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ABSTRACT

Atherosclerotic cardiovascular disease (ASCVD) frequently results in sudden death and poses a serious
threat to public health worldwide. The drugs approved for the prevention and treatment of ASCVD are
usually used in combination but are inefficient owing to their side effects and single therapeutic targets.
Therefore, the use of natural products in developing drugs for the prevention and treatment of ASCVD
has received great scholarly attention. Andrographolide (AG) is a diterpenoid lactone compound
extracted from Andrographis paniculata. In addition to its use in conditions such as sore throat, AG can be
used to prevent and treat ASCVD. It is different from drugs that are commonly used in the prevention and
treatment of ASCVD and can not only treat obesity, diabetes, hyperlipidaemia and ASCVD but also inhibit
the pathological process of atherosclerosis (AS) including lipid accumulation, inflammation, oxidative
stress and cellular abnormalities by regulating various targets and pathways. However, the pharmaco-
logical mechanisms of AG underlying the prevention and treatment of ASCVD have not been corrobo-
rated, which may hinder its clinical development and application. Therefore, this review summarizes the
physiological and pathological mechanisms underlying the development of ASCVD and the in vivo and
in vitro pharmacological effects of AG on the relative risk factors of AS and ASCVD. The findings support
the use of the old pharmacological compound (‘old bottle’) as a novel drug (‘novel wine’) for the pre-
vention and treatment of ASCVD. Additionally, this review summarizes studies on the availability as well
as pharmaceutical and pharmacokinetic properties of AG, aiming to provide more information regarding
the clinical application and further research and development of AG.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of Xi’an Jiaotong University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

gender, age, smoking, hypertension, hyperglycaemia, hyper-
lipidaemia and obesity [5,6]. Therefore, developing drugs for the

Atherosclerotic cardiovascular disease (ASCVD) can manifest as
coronary heart disease (CHD), cerebrovascular disease or periph-
eral arterial disease (PAD) of atherosclerotic origin [1]. In 2019,
ASCVD was reported to cause 17.9 million deaths [2—4]. Studies
have shown that there are many risk factors of ASCVD, including
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prevention and treatment of ASCVD is necessary. Moreover, syn-
thetic drugs that manage the risk factors of ASCVD, including
obesity, diabetes, hyperlipidaemia and hypertension, can prevent
ASCVD to some extents [7—11]. However, the development of
ASCVD involves multiple targets and pathways. Drugs applied to
treat ASCVD and its risk factors are single-targeted, and conse-
quently elicit unsatisfactory efficacy and unavoidable side effects.
Therefore, novel complementary and alternative medical ap-
proaches should be used to prevent and treat ASCVD.

Regular intake of spices, vegetables and fruits can minimize
reactive oxygen species (ROS) production, oxidative stress and
inflammation, which contribute to the occurrency and develop-
ment of non-communicable diseases including ASCVD. Given that
natural agents such as emodin, curcumin, nuciferine, puerarin, and
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ginsenosides have multiple-targets, little toxicity, and great thera-
peutic potentials against non-communicable diseases [12—19],
attention should be paid to discover natural compounds which can
be applied in the prevention and treatment of ASCVD and in turn
prolong the life expectancy of ASCVD patient.

In 1911, a crystalline agent, named andrographolide (AG), was
first isolated from Andrographis paniculata and was considered a
major active diterpenoid [20,21]. As a monomer component with
multiple targets, AG has been proved to be effect in treating com-
mon cold, sinusitis, acute upper respiratory tract infection, pneu-
monia and bronchitis in clinical dosage forms such as tablets,
capsules, soft gels, dispersible tablets and drops in China [22—25].
In addition to anti-inflammatory and antibacterial effects, AG exerts
remarkable therapeutic effects against obesity, diabetes, hyper-
lipidaemia, CHD, cerebral ischemia and cerebral haemorrhage.
Therefore, it may be used to prevent and treat ASCVD [26—31].
However, to the best of our knowledge, no review has summarized
the preventive and therapeutic effects of AG on ASCVD.

Although previous studies have demonstrated the efficacy of
AG in treating various diseases, its use in the prevention and
treatment of ASCVD has been reported only in recent studies
(signifying ‘novel wine’ in an ‘old bottle’). However, its mecha-
nisms of action and complications remain unclear (Fig. 1). In this
review, we summarized the physiological and pathological
mechanisms underlying the development of ASCVD and the
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therapeutic role of AG in ASCVD. Additionally, we discussed the
safety, availability and pharmacokinetic properties of AG to pro-
vide a reference for the development and use of AG-based drugs
for treating ASCVD.

2. Pathophysiological mechanism and complication of ASCVD

ASCVD is common in the general population and includes four
main subtypes: (1) CHD, which manifests as myocardial ischemia
and myocardial infarction (MI); (2) cerebrovascular diseases,
which manifest as transient ischaemic attacks and strokes; (3)
PAD, which manifests as claudication and severe limb ischemia;
and (4) aortic atherosclerosis and aortic aneurysms [32,33].
Despite recent advances in preventive medicine, the risk of
recurrence of ASCVD, a consequence of the enormous burden of
atherosclerotic plaques, remains high. Therefore, early interven-
tion is necessary to prevent progression to large plaques and
substantially reduce the risk of ASCVD [34,35]. Additionally,
atherosclerosis (AS), the primary risk factor of ASCVD, is usually
caused by physiological, environmental and genetic factors
[36,37]. Because it is difficult to control genetic and environmental
factors, an effective approach to treat AS involves the manage-
ment of its physiological factors, especially hyperlipidaemia, hy-
pertension, diabetes and obesity [10,38]. The following sections
describe the physiological characteristics of ASCVD, especially its
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Fig. 1. Novel and old applications of andrographolide (AG) in different diseases. ASCVD: atherosclerotic cardiovascular disease; AS: atherosclerosis.
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relationship with AS, hyperlipidaemia, hypertension, diabetes and
obesity, and the drugs approved for ASCVD.

2.1. Pathophysiology of ASCVD

Because of the complex pathogenesis of ASCVD, we have
described the underlying process by summarizing the risk factors,
pathogenesis, complications and relevant signaling pathways and
targets as separate topics.

2.1.1. Risk factors of ASCVD

Hypertension, hyperglycaemia, hyperlipidaemia and obesity,
which are the main risk factors of ASCVD, usually contribute to the
development of AS. These factors are related to oxidative stress,
inflammation and endothelial dysfunction in AS. Dyslipidaemia is a
major risk factor for AS [39]. Hyperlipidaemia causes lipid abnor-
malities and promotes thrombosis. Hyperlipidaemia and obesity
can induce glucose and lipid disorders, which in turn induce
oxidative stress and endothelial dysfunction associated with AS
[40,41]. Additionally, hypertension activates oxidative stress and
inflammatory processes, resulting in endothelial dysfunction [42].
Numerous studies have shown that the above mentioned risk fac-
tors are frequently concomitant in clinical settings and substan-
tially increase the risk of cardiovascular diseases. For example, a
study reported that the clinical complications of type 2 diabetes
mellitus included hypertension in 82.1% of patients, obesity in
78.2% of patients and hyperlipidaemia in 77.2% of patients [43].
Therefore, controlling these risk factors may help to prevent
ASCVD.

2.1.2. Pathogenesis of AS

AS, the pathological basis of ASCVD, is a chronic inflammatory
disease of blood vessels, with the involvement of large and middle
arteries. It is characterized as lipid accumulation, inflammation,
oxidative stress, activation of endothelial cells (ECs), proliferation of
arterial smooth muscle cells (SMCs), activation of macrophages and
formation of foam cells [44]. Over the past few decades, researchers
have investigated the pathogenesis of AS and proposed different
hypotheses, such as the immune—metabolic, lipid, thrombogenic
and response to injury hypotheses [45—49]. Notably, damage in
vascular endothelial cells (VECs) is considered as the primary
trigger for the occurrence and development of AS [50]. Endothelial
dysfunction is associated with hyperglycaemia and hypertension.
To be specific, hyperglycaemia triggers the apoptosis and endo-
thelial dysfunction of ECs by disrupting the balance between the
bioavailability of nitric oxide (NO) and the accumulation of ROS
[51,52]. Moreover, hyperglycaemia leads to the activation, adhesion
and aggregation of platelets [53]. Studies have shown that hyper-
tension destroys the endothelial lining of vascular SMCs through
altering forces of shear stress and enhancing oxidative stress.
Correspondingly, these pathophysiological forces trigger cell pro-
liferation, vascular remodeling and cell apoptosis [54].

In addition to hyperglycaemia and hypertension, endothelial
damages are associated with lipid metabolism disorders [55]. In the
early stage of AS, a large amount of low-density lipoprotein
cholesterol (LDL-C) enters the intima and is converted to oxidized
low-density lipoprotein (0x-LDL) owing to oxidative stress (Fig. 2).
The deposition of ox-LDL in the intima of arteries activates the
endothelium, which secretes adhesion molecules such as intercel-
lular adhesion molecule-1 (ICAM-1), vascular cell adhesion
molecule-1 (VCAM-1) and E-selectin, attracting monocytes into the
endothelium and stimulating the activation and aggregation of
platelets in damaged sites [56,57]. Subsequently, monocyte-derived
macrophages internalise ox-LDL and become foam cells [58,59].
Dysfunctional VECs, macrophages and platelets secrete various
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growth factors and vasoactive substances, thereby promoting
abnormal proliferation and migration of vascular smooth muscle
cells (VSMCs) and formation of a stable fibrous cap. The fibrous cap
covers complex plaques containing oxidized lipoproteins, choles-
terol crystals, inflammatory cells (activated macrophages and T
cells) and apoptotic VSMCs, which collectively promote inflam-
mation [60,61]. In the late stage of AS, macrophages secrete matrix
metalloproteinases (MMPs) and degrade collagen fibres in the
extracellular matrix of the plaque, leading to plaque rupture and
thrombosis [62,63]. Additionally, thrombosis decreases the blood
flow, resulting in inadequate blood supply to the heart and brain,
which eventually leads to life-threatening clinical events such as
ischaemic myocardial infarction, stroke and peripheral vascular
disease. Therefore, alleviating inflammation and oxidative stress,
regulating lipid metabolism, improving endothelial function and
decreasing blood pressure and glucose levels are essential ap-
proaches to alleviate AS.

2.1.3. Occurrence of ASCVD

AS-induced narrowing of the vessel lumen results in slow blood
flow and tissue necrosis, contributing to the occurrence of ASCVD,
including CHD, cerebrovascular diseases, chronic kidney disease,
PAD and mesenteric AS [64]. CHD, referring to MI or ischemic heart
disease, is caused by myocardial ischemia and hypoxia due to cor-
onary atherosclerosis [65]. When a plaque ruptures, there is a loss
of integrity of the fibrous cap that separates the necrotic core from
blood in the lumen of the artery, which constitutes the major cause
of coronary thrombosis [66]. Plaque rupture may physically cause
irregular heartbeat, breath shortness and pains in the chest, arms,
shoulders or back [67]. Internal carotid artery plaque rupture and
subsequent embolisation of atherosclerotic material travel into the
brain and lead to cerebrovascular diseases, such as ischaemic stroke
[68]. A transient ischaemic attack often occurs before a stroke. The
common features of ischemia and stroke include speaking diffi-
culty, sudden weakness and visual impairment [69]. Additionally,
the walls of cerebral arterioles are thin, and cerebral atherosclerotic
lesions can form small aneurysms. If blood pressure increases
suddenly, the small aneurysm may rupture and cause fatal brain
haemorrhage [70]. Furthermore, PAD is a common circulatory
condition in which narrowing arteries reduce blood flow to the
extremities (usually the legs), leading to symptoms such as leg pain
while walking [71]. Plaque build-up in renal arteries deprives the
kidneys of oxygen-rich blood, resulting in kidney dysfunction [72].
Additionally, atheromatous plaques in the mesenteric arteries can
lead to intestinal infarction. Consequently, patients may experience
severe abdominal pain, stool bleeding and shock [73] (Fig. 3).
Therefore, it is necessary to prevent or treat ASCVD.

2.14. Signaling pathways and targets of AS and ASCVD
Development of AS is a complex process and involves multiple
signaling pathways related to inflammation, oxidative stress and
lipid metabolism. Inflammation, which mainly involves the regu-
lation of mitogen-activated protein kinase (MAPK), c-Jun amino-
terminal kinases (JNK)/signal transducer and activator of tran-
scription (STAT), phosphatidylinositol-3 kinase (PI3K)/protein ki-
nase B (AKT) and noncanonical nuclear factor-kappa B (NF-kB)
signalings, plays an important role in all stages of AS [74]. Activation
or inhibition of these signaling pathways promotes not only the
production of various factors (inflammatory factors, adhesion
molecules, chemokines and growth factors) but also apoptosis and
inflammation. In addition, the reduced bioavailability of endothe-
lial NO synthase (NOS) can impair endothelial function and in-
crease the proliferation of SMCs, thus playing a key role in the
progression of AS. Studies have shown that inducible nitric oxide
synthase (iNOS) and endothelial nitric oxide synthase (eNOS)
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regulate NO production through the PI3K/AKT, nuclear factor
erythroid 2-related factor 2 (Nrf2)/heme oxygenase-1 (HO-1) and
NF-kB/iNOS/NO pathways [75,76]. Lipid metabolism disorders,
such as abnormal cholesterol levels, can promote AS. Reverse
cholesterol transport (RCT) is mainly regulated via the NF-kB
signaling pathway. Excessive cholesterol is transported from pe-
ripheral tissues, such as cholesterol-loaded macrophages, in the
vessel wall to the liver. ATP-binding cassette (ABC) transporter Al
(ABCA1), a transmembrane protein that mediates the intracellular
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transfer of cholesterol to apolipoprotein A-1 (apoA-1), plays a key
role in RCT [77]. Additionally, other molecular mechanisms asso-
ciated with AS further contribute to the development of cardio-
vascular diseases. For example, the abnormal expressions of
inflammatory factors (e.g. tumor necrosis factor-alpha (TNF-a),
interleukin-6 (IL-6) and monocyte chemoattractant protein-1
(MCP-1)) and dysfunction of the NF-kB pathway are observed in
aortic AS. In CHD, excessive levels of ROS cause endothelial
dysfunction, resulting in reduced antioxidant capacity.
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Additionally, over-production of ROS activates inflammatory
signaling (such as the Nrf2/HO-1 pathway) and the expressions of
inflammatory factors (TNF-o, MCP-1, high-sensitivity C-reactive
protein (hs-CRP) and interleukin-1f (IL-1f)), which can promote
the development and progression of CHD [78]. Therefore, inhibiting
the development of AS can help to reduce the incidence of car-
diovascular disease.

Also, the pathophysiology of ischaemic stroke-induced brain
damage is complex. Cerebral ischemia triggers the production of
ROS and the activation of caspases in neuronal cells and inhibits
oxidative stress and inflammation through the p38 MAPK/Nrf2 and
PI3K/AKT pathways [79]. Inflammation plays a key role in sec-
ondary brain injury (SBI) induced by cerebral haemorrhage through
activation of the NF-kB signaling pathway and the NOD-like re-
ceptor family pyrin domain containing 3 (NLRP3) inflammasome
[80]. Therefore, inhibiting the expressions of signal pathways
related to inflammation and oxidative stress is the key to reduce
ischemic stroke and cerebral haemorrhage.

2.2. Approved drugs for the prevention and treatment of ASCVD

ASCVD is a general term for several cardiovascular diseases
based on AS. Patients with ASCVD usually suffer from hypertension,
hyperlipidaemia and hyperglycaemia. Therefore, it is necessary to
decrease blood pressure and the levels of lipids and glucose in
patients with ASCVD. Approaches including suppressing inflam-
matory responses, oxidative stress, as well as disturbances in lipid
metabolism and cellular abnormalities can help to alleviate AS
[81,82]. Cerebrovascular diseases and CHD are relieved by inhibi-
tion of thrombosis and platelet aggregation, regulation of lipids,
and alleviation of vascular damages. Therefore, drugs used in the
treatment of ASCVD mainly include lipid-lowering drugs (pravas-
tatin and clofibrate), anti-platelet agents (aspirin and clopidogrel),
vasodilatory agents (sodium nitrate and nitroglycerin), thrombo-
lytic agents (urokinase and streptokinase) and anticoagulants
(heparin and warfarin) [83—86]. These drugs exert anti-atherogenic
effects by reducing blood lipid and triglyceride levels, improving
endothelial function and inhibiting platelet aggregation and
inflammation. However, these drugs have certain side effects in
clinical settings, such as muscle toxicity, liver toxicity, rhabdo-
myolysis, cutaneous flushing, skin rashes and gastrointestinal
symptoms [87—89]. Moreover, most of these drugs are one-
targeted and exert minimal effects against the risk factors of
ASCVD (obesity, hyperlipidaemia and diabetes mellitus), and
inevitable toxicity. Given the serious disadvantages of the currently
available anti-ASCVD agents, it is essential to identify and develop
multi-targeted and multi-functional anti-ASCVD drugs that do not
cause any significant side effects. Indeed, compounds derived from
natural resources, especially those approved for other diseases, can
be used to develop drugs for treating ASCVD at any stage.

3. Preventive and therapeutic effects of AG against ASCVD

As mentioned earlier, AS induces various refractory diseases,
including CHD, cerebral haemorrhage, cerebral ischemia and PAD.
Numerous studies have reported that AG has several pharmaco-
logical activities. Notably, it not only alleviates conditions contrib-
uting to the development of ASCVD (e.g. diabetes, hyperlipidaemia
and obesity) but also has therapeutic implications for AS and
ASCVD, including M, ischaemic heart diseases, cerebral haemor-
rhage and cerebral ischemia. Therefore, we summarize the phar-
macological effects of AG in the treatment of the risk factors of AS
and ASCVD.
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3.1. Therapeutic potentials of AG on the risk factors of ASCVD

3.1.1. Anti-obesity and hypolipidemic effect of AG

AG appears to be an efficient drug in the treatment of obesity
and hyperlipidaemia. It inhibited the increase of visceral adipose
tissues in obese mice and hyperlipidemic rats [90—92]. These ef-
fects of AG are achieved through inhibiting lipid production,
adipocyte proliferation and adipocyte differentiation.

Researchers evaluated the anti-obesity effects of AG in the high
fat diet (HFD)-treated mice. The results showed that AG presented
anti-adipogenic effects by regulating the expressions of transcrip-
tion factors and genes related to lipid metabolism in vivo. In the
HFD-induced obese mice, AG (50 and 100 mg/kg) decreased the
body weight (BW), which was due to increase of oxygen con-
sumption (VO), energy expenditure (EE) and respiratory quotient
(RQ). Furthermore, AG reduced total cholesterol (TC), triglyceride
(TG) and LDL-C in blood, liver and adipose tissue of the HFD-
induced obese mice [92]. This also appeared in the hyper-
lipidemic rats induced by 75% yolk emulsion or Porphyromonas
gingivalis (PG) [90,91]. Sterol regulatory element-binding proteins
(SREBPs) are major transcriptional regulators of TG, TC and fatty
acid synthesis [93]. AG could regulate the SREBPs target genes and
metabolism-associated genes in liver and BAT, which could help to
alleviate obesity. Notably, in the mice with HFD-induced obesity,
AG (50 and 100 mg/kg) decreased the mRNA expressions of SREBP-
1, SREBP-2 and their target genes such as fatty acid synthase (FAS),
stearoyl-coenzyme A desaturase 1 (SCD-1), and 3-hydroxy-3-
methylglutaryl-coenzyme A reductase (HMGCR). However, AG did
not affect the mRNA levels of ABCA1, ABC transporter G5 (ABCG5),
or ABC transporter G8 (ABCGS8), suggesting that AG might only
suppress actions of SREBPs. Briefly, AG regulated the expressions of
metabolic genes and proteins, which directly contributed to the
lowered lipid level [92].

Inhibition of glutathione peroxidasel (GPX1) and glutathione
(GSH) depletion plays a key role in suppression of proliferation of
3T3-L1 preadipocytes [94]. In 3T3-L1 preadipocytes, AG (10 and
20 pg/mL) inhibited growth of 3T3-L1 preadipocytes in a dose- and
time-dependent manner. This phenomenon could not be affected
by the pancaspase inhibitor zVAD-fmk, suggesting that pro-
apoptotic activity of AG in 3T3-L1 preadipocytes was not associ-
ated with caspase. Besides, AG stimulated accumulation of ROS,
increased production of H,0,, reduced cardiolipin oxidation and
induced mitochondrial membrane damage. Chen et al. [95] found
N-acetylcysteine (NAC) (a free radical scavenger and GSH precur-
sor) significantly hindered cardiolipin oxidation, loss of mito-
chondrial membrane, ROS generation and cell growth inhibition in
3T3-L1 preadipocytes, which were induced by AG. This suggested
that the inhibitory effect of AG on preadipocytes was related to
inhibition of GSH level. Besides, AG depleted GSH level, which
resulted in excessive accumulation of ROS and enhanced activity of
GPx (a key enzyme converting H,0; into H,0). In brief, the deple-
tion of cell GSH pool and the inhibition of GPX activity by AG were
responsible for its induction of ROS accumulation and growth in-
hibition of 3T3-L1 preadipocytes.

In obesity, lipid droplet accumulation is partly caused by hy-
perplasia which occurs during adipocyte differentiation [96,97]. AG
could reduce lipid droplet accumulation in adipocytes by sup-
pressing adipogenic differentiation. Chen et al. [98] found AG
(0.87-5.26 pg/mL) inhibited adipocytes differentiation through
decreasing the number of adipocyte in the S phase and increasing
that in GO/G1 phase of 3T3-L1 cells. Furthermore, AG not only
attenuated the levels of cyclins (cyclin A, cyclin E, and cyclin-
dependent kinase 2 (CDK2)) in differentiation medium (DM)-
induced adipocytes, but also inhibited aggregations of lipid drop-
lets. Also, the inhibitory effect of AG (0.35-3.50 pg/mL) on lipid
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droplet aggregation in human bone marrow mesenchymal stem
cells (hBM-MSCs)-derived adipocytes was associated with the in-
hibition of positive regulators of adipogenic differentiation.
Notably, during early adipogenic differentiation of hBM-MSCs, the
mRNA expressions of CCAAT enhancer-binding protein-alpha (C/
EBPa), CCAAT enhancer-binding protein-beta (C/EBPp), sterol reg-
ulatory element-binding protein-1c (SREBP-1c) and peroxisome
proliferator-activated receptor y (PPARY), and the protein levels of
C/EBPa. and PPARY were significantly increased, which were sup-
pressed by AG. This suggested that AG negatively regulated on key
transcription factors (C/EBPa, C/EBPB, SREBP-1c and PPARY).
Additionally, the role of AG in suppressing adipogenesis by inhib-
iting the expressions of C/EBPa, C/EBPS and PPARy in hBM-MSCs
was consistent with the results found in 3T3-L1 cells [99,100].
Meanwhile, the expressions of adipocyte-specific marker genes
(FABP4, LPL, adiponectin, and glucose transporters subtypes 4
(GLUT4) and the levels of adipokine (adiponectin, RPB4, and adip-
sin) were decreased by treatment of AG (0.87—5.26 pg/mL) in hBM-
MSCs. Also, AG significantly down-regulated the expressions of
adipocyte transcription factors (cAMP-response element-binding
protein 3-like 1 (CREB3L1), cAMP response element-binding pro-
tein 5 (CREB5), Ets Variant Gene 1 (ETV1) and Kruppel-like factor 4
(KLF4)), growth factors (epidermal growth factor receptor (EGFR),
human epidermal growth factor receptor-2 (ERBB2), fibroblast
growth factor 1 (FGF1) and FGF2), and gene adipogenesis main-
taining factors as well as fat metabolism regulatory molecules
(filamin A (FLNA), fibronectin 1 (FN1), MMP7 and retinoblastoma
susceptibility gene (RB1)). This suggested that AG inhibited adi-
pogenic differentiation via negative regulation of key transcription
factors, adipogenic marker proteins, and growth factors [98].

3.1.2. Anti-diabetic effect of AG

As known to all, in the presence of insulin, regulation of glucose
homeostasis is achieved primarily by regulating the sensitivity of
target tissues to insulin. However, in the absence of insulin, regu-
lation of glucose homeostasis is generally achieved through non-
insulin-dependent pathways, such as opioid p-receptors
[101—-103]. AG can regulate blood glucose through both of insulin-
dependent and insulin-independent pathways, eliciting its anti-
diabetic effect.

Studies have shown that AG lowers blood glucose through
insulin-dependent pathways, mainly in terms of restoring insulin
levels and improving insulin resistance. First, AG could decrease
blood sugar by restoring insulin level. Rats with streptozotocin (STZ)-
induced diabetes were widely applied as type 1-like diabetes animal
model, in which pancreatic beta cells are insufficiently functional
[104]. In the STZ-induced diabetic rats, AG (1.5 and 4.5 mg/kg)
inhibited STZ-induced atrophy of Langerhans islets and reduction of
islet cells. Also, AG inhibited extensive degeneration of [ cells,
enhanced cellular density, and restored the pancreatic insulin con-
tents [105]. Second, AG could improve insulin resistance. Insulin
resistance is defined as an inadequate response of insulin target
tissues to physiological levels of circulating insulin. Inflammation is
an important feature of insulin resistance [106]. Therefore, sup-
pression of inflammation is considered a potential therapeutic
strategy to improve insulin resistance. In 3T3-L1 adipocytes,
impairment of insulin sensitivity and AKT activation caused by TNF-a
could be rescued by AG (1, 2,5 and 10 pg/mL). Further, AG suppressed
the phophorylation of IkB kinase beta (IKKB)/inhibitor of kappaB-
alpha (IkBa) and degradation of IkB-a instead of MAPK activation.
Meanwhile, AG inhibited the expressions of TNF-a-induced cyto-
kines, such as IL-6, iNOS, suppressor of cytokine signaling 3 (SOCS-3)
and MCP-1. This suggested that AG reduced TNF-a-induced insulin
resistance through inhibition on NF-kB signaling cascades and its
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downstream inflammation factors [107]. Moreover, serine phos-
phorylation of insulin receptor substrates (IRS-1) is tightly involved
in insulin resistance [108]. In 3T3-L1 adipocytes, AG (1, 2,5 and 10 ug/
mL) increased the basal glucose uptake dose- and time-dependently.
Furthermore, the phosphotyrosine of IRS-1 and recruitment of p85
(PI3K subunit) to IRS-1 are enhanced by AG, which could be abro-
gated by wortmannin (a PI3K inhibitor). Meanwhile, AG activated the
PI3K signaling by increasing phosphorylation of atypical protein ki-
nase C(lambda/zeta) (PKCA/{), glycogen synthase kinase-3beta
(GSK3B) and AKT. Therefore, AG ameliorated insulin resistance by
mediating the PI3K/AKT pathway [107].

Also, AG could lower blood glucose through non-insulin
dependent pathways. Studies have shown that actions of endoge-
nous B-endorphin are recognized to be mediated by the opioid p-
receptors, including the regulation of plasma glucose [109]. Besides,
the mediation of opioid delta-receptor located in skeletal muscles
with regard to the hypoglycemic effect of B-endorphin-like
immunoreactivity (BER) has been demonstrated [110,111]. In the
STZ-induced diabetic rats, AG (1, 1.5 and 5 mg/kg) stimulated the
release of BER from isolated adrenal medulla, which was reversed
by ala-adrenoceptor antagonists (prazosin or RS17053). Mean-
while, AG decreased the plasma glucose concentrations in a dose-
dependent manner, which was reversed by opioid p-receptor an-
tagonists (naloxone or naloxonazine) or opioid p-receptor
knockout. These results suggested that AG increased circulating f-
endorphin concentrations in the diabetic rats to activate the opioid
u-receptors, resulting in a hypoglycaemic effect [112]. Additionally,
insulin deficiency is associated with changes in hepatic meta-
bolism, including increasing the expression of phosphoenolpyr-
uvate carboxylase (PEPCK). Furthermore, reducing the expression
of skeletal muscle GLUT4 is responsible for the insulin-mediated
reduction in skeletal muscle glucose uptake [113,114]. In the liver
of the STZ-diabetic rats, AG (1.5 mg/kg) inhibited the expression of
PEPCK, and increased the mRNA and protein levels of GLUT4, which
could be abolished by antagonists of opioid p-receptor. This sug-
gested that AG normalized concentrations of both hepatic PEPCK
and muscle GLUT4 in the STZ diabetic rats through activation of
opioid p-receptors [115].

3.2. Anti-AS effect

AS is the leading cause of cardiovascular diseases and is char-
acterized by endothelial dysfunction, activation and aggregation of
platelet, formation of foam cells and apoptosis of SMCs [116—118].
Therefore, drugs that can alleviate inflammation, oxidative stress,
endothelial dysfunction and cellular abnormalities (e.g. endothelial
cell activation, macrophage formation and SMCs migration) may
serve as potential candidates for the treatment of AS. AG has been
demonstrated as a potential anti-AS agent both in vivo and in vitro
(Fig. 4).

3.2.1. Improving pathological changes

Atherosclerosis develops from lipid deposition, a series of in-
flammatory responses and intimal thickening of the vessel wall,
and its pathogenesis is characterized by plaque formation and
intimal thickening [119]. AG (10 and 20 mg/kg) ameliorates the
pathology of atherosclerosis in vivo, including lipid deposition,
intimal thickenings, as well as plaque and foam cell accumulation.
Histopathological examination found that AG effectively inhibited
lipid deposition and intimal thickenings in rabbits induced by PG.
Morphometric analysis found that few red-stained lipid-rich le-
sions were seen in the aortic tree after oral treatment with AG
[120,121]. Meanwhile, there was almost no plaque accumulation in
the aortic root of apolipoprote E-deficient (ApoE /") mice after AG
treatment (1 and 2.5 mg/kg) [122]. In addition, AG (40 mg/kg)
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reduced the accumulation of foam cells in atherogenic diet induced
rat aortic lesions [123,124].

3.2.2. Inhibiting lipid accumulation

Cholesterol, lipids and metabolic waste products accumulate on
vascular wall, resulting in cholesterol deposition and oxidative
stress, which contributes to forming atherosclerosis [125]. Studies
have shown that AG is effective in inhibiting lipid levels, improving
liver and kidney function and suppressing oxidative stress. In aortic
atherosclerotic rabbits induced by PG, AG (10 and 20 mg/kg)
decreased the levels of TC, TG, LDL-C, and increased high-density
lipoprotein cholesterol (HDL-C) level. Moreover, AG improved
liver and kidney function by significantly reducing serum levels of
alkaline phosphatase (ALP), alanine aminotransferase (ALT),
aspartate aminotransferase (AST), creatinine (Cr), and urea (UE).
Additionally, AG inhibited oxidative stress in PG induced rabbits. It
reduced the levels of C-reactive protein (CRP), malondialdehyde
(MDA) and nitrotyrosine and increased the levels of total GSH and
antioxidant enzymes such as superoxide dismutase (SOD), catalase
(CAT), and GPx [120,121].
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3.2.3. Inhibiting systemic inflammatory responses

AG inhibits atherosclerotic lesions by suppressing systemic in-
flammatory responses. For example, in PG induced rabbits, AG (10
and 20 mg/kg) decreased the serum levels of TNF-a, ICAM-1 and
VCAM-1 and increased the expression of a-smooth muscle actin (o~
SMA). Moreover, AG decreased the serum levels of MCP-1 and IL-6
in PG rabbits [120,121].

3.2.4. Inhibiting endothelial apoptosis and dysfunction

Apoptosis of ECs occurs in the early stage of AS. It impairs vaso-
dilation and increases endothelial permeability, resulting in the loss
of the ability of ECs to regulate lipid homeostasis [126,127]. There-
fore, inhibiting endothelial apoptosis is considered an efficient
approach to alleviating AS. AG could reduce endothelial apoptosis by
suppressing the expressions of apoptosis-related proteins and the
PI3K/AKT pathway (Fig. 5). For example, treatment of AG (4.38, 8.76
and 17.52 pg/mL) could decrease the expressions of Bax and caspase-
3 and increase the expression of Bcl-2 in human umbilical vein
endothelial cells (HUVECs) cultured in a high-glucose medium [128].
Additionally, AG (0.35—35.00 pg/mL) could inhibit apoptosis by
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suppressing the expressions of apoptosis-associated cysteine pro-
teases, namely, caspase-3 and caspase-9, in HUVECs. This inhibitory
effect was associated with a complex consisting of apoptotic protease
activating factor-1 (Apaf-1) and cytochrome C released from the
mitochondria. Besides, AG could activate AKT and Bcl-associate death
protein (Bad), a downstream target of AKT, in growth factor (GF)-
deprived HUVECs. PI3K inhibitors and dominant negative mutants of
AKT could reverse the anti-apoptotic effects of AG. However, AG did
not affect the expressions of extracellular regulated protein kinase 1/
2 (ERK1/2), NOS and NF-kB, suggesting that it reduced apoptosis of
HUVECs via the PI3K/AKT pathway, independent of ERK1/2, NOS and
NF-kB signaling [129].

Endothelial dysfunction occurs in the early stage of AS and is
associated with inflammation, oxidative stress and increases the
expression of adhesion molecules [130—134]. In vitro and in vivo
studies have shown that AG can improve endothelial dysfunction
by inhibiting oxidative stress and inflammation. First, AG (0, 4.38,
8.76 and 17.52 pg/mL) suppresses oxidative stress and inflamma-
tion. Exactly, AG exerted anti-oxidative effects by reducing the

levels of lactate dehydrogenase (LDH), MDA, IL-1, IL-6 and TNF-a.
in HUVECs under high-glucose conditions [128]. Over-expression of
hypoxia-inducible factor 1-alpha (HIF-1a) and endothelin 1 (ET-1)
can result in the generation of inflammatory responses, which
further contribute to the development of AS [135,136]. Therefore,
HIF-1o and ET-1 are considered as therapeutic targets for the anti-
AS effects of natural compounds. Similar to ROS inhibitors, AG
(2.63 pg/mL) could inhibit ROS generation and HIF-1a expression in
EA.hy926 cells treated by CoCl,. In addition, AG inhibited CoCly-
induced over-expression of HIF-1a. in EA.hy926 cells by increasing
hydroxylases 2/3 protein (PHD 2/3) expression, activating Nrf2/HO-
1 signaling and suppressing p38 MAPK signaling. Besides, AG
increased the protein expression of PHD 2/3 in a time-dependent
manner, resulting in hydroxylation and degradation of the HIF-1a
protein. However, downregulation of Nrf2 and HO-1 could reverse
AG-induced inhibition of the mRNA expression of HIF-1a. Addi-
tionally, the mRNA expression and secretion of ET-1 was sup-
pressed by AG and the by-products of HO-1, suggesting that the
inhibitory effects of AG on HIF-1a expression were associated with



T. Gou, M. Hu, M. Xu et al.

the Nrf2/HO-1 pathway. Furthermore, AG could inhibit the phos-
phorylation of p38 MAPK and the expressions of HIF-1¢.and ET-1 in
CoCly-stimulated EA.hy926 cells. Overall, AG inhibited hypoxia-
induced over-expressions of HIF-1o. and ET-1 by increasing PHD
2/3 expression, activating the Nrf2/HO-1 signaling and suppressing
the p38 MAPK pathway, thereby alleviating endothelial inflam-
matory responses [137]. Meanwhile, in CoCl,-treated
EA.hy926 cells, Lin et al. [ 138] found that AG (2.63 pg/mL) inhibited
the expression of HIF-1a and ET-1 by suppressing the HO-1/CO/
cyclic guanosine monophosphate (cGMP)/MAPK phosphatase-5
(MKP-5) pathway. Specifically, AG induced the expressions of HO-
1 and MKP-5. Similar to the HO-1 by-product CO and cGMP ana-
logues (8-Br-cGMP), AG increased the expression of MKP-5 and the
content of cGMP and inhibited the expressions of HIF-1a and ET-1.
However, these changes could be reversed by vanadate (an efficient
inhibitor of tyrosine phosphatases and MKPs) and MKP-5 siRNA.
Therefore, AG could inhibit the expressions of HIF-12 and ET-1 by
inducing MKP-5 expression. However, it did not affect the phos-
phorylation of AKT or ERK1/2. In conclusion, AG ameliorated
inflammation and oxidative stress by activating the Nrf2/HO-1
pathway and inhibiting the p38 MAPK signaling and the HO-1/
CO/cGMP/MKP-5 pathway. Second, AG prevented monocyte-
endothelial cell adhesion [139]. In particular, AG (0.87—-2.63 ng/
mL) could inhibit TNF-a-induced over-expression of ICAM-1 in
EA.hy926 cells in a dose-dependent manner, resulting in decreased
adhesion of HL-60 cells to EA.hy926 cells. Additionally, AG signifi-
cantly increased the expression of HO-1 and the nuclear trans-
location rate of Nrf2 and induced antioxidant response element
(ARE)-luciferase reporter activity. The inhibitory effects of AG on
ICAM-1 expression were significantly reversed by HO-1 siRNA.
Therefore, AG could inhibit monocyte adhesion by stimulating
Nrf2-dependent expression of HO-1 [140]. In the same model, Chao
et al. [141] reported AG (0.18—7.01 pg/mL) suppressed the activa-
tion of IKK, phosphorylation of IkBa, nuclear translocation of p65
and DNA binding activity of NF-«B. Moreover, AG reduced the
adhesion of EA.hy926 cells to HL-60 cells induced by TNF-o. and
inhibited ICAM-1 expression. However, cyclic adenosine mono-
phosphate (AMP) response element binding protein (CREB)
knockdown did not reverse AG-induced inhibition of ICAM-1,
suggesting that AG downregulated ICAM-1 expression by attenu-
ating NF-kB activation instead of CREB activation. Also, in
EA.hy926 cells stimulated by TNF-a, AG could inhibit ROS genera-
tion, ICAM-1 expression and adhesion to HL-60 cells. Notably, AG
reduced TNF-a-induced ROS generation, which was essential for
Src phosphorylation. In addition, AG inhibited Src phosphorylation,
thereby suppressing the expression of ICAM-1 and the adhesion of
EA.hy926 cells to HL-60 cells. Also, it repressed the activation of
nicotinamide adenine dinucleotide phosphate (NADPH) p47phox
and p67phox oxidases and nuclear translocation of p65, which
could be reversed by NADPH inhibitors (apocynin and diphenyle-
neiodonium). Moreover, AG (2.63 pg/mL) increased the expressions
of HO-1 and GSH-associated, glutathione cysteine ligase modula-
tory subunit (GCLM) instead of glutamate-cysteine ligase regula-
tory subunit (GCLC). Meanwhile, AG increased the expressions of
HO-1 and GCLM by inducing the nuclear translocation of Nrf2
and phosphorylation of the activator protein-1 (AP-1) transcrip-
tional factor c-Jun. However, these effects could be reversed by the
PI3K/AKT inhibitor LY29400, suggesting that AG suppressed ICAM-
1 expression and cell adhesion by increasing the expressions of HO-
1 and GCLM via the PI3K/AKT/Nrf2 and PI3K/AKT/AP-1 pathways
[142]. Similarly, Lin et al. [143] reported that AG (2.63 and 5.26 nug/
mL) inhibited TNF-a-induced ICAM-1 expression and the adhesion
of EA.hy926 cells to HL-60 cells via the IKK/IkBo,/NF-kB pathway.
Additionally, AG could inhibit the phosphorylation of IKKf and
IkBa, degradation of IkBa and nuclear translocation of p65 in
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EA.hy926 cells and mitigate the binding of NF-kB to the IkB site on
the ICAM-1 promoter. In conclusion, AG inhibited the adhesion of
monocytes to ECs through the PI3K/AKT/Nrf2, PI3K/AKT/AP-1 and
IKK/IkBa,/NF-kB pathways and by suppressing NF-kB activation.

3.2.5. Inhibiting platelet activation and aggregation

Several studies have shown that promoting platelet apoptosis
hinders progress of AS [144—146]. Lien et al. [147] found that AG
(8.76—35.00 pg/mL) limited platelet lifespan by causing an exoge-
nous apoptotic pathway dependent on caspase-8 (Fig. 6). In washed
human platelets stimulated by collagen, AG could eliminate platelet
mitochondrial membrane potential (A¢m) by an around two-fold
increase compared to the solvent control and activate extrinsic
apoptosis pathway protein caspase-3, caspase-8 and Bid in a
concentration-dependent manner. Besides, AG-induced over-
expression of caspase-8 could be inhibited by the caspase-8 in-
hibitor z-IETD-fmk, but not by the anti-Fas receptor (ZB4) and anti-
tumor necrosis factor-R1 (H398) monoclonal antibodies. Therefore,
AG-induced platelet apoptosis was associated with the exogenous
apoptotic pathway.

Platelet activation and aggregation are associated with all stages
of inflammation-related AS, from endothelial dysfunction, plaque
rupture to atherothrombotic events [148,149]. First, AG can effec-
tively inhibit platelet aggregation. In vivo, AG (0.022 and 0.055 mg/
kg) could reduce adenosine diphosphate-induced thrombotic
mortality, inhibit p38MAPK and p47 phosphorylation, and prolong
platelet thrombosis in the sodium fluorescein-induced mice, indi-
cating that AG was effective in preventing thromboembolism [150].
In vitro, AG (0.35—35.00 pg/mL) inhibited human platelet aggre-
gation induced by thrombin, collagen, platelet-activating factor
(PAF), arachidonic acid (AA), and U46619 in a concentration- and
time-dependent manner [149—152]. However, Thisoda et al. [151]
found that AG (8.76—35.00 pg/mL) had no remarkable effects on
thrombin induced platelet aggravation. Moreover, Arnroyan et al.
[152] found AG (0.35, 3.50 and 35.00 pg/mL) inhibited PAF-induced
human platelet aggregation, with equal efficiency to PAF-
antagonists Ginkgo extract (Ginkgo hi/aha) containing Ginkgo-
lides. However, the underlying mechanism of AG was different from
that of non-steroidal anti-inflammatory drugs (NSAID), which was
mainly evidenced by the fact that AG made no differences to the
calcium ionophore and AA-induced biosynthesis of any 5-, 12- and
15-lipoxygenase pathway products, such as LTB4, 6E-LTB4, 5(S) 6E-
LTB4, 5-HETE, 12-HETE and 15-HET, and 12-HHT (the cyclo-
oxygenase product). Second, AG inhibits platelet activation and
aggregation. Notably, AG (0.35—35.00 pug/mL) inhibited thrombin-
induced platelet aggregation and extracellular signal-regulated
kinase 2 (ERK2) phosphorylation in human platelet, suggesting
that AG inhibited platelet aggregation by inhibiting the ERK1/2
pathway [151]. Moreover, in human platelets, AG (8.76—26.28 g/
mL) inhibited collagen-induced [Ca®*] mobilization, thromboxane
B(2) (TxB-2) formation, phospholipase Cy2 (PLCy2) and p47
phosphorylation, but does not affect AA- or thrombin-stimulated
TxB-2 formation and sorbitol-12,13-dibutyrate (PDBu)-induced
p47 phosphorylation. Furthermore, AG could inhibit collagen-
stimulated platelet activation, stimulate eNOS phosphorylation
and nitrate formation, and increase cyclic GMP (cyclic nucleotides)
level but not cyclic AMP, which could be reversed by 1H- [1,2,4]
oxadiazolo[4,3-a]quinoxalin-1-one (ODQ) (an inhibitor of guany-
late cyclase), protein kinase C (PKC) inhibitor (Ro318220) and N
(omega)-nitro--arginine methyl ester (.-NAME) (a NOS inhibitor).
Therefore, AG inhibited platelet activation through the eNOS/NO/
cGMP pathway. In addition, ODQ reversed AG-induced phosphor-
ylation of VASP Ser157. In parallel, AG stimulated the phosphory-
lation of ERK2, JNK1/2 and p38 MAPK which could be reversed by
inhibitors of ODQ and PKC. Therefore, AG inhibited platelet
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Fig. 6. Schematic representation of the main targets and signaling pathways of platelet regulation by andrographolide (AG). Schematic summarizes that AG could activate the
eNOS—NO—cyclic GMP pathway, inhibit the PLCy2-PKC and PI3 kinase/AKT cascades, and ultimately inhibit platelet aggregation. And AG activated caspase-8 and caspase-3, induced
Bid cleavage, and caused platelet apoptosis. Sgc: soluble guanylate cyclase; VASP: vasodilator-stimulated phosphoprotein; PI3K: phosphatidylinositol-3 kinase; AKT: protein kinase
B; P38 MAPK: P38 mitogen-activated protein kinase; DAG: diacylglycerol; IP3: inositol triphosphate; IKKB: IkB kinase beta; NO: nitric oxide; eNOS: endothelial nitric oxide syn-
thase; PKC: protein kinase C; PKG: protein kinase G; PLCy2: phospholipase Cy2; TxA2: thromboxane A2; ERK: extracellular regulated protein kinase; IkBe: inhibitor of kappaB-

alpha; cGMP: cyclic guanosine monophosphate; GTP: guanosine triphosphate.

aggregation by activating the eNOS/NO/cGMP pathway, thereby
inhibiting the PI3K/AKT/p38 MAPK and PLCy2/PKC cascade re-
sponses [150]. Furthermore, Lu et al. [153] found that AG (12.3 and
26.3 ng/mL) also inhibited platelet activation and aggregation via a
GMP/protein kinase G (PKG)-dependent cyclic pathway. To be
specific, AG inhibited collagen-stimulated activation of NF-kB and
phosphorylation of IKKB and p65, which could be reversed by ODQ
and PKG inhibitors. At the same time, AG inhibited collagen-
stimulated phosphorylation of p38 MAPK and ERK2, and reduced
the formation of hydroxyl radicals, which was alleviated by PKG
inhibitors. In short, the inhibitory effects of AG on platelet activa-
tion and aggregation are mainly achieved through inhibition of the
ERK1/2 and GMP/PKG pathways, and activation of the eNOS/NO/
cGMP pathway.

3.2.6. Inhibiting macrophage inflammation and foam cell formation
Studies have shown that AG inhibits inflammatory responses
and foam cells formation by increasing cholesterol efflux and pre-
venting the production of NO (Fig. 7). AG exerts anti-inflammatory
effects through the NF-kB signaling pathway. In RAW264.7 cells
with ox-LDL-induced inflammation, AG could decrease the ex-
pressions of MCP-1 and IL-6. These effects were similar to those of
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PDTC (a selective NF-kB inhibitor). Additionally, AG (0.35 or 1.75 pg/
mL) decreased p-p65 levels in a dose-dependent manner, indi-
cating that it exerted anti-inflammatory effects by inhibiting NF-kB
signaling pathway [122]. Similarly, in lipopolysaccharide (LPS)—
treated RAW264.7 cells and found that the combination of Notch1
siRNA and AG-loaded nanoparticle (A-NP) (1.75 pg/mL) inhibited
LPS-induced over-expressions of MCP-1 and IL-6 and the NF-kB
signaling pathway and increased expressions of interleukin 10 (IL-
10) and arginase-1 more significantly than A-NP. These results
suggested that combination therapy based on Notch1 siRNA and A-
NP was a viable strategy for the treatment of AS and enhanced the
anti-inflammatory effects of AG [154].

AG inhibits the formation of foam cells by preventing the
phagocytosis of cholesterol from macrophages. Notably, AG (0.18,
0.35 and 1.75 pg/mL) could reduce cholesterol uptake and the
mRNA and protein expression of CD36 in J774A.1 (a murine
macrophage cell line) and RAW264.7 cells stimulated by ox-LDL.
However, AG did not affect the protein expressions of SREBP-1c
or class A scavenger receptor (SR-A) [122,155]. Furthermore, AG
(0.18 and 0.35 pg/mL) could enhance the binding of liver X re-
ceptor alpha (LXRa) to DNA and upregulate the mRNA and protein
expressions of ABC transporters such as ABCA1 and adenosine
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nuclear factor-kappaB; ARE: antioxidant response element; LXRE: LXR response element; nSMase: neutral sphingomyelinase; ERK1/2: extracellular regulated protein kinase 1/2.

triphophate ABC transporter G1 (ABCG1) in J774A.1 cells stimu-
lated by ox-LDL. However, these effects could be reversed by LXRa
siRNA and geranylgeranyl pyrophosphate (GGPP) (an antagonist
of LXRa). Therefore, AG inhibited the formation of foam cells by
activating LXRa, increasing the expressions of ABCA1 and ABCG1,
promoting cholesterol efflux and stimulating the degradation of
cluster of differentiation 36 (CD36) mRNA [155]. Studies have
shown that NO promotes the uptake of LDL-C by macrophages,
thereby promoting the formation of foam cells [156]. Inhibition of
NO synthesis reduces the formation of foam cells. Indeed, AG (3.50
or 10.51 pug/mL) could inhibit NO synthesis by directly or indirectly
interfering with the synthesis and activity of iNOS in LPS-induced
RAW 264.7 cells [157]. In LPS/interferon-y (IFN-v) induced cells,
AG (0.35— 35.00 pg/mL)could inhibit the accumulation of nitrite
accumulation and protein expression of iNOS and reduce the
stability of iNOS protein. Similar to cycloheximide (an inhibitor of
protein synthesis), AG suppressed de novo protein synthesis,
which could be demonstrated via [35S]-methionine incorporation
[158]. Therefore, AG (50 pg/mL) suppressed NO generation by
promoting iNOS degradation and reducing de novo protein syn-
thesis in LPS-induced RAW 264.7 cells. Furthermore, AG could
decrease the levels of NF-kB p65, p-p38 MAPK and p-ERK1/2
without affecting the activation of p-JNK in mouse peritoneal
macrophages stimulated by ox-LDL. This phenomenon suggested
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that AG could reduce the formation of foam cells by blocking the
p38MAPK and NF-kB pathways [159].

3.2.7. Inducing apoptosis, inflammation and proliferation of VSMCs
Apoptosis of VSMCs plays a key role in the pathogenesis and
progression of AS. Studies have shown that AG induces apoptosis of
VSMCs via the ceramide/p47phox/ROS and Src homology 2
domain-containing protein tyrosine phosphatase 1 (SHP-1)/protein
phosphatase 2A (PP2A)/p38MAPK/p53 cascades. In rat VSMCs, AG
(1752 pg/mL) could enhance the activation of p53, Bax and
caspase-3 and phosphorylation of the NADPH oxidase (NOX) sub-
unit p47phox. However, pre-treatment with ROS scavengers could
suppress these changes. AG increased ceramide activity and pro-
motes p47phox phosphorylation, both of which could be signifi-
cantly attenuated by the neutral sphingomyelinase (nSMase)
inhibitor 3-O-methyl-sphingomyeline (3-OMS). In brief, AG
increased ROS levels by activating ceramide and p47phox, resulting
in apoptosis of VSMCs [160]. It could increase the expressions of
Bax, caspase-3 and caspase-9 and decrease AYm, thereby inducing
apoptosis in rat VSMCs. Furthermore, AG (7.01 or 17.52 pg/mL)
increased the phosphorylation of p53 Ser-15 and p38 MAPK, which
could be suppressed by p38MAPK inhibitors, indicating that AG-
induced phosphorylation and activation of p53 were mediated by
the p38 MAPK pathway. Besides, AG could increase the activity of
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PP2A, the expression of p38 MAPK and phosphorylation of p53 and
caspase-3 in rat VSMCs, which could be inhibited by PP2A siRNA.
Therefore, the effects of AG on the p38 MAPK/p53 cascade were
associated with the modulation of PP2A. Furthermore, AG signifi-
cantly inhibited the phosphorylation of PP2A at the tyrosine 307
(Tyr307) residues, which could be reversed by SHP-1 inhibitors or
SHP-1 siRNA, but had no effects on the demethylation of PP2A-C.
Therefore, AG might activate PP2A by regulating the phosphoryla-
tion of PP2A-C at Tyr-307, and increase the activity of SHP-1 and its
phosphorylation at Tyr564. Overall, AG induced apoptosis of VSMCs
through the SHP-1/PP2A/p38MAPK/p53 cascade [161].

Studies have shown that neointimal hyperplasia in arterial
restenosis is closely related to inflammatory responses. In a study
on mouse models of arterial restenosis, AG (5 mg/kg) could
decrease the expressions of NF-kB target genes, including tissue
factor (TF), E-selectin and VCAM-1, and the deposition of leukocytes
(CD68™ macrophages). However, these changes were not observed
in p50~/~ mice, suggesting that AG had abrogative effects on the
p50 gene and was a special inhibitor of p50 [162]. Additionally, in
rat models with autogenous vein grafts, AG could significantly
decrease the mRNA and protein expressions of E-selectin, p65 and
MMP-9 [163]. In another study, the primary mechanism underlying
AG-induced inhibition of vascular inflammation was the inhibition
of NF-kB activation induced by AG via the JNK/AKT/p65 and
nSMase/ceramide/PP2A cascades. Notably, AG (7.01 and 17.52 pg/
mL) suppressed vascular inflammation by reducing the phosphor-
ylation of JNK and AKT without altering the phosphorylation of p38
MAPK or ERK1/2 in TNF-a-induced VSMCs. However, AG and in-
hibitors of PI3K/AKT and JNK could inhibit TNF-a-induced phos-
phorylation of p65 and AKT, suggesting that AG suppressed p65
phosphorylation by inhibiting the JNK/AKT signaling. Besides, AG
could inhibit TNF-a-induced NF-«B activation by phosphorylating
p65 instead of degrading IkBa. Therefore, AG mediated NF-«kB
activation through the JNK/AKT/p65 cascade in TNF-a-stimulated
VSMCs [164]. Further, Hsieh et al. [165] found that AG (7.01 and
17.52 pg/mL) could attenuate vascular inflammation and MMP-9
activity without affecting MMP-2 in LPS/IFN-y-induced VSMCs.
Additionally, it could inhibit the expression of NF-kB, a transcrip-
tion factor that promotes the expressions of inflammation-related
proteins (MMP-9 and iNOS). Although AG inhibited LPS/IFN-vy-
induced binding of p65 to NF-kB and slightly reduced the levels of
IkBe. phosphorylation induced by LPS/IFN-v, it failed to restore the
levels to normal. This phenomenon suggested that AG-induced
phosphorylation of IkBa did not involve in the inhibition of NF-kB
activation. Moreover, AG could inhibit NF-kB expression by sup-
pressing p65 Ser536 and increasing PP2A activity instead of IKK
phosphorylation. AG-induced Ser536 dephosphorylation and iNOS
downregulation could be inhibited by the PP2A inhibitor okadaic
acid and PP2A siRNA. Meanwhile, AG-induced ceramide formation,
PP2A activation, p65 Ser536 dephosphorylation and iNOS expres-
sion could be suppressed by the nSMase inhibitor 3-OMS. In
conclusion, AG inhibited inflammatory responses by suppressing
NF-kB activation through the nSMase/ceramide/PP2A and JNK/AKT/
p65 cascades.

Overproduction of pro-inflammatory cytokines and cytokine
signaling in AS promote the proliferation of SMCs, which can be
inhibited by AG [166]. In platelet-derived growth factor-BB (PDGF-
BB)-induced VSMCs, AG (3.50— 7.01 pg/mL) could down-regulate
the expression of proliferating cells nuclear antigen (PCNA) in a
concentration-dependent manner and inhibit PDGF-BB-induced
phosphorylation of ERK1/2. Therefore, AG inhibited the prolifera-
tion of VSMCs via the ERK1/2 signaling pathway [167].
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3.3. Anti-ASCVD effect of AG

3.3.1. Anti-CHD effect of AG

CHD is a dynamic process of interaction between endothelial
dysfunction and inflammatory responses [168]. NF-kB activation
regulates inflammatory factors (IL-1pB, IL-6 and TNF-a) and cyto-
kines/chemokines [169,170]. PPARa, a major transcriptional regu-
lator of energy metabolism, is essential for the regulation of
inflammation and angiogenesis [171]. Shu et al. [172] reported that
AG (10 and 50 mg/kg) alleviated endothelial cell disorder by
increasing the levels of NO and prostaglandin 12 (PGI2) and
decreasing the levels of thromboxane A2 (TxA2) and ET-1 in the
HFD-induced CHD mice. To improve fibrinolytic activity and
decrease coagulation function, AG upregulated t-PA level and
decreased plasminogen activator inhibitor-1 (PAI-1) level. More-
over, AG ameliorated the macrophage phenotype and myocardial
inflammation by decreasing the CD86+/CD206+ ratio in macro-
phages, and the levels of TNF-a, MCP-1, hs-CRP and IL-1f in
myocardial tissue and serum. However, these phenomena were
attenuated by GW6471 (a PPARa antagonist), suggesting that in-
hibition of AG on endothelial dysfunction and inflammation was
associated with PPARa. Furthermore, AG inhibited cardiac
apoptosis by increasing the expression of caspase-3 and activity of
PPARa, and decreasing the protein of NF-kB (p65 and IkBa).
Therefore, AG regulated the PPAR and NF-«B signaling pathways
and thus alleviated myocardial injury, endothelial dysfunction and
inflammatory response during coronary heart disease.

Studies have shown that reperfusion therapy is considered to be
the most effective measure when an ischaemic attack has occurred
[173]. However, myocardial ischemia-reperfusion therapy may
induce damage and dysfunction in cardiomyocytes, thereby exac-
erbating ischaemic myocardial injury [174]. AG (1.75 or 3.50 pg/mL)
protected cardiomyocytes from hypoxia/reoxygenation (H/R)
damage through increasing activities of antioxidant enzymes and
increasing the level of GSH. In particular, AG could increase the
levels of SOD, CAT, GR, and Gpx and decrease MDA level in neonatal
rat cardiomyocytes (NRCs) subjected to H/R damage. However, AG
did not have a significant protective effect on NRCs during hypoxia.
In addition, the cardio protective effect of AG was mediated through
up-regulation of intracellular GSH level, independent of peroxidase
activity. This protective effect disappeared completely after treat-
ment of L-Buthionine-sulfoximine (BSO) (a specific y-glutamate
cysteine ligase (GCL) inhibitor) instead of 3-amino-1,2,4-triazole
(ATA) (a specific peroxidase inhibitor), further confirming that the
cardio-protective effect of AG on cardiomyocytes was associated
with GSH. Moreover, regulation of 12-O-tetradecanoylphosphate
13-acetate response element (AG-1) and ARE were involved in the
mRNA and protein expressions of GCLM and GCLC increased by AG.
Furthermore, the higher induction of GCLM mRNA by AG was
attributed to its higher induction of GCLM-ARE1 than GCLC-ARE4
[175].

MI is usually resulted from prolonged myocardial cell death
caused by ischemia [176]. Histopathological findings revealed that
AG (20 mg/kg) improved histological lesions in the hearts of rats
with ISO-induced M], including reduction of myocardial infarction
area, maintenance of normal heart morphology and color, reduc-
tion in inter tissue edema, and repairing of myocardial cell damage
[177,178].

Studies have shown that AG is effective in suppressing MI
through maintaining cardiac function index, biological character-
istic index, and myocardial injury biomarkers, and inhibiting pro-
longation of cardiac myocytes action potential duration (APD). In
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the MI mice induced by ISO, AG (20 mg/kg) remarkably ameliorated
electrocardiography profile and cardiac dysfunction by maintaining
heart rate (HR) and ST-segment, and decreasing (+) dp/dt. One
study have shown that AG suppressed ISO-induced (+) dp/dt in rat
cardiomyocytes by alleviating overload of intracellular Ca®t and
enhancing intracellular Ca®* cycling [178]. Besides, pre-treatment
of AG (20 mg/kg) could decrease heart weight/body weight (HW/
BW) ratio, heart weight/tibia length (HW/TL) ratio, lung weight
(LW)/BW, and heart weigh in the ISO-induced rats. However, there
was no difference of tibia length (TL) and BW among groups. Be-
sides, AG inhibited increase of creatine kinase (CK) and creatine
kinase-MB fraction (CK-MB), LDH, AST, and troponin I (cTnl). In vivo
and in vitro, AG prevented APD prolongation by decreasing the
peak L-type Ca®*(ICaL) density and increasing the transient out-
ward potassium current (Ito) in the ISO mice and isolated car-
diomyocytes. Therefore, the protective mechanism of AG against MI
was related to the inhibition of L-type Ca®* and the increase of
transient outward K" current [177,178].

Studies have shown that AG prevents MI by inhibiting inflam-
matory responses and mediating the Nrf2/HO-1 pathway in vivo
and in vitro. In the left coronary artery ligation (LAD) ligation mice
model, AG (25 mg/kg) protected cardiac remodeling against MI by
improving cardiac dysfunction indexes and suppressing myocardial
hypertrophy markers and myocardial fibrosis-associated proteins.
Furthermore, to inhibit inflammatory responses caused by MI, AG
suppressed the expressions of CD45 and CD68 and the levels of
TNF-a, IL-1B, IL-6 and MCP-1. Additionally, AG inhibited oxidative
stress via the Nrf2/HO-1 pathway in the LAD mice. Notably, it
promoted the expressions of Nrf2 nuclear translocation and HO-1, a
downstream signal molecule of Nrf2 without altering HIF-1a.
Meanwhile, AG inhibited ROS generation, increased the mRNA ex-
pressions of Gpx, superoxide dismutase 2 (SOD2) and NADPH de-
hydrogenase quinine 1 (NQO1), and downregulated the
transcription of p67 phox, Gp91 and NADPH oxidase (NOX4).
In vitro, both of the Nrf2 inhibitor (ML385) and Nrf2 siRNA
inhibited Nrf2 expression and promoted ROS generation in H9C2
cells. However, AG did not reverse this phenomenon, suggesting
the antioxidant effect of AG was attributed to Nrf2 activation.
Therefore, AG inhibited oxidative stress by activating the Nrf2/HO-1
pathway both in vivo and in vitro, and in turn alleviated MI [179].

3.3.2. Anti-cerebral haemorrhage and cerebral ischemia of AG

Cerebral ischemia induces the loss of blood supply followed by a
cascade of events including glutamate excitotoxicity, calcium
overload, oxidative stress and inflammation, leading eventually to
cell death. In fact, AG ameliorated ischemic brain damage by
inhibiting oxidative stress, inflammation as well as apoptosis.
In vivo models of cerebral ischemia, AG (30, 60 and 120 mg/kg)
attenuated pathological abnormalities, including atrophy of
neuronal nuclei (NeuN), microglia infiltration, neuronal disorders
and tissue edema in the hippocampal region [180]. In addition, AG
(0.01, 0.1 and 1 mg/kg) inhibited microglia activation, and reduced
infarct volume and neurological deficits in a rat model of perma-
nent middle cerebral artery occlusion (pMCAO) [181].

First, AG exerts protective effects against cerebral ischemia by
inhibiting oxidative stress. In the middle cerebral artery occlusion
(MCAO) rats, AG (0.1 mg/kg) markedly reduced MCAO-induced free
radical production, which was reversed in the presence of the in-
hibitor of HO-1(ZnPP). It was shown that AG inhibited free radical
formation induced by MCAO by mediating HO-1 expression.
Meanwhile, AG elevated the expressions of HO-1 mRNA and pro-
tein, and the phosphorylation of ERK1/2, p38 MAPK, and JNK1/2,
which could be abolished by p38 MAPK inhibitor. These results
suggested that AG mediated HO-1 expression through p38MAPK.
Besides, Nrf2 siRNA or p38 MAPK inhibitor could abolish HO-1
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down-regulation and Nrf2 expressions induced by AG. Therefore,
AG enhanced HO-1 expression through the p38 MAPK-Nrf2
pathway in the MCAO rats [182]. Second, AG exerts a protective
effect against cerebral ischemia by reducing inflammation. Notably,
AG (0.01, 0.1 and 1 mg/kg) attenuated pMCAO-induced increase in
cytokines (IL-1p and TNF-a.) and prostaglandin E2 (PGE2) levels in
ischemic brain areas. In addition, AG suppressed NF-«B activation
through hindering the translocation of p65. These results showed
that AG exerted anti-inflammatory effects in the cerebral ischemia
model through suppressing NF-«B activation, resulting in reduction
in the production of IL-18, TNF-a, and PGE2 [181]. Moreover, AG
attenuated the inflammatory responses by regulating the expres-
sion of important proteins in the PI3K/AKT pathway, thereby
providing protection against ischemia-reperfusion injury in rats. In
cerebral ischemia-reperfusion injury (CICR) model, AG (30, 60 and
120 mg/kg) increased Nissl-positive cells and NeuN expression, and
decreased glial fibrillary acidic protein (GFAP) expression.
Compared with the CICR group, the serum BDNF level and BDNF
mRNA level in the brain tissues were significantly increased in mice
pre-treated by AG. Besides, AG increased the levels of TRkB and
downstream proteins p-PI3K and p-AKT, and decreased the levels
of IL-1B, IL-6 and TNF-a.. Overall, AG played a protective role against
cerebral ischemia-reperfusion injury in mice by reducing the in-
flammatory responses and cell apoptosis, and regulating the PI3K/
AKT pathway [180]. Further, the protective effect of AG
(0.01—0.1 mg/kg) on CICR mice was through inhibition of PI3K/AKT
dependent NF-kB and HIF-1a activation. Notably, AG inhibited ROS
level and nitrotyrosine formation, decreased the expressions of
pro-oxidative enzymes (NOX2 and iNOS) and inhibited the infil-
tration of inflammatory cells (CD11b). Furthermore, AG decreased
the expressions and activation/nuclear translocation of p65 NF-kB
and HIF-1a. In oxygen-glucose deprivation (OGD)-induced BV-
2 cells, generations of NO and ROS were suppressed by AG
(1.75—3.50 pg/mL) and PI3K inhibitor. Further, like AG, PDTC (a NF-
kB inhibitor), echinomycin (an inhibitor of HIF-1a), and .-NAME (a
nonspecific NOS inhibitor) inhibited OGD-induced NO production.
Overall, the inhibition of OGD-induced NO production by AG was
related to activation of NF-kB and HIF-1. Similarly, an inhibitor of
NOX suppressed the ROS production. Therefore, AG significantly
ameliorated cerebral ischemic/reperfusion (CI/R)-induced produc-
tion of ROS and NO as well as protein nitrosylation by inhibiting the
PI3K/AKT-dependent NF-«kB and the HIF-1a pathways [183].

Finally, AG ameliorated cerebral ischemic injury by inhibiting
apoptosis of brain microvascular endothelial cells (BMECs). It had
shown that AG (3.50 pg/mL) promoted tube formation and allevi-
ated MMP injury in bEnd.3 cells subjected to OGD. Further, AG
suppressed endothelial barrier leakage, mitochondrial oxidative
stress and inflammatory responses by increasing the levels of
transendothelial electrical resistance (TEER) and MDA, and
decreasing the levels of EB-albumin, ROS, SOD and CAT and the
expressions of IL-1f and TNF-a. Moreover, AG up-regulated the
expressions of T] membrane proteins (ZO-1, Occludin and Claudin
5), Nrf2 and HO-1. Meanwhile, AG suppressed OGD-induced
apoptosis by decreasing the number of terminal deoxynucleotidyl
transferase-mediated dUTP nick end labeling (TUNEL)-positive
apoptotic cells. This indicated that AG alleviated OGD-induced
endothelial permeability impairment and apoptosis by reducing
Nrf2-associated mitochondrial oxidative stress and inflammation
[184].

Studies have shown that AG can ameliorate intracerebral hae-
morrhage (ICH) induced SBI by inhibiting neuroinflammation. Li
et al. [185] found AG (0.5, 1 and 2 mg/kg) could improve ICH
-induced SBI in rats by decreasing brain water content and reducing
the TUNEL-positive and FJB-positive cell numbers. Additionally, AG
significantly improved microglia infiltration, decreased the levels of
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IL-6, p65and TNF-a, and inhibited the phosphorylation of IkBe.
Besides, caspase-1 activation and Gasdermin-D (GSDMD) cleavage
that was related to NLRP3 inflammasome activation and pyroptosis
were reduced after treatment of AG. Meanwhile, AG inhibited the
interaction of adapter protein apoptosis associated speck-like pro-
tein containing a CARD (ASC) with caspase-1 (Casp-1) or NLRP3.
In vitro, AG also decreased the levels of IL-6, TNF-a, IL-1p, and LDH,
and increased neuronal cell viability in oxyHb-induced microglia.
Meanwhile, AG inhibited p65 nucleus translocation and NLRP3/
ASC/CASP-1 complex formation. Overall, AG could attenuate neu-
roinflammation and improve SBI through hindering the NF-kB
signaling pathway and NLRP3 inflammasome activation.

In addition, we collated the literature on AG in the treatment
and prevention of ASCVD (Table 1). In Table 1 we list detail infor-
mation, model, dosage and time, and application.

4. Toxicity and adverse reactions

AG can cause certain side effects in clinical settings. For
example, intravenous infusion of AG (100—750 mg, intravenous
drip once a day, 1-6 doses; cumulative dose 690 + 670 mg) could
cause acute renal tubular necrosis, accompanied by abdominal
pain, decreased urine volume, nausea or vomiting [186]. In a phase-
I clinical study on the use of AG (5 mg/kg for 3 weeks, escalating to
10 mg/kg for 3 weeks, and to 20 mg/kg for a final 3 weeks, oral) for
treating HIV, AG caused mild-to-moderate adverse events, such as
headache, fatigue, rash, bitter/metallic/decreased taste, loose stool/
diarrhoea or pruritus [187]. Additionally, AG (140 mg oral twice
daily for 24 months) could induce adverse reactions such as mild
rashes and dysgeusia in patients with multiple sclerosis [188].

In an acute toxicity study, a single oral dose of AG was given at
100 mg/kg or 500 mg/kg in rats, which did not show any toxico-
logical symptoms, and a safe dose of AG was established at 500 mg/
kg [91]. Furthermore, animal and cell studies showed that AG can
cause reproductive toxicity, nephrotoxicity and cerebral toxicity.
Akbarsha et al. [189] found that AG (25 mg/kg and 50 mg/kg, 48
days, oral gavage) could cause male reproductive toxicity, mainly
manifested as decreased sperm count or changes in sperm
morphology, but this reproductive toxicity is reversible and did not
affect the quality of sexual life. Thus, AG can be used as a male
contraceptive. Additionally, AG could exert adverse effects on
fertility in female rodents. Specifically, AG (3.50 pg/mL, 14 h) dis-
rupted first polar body extrusion and decreased the proportion of
oocytes reaching the MII stage in a time- and concentration-
dependent manner. It led to the formation of abnormal spindles
in oocytes, with multiple, absent or disrupted poles, and promoted
scattering and misalignment of chromosomes. Additionally, AG
could disrupt the formation of actin cap, promote oocyte apoptosis
and decrease the fertility of mature oocytes in vitro. Overall, AG
adversely affected the fertility of female mice by interfering with
the meiosis of oocytes [190]. Huang et al. [191] reported that AG
(10 pg/mL, 24 h) could induce apoptosis in human embryonic stem
cells (ESCs). AG could induce ROS accumulation, damage the A¢m,
and increase caspase-3 levels. However, these effects could be
reversed by NAC, an inhibitor of ROS. Furthermore, AG could
upregulate the protein and gene expression of Nrf2 and its target
genes (SOD1, GCLC and glutathione reductase (GSR). These effects
could also be reversed by NAC. Therefore, AG could induce
apoptosis of human ECs via ROS-mediated oxidative stress re-
sponses and the Nrf2 pathway. Besides, in vivo toxicity studies
revealed that the pregnant mice were intraperitoneal injection of
5 mg/kg/day AG significantly decreased the mouse fetal size and
weight.

In vitro studies have shown that AG could cause renal toxicity.
AG (0, 3.50, 10.51, 21.03, 35.05, 52.57 and 87.62 pg/mL for 24 h)

576

Journal of Pharmaceutical Analysis 13 (2023) 563—589

suppressed cell proliferation in a dose- and time-dependent
manner, induced apoptosis, decreased SOD content and increased
MDA levels in human renal tubular epithelial (HK-2) cells. It could
increase the expressions of C/EBP homologous protein (CHOP) and
caspase-4 and decreased the protein expression of glucose-
regulated protein 78 (GRP78/Bip), resulting in the activation of
endoplasmic reticulum (ER) stress signaling. Additionally, AG could
alter the protein expressions of kidney injury molecule-1 (KIM-1),
TNF-a and IL-6. Therefore, AG could cause nephrotoxicity through
ER stress signaling and inflammatory responses [192].

High doses of AG are toxic to animal models of certain diseases.
For example, Yen et al. [193] found that AG at a high dose (a single
dose of 5 mg/kg, intraperitoneal injection) aggravated middle ce-
rebral artery occlusion (MCAO)/reperfusion-induced brain injury in
rats. Specifically, infarct volume was significantly higher in AG-
treated rats than in control rats. Additionally, AG (17.52 pg/mL)
induced apoptosis, activated caspase-3, increased LDH levels in
cerebral endothelial cells (CECs), arrested cell growth in the GO/G1
phase and prevented the entry of cells in the S or G2/M phase.

5. Other aspects of AG

AG has a wide range of pharmacological effects, which may
facilitate the management of ASCVD and the associated risk factors.
In this section, we have discussed the availability, pharmacokinetic
properties, pharmaceutical activities and safety of AG.

5.1. Availability of AG

The methods available for the synthesis and extraction of AG are
summarized below.

5.1.1. Extraction of AG

The extraction method plays an important role in the preser-
vation of bioactive components and physiological activity of me-
dicinal herbs. To date, different methods, such as reflux,
microwave-assisted extraction (MAE), soxhlet extraction, super-
critical CO, extraction, ultrasonic extraction, cold impregnation and
three-phase distribution, have been used to increase the extraction
rate of AG from Andrographis paniculata (Fig. 8).

Although traditional extraction methods have numerous
drawbacks, they are widely accepted, mainly owing to their appli-
cability, versatility and simplicity of operation. In a study, 9.6% AG
was obtained from Andrographis paniculata powder via cold
maceration in a mixture (dichloromethane and methanol) and
recrystallisation [194]. Wongkittipong et al. [195] used the Soxhlet
extraction method and found that extraction time, ethanol content
and extraction temperature influenced the diffusion coefficient of
AG, whereas particle size had minimal effects on the extraction rate
and final concentration. At an extraction rate of <1 mg/g, the
optimal extraction conditions were as follows: temperature, 22 °C;
ethanol concentration, 60%; extraction time, 3 h. In a similar study,
Sharma et al. [196] reported that the extraction rate of AG obtained
via Soxhlet extraction with methanol for 1.5 h (1.790%) was lower
than that obtained by reflux extraction with methanol for 1 h
(2.040%), suggesting that the highest extraction yield of AG was
obtained via reflux extraction. Kumoro et al. [197,198] investigated
the effects of different solvent properties on the Soxhlet extraction
of AG from the leaves of Andrographis paniculata. 16 solvents, such
as hexane, petroleum ether, dichloromethane, ethyl acetate, chlo-
roform, acetone and water, were applied to extract AG.75% meth-
anol was the optimal solvent for AG extraction (38.08%). A
mathematic model was established to describe the extraction
phenomenon based on rapid mass transfer at the solid-liquid
interface after a volumetric mass transfer coefficient was applied.
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Table 1

Preventive and therapeutic effects of AG on ASCVD.

Pharmacological properties

Detail information Models Daily dosages (or Application Refs.
concentration), methods of
administration and treatment

courses
Preventive effects of AG Anti-obesity and Decreasing the levels of triglyceride, TC and LDL-C Hyperlipidemia mice 2, 20, and 50 mg/kg/day, oral In vivo [90]
hypolipidemic effect administration for five days
Attenuating HFD-induced body weight gain and fat accumulation in liver or HFD-induced mice 50 and 100 mg/kg/day, oral In vivo [92]
adipose tissues, and improving serum lipid levels gavage for 4 weeks
Suppressing GPX1activity and depleting GSH level 3T3-L1 preadipocytes 10.00 and 20.00 pg/mL, for In vitro [95]
24 h-48 h
Suppressing the adipogenic differentiation Human bone marrow 0.87, 1.75, and 3.50 pg/mL, for In vitro [98]
mesenchymal stem cells 16 h—24 h
Anti- diabetic effect Decreasing the levels of blood glucose and improving diabetic rat islet and beta STZ-induced diabetic rats 1.5 and 4.5 mg/kg/2 days, oral  In vivo [105]
cells administration for 8 days
Suppressing the activation of NF-kB signaling pathway and its downstream 3T3-L1 preadipocytes 1.00, 2.00, 5.00, and 10.00 pg/ In vitro [107]
inflammatory factors expressions mL, for 1, 3,6,12,24 h
Reducing the expression of phosphoenolpyruvate carboxykinase and increasing STZ-induced diabetic rats 1.5 mg/kg/day, oral In vivo [112]
expression of the glucose transporter subtype 4 administration for 90 min
Enhancing the uptake of radioactive glucose and increasing the GLUT4 STZ-induced diabetic rats 1.5 mg/kg/day, oral In vivo [115]
administration for 90 min
Therapeutic effects of  Anti-atherosclerosis Decreasing TC, TG, and LDL levels, inhibiting IL-1p, IL-6 and CRP expressions, and PG-induced New Zealand 10and 20 mg/kg/day, oral In vivo [120]
AG effect inhibiting thickening of atherosclerotic plaques rabbits administration for 12 weeks
Increasing the levels of SOD,CAT,GPX, GSH, decreasing MDA,VCAM-1, ICAM-1  PG-induced New Zealand 10and 20 mg/kg/day, oral In vivo [121]
and MCP-1 levels, and reducing intima thickening plaque rabbits administration for 12 weeks
Down-regulating MCP-1 and IL-6 levels, blocking the NF-kB signaling, Ox-LDL-induced 0.44—-14.01 pg/mL for 48 h, In vitro [122]
decreasing oxidative stress and hindering foam cell formation RAW264.7 cells, 1 and 2.5 mg/kg/3 days, In vivo
E-deficient mice intraperitoneal injection for 8
weeks
Inhibiting the formation of foam cells Atherogenic diet-induced 40 mg/kg/day, oral gavage for 3 In vivo [123]
Wistar rats days
Reducing the accumulation of foam cells and inhibiting MCP-1 expression Atherogenic diet-induced 40 mg/kg/day, oral gavage for 3 In vivo [124]
Wistar rats days
Inhibiting the inflammatory responses (IL-1p, IL-6, and TNF-a), ameliorating the High glucose-induced HUVECs ~ 17.52 pg/mL, for 636 h In vitro [128]
levels of p-PI3K, p-AKT, and p-eNOS
Suppressing the mitochondrial pathway of apoptosis by inhibiting release of HUVECs 0.35-35.00 pg/mL, for 18 h In vitro [129]
cytochrome c into the cytoplasm and dissipation of mitochondrial potential and
preventing caspase-3 and-9 activation
Increasing the expression of PHD2/3 Hypoxia-induced EA.hy926 2.63 pg/mlL, for 16 h In vitro [137]
Enhancing HO-1 and MKP-5 expressions and cellular cGMP content in addition Hypoxia-induced EA.hy926 2.63 pug/mL, for 16 h In vitro [138]
to inhibiting hypoxia-induced ROS generation
Inhibiting ICAM-1 mRNA and protein levels, suppressing IkB, IKK and IkBo TNF-a-induced EA.hy926 0.18-7.01 pg/mL, for 16 h In vitro [141]
activation, p65 nuclear translocation, NF-kB and DNA binding activity
Attenuating ROS generation, Src phosphorylation, membrane translocation of =~ TNF-a-induced EA.hy926 2.63 pug/mL, for 16 h In vitro [142]
the NADPH oxidase subunits p47phox and p67phox, and ICAM-1 expression
Inhibiting ICAM-1 protein and mRNA expressions, ICAM-1 promoter activity, = TNF-o-induced EA.hy926 2.63 and 5.26 pg/mL, for 16 h In vitro [143]
and monocyte adhesion
Disrupting mitochondrial membrane potential and inhibiting the p38 MAPK/ = Human platelets 8.76—35.00 pg/mL, for In vitro [147]
@ HO—NF-kB-ERK2 cascade 10-60 min
Inhibiting collagen-stimulated platelet activation accompanied by relative Ca®>* Healthy human volunteers 8.76—26.28 ug/mL, for 6 min In vitro [150]
mobilization, thromboxane A2 formation and PLCy2, PKC, mitogen-activated platelets
protein, kinase MAPK and AKT phosphorylation
Inhibiting ERK1/2 pathway Male Wistar rats platelets 0.35-35.00 pg/mL, for 15,30,  In vitro [151]
and 60 min
Attenuating IKKB phosphorylation, IkBa. degradation, and P65 phosphorylation Human platelets 12.27 and 26.28 pg/mL, for In vitro [153]
6 min
Inhibiting IL-6 and MCP-1 expression as well as blocking NF-kB signal activation, LPS-induced macrophage cell 0.22, 0.44, 0.88, 1.75, 3.5, 7.01 In vitro [154]
interfering the Notch1 gene expression and increasing anti-inflammatory line RAW264.7 and 14.02 pg/mL, for 24 h

cytokines

(continued on next page)
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Table 1 (continued )

Pharmacological properties

Detail information

Models

Daily dosages (or
concentration), methods of
administration and treatment
courses

Application Refs.

Reducing ox-LDL-induced lipid accumulation, decreasing the mRNA and protein Ox-LDL-induced macrophage 0.18 and 0.35 pg/mL, for 24 h  In vitro [155]
expression of CD36 cell line J774A.1
Inhibiting NO synthesis by directly or indirectly interfering with the synthesis LPS-induced macrophage cell 0.35-17.52 pg/mL, for 5 h In vitro [157]
and activity of iNOS line RAW264.7
Inhibiting NO synthesis, reducing the expression of iNOS protein level withouta LPS/IFN-y-induced macrophage 3.50, 10.51 and 17.52 pg/mL, for In vitro [158]
significant effect on iNOS mRNA cell line RAW264.7 2,6,and 12 h
Inhibiting the activation of ERK1/2, p38MAPK and NK-kB Mouse peritoneal macrophages 50 pg/mL, for 72 h In vitro [159]
Inducing ROS formation, p53 activation, Bax, and active caspase-3 expression ~ VSMCs 17.52 pg/ml, for 48 h In vitro [160]
Activating the p38MAPK, activating the SHP-1, and induced PP2A VSMCs 7.01 and 17.52 pg/mL, for 20 In vitro [161]
dephosphorylation and 8 h
Reducing E-selection, VCAM-1 and TF levels, inhibiting neointima hyperplasia p50~/~ mice 5 mg/kg/2 days, intraperitoneal In vivo [162]
injection for 7 days
Suppressing the expressions of inducible NO synthase, reducing JNK, AKT, and TNF-a-induced primary rat 7.01 and 17.52 pg/mL, for In vitro [164]
p65 phosphorylation aortic smooth muscle cells 20 min
Suppressing NOS and MMP-9 expressions, inhibiting p65 nuclear translocation, LPS/IFN-y induced Wistar rats, 5 mg/kg/day, intravenous In vivo [165]
DNA binding activity, p65 Ser536 phosphorylation, and NF-kB reporter activity, LPS/IFN-y induced VSMCs injection for 2 weeks; 7.01 and In vitro
and increasing ceramide formation and PP2A activity 17.52 pg/mL, for 30 min
Inhibiting cell proliferation and reducing the expression of ERK1/2, diminishing PDGF-BB-induced VSMCs 7.01-35.00 pg/mL, for 24 hor  In vitro [167]
iNOS and COX2 expressions 48 h
Anti-CHD effect Increasing NO and PGI2 levels and decreasing TXA2 and ET-1levels, up- HFD induced coronary heart 50 mg/kg/day, oral In vivo [172]
regulating t-PA and decreasing PAI-1, decreasing levels of TNF-a, MCP-1, hs-CRP  disease mice administration for 42 days
and IL-1P in myocardial tissue and serum
Increasing the levels of SOD, CAT, GR, and Gpx and decreasing MDA level in Neonatal rat cardiomyocytes 0.35, 1.05 and 3.50 pg/mL, for 3 In vitro [175]
NRCs. Subjecting to H/R damage, mediating through up-regulation of subjected to H/R damage days
intracellular GSH level
Decreasing the peak ICaL density and increasing Ito ISO-induced male Wistar rats 20 mg/kg/day, subcutaneous In vivo [177]
injection for 21 days
Maintaining heart rate and ST-segment ISO-induced mice 20 mg/kg/day, subcutaneous In vivo [178]
injection for 21 days
Increasing mRNA expressions of Gpx, SOD2 and NQO1, down-regulating p67  Left coronary artery ligation 25 mg/kg/day, oral In vivo [179]
phox, Gp91 and NOX4 transcription, improving activation of the Nrf2/HO-1 mice administration for 14 days
pathway
Anti-cerebral Decreasing the expression of glial fibrillary acidic protein and increasing the Mouse model of bilateral 30, 60 and 120 mg/kg/day, oral In vivo [180]
haemorrhage and expression of NeuN, and the levels of pro-inflammatory cytokines (IL-18, IL-6  common carotid artery administration for 14 days
cerebral ischemia effect and TNF-a) occlusion
Exhibiting neuroprotective effects, with accompanying suppression of NF-kB Rats with pMCAO 2 mg/kg, intraperitoneal In vivo [181]
and microglial activation, and reducing the production of cytokines including injection for 1 h
TNF-o and IL-1pB, and PGE2
Suppressing free radical formation, blood-brain barrier disruption, and brain MCAO-induced ischemic stroke 0.1 mg/kg, intraperitoneal In vivo [182]
infarction, increasing HO-1 protein and Nrf2 phosphorylation, and nuclear in rats injection for 6 h
translocation
Decreasing the expressions of NOX2, iNOS, and the infiltration of CD11b cells  CI/R mice 0.01-0.1 mg/kg, intravenous In vivo [183]
OGD-induced BV-2 cells injection for 1 h In vitro
1.75-3.50 uM, for 24 h
Inhibiting the endothelial barrier, cell viability, matrix metalloproteinases, and OGD-induced brain 0.18, 0.35, 0.70, 1.75, and In vitro [184]

tube formation

microvascular endothelial cells

3.50 pg/mL, for 6 h

AG: andrographolide; ASCVD: atherosclerotic cardiovascular disease; AS: atherosclerosis; CHD: coronary heart disease; PAD: peripheral arterial disease; ECs: endothelial cells; VSMCs: vascular smooth muscle cells; VECs:
vascular endothelial cells; NO: nitric oxide; ROS: reactive oxygen species; LDL-C: low-density lipoprotein cholesterol; ox-LDL: oxidized low-density lipoprotein; HFD: high-fat diet; GPX: glutathione peroxidase; GLUT4: glucose
transporters subtypes 4; PG: porphyromonas gingivalis; TC: total cholesterol; TG: triglycerides; HDL-C: high-density lipoprotein cholesterol; MDA: malondialdehyde; SOD: superoxide dismutase; CAT: catalase; GSH: gluta-
thione; GPx: glutathione peroxidase; ET-1: endothelin 1; Nrf2: nuclear factor erythroid 2-related factor 2; ERK1/2: extracellular regulated protein kinase 1/2; ICAM-1: intercellular adhesion molecule-1; NADPH: nicotinamide
adenine dinucleotide phosphate; PP2A: protein phosphatase 2A; NRCs: neonatal rat cardiomyocytes; H/R: hypoxia/reoxygenation; MCAO: middle cerebral artery occlusion; OGD: oxygen-glucose deprivation; HUVECs: human
umbilical vein endothelial cells; STZ: streptozotocin; ox-LDL: oxidized low-density lipoprotein.
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Common methods consume a lot of energy, time, solvents and
raw material. The use of modern extraction methods can overcome
these problems. Supercritical CO, extraction offers the advantages
of being non-toxic and non-flammable. Chen et al. [199] compared
different pressures, extraction times and temperatures for super-
critical CO, extraction of AG and found that the maximum crys-
tallinity and purity of AG (72.29% (m/m) and 79.78% (m/m),
respectively) was obtained under the following conditions: pres-
sure, 24 MPa; temperature, 55 °C; time, 105 min. In addition, a
mixture of carbon dioxide and ethanol has been used as a solvent to
obtain 0.175 g/g of AG via supercritical fluid extraction at 323 K, 15
Mpa and 2 mL/min [200]. Similarly, 0.20% of AG was obtained via
MAE using ethanol as a solvent, 0.15% of AG was obtained using
water as a solvent and 0.589% of AG was obtained using a mixture
of chloroform and water as solvents [201,202]. This suggested that
binary solvents are more effective in extracting AG compared to
pure solvents. Mohan et al. [203] found that MAE was more effi-
cient when methanol was used as a solvent instead of water,
resulting in higher extraction rates and increased contents of
extracted AG. In addition, an MAE method based on ionic liquid was
developed to extract AG, wherein 4.71% (m/m) of AG was obtained
using 1-butyl-3-methylimidazole. Compared with the conventional
MAE method, this modified MAE method with green solvent/ionic
liquid reduced environmental pollution [204]. In a study, the con-
tent of AG obtained via ultrasound-assisted MAE (UMAE)
(1066.49 mg/L) was higher than that obtained via MAE (781.65 mg/
L) and ultrasonic extraction (UAE) (559.24 mg/L) alone [205]. A high
extraction rate could be achieved in a short time with dynamic
microwave-assisted high-performance liquid chromatography, and
98% of AG can be extracted within 6 min [206]. In a study, AG was
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rapidly extracted from Andrographis paniculata using the three-
phase partitioning (TPP) method, and a yield of 26.55 mg/g of AG
was obtained under the following optimal conditions: temperature,
40 °C; concentration of ammonium sulfate, 40%; solute-to-solvent
ratio, 1:40; time, 120 min [207]. However, TPP has the disadvan-
tage of mass transfer resistance, which can be overcome by
combining it with MAE or UAE. In a study, the combination of TPP
and MAE (MTPP) improved the yield of AG (38.53 mg/g). However,
the yield of AG extracted via TPP and ultrasound-assisted parti-
tioning (UTPP) was 35.28 mg/g and 26.55 mg/g, respectively, both
of which were lower than the yield of MTPP [208].

5.1.2. Synthesis of AG

AG is a labdane diterpenoid with a complex structure. In 2014,
AG was first synthesised using homoiodo allylsilanes for facile as-
sembly of the respective diastereomeric allylsilanes, the bio-
mimetic cation-olefin annulation precursors [209]. Subsequently,
AG was synthesised using a simple method, which involved fewer
steps and resulted in better diastereoselectivity and enantiose-
lectivity compared with previous synthetic methods. The key steps
of this method include iridium-catalysed carbonyl reductive
coupling to form a quaternary carbon stereocentre at C4, diaster-
eoselective alkene reduction to establish a trans-decalin ring and
carbonylative lactonisation to incorporate a-alkylidene-y-butyr-
olactone [210].

5.2. Pharmacokinetic properties of AG

For research and development of drugs, pharmacokinetic anal-
ysis has attracted the attention of many researchers owing to its

Soxhlet extraction

Reflux extraction

Cold impregnation
Supercritical CO, extraction
Microwave-assisted extraction
Ultrasonic extraction

-

e Sthods Three phase partitioning (TPP)

Ultrasound assisted three phase extraction (UTPP)

Microwave assisted three phase extraction (MTPP)

\ Ultrasound-microwave assisted extraction

Fig. 8. Extraction methods of andrographolide (AG).
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contribution to rational dose selection and dosing regimens.
Studies have extensively reported the pharmacokinetic properties
of AG. The absorption, distribution, metabolism and excretion of AG
in living organisms are described below.

5.2.1. Absorption

The pharmacokinetic parameters of AG are different across
species. For example, a study reported that after oral administration
of AG (120 mg/kg), the maximum plasma concentration (Cpax of AG
was 0.23 + 0.05 pg/mL, which was observed after 29.75 + 0.5 min in
SD rats, with an area under the curve (AUCg_,) value of
29.45 + 3.73 pg/min-mL [211]. Chen et al. [212] reported that the
Cmax Tmax and AUCg_ 12 , values in rats were 0.35 + 0.05 pg/mlL,
0.05 + 0.43 h and 0.50 pg/mL-h, respectively, after the adminis-
tration of 50 mg/kg of AG. Another study on rats showed that the
Tmax» Cmax and AUCp_,, values were 2.41 + 0.15 h, 1.27 + 0.2 ug/mL
and 8.34 pg-h/mlL, respectively, after oral administration of 20 mg/
kg of AG [213]. Bera et al. [214] found that after oral administration
of 100 mg/kg/day of AG for 4 weeks to rats, the Cpax, Tmax and
AUC(_,, values were 0.12 ug/mL, 0.75 h and 0.28 pg-h/mL, respec-
tively. In a study on beagle dogs, Xu et al. [215] found that the Tyax
and AUCp_; values were 130 + 0.57 h and 0.49 + 0.15 pg-h/mL,
respectively. In a study on chickens, the AUCy_, Tmax and Cpax
values were 320.6 + 24.6 pg/mL-min, 53.5 + 5.2 min and
1.63 + 0.28 pg/mL, respectively, after oral administration of
Andrographis paniculata powder (5 g/kg) [216]. Moreover, clinical
studies have shown that differences in pharmacokinetic properties
of AG among humans are attributed to differences in nationality
and geographical locations. In a study on healthy Chinese volun-
teers, the mean plasma Tpax, Cmax and AUCy_, values of AG were
1.6 h, 0.16 pg/mL and 0.29 + 0.06 pg-h/mL, respectively, after oral
administration of 200 mg of AG [217]. However, in a study on
healthy Thai volunteers, Cmax, Tmax and AUC values of AG were
0.34 pg/mL, 1 h and 0.05 pg-h/mL, respectively. In another study,
after Thai volunteers were orally administered by A. paniculata
capsules (97.92 mg/day for 3 days), the Crax of AG reached 0.03 mg/
mL after 0.78 h [218,219]. The above mentioned studies suggested
that doses and dosage regimens affect the absorption of AG.

The absolute bioavailability of AG is low. In a study, the
bioavailability of 120 mg/kg AG was 2.67% in rats [211]. In another
study, the bioavailability of AG was 1.19% in rats, which was 4-fold
lower than that of AG derived from 940 mg/kg ethanolic extract of
A. paniculata. This finding indicated that the absorption of AG was
altered in the presence of other compounds in A. paniculata extracts
[212]. This suggested that other components in the extract could
change the pharmacokinetics of AG, thereby increasing its
bioavailability. Besides, Ye et al. [211] found that the effective
permeability (P*eff) of AG in the ileum and colon of rats was
significantly increased by verapamil (a P-glycoprotein (P-gp) in-
hibitor), suggesting that penetration of AG into the ileum and colon
was hindered by P-gp efflux. Additionally, the amount of AG in bile
samples was affected by the P-gp inhibitor, which resulted in
substantially elevated excretion of AG in the bile tract than AG was
perfused alone. Therefore, the poor oral bioavailability of AG could
be attributed to biliary excretion and P-gp efflux.

5.2.2. Distribution

AG may not targeted to organs and mainly existed in blood. Bera
et al. [214] demonstrated the distribution of AG in rat tissues using
liquid chromatography-tandem mass spectrometry (LC-MS/MS).
After oral administration of 100 mg/kg/day AG for 4 weeks, the
blood to plasma ratio of AG was 0.93, which indicated that AG did
not accumulate sufficiently in the red blood cells. In addition, the
highest concentration of AG was found in the kidney of rats 1 h
after administration (156.12 ng/g), followed by the liver, spleen and
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brain, whereas the concentration of AG was similar in the heart and
lung. However, AG could not be detected in the testis. A study on
rats showed that the metabolites of AG were found in the small
intestine instead of bile [220]. The distribution of AG in human and
chicken plasma had been described using an open two-
compartment model, whereas that in rats had been described us-
ing a single-compartment model [213,216]. The lipophilicity and
protein-binding activity of drugs play an important role in their
distribution in vivo because the proportion of free fraction de-
termines the membrane transport rate and the amount of drug
distribution. AG has a good affinity for human serum proteins. In a
study, after oral administration of four Kan Jang tablets (equivalent
to 20 mg AG), 55% of AG in the body was bound to human plasma
proteins. In particular, 64% of AG was bound to bovine serum al-
bumin, whereas only approximately 40% of AG was absorbed into
the tissues. These findings indicated that AG was non-specifically
bound to albumin in human blood [213]. Human serum albumin
(HSA) and a-1-acid glycoprotein (AGP) (another important plasma
protein) were major proteins driving the transport of AG in vivo.
Yeggoni et al. [221] found that AG could be bound to HSA more
easily than to AGP.

5.2.3. Metabolism

The metabolites of AG are different in human and animals. In a
study, 13 metabolites were identified in liver microsomes after the
administration of AG to humans and animals (Fig. 9). Specifically, 8
phase I metabolites and 5 phase Il metabolites were identified via
dehydration, deoxygenation, hydrogenation and glucuronidation
[222]. It has been proved that sulfonate metabolite of AG was the
main metabolite in rat serum, urine and small intestine, including
14-deoxy-12-hydroxyandrographolide  (DEO-AND), 14-deoxy-
12(R)-sulfo andrographolide 3-sulfate, 14-deoxy-12(S)-sulfo
andrographolide 3-sulfate, 14-sulfo isoandrographolide 3-sulfate,
14-deoxy-11,12-dide-hydroandrographolide, isoandrographolide,
14-deoxy-12(R)-sulfo andrographolide 1, and 14-deoxy androgra-
pholide (compounds 1-17) [220,223,224]. However, due to species
differences in the catalytic properties of metabolizing enzymes, the
metabolites of AG in humans were mainly derived from glucuro-
nide conjugates and urea adducts, including andrographolide-19-
0-B-D-glucuronide, isoandrographolide-19-0-p-D-glucuronide, 14-
deoxy-12-carbamidoandrographolide-19-O-sulfate, 14-deoxy-
12(R/S)-carbamido-andrographolide-19-0-3-D-glucuronide (com-
pounds 18—28) [225,226].

5.2.4. Excretion

Urine is the main excretion mode of AG. In a study, after the
administration of four dispersible tablets (200 mg AG), the elimi-
nation half-life of AG was 10.50 + 2.07 h in human plasma [227]. In
a study on rats, the total clearance rate was 3.6 + 0.12 L/h/kg, mean
residence time (MRT) was 4.6 + 0.09 h and elimination half-life (t.,-
) was 1.3 + 0.10 h after intramuscular injection of 50 mg/kg AG.
These results indicated that AG was cleared rapidly in vivo and had
a high overall clearance rate and low elimination half-life, sug-
gesting that AG was distributed in the blood after intramuscular
administration [228]. These results were consistent with those of
another study, in which the MRT, clearance rate (Cl) and elimina-
tion constants (Ke|) of AG were 4.71 + 0.7 h, 0.29 + 0.07 mL/min and
0.34 + 0.15 h™!, respectively, in rats after oral administration of
20 mg/kg A. paniculata extract (AGE). However, renal excretion was
not the primary method of AG elimination. A study reported that
the rate of urinary AG excretion was 8.2% and 0.53% within 72 h of
oral administration of 20 mg/kg and 20 mg/kg AG in rats, respec-
tively. Approximately 90% of AG was eliminated in other ways,
mainly through metabolic conversion. The authors suggested that
this phenomenon was most likely attributed to the intensive
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metabolism of AG. The metabolism of AG increased with an in-
crease in its dose [213].

5.3. Pharmaceutical properties of AG

As mentioned earlier, AG has low water solubility and oral
bioavailability and unstable metabolism, which greatly limit its
clinical application [229]. To overcome these drawbacks and
maximise clinical therapeutic effects, various formulations have
been developed based on new technologies and encapsulation
strategies, such as solid dispersions (SDs), inclusion bodies, nano-
emulsions, nano-suspensions, microspheres, liposomes, micelles
and nanoparticles [230]. At present, AG is primarily delivered via
liposomes, microspheres, SDs and nano-formulations (Fig. 10).
These delivery vehicles are described below.

Lipid-based microemulsion formulations, which mainly include
macroemulsions (coarse emulsion), microemulsions, self-
microemulsifying drug delivery systems (SMEDDSs), solid lipid
nanoparticles (SLNs), liposomes and lipoplexes, offer promising
delivery platforms for poorly soluble drugs and natural compounds
[231]. Microemulsion, which is a mixture of oil, water and surfac-
tant, is considered a potential drug delivery vehicle [232]. In a
study, AG-loaded microemulsions were prepared, and the content
of AG was detected to be 8.02 mg/mL. The microemulsion system
consisted of isopropyl myristate as the oil phase (2.5% (m/m)),
Tween 80 as the surfactant phase (25% (m/m)) and ethanol as the
co-surfactant (50% (m/m)). Compared with AG tablets, AG-loaded
microemulsions had better water solubility, longer shelf life,
stronger anti-inflammatory effects, higher bioavailability and lower
acute oral toxicity [233]. A special emphasis has been placed on
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SMEDDSs, which are more stable than traditional emulsions (EMLs)
[234]. In a study, SMEDDSs were prepared and transformed via
extrusion/spheronization and had higher dissolution rates
compared with the crude extract AG powder in vitro. Additionally,
the Cipax and AUCp_12p, values of AG in SMEDDS were 6 and 13 times
higher than those of AG extract in an aqueous suspension,
respectively [235]. Nanoparticle drug delivery systems have been
used to target cells or organs without causing damage to normal
tissues [236]. SLNs have advantages such as long-term stability and
improved bioavailability of active ingredients [237]. The bio-
acceptable and biodegradable nature of SLNs makes them less toxic
and more suitable for targeting the brain [238]. Studies have shown
that AG could be rapidly delivered to the brain by SLNs. Graverini
et al. [239] demonstrated that SLNs successfully promoted the
penetration of AG in an in vitro blood—brain barrier (BBB) model as
evidenced by the results of parallel artificial membrane perme-
ability assay (PAMPA). Additionally, a study demonstrated that
gelatin hydrogels of AG were embedded in poly (lactic-co-glycolic
acid) (PLGA) nanoparticles, which prolonged the delivery and
retention time of AG in the joints of mice [240].

PLGA microspheres with sustained release can help to achieve
long-term effects of drugs, shorten drug administration time and
reduce the fluctuation of drug concentration in the blood [241].In a
study, PLGA microspheres encapsulated with AG were developed
with significant sustained release property. A solid-in-oil-in-water
(s/o/w) emulsification solvent volatilisation method was used to
prepare AG-encapsulated microspheres. These microspheres had
high entrapment (75.79% + 3.02%) and drug Iloading
(47.06% + 2.18%) efficiency. After intramuscular injection of AG-
encapsulated PLGA microspheres, the absolute bioavailability of

CH,0S03H

Fig. 9. Metabolites of andrographolide (AG).
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the microspheres was 67.51%. Moreover, the microspheres main-
tained a relatively high plasma concentration of AG after 1 week
[242]. In another study, AG pellets with a core-shell structure were
prepared via wet milling, which had >90% solubility and adequate
stability. In beagle dogs, Trmax value of the pellets was 1.38 h, and the
relative bioavailability was 1.57 times higher. These results sug-
gested that the solubility and bioavailability of AG could be signif-
icantly improved by stabilising pellets with HPMC films [243].

Solid dispersion (SD) is an effective method for increasing the
solubility, dissolution rate and bioavailability of poorly water-
soluble drugs. Materials such as SiO,, polyethylene glycol, poly-
ethylene pyrrolidone, hydroxyapatite and poly (vinyl pyrrolidone-
vinyl acetate) are often used as carriers to prepare AG-SD
[244—246]. In a study, AG-encapsulated SDs were developed, and
the optimal absorption organ was the jejunum. The concentration
of AG in SDs was approximately 2.7 times higher than that in
unconfigured suspensions. Pharmacokinetic analysis revealed that
the Cpax and AUC values of AG were 3.7-and 3.0-fold higher than
those of oral AG suspension, respectively [247]. In another study,
nanocrystalline solid dispersions (NC-SDs) with high drug
loading efficiency were used to improve the dissolution of AG. The
dissolution rate of AG-NC-SDs was barely altered compared
with the precursor NC suspension, and the drug loading
efficiency of AG-NC-SDs was 67.83% + 1.26%. Compared with coarse
AG, AG-NC-SDs had lower Cpax values, higher mean peak concen-
tration and 4.72-fold higher AUCy_, values in rats [248].

Over the past few decades, nanotechnology has been widely
used for the development of drug delivery systems, which are easy
to prepare, have good stability and can improve the solubility and
bioavailability of drugs. Nano-emulsions can be incorporated into
hydrogels to overcome their low viscosity. AG nano-emulsions have
been prepared using octanol 90 as the oil phase, Kolliphor RH 40 as
the surfactant and propylene glycol as the auxiliary solvent [249].
EMLs are lipid-based vesicle systems that combine the properties of
EMLs and liposomes. Structurally, EMLs consist of an internal lipid
core in a solid or liquid crystal phase surrounded by a phospholipid
(PL) multilayer film [250]. Elsheikh et al. [251] developed AG-
loaded emulsions (EML-AG) as a novel tool to overcome the
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disadvantages of oral delivery obstacles of AG. The size of EML-AG
was 281.62 + 173 nm, and the encapsulation rate was
96.55% + 0.25%. Compared with free AG, EML-AG had higher ab-
sorption rate and Cpax value (9.64 ug/mL) at a shorter Trpax (0.5 h)
and AUC ¢_ (23.88 pg-h/mL). EML-AG had a significantly longer
elimination half-life (t1/2), its MRT was thrice that of free AG, and its
clearance rate was significantly reduced by 5 folds.

In addition to the above mentioned materials, other materials
can be used to improve the solubility and bioavailability of AG, such
as carboxymethyl chitosan, pH-sensitive nanoparticles and titania
nanotubes. In a study, the content of AG in AG-carboxymethyl
chitosan nanoparticles prepared using an ionic gelation method
was 12.09% + 0.26%. The release rate of AG from carboxymethyl
chitosan nanoparticles was increased by 6.3 folds, and the in vivo
antimalarial activity was significantly increased by 1.65 folds in
mice infected with Plasmodium [252]. In another study, the ability
of AG to inhibit bacterial adhesion and biofilm formation in ATCC
35984, Staphylococcus epidermidis 389 and Streptococcus aureus 376
was enhanced by encapsulating AG in titania nanotubes [253].
Previous studies have demonstrated that pH-sensitive nano-
particles can increase the oral bioavailability of drugs [254]. Chel-
lampillai et al. [255] prepared pH-sensitive nanoparticles
encapsulated with AG via a nanoprecipitation technique using
Eudragit EPO (a cationic polymethacrylate copolymer) to enhance
the bioavailability of AG. The pH-sensitive matrix-type dispersed
particles could release the drug at a specific pH in the GI tract.
Compared with the release of pure AG, AG encapsulated in the
nanoparticle suspension was 6-fold higher in an acidic medium
within 10 min. Compared with AG, the nanoparticle suspension had
2.2-and 3.2-fold higher AUCy_,, and Cpax values, whereas the
relative bioavailability of AG in the suspension was increased by
121.53%. Therefore, the nanoparticle formulation improved the
bioavailability, pharmaceutical activity and therapeutic efficacy of
AG.

In conclusion, AG can be delivered to tissues (such as the lung,
liver and brain) more accurately and efficiently in novel dosage
forms, which may help to overcome problems associated with the
use of AG in clinical practice.

— Self-microemulsified drug delivery system (SMEDDS)

Microemulsion

Solid-lipid nanoparticle (SLN)

Solid dispersion (SD)

Nanoemulsion

Nanoparticulate formulation

PLGA microspheres

pH-sensitive nanoparticles

— Titanium dioxide nanotubes

Fig. 10. Pharmaceutics of andrographolide (AG). PLGA: poly (lactic-co-glycolic acid).
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6. Discussion

ASCVD is an inflammatory disease that manifests as CHD and
cerebrovascular disease owing to plaque instability or thrombosis.
It is characterized by lipid accumulation, cellular abnormalities and
dysregulation of signaling pathways associated with oxidative
stress and inflammation (e.g. MEK5/ERK5/MEF2, PI3K/AKT/p38
MAPK/PKC and Nrf2/HO-1) [256,257]. Therefore, ASCVD can be
effectively prevented and treated by targeting ECs, monocytes,
foam cells, SMCs, platelets and their associated signaling pathways.
ASCVD is often associated with hypertension, diabetes, hyper-
lipidaemia and obesity. Therefore, controlling these risk factors can
help to prevent ASCVD [258]. NSAID, anti-platelet drugs, and hy-
potensive drugs are applied to manage ASCVD [259,260]. However,
the use of multiple drugs in the treatment of ASCVD is inefficient
and causes unavoidable side effects, Therefore, it is indispensable to
develop natural products with multi-targeted nature, little toxicity
and preventive and therapeutic potentials in ASCVD which can be
applied in combination with synthetic drugs.

A line of pharmacological studies on the preventive and thera-
peutic effects of AG produced fruitful results. Unlike most of the
currently available drugs for the prevention and treatment of
ASCVD, AG has applicable potentials in the entire processes of
ASCVD, including the risk factors, AS and ASCVD. There are two
differences existed when AG was applied to prevent or treat ASCVD.
First, the general doses of AG for the treatment and prevention of
ASCVD in vivo were 1.5—4.5 mg/kg, 20—50 mg/kg, whereas its
treatment course was 1 week-1 month, 1 week-3 months, respec-
tively. The general dose of AG for the treatment of ASCVD (10.51 pg/
mL) was higher than that to prevent ASCVD (5.26 pg/mL) in vitro.
Moreover, the maximum dose of AG for prevention of ASCVD was
100 mg/kg for 4 weeks in vivo (mice) or 20.00 pg/mL for 24,48,72 h
in vitro [92,95]. Meanwhile, the maximum dose of AG for treatment
of ASCVD was 500 mg/kg for 4 weeks in vivo (rats) or 35.00 pg/mL
for 24 or 48 h in vitro [91,167]. In conclusion, the dose and treat-
ment course of AG for the prevention of ASCVD were smaller than
those for its treatment. Similarly, the efficient concentration of AG
in different cell models were different. In the cellular model of the
risk factor of AS (3T3-L1 cells and hBM-MSCs), the concentration
range of AG was 0.35—20.00 pg/mL [99,100,107]. In the cellular
model of AS (ECs, platelets, monocyte/macrophage-like cells, and
VSMCs), the concentration range of AG was 0.35—35.00 ug/mL
[129,140,147,152,158,164]. In the cellular models of ASCVD, the
concentration of AG was 1.75—3.50 pg/mL [175,183]. Therefore,
different dosing concentrations need to be considered for different
models and pharmacological effects. Notably, the effective con-
centration ranges of AG were 0.35—35.00 pug/mL and 0.18—35.00 pg/
mL in rat cells and human cells in vitro, respectively, higher than
the Cpax values of 0.12 ug/mL and 0.03 pg/mL in rats and humans
[141,151,153,214,218]. However, as known to all, in vivo and in vitro
experiments are quite different. It could not be absolutely
concluded that AG could did not reach the effective concentration.
Also, it is suggested that the poor bioavailability of AG may lead to
its unsatisfactory efficacy. Second, the mechanisms responsible for
the preventive and therapeutic potentials were different. AG exer-
ted preventive effects by inhibiting lipogenesis, inducing the pro-
liferation and differentiation of adipocytes and negatively
regulating adipogenic marker proteins and growth factors. How-
ever, AG exerted therapeutic effects by blocking the adhesion of
monocytes to ECs, inhibiting aggregation and activation of platelets
and foam cell formation, and inducing proliferation and apoptosis
of smooth muscle cells. In addition, the mechanisms underlying the
anti-diabetic effects mainly involved regulation of NF-kB and PI3K/
AKT pathways [107], whereas those underlying the therapeutic
effects of AG against AS mainly involved regulation of PI3K/AKT-
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p38 MAPK/PKC, HO-1/CO/cGMP/MKP-5, PI3K/AKT, IKK/IkBo/NF-
kB, p38MAPK/NF-«kB, JNK/AKT/p65, ceramide/p47phox/ROS and
SHP-1/PP2A/p38MAPK/p53 pathways. Also, modulation of AG on
the PPAR and NF-kB signaling pathways contributed to its anti-CHD
effects whereas regulation of PI3K/AKT, Nrf2, and NF-kB signaling
pathways played a vital role of the protective effects of AG against
cerebrovascular diseases [129,138,139,150,159—161,164]. Notably,
although the mechanisms underlying the preventive and thera-
peutic effects of AG were different, regulation of PI3K/AKT and NF-
kB signalings were involved in both of the preventive and thera-
peutic effects of AG. Moreover, there were a multitude of biomol-
ecular targets for AG in the prevention and treatment of ASCVD.
In vitro, AG regulated targets such as GPX1, GSH and NF-kB (in 3T3-
L1 cells), PI3K, AKT and eNOS (in HUVECs), PHD2/3, HO-1, MPK-5,
ICAM-1, ROS, Nrf2 and NF-kB (in EA.hy926 cells), ERK1/2, P38
MAPK, PKC and PLCy2 (in platelets), NO, iNOS and NF-kB (in
macrophage cell lines RAW264.7 and ]774A.1), SHP-1, P38 MAPK,
PP2A, JNK, AKT, COX2 and Bax (in VSMCs), HO-1, NOX and Nrf2 (in
BV-2 cells and brain microvascular endothelial cells) [95, 107, 122,
129,137,138, 141-143, 147,150—-155, 157,158, 160, 161, 164, 167, 183,
184]. In vivo, the anti-obesity and hypolipidemic effects of AG were
attributed to its regulation of SREBPs, FAS, SCD-1, HMGCR, GSH, C/
EBPa, C/EBPB, SREBP-1c and PPARY, anti-diabetic activity were
resulted from its adjustment on the PKCA/¢, GSK3p, TRS-1, PEPCK,
opioid p-receptor and AKT. Also, AG could regulate ERK1/2, NOS,
NF-kB, HIF-1a, ROS, HO-1, PKC, PKG, ODQ, LXRa, p50, p38MAPK,
PP2A and SHP-1 pathways, eliciting anti-AS action. The anti-CHD
effect of AG was associated with its regulation of the PPAR, NF-
kB, PAI-1, PGI2 and TxA2 pathways. Moreover, AG possessed
anti-cerebral haemorrhage and cerebral ischemia activities by
regulating the ERK1/2, p38 MAPK, ZO-1, Occludin, Claudin 5 and
JNK1/2 pathways [90,92,98,105,112,115,120,121,124,159,162,165,172,
177—183]. Based on the aforementioned studies in vivo and in vitro,
targets that can be directly regulated by AG for the prevention and
treatment of ASCVD include SREBPs, ERK1/2, NOS, NF-«B, HIF-1a,
ROS, PI3K, AKT, etc. Among them, SREBPs, PHD2/3, HO-1, PP2A, PKC
and PLCy2 which could interact directly with AG are new targets.
Therefore, AG is a promising candidate drug for the treatment of
ASCVD and its risk factors, such as obesity, hyperlipidaemia, hy-
pertension, diabetes, CHD, MI, ischaemic heart disease, cerebral
ischemia and cerebral haemorrhage.

Nevertheless, pharmacological studies of AG regarding the
prevention and treatment of ASCVD had several drawbacks. First,
animal models of AS were inaccurate. For example, lipid meta-
bolism in rodents is primarily based on HDL levels instead of LDL
levels as in humans [261,262]. Therefore, in the future, it is neces-
sary to establish novel animal models minimizing differences be-
tween the models and the human body. Second, the role of AG in
the prevention and treatment of other risk factors (e.g. hyperten-
sion and hyperuricemia) and other ASCVD (e.g. unstable angina and
peripheral vascular disease) remains unreported. In the future,
more in-depth studies should be conducted to elucidate the im-
plications of AG in clinical treatment. Third, due to lackage of
specific studies focusing on the dosage and course of AG in the
prevention and treatment, this issue needed further investigation.
Fourth, most published studies are limited to in vitro and in vivo
experimental studies and the effects of AG in the prevention and
treatment of ASCVD has not been validated in human trials. Finally,
there was no relevant literature on the structure-activity relation-
ship of AG in the treatment of ASCVD, which provided an idea for
the follow-up researches.

Attention should be paid to the safety profile of AG. The difference
between toxicity and pharmacological profile of AG lied in the dose
administered. In clinical practice, the minimum toxic dose of AG
(1,400 mg, for 3 weeks, oral administration to humans equivalent to



T. Gou, M. Hu, M. Xu et al.

125 mg/kg, oral administration in rats), much higher than the
maximum dose for pharmacological profile (100 mg/kg, for 4 weeks,
oral gavage in mice equivalent to 70 mg/kg, oral gavage in rats),
caused only minor side effects, which were relieved after discon-
tinuation [92]. Furthermore, the acute toxicity studies showed that
AG was found to be safe up to a maximum dose of 500 mg/kg, single
oral administration in rats [91]. This indicated that AG was safe
enough and could be used to prevent and treat ASCVD. However, AG
elicited three toxicities to some extends. AG with doses used to treat
ASCVD (25 and 50 mg/kg in rats) could cause male reproductive
toxicity [189]. Notably, the patients suffering from ASCVD and its risk
factors are mainly middle-aged and elderly, most of whom have no
desire to have children. Therefore, in most cases, AG, with a little
male-reproductive toxicity, can be applied in the prevention and
treatment of ASCVD. Moreover, the reproductive toxicity of AG was
temporary. If some patients have reproductive requirement, they can
stop taking AG and prepare to give births after the reproductive in-
dexes were reversed. Furthermore, AG had been demonstrated to
destroy the maturation and fertilization potential of female oocytes
[190]. However, further in vivo studies in animals and clinical trials in
humans are needed to determine whether AG caused reproductive
toxicity in females. Also, the dose of AG that caused brain toxicity in
rats (5 mg/kg, intraperitoneal) was much greater than that for
ischaemic stroke (0.1 mg/kg, intraperitoneal), suggesting that the
brain toxicity of AG could be avoided [182,193]. Additionally, AG
induced certain renal toxicity to a certain extent in vitro and renal
toxicity of AG injection, rather than oral preparations of AG were
reported. Therefore, it is suspected that AG might cause renal tox-
icities, mainly due to long courses (e.g. 48 days of administration)
and specific modes of administration (e.g. intraperitoneal injection).
Conclusively, in addition to reducing the dosage of AG, approaches
including controlling extremely long treatment courses and modes
of administration and monitoring the renal, reproductive and cere-
bral toxicities, and developing targeted drug delivery systems are
required to alleviate the toxicities of AG, if necessary, in clinical
settings.

In-depth studies on the availability and pharmacokinetics of AG
will help to improve its clinical application. With a complex
structure that is difficult to synthesise, AG was often isolated and
purified from plants using different methods (e.g. reflux, MAE,
Soxhlet extraction and supercritical CO, extraction). The content of
AG was higher in plant leaves than in roots and stems but varied
depending on the origin, harvest time and processing method
[263,264]. According to the aforementioned literature, the best
method for extracting AG from the leaves of A. paniculata is the
microwave-assisted MAE methanol solvent technique [205]. Phar-
macokinetic studies have reported that, the AUC values of AG in
rats, chickens, dogs and humans are low due to biliary excretion
and P-gp efflux. Furthermore, AG does not exhibit organ-targeting
ability and is mainly found in blood. Due to differences of meta-
bolic pathways, the metabolites of AG among animals and human
were different. Additionally, AG had a long half-life and slow in vivo
elimination. Besides, some issues are worthy further studying. For
example, the elimination half-life of AG in humans was
10.50 + 2.07 h, suggesting a long half-life and slow in vivo elimi-
nation of AG [188,265]. Therefore, in order to maintain the blood
concentration of AG in a high level, the dosing frequency should be
twice or three times one day, instead of one time per day.

The low bioavailability and non-targeting to organs of AG
greatly limited its pharmacological activity in vivo. Therefore, the
efficacy of AG could be improved using effective derivative sub-
stitutes and drug delivery systems (e.g. nano-emulsions, nano-
suspensions, microspheres, liposomes, micelles and nanoparticles).
For example, bioavailability of AG was improved when it was
administered in the forms of nanoemulsion vesicles and pH-
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sensitive nanoparticles [251,255]. Additionally, administration of
AG niosomes and nanosuspensions can help target the liver
[266,267]. However, some delivery systems have shortcomings. For
example, liposomes have drawbacks such as poor stability, insuf-
ficient circulation, drug leakage, large particle size and low capacity
to encapsulate lipophilic drugs [268,269]. Liposomal and polymeric
nanoparticles do not meet the requirements for high drug delivery
efficiency, which affects efficacy [270]. Polymers and micelles may
cause toxic effects at the site of administration [271]. Liposomes
occasionally induce oxidative and hydrolysis-like reactions that
cause side effects after drug administration [272]. Notably, intra-
peritoneal injection of AG (5 mg/kg) induced neurotoxicity in rats,
which might be attributed to the dosage form rather than AG itself
[193]. Besides, to date, no literature has reported that the new
dosage forms enhance the therapeutic effect of AG on ASCVD
[273—276]. Therefore, dosage forms of AG that can promote effi-
ciency but bring little adverse effects need further research.

Altogether, AG, which is a widely used drug (old bottle), can be
used for the prevention and treatment of ASCVD (novel wine). This
review systematically summarized the pathogenesis of ASCVD, the
potential role of AG in the treatment of ASCVD, AS and AS-related
risk factors in vitro and in vivo and the mechanism of action of
AG. To the best of our knowledge, no systematic review has sum-
marized the role and mechanism of action of AG in ASCVD to date.
Therefore, this paper provides a comprehensive review focusing on
the pathogenesis of ASCVD and preventive and therapeutic po-
tentials of AG in ASCVD and offers new directions for future
research.
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