inhibiting
migration and inflammatory activity of macrophages, improving the functionality of
endothelial cells via anti-oxidant activities, and suppressing proliferation of vascular
smooth muscle cells. In conclusion, berberine can exert inhibitory effects on the
atherosclerotic plaque development mainly through LDL-lowering activity and
suppressing atherogenic functions of mentioned cells. As the second achievement
of this review, among the signaling pathways through which berberine regulates
intracellular processes, AMP-activated protein kinase (AMPK) has a central and
critical role, showing that enhancing activity of AMPK pathway can be considered
as a promising therapeutic approach for atherosclerosis treatment.

Keywords AMP-activated protein kinase - Atherosclerosis - Berberine -
Cholesterol - Endothelial cells - LDL-C - Macrophage dysfunction - Vascular smooth
muscle cell

Abbreviations

3’-UTR 3’-untranslated region

ABCAl ATP-binding membrane cassette transport protein Al

AMP Adenosine monophosphate

AMPK AMP-activated protein kinase

EMMPRIN Exhibited a decreased expression of MMPs and extracellular MMP
inducer

eNOS endothelial nitric oxide synthase

ERK Extracellular receptor-activated kinase

HMG-CoA  3-hydroxy-3-methyl-glutaryl-coenzyme A
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HNFla hepatocytes nuclear factor 1a
HUVECs Human umbilical vein endothelial cells
IL-6 Interleukin 6

JNK c-Jun N-terminal kinase

LDL Low-density lipoprotein

LDL-C LDL cholesterol

LDLR LDL receptor

LOX 1 Low-density lipoprotein receptor 1
LXRa Liver X receptor o

lysoPC Lysophosphatidylcholine

MAP Mitogen-activated protein

MCP-1 Monocyte chemoattractant protein-1
MIP-1a Macrophage inflammatory Protein 1 alpha
MMPs Matrix metalloproteinases

NADPH Nicotinamide adenine dinucleotide phosphate
NAFLD Non-alcohol fatty liver disease

NOD Nonobese diabetic

PCSK9 Proprotein convertase subtilisin kexin 9
PCSK9 Proprotein convertase subtilisin/kexin type 9
ROS Reactive oxygen species

SR-BI Scavenger receptor class B type I

SREBP2 sterol regulatory element-binding protein 2
TG Triglyceride

VCAM-1 Vascular cell adhesion molecule-1

VSMCs Vascular smooth muscle cells

1 Introduction

Berberine is an isoquinoline alkaloid presented as the principal bioactive ingredient
in stem, bark, rhizome, and roots of several plants, including barberry (Berberis
vulgaris), Coptis (Coptis chinensis), goldenseal (Hydrastis canadensis), tree tur-
meric (Berberis aristata), and Oregon grape (Berberis aquifolium) (Singh and
Mahajan 2013; Srivastava et al. 2015). Evidence from traditional and modern
medicine shows that berberine exerts polytrophic pharmacological effects, including
lipid-lowering, anti-diabetic, anti-tumor, anti-inflammatory, anti-diarrheal, and anti-
microbial activities (Ayati et al. 2017; Imanshahidi and Hosseinzadeh 2008; Li et al.
2014; Singh et al. 2010; Zhang et al. 2019).

A growing body of research confirms the anti-atherogenic properties of berberine,
although there is no enough report showing its direct effect on atherosclerotic plaque
formation and progression. Herewith, to exhibit the possible protective effect of
berberine on atherosclerotic plaque progression, the present review was aimed to
gather underlying mechanisms ascribed to the anti-atherogenic effects of berberine.
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As discussed in the following sections, there are documented findings demonstrating
that berberine has potential anti-atherosclerotic effects through protecting or lower-
ing hypercholesterolemia, modulating the atherogenic activity of inflammatory
macrophages, and improving abnormal functions of vascular smooth muscle and
endothelial cells.

2 Berberine Lowers Atherogenic Lipids

Atherogenic lipids, especially low-density lipoprotein (LDL) cholesterol (LDL-C),
have a casual effect on atherosclerotic plaque development and progression (Ference
et al. 2017). Various LDL-lowering medications, such as statins and proprotein
convertase subtilisin/kexin type 9 (PCSK9) inhibitors, have been found to reduce
the risk of atherosclerosis-related cardiovascular disorders proportional to the abso-
lute reduction of LDL-C in numerous randomized trials (Ference et al. 2017; Ridker
et al. 2017; Sabatine et al. 2017; Sahebkar and Watts 2013). Hence, an
LDL-lowering agent may have the potential to exert protective and therapeutic
effects against atherosclerotic plaque progression. Although statin therapy is the
most commonly used approach to treat hypercholesterolemia, there might be a
relatively large number of patients who are statin-resistant or statin-intolerant and
unable to achieve optimal LDL-C levels despite intensive statin therapy (Toth et al.
2018; Ward et al. 2019). Therefore, exploring complementary or alternative
LDL-lowering agents to prevent or treat atherosclerotic lesions is important. There
are several in vivo, clinical, and mechanistic studies that show berberine can
efficiently reduce increased levels of atherogenic lipids, mainly LDL-C, suggesting
that this natural compound has the strong potential to protect against atherosclerotic
plaque development.

2.1 In Vivo Evidence

A large number of experimental studies on rodent models of diet-induced hyper-
cholesterolemia have been conducted to determine the cholesterol-lowering effects
of the various doses and administration routes of berberine (Table 1). Since an early
report introduced berberine as a new cholesterol-lowering agent (Kong et al. 2004), a
growing body of experimental studies has further investigated and confirmed the
therapeutic potential of berberine on hypercholesterolemia in recent years (Briand
etal. 2013; Brusq et al. 2006; Chang et al. 2012; He et al. 2016; Hu and Davies 2010;
Hu et al. 2012; Jia et al. 2008; Kong et al. 2004; Li et al. 2011; Wang et al. 2013,
2014; Xiao et al. 2012). As reviewed elsewhere, berberine can modulate the
dysregulated lipid profile through reducing plasma levels of TC, LDL-C, and TG
as well as increasing plasma HDL-C in various rodent models of hyperlipidemia
(Wang and Zidichouski 2018). These results are supported by the recent animal
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Table 1 In vivo lipid-lowering effect of berberine in various animal models

Route and
Animal Berberine time of
model dose administration | Effect on plasma lipid profile Ref.
Male 50 mg/kg/ Daily gavage | Decreasing TC and LDL-C Wu
ApoE~'~ | day for 13 weeks | Increasing HDL-C et al.
mice 100 mg/kg/ (2020)
day
Male 200 mg/kg/ Daily gavage |TC (—28%) Singh
C57BL/6 | day for 2 weeks LDL-C (51%) and Liu
mice (2019)
Sprague- | 100 mg/kg/ Daily gavage | Significantly decreasing TC and LDL-C | Kim
Dawley day for 4 weeks Significantly increasing HDL-C et al.
male rats (2019)
Female 30 mg/kg/ Daily gavage | TC (—10.5) Zhu
C57BL/ day for 4 weeks LDL-C (—9.8%) et al.
6 J mice (2018)
Sprague- |50, Daily gavage | TC (—29%, —33%, —33%), non-HDL- | Wang
Dawley 100, 150 mg/ | for 8 weeks C (=31%, —41%, —38%), at 50, 100, et al.
male rats | kg/day and 150 mg/kg/day, respectively (2014)
Sprague- 100 mg/kg/ Daily gavage | No effect on both TC and non-HDL-C. | Jia
Dawley day for 6 weeks but (—31%) plasma TG levels et al.
male rats (2008)
Sprague- | 200 mg/kg/ Daily gavage | TC (—28%) and HDL-C (—41%) Chang
Dawley day for 16 weeks et al.
male rats (2012)
Male 100 mg/kg/ Orally twice a | Inhibited both cholesterol and TG Brusq
hamsters | day day for synthesis et al.
10 days (2006)
Male 150 mg/kg/ Daily injec- LDL-C (—35%), TG (—34%) Briand
hamsters | day tion for et al.
2 weeks (2013)
Female 10 and Daily gavage | TC (—42%, —56%) and TG (—37%, Xiao
C57BL/ 30 mg/kg/ for 4 weeks —47%) at 10 and 30 mg/kg/day, et al.
6 J mice day respectively (2012)
Sprague- | 500 mg/kg 3 times aday |T-C (—9%) and TG (—34.7%) Hu
Dawley gavage for et al.
rat 12 weeks (2012)
Female 50 and Daily gavage |LDL-C (—26%, —42%), at Kong
hamsters 100 mg/kg/ for 10 days 50 and100 mg/kg/day, respectively et al.
day (2004)
Hamsters | 46.7 mg/kg/ | Daily gavage |TC (—19%) and HDL-C (—11.34%) He
day for 140 days et al.
(2016)
Male 1.8 mg/kg/ Daily gavage | TC (—30%), TG (—34%) and LDL-C | Abidi
hamsters | day for 24 days (—=9.2%) et al.
(2006)
Male rats | 7, 60, and Daily gavage | Decreased TC and LDL-C, but Wang
300 mg/kg/ for 12 weeks | increased HDL-C et al.
day (2011)

(continued)
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Table 1 (continued)

Route and
Animal Berberine time of
model dose administration | Effect on plasma lipid profile Ref.
Rats 200 mg/kg/ Daily gavage | T-C (—29%) and HDL-C (—41%) Chang
day for 16 weeks et al.
(2010)
Male 50 and Daily gavage | TC (—44%, —70%,), TG (—34%, Liet al.
hamsters 100 mg/kg/ for 10 days —51%), and LDL-C (—47%, —71%) at | (2008)
day 50 and100 mg/kg/day, respectively

study that showed the oral administration of berberine (100 mg/kg/day) via gavage
feeding or dietary supplementation can ameliorate severe hypercholesterolemia in
hyperlipidemic rats (Kim et al. 2019). It is consistent with another study that
demonstrated the oral gavage of berberine at both high dose (100 mg/kg/day) and
low dose (50 mg/kg/day) could effectively and dose-dependently reduce elevated
levels of plasma TC and LDL-C in ApoE '~ mice fed with a high-fat diet, which the
effect of high dose was stronger than that of the low dose (Wu et al. 2020). Further
study revealed that berberine treatment (200 mg/kg/day) could decrease plasma
levels of TC and LDL-C by 28% and 51% in wild-type mice fed a high cholesterol
diet (Singh and Liu 2019). It was also found that intraperitoneal (i.p.) injection of
berberine (1.5-5 mg/kg/day) could decrease plasma cholesterol to a similar amount
as compared to oral administration; however, the therapeutic dose was decreased by
10 to 100-folds in i.p. route (Abidi et al. 2006; Hu and Davies 2010; Kim et al. 2009;
Wu et al. 2010). Although i.p. injection of berberine shows similar cholesterol-
lowering effects at a lower dose, it is not an acceptable route for administration in
humans because of its inconvenience and invasiveness.

The cholesterol-lowering potential of berberine is further supported by the study
that showed oral administration of berberine (90 mg/kg/day) and simvastatin (6 mg/
kg/day) exerted similar reductions of LDL-C (—27% and —28%, respectively) in rats
fed with a high-cholesterol diet. Of note, a combination of berberine with simvastatin
decreased plasma LDL-C by 46%, which was significantly higher than that of either
berberine or simvastatin monotherapy, resulting in the reduction of simvastatin dose
by 50% that still exerts similar lipid-lowering effect (Kong et al. 2008). It was also
reported that combination therapy of berberine (orally, 30 mg/kg/day) with resver-
atrol (orally, 20 mg/kg/day) in hyperlipidemic mice decreased plasma levels of total
cholesterol by 27% and LDL-C by 31.6%, which was significantly greater than that
of berberine (10.5% and 9.8%) or the resveratrol (8.4% and 6.6%) monotherapy
(Zhu et al. 2018). Therefore, berberine can be considered as an add-on therapy to
improve lipid-lowering effects and decrease the therapeutic dosage.

Besides, the cholesterol-lowering effect of berberine is also documented by other
studies where it has been shown that administration of berberine markedly reduced
the plasma level of LDL-C in animal models of type 2 diabetes mellitus fed with
high-fat diet (Zhang et al. 2008, 2011, 2014). Interestingly, in nonobese diabetic
(NOD) mice, berberine supplementation (50, 150, and 500 mg/kg/day) significantly
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decreased the ratio of LDL-C/TC in a dose-dependent manner (Chueh and Lin
2011). Moreover, studies carried out in animal models of hyperlipidemia and
non-alcohol fatty liver disease (NAFLD) have investigated lipid-modulating effects
of berberine. In a good agreement with the previous findings, the results of these
studies have also confirmed that berberine (alone or in combination with other
natural compounds such as curcumin) can facilitate the treatment of hyperlipidemia
and NAFLD through its LDL-lowering effects (Feng et al. 2018; Kou et al. 2016;
Zhou et al. 2017).

To sum up, berberine in combination with lipid-lowering drugs can efficiently
ameliorate hypercholesterolemia, whereby it can reduce therapeutic doses of such
drugs, like statins, and thereby might improve treatment of patients who are statin
intolerance or statin resistance even at high-dose therapy.

2.2 Clinical Evidence

The beneficial cholesterol-lowering effect of berberine has been verified in numer-
ous clinical trials conducted on patients with mild to moderate hypercholesterolemia
in various populations (Table 2). Recently, a systematic review and meta-analysis of
16 randomized clinical trials with a total of 2,147 participants was directed to
evaluate the efficacy and safety of berberine in patients with dyslipidemia. The
results indicate that berberine can improve plasma lipid profile in dyslipidemia
with satisfactory safety, in which significant reduction of TC and LDL-C as well
as no significant incidence of adverse events is evident (Ju et al. 2018). A placebo-
controlled clinical trial investigating the cholesterol-lowering efficacy of berberine in
patients with mild hyperlipidemia showed that oral administration of berberine
capsule (900 mg/day, for 3 months) effectively improved the plasma levels of TC
and LDL-C (Wang et al. 2016b). Comparably, a clinical trial conducted on Chinese
population indicated that oral administration of berberine (1 g/day, for 3 months)
decreased the plasma levels of TC by 29% and LDL-C by 35% in patients with
hypercholesterolemia suffering from TC levels more than 200 mg/dL (Doggrell
2005). Similarly, another clinical trial conducted on the Caucasian population has
demonstrated that berberine treatment (1 g/day, for 3 months) decreased TC by 11%
and LDL-C by 16%, without any adverse effects, in hypercholesterolemic patients
with low cardiovascular risk (Derosa et al. 2013). Moreover, it was shown that
berberine treatment could lower LDL-C (20-30%) (Johnston et al. 2017; Koppen
et al. 2017) at a percentage range close to those achieved by statin therapy (30-50%)
(Dong et al. 2013).

Cholesterol-lowering effects of berberine have been also indicated by the other
studies that investigated the effects of berberine in combination with lipid-lowering
nutraceuticals and/or drugs in hypercholesterolemic patients. Of note, berberine has
poor intestinal absorption and low oral bioavailability, which limits its therapeutic
efficacy. Silymarin, which is a flavonolignan-rich complex extracted from the milk
thistle Silybum marianum (L.), has been found to possess hepato- and cardio-
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Table 2 Clinical trials evaluating cholesterol-lowering effect of berberine in hypercholesterolemic

patients
Does, Effect on
frequency, plasma lipid
Subject Treatment group duration profile Ref.
Prediabetic patients Berberine-containing 500 mg/day, | Decreasing Feinberg
polyherbal dietary sup- once daily, TC and et al.
plement, n = 40 12 weeks LDL-C (2019)
Patients with mild-to- | Berberine-containing 500 mg/day, |LDL-C D’Addato
moderate food supplement, n = 90; | once daily, (—26%) et al.
hypercholesterolemia | placebo, n = 90 4 weeks (2017)
Hyperlipidemic Berberine-containing 0.2 g/d, once | Non-HDL-C | Spigoni
patients nutraceuticals®, n = 30 daily, (—15%), et al.
(15/15, M/F); placebo, n | 12 weeks LDL-C (2017)
=9 (3/6, M/F) (—19%)
Moderately hypercho- AP—lb, n =51 (18/33, 500 mg/d, TC (—5%), Sola et al.
lesterolemic patients M/F); placebo, n = 51 once a day, LDL-C (2014)
(14/37, M/F) 12 weeks (—7.8%)
Caucasians with low Berberine, n = 71 1 g/d, twice T-C Derosa
cardiovascular risk (35/36, M/F); placebo, daily, (—11.6%), et al.
n = 70 (35/35, M/F) 3 months LDL-C (2013)
(—16.4%),
HDL-C
(+9.1%)
Patients with meta- AP-1, n =29 (20/9, 500 mg/d, T-C (=15%), | Affuso
bolic syndrome M/F); placebo, n = 30 once daily, LDL-C et al.
(18/12, M/F) 18 weeks (—23%) (2012)
Hypercholesterolemic | AP-1, n = 152 (62/90, 500 mg/d, TC (—24%), | Pisciotta
patients M/F); compared to once daily, LDL-C et al.
baseline 6 months (—32%), (2012)
non-HDL-C
(=30%), TG
(—20%)
Menopausal women Berberine + isoflavones, | Berberine T-C (—14%), | Cianci
with moderate n = 60; compared to and LDL-C et al.
dyslipidemia baseline isoflavones (—12%), TG | (2012)
combination, | (—19%)
12 weeks
Dyslipidemic patients | AP-1, n = 933 (416/518, | 500 mg/d, T-C (—10%), | Trimarco
M/F); placebo, n = 818 | once daily, LDL-C et al.
(384/434, M/F) 16 weeks (—13%), TG | (2011)
(=7%),
HDL-C
(+8%)
Elderly (>75 years) AP-1, n = 40 (21/19, 500 mg/d, T-C (—20%), | Marazzi
hypercholesterolemic M/F); placebo, n = 40 once daily, LDL-C et al.
patients (20/20, M/F) 12 months (-31%) (2011)
Hypercholesterolemic | AP-1, n = 25 (13/12, 500 mg/d, T-C (—17%), | Affuso
patients M/F); placebo, n = 25 once daily, LDL-C et al.
(13/12, M/F) 6 weeks (—23%) (2010)

(continued)
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Table 2 (continued)

Does, Effect on
frequency, plasma lipid
Subject Treatment group duration profile Ref.
Hypercholesterolemic | Berberine, n = 24; com- | 1 g/d, twice TC Kong
patients pared to baseline (no sex | daily, (—21.8%), et al.
ratio provided) 2 months LDL-C (2008)
(—23.8%),
TG
(—22.1%)
Moderate Berberine, n = 20 (8/12, | 500 mg/d, T-C (—16%), | Cicero
dyslipidemic subjects | M/F); AP-1, n = 20 once daily, LDL-C et al.
(8/12, M/F) 4 weeks (=20%), TG | (2007)
(=22%),
HDL-C
(+7%); ber-
berine and
AP-1 did not
differ
Hypercholesterolemic | Berberine, n = 63 1 g/d, twice T-C (—29%), | Kong
patients (35/28, M/F); placebo, daily, LDL-C et al.
n =28 (17/11, M/F) 3 months (=25%), TG | (2004)
(—35%)

“Berberine-containing nutraceutical: berberine 200 mg, chitosan 10 mg, monacolin K 3 mg, and
CoQqp 10 mg

PAP-1: 1 tablet contains berberine 500 mg, red yeast rice extract 200 mg (equivalent to 3 mg
monacolins), policosanol 10 mg, CoQ;( 2 mg, folic acid 0.2 mg, and astaxanthin 0.5 mg

protective activities and optimize intestinal berberine absorption (Guarino et al.
2017). A meta-analysis of 19 controlled and cross-sectional trials showed that a
combination of berberine with silymarin could significantly improve the cholesterol-
lowering effect of berberine (Bertuccioli et al. 2019).

Results from a randomized double-blind, placebo-controlled clinical trial on
patients with moderate hypercholesterolemia (LDL-C up to 130-190 mg/dL) with-
out cardiovascular disease demonstrated that, after 2 months treatment, berberine
combined with a dry extract of artichoke, a lipid-lowering agent, could exert a
significant reduction in plasma TC by 19%, LDL-C by 16%, and non-HDL-C by
19%, with no significant side effect (Cicero et al. 2019).

Furthermore, it has been shown that the oral administration of berberine alone
(500 mg/day) or with a combination of lipid-lowering nutraceuticals (consisting
policosanols, red yeast extract, folic acid, coenzyme Q;o, and astaxanthin) for
4 weeks effectively reduced the plasma levels of LDL-C (by 20% and 25%,
respectively) and total cholesterol (by 16% and 20%, respectively) in 40 subjects
with moderate dyslipidemia (Cicero et al. 2007). A multicenter, randomized, double-
blind, placebo-controlled trial on patients with mild-to-moderate hypercholesterol-
emia showed that 4 weeks treatment with a daily oral dose of berberine-continuing
nutraceutical supplement (red yeast rice, coenzyme Q10, and hydroxytyrosol) had a
favorable efficacy and safety profile, wherein LDL-C was decreased by 26%



A. Fatahian et al.

(D’Addato et al. 2017). Another double-blind placebo-controlled study showed that
6 weeks oral administration of the mentioned combination of berberine and
nutraceuticals could decrease plasma levels of LDL-C by 23% and TC by 19%
without adverse effects in 25 hypercholesterolemic patients (Affuso et al. 2010).
Moreover, 12-month treatment with this combination was found to reduce the
plasma levels of TC by 20% and LDL-C by 31% in elderly hypercholesterolemic
patients (more than 75 years) who were statin intolerance (Marazzi et al. 2011). The
combination containing berberine was also compared with ezetimibe drug in hyper-
cholesterolemic subjects who were intolerant or refusing to take statin; the combi-
nation therapy was more effective in decreasing LDL-C (—32% vs — 25%) and TC
(—24% vs — 19%) (Pisciotta et al. 2012).

Several clinical trials have also investigated the effects of berberine combined
with statins in hypercholesterolemic patients. A recent comprehensive meta-analysis
indicates that berberine treatment could synergistically increase cholesterol-lowering
potential of statins, while the incidence of statin-related adverse reactions, such as
elevation of transaminase and muscle aches, was markedly decreased (Zhang et al.
2019).

Cholesterol-lowering efficacy of berberine is further verified by the other clinical
trials in dyslipidemic subjects with various disease conditions, such as prediabetic
(Feinberg et al. 2019) and diabetic patients (Bertuccioli et al. 2019; Yin et al. 2008;
Zhang et al. 2010), patients with metabolic syndrome (Affuso et al. 2012; Pérez-
Rubio et al. 2013), and post-menopause subjects (Affuso et al. 2012).

These findings confirm that berberine improves plasma levels of cholesterol in
dyslipidemic conditions, and since dyslipidemia, particularly high level of plasma
LDL-C, is an independent risk factor for promotion and progression of atheroscle-
rotic lesions, this natural compound possesses potential preventive and/or therapeu-
tic effects for treating atherosclerosis. Hence, given that atherosclerosis is a chronic
disorder, further rigorous clinical studies are needed to better determine the long-
term efficacy of berberine and its effects on the progression of atherosclerotic
lesions.

2.3 Mechanisms Underlying the Cholesterol-Lowering Effect
of Berberine

Berberine is known to reduce plasma cholesterol through modulating cholesterol
metabolism and hemostasis. Berberine has been shown to suppress cholesterol
biosynthesis through inhibiting 3-hydroxy-3-methyl-glutaryl-coenzyme A
(HMG-CoA) reductase via activating AMP-activated protein kinase (AMPK) in
hepatocytes. The activated AMPK phosphorylates the rate-limiting enzyme
HMG-CoA reductase and leads to the inactivation of cholesterol biosynthesis
(Brusq et al. 2006).
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Fig. 1 Schematic view of mechanisms underlying LDLR-dependent cholesterol lowering effects
of berberine. (a) Berberine can enhance LDLR expression through elevating LDLR mRNA stability
via inducing ERK signaling activity that suppresses binding of heterogeneous nuclear ribonucleo-
protein 1 (hnRNP I) to AREs, leading to inhibition of RNA degradation machinery. (b) Berberine
can also induce LDLR expression through inducing the degradation of two cellular trans-activators,
hepatocytes nuclear factor 1o (HNF1a) and sterol regulatory element-binding protein 2 (SREBP2)

Moreover, intestinal absorption of dietary cholesterol has an important role in
cholesterol hemostasis, and berberine has been shown to inhibit various processes
involved in intestinal absorption, including intraluminal cholesterol micellization,
cholesterol uptake by enterocytes, and cholesterol esterification in the enterocytes
via reducing expression of acyl-coenzyme A cholesterol acyltransferase-2 (Wang
et al. 2014).

Plasma cholesterol is mainly removed from the blood circulation by the liver LDL
receptor (LDLR). LDLR deficiency increases plasma cholesterol and accelerates
atherosclerosis (Umans-Eckenhausen et al. 2002; Xu and Weng 2020). Recently, an
in vivo study showed that berberine treatment failed to decrease the plasma levels of
cholesterol in hypercholesterolemic LDLR-deficient mice (Ldlr—"), providing
direct evidence that supports cholesterol-lowering effects of berberine might be
mediated, at least in part, by regulating the liver LDLR (Singh and Liu 2019).
Further mechanistic studies (Abidi et al. 2005, 2006; Dong et al. 2015; Kong et al.
2006; Li et al. 2009a; Momtazi et al. 2017) indicate that berberine can increase
stability of LDLR at both mRNA (Fig. 1a) and protein (Fig. 1b) levels and, thereby,
upregulate the expression of hepatic LDLR. The 3’-untranslated region (3’-UTR) of
human LDLR mRNA contains three AU-rich elements (AREs) responsible for rapid
mRNA turnover, which mediates berberine-induced mRNA stabilization. Berberine
was found to extend LDLR mRNA half-life entirely through 3’ UTR in an extracel-
lular receptor-activated kinase (ERK) cascade-dependent manner, in which inhibit
interactions of cis-regulatory sequences of 3’ UTR and mRNA binding proteins that
are downstream effectors of this signaling pathway (Abidi et al. 2005, 2006; Kong
et al. 2006). AREs are the well-known RNA cis-regulatory elements that play a
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central role in the mRNA stability (Zhang et al. 2002). Further studies highlighted
that berberine can inhibit binding of heterogeneous nuclear ribonucleoprotein
1 (hnRNP 1), a destabilizing ARE binding protein, to the LDLR mRNA 3'UTR,
whereby enhances LDLR mRNA stability resulting in increased LDLR expression
and improved plasma LDL-C clearance (Li et al. 2009b; Singh et al. 2014).

Besides, berberine also can increase the stability of LDLR protein on the surface
of hepatocytes through post-translational regulation via modulatory effects on
PCSKO9/LDLR pathway (Cameron et al. 2008; Momtazi et al. 2017; Xiao et al.
2012). PCSK?9 is mainly produced by hepatocytes and secreted to the bloodstream
where it binds the extracellular domain of hepatic LDLR and targets it to lysosomal
degradation, leading to insufficient hepatic LDLR to trap plasma circulating LDL-C
(Qian et al. 2007), causing hypercholesterolemia and atherosclerosis-related cardio-
vascular disease (Abifadel et al. 2003). Mechanistically, berberine can decrease
expression of PCSK9 through accelerating the degradation of two cellular trans-
activators, hepatocytes nuclear factor 1o (HNFla) and sterol regulatory element-
binding protein 2 (SREBP2) that are essential for PCSK9 expression (Dong et al.
2015; Li et al. 2009a; Momtazi et al. 2017). To sum up, berberine can increase the
liver LDLR at both mRNA and protein levels through two distinct mechanisms
including inhibition of hnRNPI activity and reduction of PCSK9 expression,
respectively.

Cholesterol is finally eliminated from the liver via the conversion into bile acids
and/or excretion as free cholesterol into bile, resulting in more cholesterol uptake by
the liver from the bloodstream. Berberine was found to increase cholesterol secretion
from the liver into bile (Guo et al. 2016; Li et al. 2015) and also elevate hepatic
expression of enzymes regulating the synthesis of bile acid from cholesterol, such as
mitochondrial sterol 27-hydroxylase, which was associated with a significant reduc-
tion of plasma cholesterol (Wang et al. 2010).

In conclusion, berberine can regulate plasma cholesterol through inhibiting
cholesterol biosynthesis by the liver together with intestinal absorption of dietary
cholesterol, elevating liver LDLR stability, and enhancing cholesterol excretion via
increasing biosynthesis of bile acid and secretion of free cholesterol.

3 Berberine’s Effects on Atherosclerosis Lesion
Progression: In Vitro Evidence

3.1 Berberine Improves Endothelial Cell Function

Vascular endothelial dysfunction is known to be a primary event promoting initia-
tion and progression of atherosclerotic lesions, thus improving or repairing endo-
thelium functionality that can exert beneficial effects on the atherosclerotic process
(Mordi and Tzemos 2014). Endothelial dysfunction is characterized by elevated
oxidative stress and decreased nitric oxide (NO) synthesis/availability, leading to
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Fig. 2 Improved functions of berberine-treated endothelial cells
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proinflammatory and proliferative processes that assist all steps of atherogenesis
progression (Yuyun et al. 2018).

Berberine was found to protect against endothelial dysfunction in both the
cultured human umbilical vein endothelial cells (HUVECs) and blood vessels
isolated from rat aorta. This protective effect of berberine is through activating
AMPK signaling that upregulates the expression of endothelial nitric oxide synthase
(eNOS) and downregulates the expression of NADPH oxidase (NOX4) resulting in
decreased generation of reactive oxygen species (ROS) and increased production of
NO (Wang et al. 2009; Zhang et al. 2013).

The activated endothelial cells express adhesion molecules, such as E- and
P-selectins, intercellular adhesion molecules (ICAM) like ICAM-1 and vascular
cell adhesion molecules (VCAM) like VCAM-1, which act as a receptor for recruit-
ment of the inflammatory monocytes (Collins et al. 2000; Dong et al. 1998; Shih
et al. 1999). The improved functionality of injured endothelial cells by berberine
treatment can be further supported by other studies showing berberine suppressed
the production of ICAM-1 and VCAM-1, leading to a decrease adhesion of mono-
cytes to endothelial cells (Chen et al. 2014; Ko et al. 2007; Wu et al. 2012).

To sum up, berberine can improve endothelial cell function through balancing
NO and ROS production via modulating AMPK/eNOS/NOX4 signaling pathway
together with reducing the adhesion capacity to monocytes (Fig. 2).

3.2 Berberine Modulates Atherogenic Activities
of Macrophages

Macrophages, derived from recruited monocytes, play a central role in atheroscle-
rotic plaque formation and progression. After adhesion, monocytes subsequently
infiltrate into the subendothelial layer and differentiate into macrophages. When
these cells transmigrate across the endothelial monolayer into the intima, they uptake
0x-LDL-C and form the so-called foam cells (Moore et al. 2013; Moore and Tabas
2011).

Berberine was shown to decrease the expression of the infiltration marker CD68,
revealing decreased macrophage infiltration into aortic plaques (Chen et al. 2014).
Mechanistically, berberine can suppress transendothelial migration through reducing
the toll-like receptor (TLR)-mediated macrophage migration ability via inhibiting



A. Fatahian et al.

the enzymatic activity of Src that is an inducible tyrosine kinase having a pivotal role
in cell movement (Cheng et al. 2015). It is further approved by the other study that
showed berberine treatment could significantly and highly reduce macrophages
contents in mice’s atherosclerotic plaques (Yang et al. 2020).

The impaired cholesterol efflux and the excessive internalization of LDL-C lead
to cholesterol accumulation in the infiltrated macrophages, causing foam cell for-
mation and atherosclerosis lesion progression (Khera et al. 2011). Reverse choles-
terol transporters, such as class B scavenger receptor type I (SR-BI) and
ATP-binding cassette transporter (ABC)A1 and G1 (ABCG1), play crucial roles in
the efflux of intracellular cholesterol in foam cells (Ohashi et al. 2005). Upon
macrophage cholesterol loading, autophagy enhances the lysosomal hydrolysis of
stored cholesterol droplets and generates free cholesterol mainly for ABCAI-
mediated efflux, whereby it facilitates cholesterol efflux (Ouimet et al. 2011; Razani
et al. 2012; Wang et al. 2016a). During atherogenic states, the autophagy process is
imparted in macrophages, and berberine treatment was found to enhance autophagy
in macrophages, prevent autophagy resistance in the foam cells, and consequently
induce cholesterol efflux in both treated cells. Berberine could promote autophagy-
dependent cholesterol efflux through suppression of the PI3K/AKT/mTOR pathway
resulting in ABCA1-dependent cholesterol efflux in macrophage-derived foam cells
(Kou et al. 2017). The positive effect of berberine on cholesterol efflux is further
confirmed by other studies that show berberine can increase expression of SR-BI
(Chi et al. 2014) and ABCA1/G1 via activating the liver X receptor o (LXRa)
transcription factor (Lee et al. 2010; Yang et al. 2020).

Meanwhile, autophagy dysfunction and consequent intracellular lipid accumula-
tion induces macrophage-mediated inflammation and thus exacerbates atheroscle-
rotic development (Razani et al. 2012). Berberine was shown to inhibit oxLDL-
induced inflammatory factors, such as macrophage inflammatory protein 1 alpha
(MIP-1a) and RANTES in macrophages, through inducing autophagy that was
mediated by activation of the AMPK/mTOR signaling pathway (Fan et al. 2015).
Berberine was also found to decrease macrophage inflammation through reducing
the expression and secretion of tumor necrosis factor-alpha (TNF-a), monocyte
chemoattractant protein-1 (MCP-1), and Interleukin 6 (IL-6), in vitro (Chen et al.
2008). Potential inhibitory effect of berberine on atherosclerotic plaque progression
can be supported by other studies that show therapeutic approaches enhancing
autophagy in macrophages potentially prevent or treat atherosclerosis progression
(Maiuri et al. 2013; Schrijvers et al. 2011).

Besides, berberine was also demonstrated to inhibit cholesterol accumulation and
foam cell formation promoted by the influx of either native or oxXLDL-C in macro-
phages. These cells can internalize native LDL-C through a receptor-independent
route called macropinocytosis that has been demonstrated to promote the formation
of foam cells and suggests a new therapeutic target to decrease cholesterol accumu-
lation in atherosclerotic plaques (Kruth 2013). Of note, berberine was found to
inhibit macropinocytosis and, thereby, decrease cholesterol accumulation and
corresponding negative feedbacks promoted by foam cell formation (Zimetti et al.
2015). Macrophages also internalize oxLDL-C using scavenger receptors class A SR
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(SR-A), CD36, and lectin-like oxidized LDL receptor-1 (LOX-1), and berberine
treatment could reduce the elevated expression of the mentioned receptors and,
thereby, decrease cholesterol influx and lipid content in oxLDL-exposed macro-
phages/foam cells (Chi et al. 2014; Guan et al. 2010; Yang et al. 2020).

Importantly, a plaque with a large lipid core and covered by a thin fibrous cap is at
a higher risk for rupture (Schaar et al. 2004). Since the atherosclerotic plaque rupture
followed by thrombus formation causes myocardial infarction, stroke, and death
(Carr et al. 1996), suppressing the rupture of unstable plaques are crucial to prevent
emergency medical conditions. The ruptured fibrous cap is found to be rich in
macrophage and foam cells generating matrix metalloproteinases (MMPs) and
extracellular MMP inducer (EMMPRIN), which digest extracellular matrix proteins
and weaken the fibrous cap, resulting in the vulnerability of atherosclerotic plaques
(Gough et al. 2006; Ha et al. 2020; Perrucci et al. 2020; Schmidt et al. 2006).
Berberine treatment was indicted to decrease elevated expression of MMPs and
EMMPRIN in oxLDL-exposed macrophages (Chen et al. 2014; Huang et al. 2012;
Huang et al. 2011), suggesting that berberine can stabilize vulnerable plaques.

To sum up, berberine has potential to prevent or treat atherosclerotic plaque
formation and progression, at least in part, through suppressing macrophage migra-
tion into the intima, inhibiting foam cell formation and inflammation via suppressing
intracellular cholesterol accumulation through enhancing autophagy and cholesterol
efflux and reducing cholesterol influx, as well as increasing plaque stability (Fig. 3).

3.3 Berberine Blocks Proliferation and Migration
of Vascular Smooth Muscle Cells

Vascular smooth muscle cells (VSMCs) are a major cell type contributing to
atherosclerotic lesion progression. Proliferation and migration of VSMCs from
media to intima layers of vascular wall and formation of muscle-origin foam cells
after lipid ingestion promote the intimal thickening and, thereby, exert an important
role in atherosclerosis pathology (Basatemur et al. 2019; Bennett et al. 2016).
Therefore, inhibiting VSMCs proliferation and migration can beneficially affect
atherosclerotic plaque initiation and progression.

Arterial injury is known to promote cell cycle re-entry in VSMCs, following a
wave of immediate early gene expression. After the injury, activation of extracellular
signal-regulated kinase (ERK) is among the earliest of biochemical changes and is
strongly associated with subsequent expression of early response transcription
factors and growth factors (Kim et al. 1998; Koyama et al. 1998; Roostalu and
Wong 2018).

ERK is a key transducer of extracellular signals that induce cell growth and
movement, which are essential for the promotion and development of vascular
lesions (Lu et al. 2020). ERK transmits mitogenic signals by translocation to the
nucleus where activates many of its substrates, such as early growth response factor
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1 (Egr-1) (Gille et al. 1995; Goetze et al. 1999). Egr-1 is a zinc finger transcription
factor that is lowly expressed in the normal vessel wall but is rapidly and transiently
expressed in VSMC:s in response to arterial injury (Khachigian et al. 1996; Kim et al.
1995). The activated Egr-1 regulates the expression of several genes participating in
cell growth and differentiation, such as platelet-derived growth factor (PDGF)
(Havis and Duprez 2020; Khachigian et al. 1996; Khachigian et al. 1995; Silverman
et al. 1997) and Cyclins (Guillemot et al. 2001; Havis and Duprez 2020; Yan et al.
1997), which are known to be implicated in the pathogenesis of atherosclerosis
(Guillemot et al. 2001; Havis and Duprez 2020; Khachigian and Collins 1997; Yan
et al. 1997). Berberine has been found to abolish injury-induced VSMC regrowth
through the inactivation of ERK and inhibiting the expression of Egr-1 and down-
stream production of growth mediators Cyclin D1 and PDGF-A, thereby preventing
early signaling related with cell cycle re-entry induced by injury. Of note, the
inhibitory effect of berberine was identified to be by suppressing the activity of
mitogen-activated protein kinase 1/2 (MEK1/2) that mediates activation of ERK/
Egr-1 signaling by injury (Liang et al. 2006).

Moreover, PDGF is an important growth factor released after vascular injury and
is related to VSMC proliferation and migration. Berberine was shown to inhibit
PDGF-stimulated VSMC proliferation through activating AMPK/p53/p21'P! sig-
naling and inactivation the Rac1/Cyclin D/Cyclin-dependent kinase (Cdk) leading to
Gl arrest (Liang et al. 2008). AMPK is a serine/threonine protein kinase that is
known to suppress PDGF-induced proliferation in human aortic VSMC (Igata et al.
2005). The activated AMPK can induce a cell cycle G1 arrest via AMPK-dependent
phosphorylation of p53 in human VSMCs (Igata et al. 2005). Inhibition of PDGF-
induced VSMC proliferation by berberine was indicated to be mediated in part
through increasing the activity of AMPK, which led to the activation of p53
phosphorylation and up-regulation of the Cdk inhibitor p21°'P! (Liang et al.
2008). Furthermore, Racl is a signaling GTPase that regulates a wide variety of
cellular activities, including cell proliferation, migration, and apoptosis. Racl is
known to mediate PDGF-induced VSMC proliferation through activating the pro-
duction of cell cycle regulatory molecules Cyclins and Cdks that are responsible for
G1/S cell cycle transition (Liang et al. 2008). Of note, berberine was shown to inhibit
PDGF-induced Racl activation and upregulation of Cyclin D1, Cyclin D3, Cdk2,
and Cdk4, whereby it induces G1-phase arrest in VSMCs (Liang et al. 2008).

In addition to promoting cell proliferation, PDGF can also stimulate migration in
VSMCs, as PDGF is the most potent reported chemoattractant for VSMCs (Zhang
et al. 2018). Many reports show PDGF increases both Racl activity and cell
migration (Al-Koussa et al. 2020). Herewith, berberine was also found to PDGF-
induced VSMCs migration through inhibiting activation of Racl and another
GTPase, Cdc42, that mediate the migratory function of PDGF through VSMCs
injury (Liang et al. 2008).

Regarding the mechanism of berberine on the inhibition of Racl and Cdc42, there
has been evidence that AMPK activation could lead to suppression of HMG-CoA
reductase, the rate-limiting enzyme of cholesterol synthesis (Liang et al. 2008).
Suppression of HMG-CoA reductase decreases cholesterol synthesis as well as
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some critical isoprenoids downstream of mevalonate such as farnesyl pyrophosphate
and geranylgeranyl pyrophosphate, which are essential for membrane translocation
and activation of Racl and Cdc42 (Liang et al. 2008). Therefore, AMPK activation
by berberine can drive suppression of HMG-CoA reductase and reduce downstream
isoprenoids that are required for Racl and Cdc42. Hence, berberine can indirectly
inhibit activation of Racl and Cdc42 and prevent cell proliferation and migration
induced by PDGF in VSMCs.

In conclusion, berberine-elicited anti-proliferative and anti-migratory effects in
the injured VSMCs are related to a multifaceted attack on multiple signaling targets
that critically participated in growth suppression. Given that abnormal proliferation
and migration of VSMC:s is a hallmark event in atherosclerotic lesions development,
such findings can support the preventive effect of berberine on initiation and
progression of atherosclerosis lesions.

4 Berberine’s Effects on Atherosclerosis Lesion
Progression: In Vivo Evidence

There are several in vivo studies on mouse models of atherosclerosis that support the
abovementioned in vitro studies showing potential anti-atherogenic effects of ber-
berine. ApoE '~ mouse fed with the atherogenic diet is the most common model of
human atherosclerosis that is widely used to evaluate the preventive or therapeutic
effects of drugs on atherosclerosis lesion progression.

It was found that oral gavage of berberine at a low dose (50 mg/kg/day) and a high
dose (100 mg/kg/day) after 13 weeks could significantly decrease atherosclerotic
plaque area and lesion size in ApoE '~ mice bearing atherosclerosis, in which the
high dose was found to be more effective (Wu et al. 2020). Further study reveals that
berberine treatment (8 weeks) could decrease vascular inflammation and oxidative
stress via an AMPK-dependent mechanism, leading to a significant reduction of
atherosclerotic plaque progression in mouse aorta (Wang et al. 2011). However,
another in vivo study indicated that berberine treatment at a lower dose (orally
10 mg/kg/day, for 16 weeks) failed to exert a significant effect on atherosclerosis
plaque progression in hypercholesterolemic ApoE '~ mice, while the same dose of
its derivatives, dihydroberberine and 8,8-dimethyldi-hydroberberine possessing
higher bioavailability, were found to at the same dose effectively decrease athero-
sclerotic plaque size and improve plaque stability (Chen et al. 2014). This finding
was suggested to be due to poor intestinal absorption of berberine (Chen et al. 2014).
Thus, oral administrating of berberine derivatives with improved intestinal absorp-
tion or its administration via alternative routes can enhance therapeutic potential. It
can be further supported by a recent in vivo study that showed berberine (10 mg/kg/
day, for 14 weeks) via intraperitoneal injection in hypercholesterolemic ApoE '~
mice could decrease the size of atherosclerotic plaque in aortic sinus by 45% (Yang
et al. 2020).
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Cellular and molecular examination of atherosclerosis lesions isolated from
berberine-treated mice reveals that berberine can suppress atherosclerosis plaque
progression through mechanisms consistent with those found by in vitro studies
discussed in previous sections. Of note, berberine has been indicated to reduce
macrophage content in mice’s atherosclerotic plaques through reducing macrophage
adhesion and infiltration to the vascular endothelium via inhibiting the expression of
two critical adhesion molecules ICAM-1 and VCAM-1 (Chen et al. 2014; Yang et al.
2020). Moreover, berberine treatment was shown to reduce lipids contents in aortic
macrophages through increasing expression of ABCA1/G1-mediated cholesterol
efflux and reducing expression of SR-A/CD36-mediated cholesterol influx in hyper-
cholesterolemic ApoE '~ mice (Yang et al. 2020). Likewise, immunohistochemical
assays of mice’s aortic plaque showed that berberine treatment decreased protein
expression of MMP-9 and EMMPRIN and whereby increased collagen content and,
consequently, improved fibrous cap thickness and plaque stability (Chen et al.
2014).

Overall, these results indicate that berberine inherently has the potential to protect
and ameliorate the progression of atherosclerotic plaques. Since there is no clinically
approved lipid-lowering agent that can target atherosclerotic plaques and locally
inhibit the function of cellular and molecular mediators in lesion progression, these
findings underscore the therapeutic importance of berberine for preventing and
treating atherosclerosis. However, low bioavailability of berberine can influence
such beneficial effects, and, therefore, further preclinical studies are required to
determine its effectual derivatives or administration routes, such as intravenous
injection, for providing an efficient anti-atherosclerotic therapeutic tool.

5 Conclusion

Berberine is found to be a promising anti-atherogenic agent protecting against
atherosclerosis progression, as it can modulate cholesterol metabolism and hemo-
stasis and the other important atherogenic factors directly involved in atherosclerotic
lesion formation. The majority of findings consistently demonstrate that the lipid-
lowering effect of berberine is mainly in term of reducing TC and LDL-C through
several LDLR-dependent and LDLR -independent mechanisms. Berberine decreases
plasma levels of LDL-C through upregulating the mRNA and protein expression of
the hepatic LDLR via two distinct mechanisms, including evaluation of LDLR
mRNA stability and inhibition of PCSK9, a main negative regulator of LDLR
protein. Besides the LDLR-mediated mechanism, berberine also can impact choles-
terol hemostasis through regulating the other important factors, including liver
biosynthesis of cholesterol, intestinal absorption of dietary cholesterol, as well as
bile acid synthesis and secretion, and secretion of free cholesterol. Berberine has
been also found to have anti-inflammatory and anti-oxidant abilities, whereby it can
modulate function and proliferation of inflammatory macrophages, VSMC, and
endothelial cells that directly collaborate in atherosclerotic lesion formation.
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Among the signaling pathways through which berberine regulates intracellular
processes, AMPK has a central and critical role. Interestingly, activated AMPK
contributes to various mechanisms involved in the atheroprotective effect of berber-
ine, including suppressing cholesterol biosynthesis, improving endothelial dysfunc-
tion via upregulating the expression of eNOS and downregulating the expression of
NOX4, as well as blocking injury-stimulated VSMCs regrowth and proliferation.
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