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Abstract
Objectives  Scutellaria baicalensis (SB) has been traditionally used to combat a variety of conditions ranging from ischemic 
heart disease to cancer. The protective effects of SB are due to the action of two main flavonoids baicalin (BA) and baicalein 
(BE). This paper aimed to provide a narrative review of the protective and antidotal effects of SB and its main constituents 
against natural toxicities and physical hazards.
Evidence acquisition  Scientific databases Medline, Scopus, and Web of Science were thoroughly searched, based on different 
keywords for in vivo, in vitro and clinical studies which reported protective or therapeutic effects of SB or its constituents 
in natural and physical toxicities.
Results  Numerous studies have reported that treatment with BE, BA, or total SB extract prevents or counteracts the detrimen-
tal toxic effects of various natural compounds and physical hazards. The toxic agents include mycotoxins, lipopolysaccharide, 
multiple plants and animal-derived substances as well as physical factors which negatively affected vital organs such as CNS, 
liver, kidneys, lung and heart. Increasing the expression of radical scavenging enzymes and glutathione content as well as 
inhibition of pro-inflammatory cytokines and pro-apoptotic mediators were important mechanisms of action.
Conclusion  Different studies on the Chinese skullcap have exhibited that its total root extract, BA or BE can act as potential 
antidotes or protective agents against the damage induced by natural toxins and physical factors by alleviating oxidative stress 
and inflammation. However, the scarcity of high-quality clinical evidence means that further clinical studies are required 
to reach a more definitive conclusion.
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Introduction

Baicalin (BA), a flavone glycoside, and its aglycone form, 
baicalein (BE) (Fig. 1), are two compounds abundantly 
found in the root and leaves of Scutellaria baicalensis (SB). 
Also known as Baikal or Chinese skullcap, SB is a plant that 

has a long tradition of being used for different purposes in 
traditional Chinese medicine (TCM) [1]. A set of other fla-
vonoids such as wogonin and oroxylin A can also be isolated 
from the plant’s root extract. In a review of the pharmaco-
logical properties of oroxylin A, Lu et al. reported inhibi-
tion of multiple inflammatory pathways can play a possible 
role in decreasing multidrug resistance in tumors [2]. The 
compound has also shown efficacy in reversing lipopoly-
saccharide-induced inflammation [2]. As for wogonin, it 
can decrease the production of malondialdehyde and the 
expression of inducible nitric oxide synthase in the brain 
which can be potentially useful in alleviating neurodegen-
eration [3]. It has been demonstrated that BA and BE pos-
sess the highest level of antioxidant activity among all SB 
flavonoids, with BE being almost three times stronger in 
this respect [4]. Nevertheless, others have suggested that 
BA is the more potent compound in other radical scavenging 
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pathways including the inhibition of xanthine oxidase [5], 
which make both BA and BE potential candidates for use 
in cardiovascular and neurodegenerative diseases [6]. BA 
and BE have neuroprotective [7–9], anti-ischemic [10], anti-
cancer [11–14], anti-inflammatory [15–17] and anti-platelet 
[18] properties. As a comprehensive example, Alsharairi 
concluded that a host of mechanisms can be responsible for 
ameliorating nicotine-induced non-small cell lung cancer 
and asthma: inhibition of cell proliferation and migration 
and angiogenesis, as well as promotion of apoptosis and 
autophagy [19]. A variety of other possible therapeutic 
applications have been reported for S. radix (the root of SB) 
flavones including ocular diseases [20], obesity [21], bacte-
rial meningitis [22] and attention deficit hyperactivity disor-
der [23], to name a few. For instance, when obese mice were 
treated with BA, a significant decrease in food intake and 
insulin resistance was observed [24–26]. The flavonoid acted 
via different and even paradoxical mechanisms based on the 
tissue under study. In skeletal muscles, the upregulation of 
protein kinase B (Akt) and p38 contributed to a rise in glu-
cose transporter type 4 (GLUT4) which in turn promoted 
glucose uptake [24, 26]. However, in the liver, a decline in 
p38 phosphorylation due to BA was responsible for lowering 

hepatic gluconeogenesis which alleviated hyperglycemia and 
insulin resistance [25]. A review of the main pharmacologi-
cal effects of SB and its active ingredients and some of the 
contributing mechanisms is outlined in Fig. 2. Although var-
ied in nature, many natural and physically induced toxicities 
occur via similar routes. The generation of reactive oxygen 
species (ROS) and induction of inflammation are important 
mechanisms for different fungal and plant toxins, as well 
as bacterial lipopolysaccharide (LPS) [27, 28]. Exposure 
to some physical hazards such as radiation and excessive 
heat may also trigger cellular death in ways comparable to 
natural toxins [29, 30]. The search for compounds with anti-
dotal and protective properties against this wide range of 
toxic agents has been conducted for a long time. Multiple 
plants and their active ingredients have been evaluated for 
their antitoxic effects and have shown efficacy such as black 
seed [31], rosemary [32], and curcumin [33]. Considering 
the multipotent pharmacological properties of BA and BE, 
they possess great potential as therapeutic and protective 
agents. Both have been evaluated for their antioxidant and 
anti-inflammatory effects against the backdrop of natural and 
physically induced toxicities. The goal and novelty of this 
paper is to provide a review of the studies that investigated 
the anti-toxic effects of total SB extract (SBE), BE or BA 
with their respective cellular and molecular mechanisms, 
based on the nature and source of the harmful substances.
Also, regarding to different studies which are categorized 
in the current review, SB extract (SBE), BE or BA can be 
mentioned as potential remedy against natural and physical 
toxicities in further clinical studies.

Method

This study aimed to provide a narrative review of the anti-
dotal and protective properties of BA, BE, and total flavo-
noids from SB root, stem, and leaves against natural and 
physically induced toxicities. Initially, scientific databases 
PubMed, Scopus, and Web of Science were screened for 
studies that included keywords ‘baicalin’, ‘baicalein’, 
‘Scutellaria baicalensis’, ‘hepatotoxicity’, ‘nephrotoxicity’, 
‘toxin’, ‘mycotoxins’, ‘lipopolysaccharide’ and ‘radiation’ in 
their titles or abstracts. In vitro, in vivo and clinical studies 
that reported antitoxic and protective effects of SBE, BA or 
BA, only in cases of exposure to natural toxins and physical 
hazards were included in the review. The bibliographies of 
the selected articles were once again searched for relevant 
material. The review was conducted on a total of 96 stud-
ies from 1998 to 2021. It is important to note that SB, BA 
and BE have all manifested remarkable protection against 
the toxicity of numerous chemical compounds, drugs, and 
heavy metals [34–36]. However, due to the extensiveness of 
the literature surrounding SB and its active ingredients, the 

Fig. 1   Chemical structure of baicalein and baicalin
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authors decided to solely focus on natural toxins and physi-
cal hazards in this paper.

Natural‑induced toxicity

The protective effects of SBE and its main constituent, BA, 
and BE, against natural toxins (except LPS) in both in vivo 
and in vitro studies are summarized in Table 1.

Mycotoxins

Aflatoxin B1 (AFB1)

AFB1 is one of the most characterized mycotoxins pro-
duced in different fungal genera such as Aspergillus. It is 
also a proven hepatocarcinogen in animals and possibly 
in humans [37]. One study reported that the addition of 
dried SB to a daily diet of rats reduced the mutagenicity of 
a subsequent AFB1 administration. Researchers suggested 
an increase in the expression of the glutathione S-trans-
ferase (GST) gene as a possible mechanism [38]. It has 
also been shown that BE can suppress the genotoxicity of 
AFB1 by inhibiting the formation of metabolites aflatoxin 

Q1 (AFQ1) and AFB1-epoxide (AFBO), both in vitro and 
in mice [37]. In another experiment, S. baicalensis extract 
(SBE) inhibited CYP1A enzyme activity. This led to a 
remarkable decrease in the production of aflatoxin M1 
(AFM1) which is another toxic metabolite of AFB1 [39]. 
Therefore, SBE can potentially strengthen cellular antioxi-
dant defense to counteract AFB1 toxicity.

Deoxynivalenol (DON)

DON is a secondary metabolite that is most commonly 
seen in Fusarium spp. It can cause different levels of gas-
trointestinal toxicity, especially in the small intestine. 
Adding DON to the diet of piglets significantly reduced 
their body weight. Cotreatment with BA prevented this 
change in animals. It also inhibited the elevations of some 
hepatic markers. DON administration led to an upregula-
tion of gene expression of many inflammatory cytokines 
in ileum and jejunum. The inflammation process was miti-
gated after the addition of BA. These beneficial changes 
were supposedly driven by a modulation in mammalian 
target of rapamycin (mTOR) and nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-κB) gene 
expression and protein concentration [27].

Fig. 2   A summary of main pharmacological effects of Scutellaria baicalensis and its active constituents and some of the mechanisms involved 
(graphics courtesy of freepik.com)
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Table 1   Protective effects of Scutellaria baicalensis and its main constituents, baicalin and baicalein against natural toxins

Study type (animal/cell 
line)

Protective agent (concentration/dosage) Toxin Molecular mechanisms Ref(s)

In vitro (TA1535/
pSK1002)

In vivo (mouse)

BE (50–300 μM)
BE (5 μM in the liquid diet for 1 week)

AFB1 In vitro: ↓umuC gene expression
In vivo: ↓ AFQ1 and AFBO

[37]

In vivo (rats) Dried SB (10 g/kg orally for 5 weeks) ↓CYP3A2 expression
↑GST A5 subunit gene expression, sensitivity to apoptosis

[38]

In vitro (rat liver) SBE (10–50 μg/ml) ↓CYP1A1/2 activity
↓CYP2B1, CYP2C11, and CYP3A1/2 activity
↓ AFM1 and AFBO

[39]

In vivo (piglets) BA (0.1% basal diet for 14 days) DON ↑Final body weight, feed to gain ratio
↑Ileal and jejunal villus height, crypt depth, and villus height/crypt 

depth
↓ALP, ALT, AST, LDH ↑Alb
↓IL-8, IL-1β, IL-6, IFN-γ, TNF-α serum concentration and intestinal 

expression
↑SOD, GSH-px, GSH, T-AOC, Intestinal mTOR protein
↓MDA, Intestinal NF-κB p65 protein

[27]

In vitro (rabbit cell 
culture)

In vivo (mouse)

BA (2–16 μg/ml)
BA (50–100 mg/kg SC doses for 3 days)

Hla In vitro: ↓rabbit erythrocytes hemolysis
In vivo: ↑survival after 24–72 h
↓lung cellular infiltrates
↓IL-1β, IFN-γ, and TNF-α in BAL

[40, 41]

In vitro (BMEC) BA (2.5–10 μg/ml) PVL ↓ apoptosis, cleaved caspase-9, RNA III, and LukS-PV expression [42]
In vitro (HeLa)
In vivo (mouse)

BA (4.5–36 μM)
BA (100 mg/kg SC doses for 6 days)

Stxs In vitro: ↑protein synthesis
↓LDH release, cell death
In vivo: ↓death rate, weight loss
↓kidney tubular damage, Scr, BUN, hemolysis
↓IL-1β, IL-4, IL-6, TNF-α, IFN-γ

[43, 44]

In vitro (Vero cells) BE (0.13 μM) ↓cell death, transcription of stx1 [45]
In vitro (HeLa)
In vivo (mouse)

BA (4.5–36 μM)
BA (100 mg/kg SC doses for 3 days)

Ricin In vitro: ↑protein synthesis ↓LDH release, cell death
In vivo: ↓death rate, weight loss ↑blood glucose
↓IL-1β, IL-6, TNF-α

[46]

In vivo (mouse) BA (80–160 mg/kg/day i.p. for 3 days) AA ↓BUN, Scr
↓plasma AUC of AAI, AAI content in liver and kidney
↓tubular necrosis and dilation
↑CYP1A1/2 expression

[47]

In vitro (rat hepatocytes, 
mouse splenocytes)

In vivo (mouse)

BA (10 μg/ml)
BA (three doses of 100–200 mg/kg i.p.)

Con A In vitro: ↓ TNF-α, IFN-γ in splenocytes
↓caspase-3/9 activity and SAPK/JNK activation in hepatocytes
In vivo: ↓ALT, AST, MPO, MDA, IL-6, TNF-α, IFN-γ
↓ hepatocyte necrosis, lymphocyte infiltration, and cellular swelling
↓caspase-3 expression and activity ↑SOD activity

[48]

In vitro (mouse spleno-
cytes)

In vivo (mouse)

BE (5–20 μM)
BE (100 mg/kg single i.p. dose)

In vitro: ↑apoptosis in CD3+ and CD19+ splenocytes and Jurkat cells
↓MMPs, Bcl-2 ↑Bax, caspase-3/9
In vivo: ↓ALT, TNF-α, IFN-γ
↓MNC, CD3+ T cell, and CD19+ B cell hepatic infiltration

[49]

In vitro (rat L6 cells) BA (50 μg/ml), BE (50 μg/ml) AMA ↑cell viability, ATP production, ATP/ADP
↑MMP ↓superoxide level
Enhancement of mitochondrial function through increasing the 

expression of PGC-1α, Sirt1, and phosphorylated AMPK

[50]

In vitro (RAW 264.7)
In vivo (rats)

SBE (12.5–100 μg/ml)
SBE (200–400 mg/kg single oral dose)

Canthari-
din

In vitro: ↓NO, PGE2
In vivo: ↓hematuria, bladder epithelium necrosis
↑urine volume ↓COX-2 expression, c-FOS signal

[51]

In vivo (rats) SB (25–100 mg/kg/day orally for 
36 days)

OA ↓neuronal loss and swelling, nuclear pyknosis, neurofibrillary degen-
eration, neuronophagia, Aβ1–40 positive neurons

↑Nissl bodies density, GFAP-positive astrocytes
↓MDA ↑GSH-px

[52]

In vivo (mouse) BE (25–100 mg/kg/day i.p. doses for 
2 months)

Pristane ↓proteinuria, inflammatory infiltrates, splenomegaly
Glomerulonephritis amelioration
↓anti-dsDNA IgG, IL-1β, IL-6, IL-17A, IL-18, IFN-α
↓NLRP3 inflammasome activation, ROS levels, NF-κB phosphoryla-

tion
↑Nrf2 activation

[53]
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α‑Hemolysin (Hla)

Hla is a channel-forming toxin that is well characterized 
in Staphylococcus aureus-induced pneumonia and mam-
mary gland inflammation. Molecular studies suggest that 
BA does not affect Hla expression. However, it can decrease 
the hemolytic activity of HIa in rabbit cell culture in a dose-
dependent manner [40]. In vivo studies in mice further dem-
onstrated that BA administration can significantly reduce 
mortality due to S. aureus-induced pneumonia. BA possibly 
interacted with Hla and prevented it from assembling into 
the heptameric confirmation that it needs to form pores [40]. 
Another study showed that a combination of similar concen-
trations of osthole and BA had a more remarkable protec-
tive effect against hemolysis and mortality both in vitro and 
in vivo than each of the compounds alone. However, it is 
doubtful if this can be attributed to a synergistic combina-
tion since osthole was shown to exert its impact through 
suppressing Hla expression [41]. To conclude, more data is 
required in order to attribute a possible antibacterial effect to 
BA which is mediated by Hla functional inhibition.

Panton‑Valentine leukocidin (PVL)

PVL is another virulence factor in S. aureus that acts in 
a rather similar mechanism on cells and promotes apopto-
sis in many tissues. One study reported that both wild-type 
and recombinant PVL were sources of great damage to 
bovine mammary epithelial cells (BMEC). BA significantly 
decreased cell death in a dose-dependent manner. It also 

helped to reduce cleaved caspase-9 levels. It seemed prob-
able that BA acted via inhibiting the expression or secre-
tion of upstream toxin regulator RNA III and toxin subunit 
LukS-PV [42].

Shiga‑like toxins (Stxs)

Stxs are a group of virulence factors produced by Shiga 
toxin-producing Escherichia coli (STEC). They can lead 
to various conditions, ranging from bloody diarrhea to 
hemolytic uremic syndrome (HUS) [43]. Stxs have two 
subtypes, of which Stx-2 is the more lethal one [43]. It has 
been reported that BA can induce the formation of inactive 
oligomers of the toxin, which is a ribosome-inactivation 
protein (RIP). Therefore, it inhibits Stx poisonous activity 
in the gut and kidneys. In vitro and animal studies proved 
that BA can significantly prevent cell death and restore 
renal function to a great extent. BA reduced the lethality 
of recombinant Stx in mice [43]. Furthermore, it protects 
mice from kidney damage in enterohemorrhagic E. coli 
infection [44].

Another in  vitro study indicated that BE can also 
remarkably decrease the cytotoxicity of both Stxs. This 
effect was observed both when BE was premixed with the 
toxins before addition to cell culture and also when cells 
were preincubated with the same concentration of BE and 
then exposed to Stxs. The study also reported that BE had 
no effect on the secretion of these two toxins but possibly 
inhibited their action via forming binding structures inside 
their pentamers [45].

Table 1   (continued)

Study type (animal/cell 
line)

Protective agent (concentration/dosage) Toxin Molecular mechanisms Ref(s)

In vivo (rat) BA (100 mg/kg)
BE (10 mg/kg/day i.p. for 30 days)
BE (50–100 mg/kg/day orally for 

14–28 days)

MCT ↓RSVP, RV/(LV + S) thickness, PA wall thickness
↓IL-1β, IL-6, TNF-α, ET-1, ETAR mRNA and protein
↓Bax/Bcl-2, cleaved caspase-9 ↓ROS ↓iNOS activity
↓MDA level ↑SOD, GSH-px and eNOS activity
↓NF-κB, ERK1/2 and PI3K/Akt/MAPK signaling
↑IκBα levels, GSK3β activity, BMP signaling

[54–61]

AA aristolochic acid; Aβ amyloid β; AFB1 aflatoxin B1; AFBO aflatoxin B1 oxide; AFM1 aflatoxin M1; AFQ1 aflatoxin Q1; Akt protein kinase 
B; Alb albumin; ALP alkaline phosphatase; ALT alanine transaminase; AMA antimycin A; AMPK AMP-activated protein kinase; AST aspartate 
transaminase; AUC​ area under the curve; BA baicalin; BAL bronchoalveolar lavage; BE baicalein; BMP bone morphogenetic protein; BUN blood 
urea nitrogen; CON A concanavalin A; COX-2 cyclooxygenase-2; DON deoxynivalenol; eNOS endothelial nitric oxide synthase; ERK extracellu-
lar signal-regulated kinases; ET-1 endothelin-1; ETAR​ ETA receptor; GFAP glial fibrillary acidic protein; GSH glutathione; GSH-px glutathione 
peroxidase; GSK3β glycogen synthase kinase 3 beta; GST glutathione S-transferase; Hla α-hemolysin; IFN interferon; IgG immunoglobulin 
gamma; IκBα nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor alpha; IL interleukin; iNOS inducible nitric oxide syn-
thase; i.p. intraperitoneal; JNK c-jun N-terminal kinase; LDH lactate dehydrogenase; MAPK mitogen-activated protein kinase; MCT monocrota-
line; MDA malondialdehyde; MMP mitochondrial membrane potential; MMPs matrix metalloproteinases; MNC mononuclear cells; MPO mye-
loperoxidase; mTOR mammalian target of rapamycin; NF-κB nuclear factor kappa-light-chain-enhancer of activated B cells; NLRP3 NLR family 
pyrin domain containing 3; NO nitric oxide; Nrf2 nuclear factor erythroid 2-related factor 2, OA okadaic acid; PA pulmonary artery; PGC-1α 
peroxisome proliferator-activated receptor gamma coactivator 1-alpha; PGE2 prostaglandin E2; PI3K phosphoinositide 3-kinase; PVL panton-
valentine leukocidin; ROS reactive oxygen species; RSVP right ventricular systolic pressure; RV/(LV + S) right ventricle/(left ventricle + septum); 
SAPK stress-activated protein kinase; SB Scutellaria baicalensis; SBE Scutellaria baicalensis extract; SC subcutaneous; Scr serum creatinine; 
Sirt1 sirutin 1; SOD superoxide dismutase; Stxs shiga-like toxins; T-AOC total antioxidant capacity; TNF-α tumor necrosis factor-α
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To summarize, BA and BE seemed to have no or limited 
effects on the expression of bacterial exotoxins, whereas 
the flavonoids could impair the functionality of toxins.

Ricin

Ricin is a potent toxin found in castor beans. It belongs to 
the group of RIPs and manifests its toxicity by inhibiting 
protein synthesis and finally causing cell death [62]. Ricin 
lethality can be seen in 4 to 5 days and no therapeutic 
agent is efficacious in preventing it. A study found that 
pretreatment with BA can effectively inhibit cell death 
caused by ricin through restoring protein translation. In 
further in vivo models, a significant percentage of animals 
that received BA after initial exposure to ricin survived 
and experienced significantly less severe symptoms. The 
mechanism through which BA acts was promoting ricin to 
form oligomers which in turn hindered its active sites and 
reduced its toxicity [46]. Once again, the ability of BA as 
a physical antagonist against toxins was emphasized here.

Aristolochic Acid (AA)

Aristolochia species have long been used for the anti-
inflammatory properties of their active components includ-
ing aristolochic acid I and II (AAI and AAII) [47]. A study 
was performed to investigate the BA effect in the reduc-
tion of AAI nephrotoxic effects. BA, a potent CYP1A2 
gene expression inducer, significantly reversed histological 
deterioration. Moreover, pretreatment with BA markedly 
decreased the area under the curve of AAI in vivo via pro-
moting its metabolization through CYP1A [47].

Concanavalin A (Con A)

Con A is isolated from jack beans and is a mitogen lec-
tin that activates lymphocytes. Con A has the potential to 
cause acute liver injury in animal models [48]. To estab-
lish the hepatoprotective impacts of BA, one study demon-
strated that BA pretreatment can prevent hepatic enzyme 
elevation, tissue necrosis, and apoptosis caused by Con A 
to a great extent. The enhancement of cellular antioxidant 
properties and inhibition of tumor necrosis factor (TNF)-α 
expression were also responsible for hepatoprotection 
in vitro [48].

Con A-induced hepatitis in a murine model was sig-
nificantly attenuated by BE administration. BE managed 
to suppress pro-inflammatory markers and lower tissue 
necrosis. The induction of apoptosis in mononuclear cells 
(MNCs) and T and B cells in the liver was considered 
as the pivotal mechanism of BE as a hepatoprotective 

agent [49]. To sum up, the modulation of inflammation 
appears to contribute significantly to the alleviation of Con 
A-induced liver injury by SBE flavonoids.

Antimycin A (AMA)

Antimycins are a group of secondary metabolites that 
were first isolated from Streptomyces bacteria. AMA is 
used to kill invasive fish in fishery management. Its inhibi-
tory effect on mitochondrial cytochrome c and respiratory 
chain is its main mechanism that leads to the production of 
ROS and in turn, promotes cell apoptosis [63]. In a study 
on AMA-induced mitochondrial dysfunction in vitro, pre-
treatment with water and ethanol extracts of BA and BE 
was reported to increase total cell ATP and reduce ADP/
ATP ratio. Besides, it further prevented mitochondrial 
membrane potential disruption. All in all, it attributed to 
fewer oxidative injuries caused by AMA and increased 
cell viability [50].

Aconitine

Although the plants from Aconitum spp. have some 
medicinal applications in TCM, they can easily lead to 
poisoning. The toxicity manifests itself in cardiac and 
neurological symptoms. There exists no specific anti-
dote for aconitine-induced arrhythmia. In one experiment 
on arrhythmic patients, the group that was treated with 
450 mg of BA for 48 h, reached hemodynamical stabil-
ity significantly sooner than the control group that used 
conventional treatment. Normalization of cardiogram was 
seen after 12 h, and the patients recovered from flutter and 
sinus bradycardia within 15 min and 12 h respectively. It 
was suggested that BA interfered with the membrane per-
meability of cardiomyocytes to ions and possibly moder-
ated the overt excitement in the vagus and cerebral cortex 
[64]. The results of this study implied that flavonoids may 
be useful clinically for managing acute cases of poisoning.

Cantharidin

Cantharidin is isolated from Spanish fly Mylabris phalerata 
and has been used in various conditions in TCM and even 
in Europe. However, there are numerous cases of intoxica-
tion with this compound. One of the major organs suscep-
tible to cantharidin toxicity is the bladder. SB water extract 
that included BA as an active ingredient, significantly pro-
tected against cantharidin-induced hemorrhagic cystitis. It 
reduced hematuria and increased urine volume. The uro-
protective effects of SBE were attributed to an inhibition 
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of cyclooxygenase-2 (COX-2) activity and prostaglandin E2 
(PGE2) production [51].

Okadaic Acid (OA)

OA is a shellfish toxin and a known protein phosphatase 
(PP) inhibitor. If phosphorylated proteins are not degraded 
by PPs, it can lead to an overgeneration of free radicals 
and dysfunction in many parts of the brain. In one in vivo 
model, OA caused a huge amount of neuronal loss and dam-
age in the hippocampus and cerebral cortex. SB flavonoids 
significantly improved neuronal count. They also reversed 
the increase in amyloid β-positive cells induced by OA. 
Besides, the antioxidant status of the tissues was remark-
ably improved by the flavonoids [52].

Pristane

Pristane is a terpenoid alkane that was originally isolated 
from shark liver oil. It is known for its ability to cause 
autoimmune diseases such as arthritis and lupus. Pristane-
induced lupus glomerulonephritis in mice was significantly 
alleviated with the administration of BE for two months. BE 
improved renal markers and further mitigated the deleterious 
effects of inflammation in kidney tissue. These changes and 
the reductions that were observed in proinflammatory mark-
ers were explained by two parallel mechanisms: induction 
of nuclear factor erythroid 2-related factor 2 (Nrf2) that led 
to upregulation of heme oxygenase-1 (HO-1) expression, 
and suppression in (NOD)-like receptor protein 3 (NLRP3)/
NF-κB pathway. Both of these routes ended in a desirable 
regulation of myeloid-derived suppressor cells (MDSCs), 
which play an indisputable role in lupus nephritis patho-
physiology [53]. This evidence, however limited, can be a 
starting point to probe into the possible effects of BE in 
autoimmune diseases of various etiologies.

Monocrotaline (MCT)

MCT is a pyrrolizidine alkaloid with selective toxicity for 
lung endothelial that can cause pulmonary artery hyper-
tension (PAH) and vascular inflammation and remodeling 
[55]. Studies reported that 50–100 mg/kg doses of BA or 
BE significantly attenuated MCT-induced PAH and vascu-
lar remodeling in rats. Furthermore, a similar reduction in 
pro-inflammatory cytokines was observed due to flavonoid 
treatment [56–59, 65]. An investigation of pathohistologi-
cal markers showed a reduced level of ROS and inducible 
nitric oxide synthase (iNOS), as well as a rise in endothelial 
nitric oxide synthase (eNOS), are partially responsible for 
BE effect on PAH [56]. The inhibitory effect of BE and BA 
on the expression of endothelin-1 (ET-1) and ETA receptor 

(ETAR) was also important since both proteins are involved 
in vascular proliferation and constriction processes [56, 59]. 
The changes were achieved via the modulation of different 
intracellular signaling pathways. BE decreased glycogen 
synthase kinase 3 beta (GSK3β) inactivation by Akt and 
extracellular signal-regulated kinases (ERK1/2). This in turn 
prevented ET-1 transcription [56, 60].

BE also had liver detoxifying properties in MCT-induced 
hepatic sinusoidal obstruction syndrome (SOS). It reduced 
matrix metalloproteinase (MMP)-9 and myeloperoxidase 
(MPO) activity. Besides, BE downregulated the expres-
sion of toll-like receptor (TLR) and transcriptional factors 
involved in inflammatory regulations in liver tissues. Fur-
thermore, BE decreased in malondialdehyde (MDA) amount 
caused by MCT. Lastly, it suppressed mitogen-activated pro-
tein kinase (MAPK) and phosphoinositide 3-kinase (PI3K) 
signaling pathways [54].

Lipopolysaccharide (LPS)

One of the major virulence factors of gram-negative bacteria 
is endotoxin or LPS. It is capable of causing a wide range of 
pathological conditions in various organs of the body and 
can lead to septic shock and death at its extreme. SB and 
its flavonoids have shown various protective effects against 
LPS-induced toxicity (Fig. 3).

Lung injury

Acute lung injury (ALI) is a major result of endotoxin pul-
monary toxicity. It is characterized by lung edema and white 
blood cell infiltration [66]. A single BE or BA (20–100 mg/
kg i.p) dose before LPS administration in rats resulted in 
significant attenuation of lung injury pathological mark-
ers [67, 68]. Furthermore, in experiments on mice, a sin-
gle IV dose of 5–10 mg/kg BE [69] or seven days of oral 
BA (100–200 mg/kg/day) [70, 71] before LPS exposure 
showed protective effects. One study reported the therapeu-
tic effect of a single SC dose of 20 mg/kg of BA in rats as 
a post-treatment against endotoxin-induced ALI [72]. BE 
decreased the wet to dry weight of the lung. It also reduced 
multiple inflammatory cytokines in bronchoalveolar lavage 
fluid (BALF) such as TNF-α, interleukin (IL)-1β, IL-6, and 
cytokine-induced neutrophil chemoattractant-3 (CINC-3) 
and inhibited polymorphonuclears (PMNs) infiltration. Fur-
thermore, a higher level of catalase (CAT) and superoxide 
dismutase () activity was observed in the flavonoid-treated 
group [66, 70–72]. One study tried to investigate the under-
lying mechanism of BA reducing lung water content and 
increasing alveolar fluid clearance. They found that growth 
in the number of α-epithelial Na channels due to elevation 
of cAMP in lungs both in vivo and in vitro was responsible 
for this effect [67]. Blocking of NF-κB and Akt signaling 
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pathways were other important modes of action for the fla-
vonoids. They also upregulated the Nrf2 transcription factor 
which led to HO-1 enhanced activity against oxidative stress. 
Another central means of protection was suppressing MAPK 
pathway mediators ERK, p38, and c-jun N-terminal kinase 
(JNK). These were some of the suggested mechanisms of 
action of BA [70, 71, 73], BE [66, 69], and SB total flavo-
noids [74, 75] against LPS-induced ALI. To summarize the 
multitude of mechanisms at play in the flavonoids’ protec-
tion against ALI, one can consider the promotion of anti-
oxidant defenses and inhibition of inflammation as central.

Cardiac injury

Cardiac hypertrophy is another consequence of endo-
toxin toxicity that can lead to heart failure. It is primarily 
attributed to ROS generation in heart tissue that possesses 
less antioxidant activity than many other organs. BE was 
found to significantly prevent endotoxin-induced hyper-
trophy in rat cardiomyocytes that were treated with 1 μM 
BE before incubation with LPS. Both early inflamma-
tory markers such as TNF-α and IL-6 and late ones such 
as iNOS and high mobility group box one-1 (HMGB-1) 

Fig. 3   Protective effects of Scutellaria baicalensis and its constitu-
ents, baicalin and baicalein against LPS toxicity on various organ sys-
tems (graphics courtesy of freepik.com). Abbreviations: Akt, protein 
kinase B; ALT, alanine transaminase; AST, aspartate transaminase; 
BALF, bronchoalveolar lavage fluid; casp-3, caspase-3; CAT, cata-
lase; CINC-3, cytokine-induced neutrophil chemoattractant-3; COX-
2, cylooxygenase-2; CX3CL1, CX3C chemokine ligand 1; CX3CR1, 
CX3C chemokine receptor 1; cyt c, cytochrome c; ERK, extracellular 
signal-regulated kinase; ET-1, endothelin-1; HMGB1, high mobil-
ity group box  1; HO-1, heme oxygenase-1; IL, interleukin; iNOS, 
induced nitric oxide synthase; JNK, c-jun N-terminal kinase; MAPK, 

mitogen-activated protein kinase; MD-2, myeloid differentiation fac-
tor-2; MDA, malondialdehyde; MMP, matrix metalloproteinase; 
MPO, myeloperoxidase; NF-κB, nuclear factor kappa-light-chain-
enhancer of activated B cells; NLRP3, nod-like receptor family pyrin 
domain containing 3; NO, nitric oxide; Nrf2, nuclear factor erythroid 
2-related factor 2; PDCD4, programmed cell death 4; PGE2, pros-
taglandin E2; ROS, radical oxygen species; Scr, serum creatinine; 
SOD, superoxide dismutase; STIM1, stromal interaction molecule 
1; TLR, toll-like receptor; TNF-α, tumor necrosis factor-α; TUG1, 
taurine upregulated gene 1; TXA2, thromboxane A2; TXNIP, Thiore-
doxin-Interacting Protein; ZO-1, zonula occludens-1
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protein that have established roles in endotoxin cardio-
toxicity were reduced by treatment with 1 μM of BE in 
a significant manner. The flavonoid was also able to sup-
press ROS production and MMPs expression [76]. In other 
experiments, BA (100 μM) appeared promising in saving 
H9C2 cardiomyocytes from LPS-induced apoptosis in a 
concentration of 1 μM. This was achieved by moderating 
calcium-overload through stromal interaction molecule 1 
(STIM1)-mRNA [77] and a down-regulation of miR-21 
expression [78].

Liver injury

Mice that were pretreated intraperitoneally with 
150–300 mg/kg/day doses of BA for 2 days before adminis-
tration of LPS/D-galactosamine (GalN) showed significantly 
less mortality. Furthermore, they exhibited lower elevations 
in aminotransferases levels and a suppressed level of TNF-α 
mRNA and protein in the liver and serum. Histopathological 
data manifested only spotty necrosis and slight inflammation 
in livers of the BA group compared to diffuse necrosis and 
acute inflammation of LPS/D-GalN. This could be possibly 
explained through inhibition of NF-κB translocation into 
the nucleus [79, 80]. Moreover, BA was able to increase 
SOD activity and reduce MDA content in LPS-treated mice. 
Furthermore, it was found out that a solid dispersion of BA 
is of superior efficacy than BA alone [81]. BA pretreatment 
also exhibited an ability to inhibit LPS-induced COX-2 
expression in chicken with 100–200 mg/kg/day oral doses 
for 7 days [82]. One recent in vitro study reported that a 
20 mM concentration of BA could increase normal human 
liver cell viability. This effect was probably due to an up-
regulation of taurine upregulated gene 1 (TUG1), a long 
non-coding RNA that acts as an inflammation regulator [83]. 
Oral BE (100–150 mg/kg) displayed comparable hepato-
protective effects in mice as a single dose before endotoxin 
treatment. The flavonoid improved hepatic biological mark-
ers and microscopic evidence [84]. A substantial reduction 
of serum nitric oxide (NO) and iNOS activity, and consider-
able anti-apoptotic characteristics were other reported results 
[84]. Pretreatment of mice with 200 mg/kg/day doses of SB 
ethanol extract for 7 days significantly alleviated LPS insult 
on the liver. The inhibition of COX-2, iNOS, and NF-κB 
activation are likely to contribute to the above process [85].

Kidney injury

Histological deterioration of murine kidney and a rise in 
serum creatinine (Scr) due to LPS were remarkably pre-
vented by 74 mg/kg/day doses of oral BA for 7 days. Sug-
gested mechanisms of action were reducing inflammatory 
markers in both renal tissue and serum, as well as raising 
citrate synthase and pyruvate kinase expression, both crucial 

enzymes in the tricarboxylic acid (TCA) cycle [86]. BA res-
cued HK-2 cells through modulating thioredoxin-interacting 
protein (TXNIP)/NLRP3 overactivity and promoting miR-
223-3p expression [87]. The effectiveness of BE as a ther-
apeutic agent against LPS nephrotoxicity was manifested 
elsewhere. Oral administration of BE for 14 days in 150 mg/
kg/day doses led to suppression of PGE2 and prostaglandin 
F2α (PGF2α) [88].

CNS injury

It has been suggested that daily administrations of 100 mg/
kg of SBE for 32 days after LPS infusion were able to 
mitigate its detrimental effects on spatial memory and hip-
pocampal microglial activation in rats [89]. Another experi-
ment reported that cotreatment of BA (10 mg/kg/day) with 
endotoxin for 7 days can also minimize neuroinflamma-
tion in mice's cerebral cortex and hippocampus [90, 91]. 
The involved mechanism was a combination of inhibiting 
NF-κB phosphorylation and modulating neuroglial activa-
tion [90]. Furthermore, a significant diminution of LPS-
induced inflammatory markers by BA rescued BV-2 cells in 
another study [92]. According to in vitro experiments, BE 
acted through similar mechanisms to protect CNS against 
LPS. Moreover, it also restrained oxidative stress and COX-2 
activity [93–95].

Fever induction

Endotoxin is a known pyrogenic factor and is thought to 
act through a hypothalamic pathway that involves TNF-α, 
glutamate, and hydroxyl radicals [96]. Two in vivo studies 
conducted on fever models showed that pretreatment with 
a single dose of BA (10–20 mg/kg IV in rabbits or 160 mg/
kg by gastric perfusion in rats) could significantly decrease 
the elevated body temperature due to LPS. Animals in the 
BA group had remarkably lower levels of both upstream 
inflammatory factors including TLR4 mRNA and protein 
and downstream ones such as TNF-α and IL-1β than the 
endotoxin group. However, the levels were still higher than 
the control group [96, 97].

Epithelial injury

The generation of oxidative stress and inflammation in epi-
thelial cells in various organs is another deleterious effect 
of endotoxin. When cultures of human oral keratinocytes 
were treated with LPS in presence of an 80 μM concentra-
tion of BA, up-regulation in IL-6 and IL-8 mRNA and pro-
tein was significantly prevented. BA possibly acted by sup-
pressing the TLR2/4 signaling pathway and its downstream 
adapters in HaCaT cells [98]. BE also showed promise in 
alleviating oral lichen planus symptoms by inhibiting the 
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inflammatory response and NF-κB activation [99]. Further-
more, oral administration of 50–100 mg/kg/day doses of BA 
for 3 days was protective against LPS-induced injuries in 
mice colonic and ileal mucosa [100]. In vitro experiments 
on IEC-6 cells manifested that pretreatment with 10 μg/ml of 
BA can decrease LPS-induced cellular death. This protective 
effect was suggested to be mainly due to an increase in ZO-1 
protein which acts as a tight junction [101].

Sepsis

The expression of the iNOS gene, iNOS activity, and the 
subsequent NO production in various cells is of great impor-
tance in the pathophysiology of sepsis. Both BE and BA in 
20 and 40 μM concentrations managed to remarkably lower 
nitrite content in macrophages treated with LPS but did 
not have a meaningful effect on COX-2 expression [102]. 
In vivo experiments on endotoxemic rats further elucidated 
that IV administration of a single dose of BE (10–20 mg/kg) 
was successful in re-stabilizing the hemodynamic markers. 
As well as normalizing hypotension and tachycardia, BE 
reduced pro-inflammatory cytokines in plasma and lungs. 
This therapeutic effect was attributed to decreased superox-
ide anion formation in the aorta and reduced plasma nitrite 
to nitrate ratio. Besides, BE ameliorated heart contractile 
dysfunction [103, 104]. Pretreatment with BA and BE was 
found to have meaningful effects on reducing mice mortality 
in endotoxemia [103, 105].

Miscellaneous

The role of BA and BE in ameliorating LPS-induced mastitis 
both in vivo and in vitro was investigated in other studies. 
The inhibition of MAPK and TLR4 signaling pathways was 
again emphasized as the main mechanism for improving 
histological evidence and suppressing pro-inflammatory 
cytokines [106, 107]. Another protective measure of flavo-
noids was up-regulating heat shock protein 72 (HSP72) that 
led to a reduction of apoptosis [107].

The anti-abortive properties of BA were tested on an 
endotoxin-induced abortion model. The flavonoid aug-
mented the survival rate of isolated decidual cells in pres-
ence of endotoxin in  vitro. When administered by oral 
gavage in days 7–8 of gestation (12.5–25 mg/kg/day), BA 
further managed to increase mice uteri weight and lower 
fetal resorption rate, basically by suppression of TNF-α, 
interferon (IFN)-γ and NO, while maintaining progesterone 
levels [108].

In one unique study performed on Caenorhabditis ele-
gans, the inhibition of apoptosis and ROS production and 
reduction in IL-1, IL-6 and TNF-α were found as essential 
mechanisms that underlined BA protection against LPS tox-
icity in worms [109, 110].

As it could be seen in Fig.  3, suppression of TLR4/ 
NF-κB signaling and its downstream inflammatory media-
tors TNF-α, IL-1β and IL-6 are the main mechanisms behind 
protective effects of Scutellaria baicalensis and its constitu-
ents against LPS toxicity in different organs. Moreover, the 
upregulation of HO-1 expression and decreasing the activ-
ity of iNOS were other important modes of action for the 
flavonoids.

Physical hazards

Protective effects of BA and BE against radiation 
toxicity

It is a fact that prolonged or repetitive exposure to different 
kinds of high-energy radiation can lead to organ damage and 
carcinogenesis. BA and to a lesser extent BE, have shown 
significant protective effects against ultraviolet (UV) A, B, 
or C radiation-induced aging and apoptosis. Treatment of 
human fibroblasts and keratinocytes with BA (25–50 μg/
ml) before or after UV exposure increased cell viability and 
reduced apoptosis remarkably [111–119]. Topical applica-
tion of BA (0.5–1.5 mg per cm2 of skin) resulted in less 
dermal hyperplasia and collagen loss in mice [113, 120, 
121]. BA protected against tumor induction and mutagenesis 
by preventing abnormal DNA adduct formation [111, 112, 
118, 120] and suppressing excessive cell proliferation [121]. 
Moreover, BA lowered the level of tumor suppressor pro-
teins to normal levels and thereby attenuated the apoptosis 
rate [111, 113, 120]. Other mechanisms for the flavonoids’ 
protection were upregulating AMP-activated protein kinase 
(AMPK) signaling [115], enhancing radical scavenging 
[114, 117, 122], absorbing UV [122], and blocking mTOR 
[115] and TLR4 [29] pathways.

Elsewhere, BA and BE showed protection against other 
types of high-energy ionizing radiation. BA (50 μM) signifi-
cantly prevented the γ-ray irradiated alveolar epithelial cells 
from transitioning to mesenchymal tissue [123]. Besides, 
IV administration of BA mitigated the laser-induced reti-
nal lesions due to neovascularization [124]. BE in daily 
5–10  mg/kg doses was successful in alleviating X-ray 
injury in intestinal tissue [125] and kidneys [126] of mice. 
In another murine model, rebalancement of gut microbiota 
was cited as a possible mechanism by which BE (100 mg/kg 
i.p before and after radiation) alleviated radiation-induced 
intestinal toxicity [127]. Finally, a notable reduction of DNA 
damage due to γ-rays was achieved by administering BE 
both in vivo and in vitro [128].

To summarize, BE and BA prevent radiation-induced 
DNA injury or facilitate its repair, which can be a direct 
consequence of their radical scavenging properties.
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Protective effects of BA and BE against thermal 
stress

Spermatogenesis is a temperature-regulated process. Heat 
stress can impair this reproductive procedure in testes. It 
was shown that BA significantly rescued Sertoli cells from 
apoptosis due to heat. This in vitro experiment reported a fall 
in Fas and FasL and a rise in HSP72 levels due to pretreat-
ment with BA (10–20 μg/ml) [129]. These protective effects 
were also observed after BA treatment (50 mg/kg/day i.p. for 
7 days) in mice testes [30].

Protective effects of BA and BE 
against noise‑induced injury

Chronic noise can impair normal cochlear cell homeostasis 
and reduce auditory function. Mice that were pretreated with 
300–500 mg/kg/day doses of SBE before being exposed to 
noise, showed a significantly lower hearing threshold. Fur-
thermore, using 30 mg/kg daily doses of BE exhibited mark-
edly better protective properties than BA or SBE [130, 131].

Conclusion and future perspective

The body of research conducted on the Chinese skullcap 
has exhibited that both its root extract and the isolated fla-
vonoids display a wide range of potential roles as antidotes 
or protective agents against natural toxins and physical fac-
tors’ damages (Fig. 4). The paper tried to present for the first 

time, a comprehensive review of the evidence surrounding 
the molecular mechanisms of these antitoxic effects that 
cytoprotective properties of BA and BE in vivo and in vitro 
are most potent when they are introduced into the culture 
medium or animal as a pretreatment of the toxic compounds. 
Nevertheless, co- and post-treatment of this plant and its 
constituents have also shown promise in alleviating toxicants 
in many studies.

Administration of BA, BE or SBE is efficient in pre-
venting or counteracting the morphological and functional 
impairments that are induced by mycotoxins (AFB1 and 
DON), bacterial toxins (Hla, PVL, Stxs, and LPS), plant-
derived substances (ricin, AA, Con A, AMA, aconitine, and 
MCT) and animal-derived compounds (cantharidin, OA and 
pristane) in the liver, kidney, heart and other organs. Moreo-
ver, flavonoids are effective in their protection against dam-
age due to physical factors such as radiation, heat, and noise.

The anti-inflammatory and radical scavenging properties 
make them able to prevent the formation of ROS in cells. 
Thus, oxidative damages to biological membranes, proteins, 
and DNA are alleviated, either directly or by modulation of 
immune system cytokines. Strengthening the endogenous 
antioxidant enzymes such as CAT and SOD via Nrf2/HO-1 
pathway as well as increasing intracellular glutathione sup-
plies are contributed to this process. On the other hand, the 
down-regulation of many intracellular adapters including 
FasL and Bax that trigger apoptosis by different pathways 
is another mode of action. The inhibition of PI3K/MAPK 
and TLR4/NF-κB pathways and their subsequent involve-
ment in inflammatory cascades are some of the most impor-
tant molecular mechanisms that played a role in flavonoids’ 

Fig. 4   A summary of natural 
toxicities and physical hazards 
which Scutellaria baicalensis, 
baicalin or baicalein can prevent 
or counter
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protection. BA and BE also modulate the rate and extent 
of metabolization in the liver. Some toxic agents are pre-
vented by BE from being transformed into more dangerous 
metabolites and others are more readily excreted after sup-
plementation of BA.

Although all the evidence supports the possible effective-
ness of BA and BE as antidotes, the lack of reports on the 
effects of BA and BE against some important natural toxins 
including snake venoms is notable. Besides, the scarcity 
of clinical evidence surrounding the issue means that fur-
ther clinical studies are required to reach a more definitive 
conclusion.
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