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Liver diseases such as hepatitis, ﬁbrosis, cirrhosis, and hepatocellular carcinoma are one of the major health
challenges in the world and many conditions such as inadequate nutrition, viral infection, ethanol and drug
abuse, xenobiotic exposure, and metabolic diseases have been implicated in the development and progression of
liver diseases. Several factors including lipid peroxidation, production of reactive oxygen species (ROS), peroxynitrite formation, complement factors and proinﬂammatory mediators, such as cytokines and chemokines,
are involved in hepatic diseases. Rosmarinic acid (RA) is a natural phenolic compound found mainly in the
family Lamiaceae consisting of several medicinal plants, herbs and spices. Several biological activities have been
reported for RA and these include antioxidant properties as a ROS scavenger and lipid peroxidation inhibitor,
anti-inﬂammatory, neuroprotective and antiangiogenic among others. This review is aimed at discussing the
eﬀects of RA on the liver, highlighting its hepatoprotective potential and the underlying mechanisms.

1. Introduction
The normal liver contains resident and migratory lymphocytes,
macrophages and leukocytes (inﬁltrated monocytes and neutrophils)
that provide immune surveillance against foreign antigens [1]. However, cell types such as hepatocytes parenchymal, the Kupﬀer, sinusoidal endothelial and stellate (fat-storing or Ito) are also present in the
liver [2]. The cells of the liver are primary targets for oxidative stress
and toxicity induced by a variety of agents. This is because the liver is a
major site for drug metabolism coupled with the proliferative response
of the hepatocytes.
Liver injury is one of the major health challenges in the world.
Dysregulation of the liver function leads to pathologies including hepatitis, ﬁbrosis, cirrhosis, hepatocellular carcinoma etc. Usually, liver
disease progresses from histological and biochemical changes such as
hepatocyte death, hepatic stellate cell (HSC) activation, Kupﬀer cell
(KC) activation, peripheral inﬂammatory cell inﬁltration and activation, free radical generation, proinﬂammatory cytokine production, and
extracellular matrix protein expression and deposition to irreversible
cirrhosis and hepatocellular carcinoma (HCC) [3–5]. Several factors
such as inadequate nutrition, viral infection, ethanol and drug abuse,
xenobiotic exposure, and metabolic diseases have been implicated in
the development and progression of liver diseases [3,6]. However, it’s
been documented that the main causative agents for hepatic injury that
⁎

triggers the onset of liver failure in a particular area depends on the
prevalent hepatotropic virus infections and patterns of drug use [6–8].
Cholestasis has relatively high morbidity and mortality rates
worldwide [9,10] and is caused by the impairment of bile formation
and/or bile ﬂow [9]. The most chronic cholestatic diseases result from
hepatocellular functional defects or obstructive lesions of the small
intrahepatic bile ducts [10]. On the other hand, hepatitis A, B, C, D, and
E are viral infections of the liver with diﬀerent viruses responsible for
each type and high incidence of Hepatitis A infection has been linked
with poor hygiene and sanitation [11]. However, drug-induced injury
which is the second main cause of acute liver failure is very common in
the developed world [12]. Paracetamol-induced hepatoxicity is the
most common example and other drugs implicated in liver injury vary
by location and prevailing drug use with anti-infectives, anticonvulsants, and anti-inﬂammatory drugs being the most common while
herbal or adulterated traditional or complementary medications have
been implicated in East Asia [13,14].
Fibrogenesis, a normal physiological repairs process after injury or
inﬂammation, can be dysregulated after chronic injury thus leading to
abnormal accumulation of the extracellular matrix which results into
ﬁbrosis [13] and eventual loss of functional cells and impaired function
of the liver [15,16]. Transforming growth factor-β (TGF-β) is the major
pro-ﬁbrotic factor in liver ﬁbrosis which means that inhibition of TGF-β
or blocking its downstream signaling pathway will lead to prevention of
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the ﬁbrotic process in the liver [15]. However, because TGF-β is also an
important anti-proliferative and anti-inﬂammatory agent, its inhibition
may have positive or negative eﬀect [16]. Thus, connective tissue
growth factor (CTGF), which acts as a down-stream mediator of TGF-β1
induced ﬁbrosis is an alternative target for therapy [19] since its inhibition result in a potent reduction of ﬁbrosis [17].
Consumption of alcohol has also been linked to liver disease (alcoholic liver disease, ALD) that manifest as an acute (alcoholic hepatitis) or chronic (steatosis, steatohepatitis, ﬁbrosis and cirrhosis) form
[18]. Oxidative stress [19] and changes in lipid metabolism [20] resulting in damage to cell membranes and organelles (especially mitochondria) are implicated in ALD. Individual susceptibility, presence
of other liver disease involvement such as viral hepatitis [21], obesity
and metabolic syndrome [22] are also contributing factors. Classical
mechanisms of ﬁbrogenesis in ALD are alcohol metabolism, oxidative
stress, methionine metabolism abnormalities, hepatocyte apoptosis and
increased serum lipopolysaccharide (LPS) level that activates KC [23].
However, at the early stages of ALD, lipogenesis has been implicated as
a risk factor for the progression of cirrhosis. This makes newer mechanisms involve stimulation of lipogenesis and inhibition of fatty acid
oxidation, osteopontin, IL-1 signaling and genetic variations [23]. ALD
can present in many disease states including asymptomatic fatty liver,
steatohepatitis, progressive ﬁbrosis, end-stage cirrhosis, and HCC
[24,25].
Hepatocellular carcinoma is one of the most common and lethal
cancers worldwide [24] and it is the ﬁfth leading cause of cancer,
ranking third in cancer mortality [25]. Inﬂammation is closely linked to
carcinogenesis [26] as exempliﬁed by HCC [27] and both chemically or
genetically induced HCC depends on inﬂammatory signaling [28].
Diﬀerent signaling pathways are involved in injury-inﬂammation-regeneration response and in human HCC development. Out of these
signaling pathways, inhibitor of κB kinase β (IKKβ)-dependent classical
nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB)
signaling and signal transducer and activator of transcription 3 (STAT3)
were found to be critical for compensatory liver regeneration and
chemically-induced HCC development [29].
The use of complementary and alternative medicine that includes
dietary supplementation with plant-derived phytochemicals is on the
increase for health promotion and therapy. Rosmarinic acid (RA,
Fig. 1), an ester of caﬀeic acid and 3,4-dihydroxyphenyl lactic acid, is a
major constituent of Chinese and oriental herbal medicines and is
commonly found in species of the Boraginaceae and the subfamily
Nepetoideae of the Lamiaceae. The presence of RA in medicinal plants,
herbs and spices has been associated with beneﬁcial and health promoting eﬀects. In plants, RA is supposed to act as an accumulated defense compound and in humans, it has a number of biological activities
such as antiviral, antibacterial, anti-inﬂammatory, anti-mutagenicity
and antioxidant [30]. RA has very low toxicity and is rapidly eliminated
from the blood circulation after intravenous administration [31]. The
goal of the present review is to provide a comprehensive literature

survey on the eﬀects of RA on liver and discuss its possible mechanism
of action vis-à-vis hepatoprotection
2. Mechanism of hepatotoxicity
2.1. Hepatotoxicity resulting from mitochondrial dysfunction
Inhibition of mitochondrial β-oxidation causes deprivation of cellular energy during fasting [32]. Nonesteriﬁed fatty acids (NEFAs) and
their metabolites also impair mitochondrial energy production [32].
This deﬁciency of energy causes liver failure, pancreatitis, coma, and
even death [32]. Many drugs are known to impair mitochondrial βoxidation and cause microvesicular steatosis through various mechanisms [2]. These include nonsteroidal antiinﬂammatory drugs [33],
tetracycline derivatives [34] glucocorticoids [35], antianginal cationic
amphiphilic drugs [36], as well as female sex hormones or pregnancy
[37]. β-oxidation and respiration are also inhibited by cationic amphiphilic drugs which concentrates in the mitochondria [36]. The inhibition of respiration leads to production of ROS by mitochondria and
cause lipid peroxidation of fat deposits [36]. Both lipid peroxidation
and ROS induce release of cytokine such as TGF-β, tumor necrosis
factor alpha (TNF-α), and interleukin-8 (IL-8) which contributes to the
development of nonalcoholic steatohepatitis (NASH) [38]. Also, cytolytic hepatitis, a severe liver lesion that can cause liver failure results
from mitochondrial uncoupling, respiratory inhibition and mitochondrial permeability transition (MPT) caused by opening of permeability
transition (PT) pores in the mitochondrial inner membrane [2].
2.2. Apoptosis induced by bile acids
The liver produces bile and failure of bile production is referred to
as cholestasis. Retention of bile constituents within the hepatocyte
during cholestasis results in hepatocyte apoptosis [39] and failure to
secrete bile acids into bile results in liver injury, cirrhosis, and death
from liver failure [40]. Experimentally using cultured rat hepatocytes,
the hydrophobic bile acid glycochenodeoxycholate, GCDC, at appropriate concentrations (20–100 mM) can induce apoptosis. This is evidenced by cell shrinkage, nuclear condensation and lobulation, caspase
activation, DNA fragmentation, and phosphatidylserine externalization
[41]. Hepatocytes apoptosis occurs by either death receptor pathway or
the mitochondrial pathway [42]. Tumor necrosis factor-receptor 1
(TNF-R1) and ﬁrst apoptosis signal receptor (FasR) are the predominant
death receptors expressed by hepatocytes [43]. Ligand-independent
Fas-mediated apoptosis is also an implicated mechanism in bile acidrelated liver injury [44]. The potential mechanisms for bile acid-induced Fas activation include alterations in Fas synthesis, Fas compartmentation, and Fas trimerization in the plasma membrane. Bile acid
also promotes rapid transport of cytoplasmic vesicular Fas to the
plasma membrane in a microtubule-dependent manner [45].
2.3. CYP2E1-dependent toxicity in HepG2 cells
The ethanol-inducible form of cytochrome P4502E1 (CYP2E1), activates and metabolizes many toxicologically important substrates, such
as ethanol, carbon tetrachloride, acetaminophen, and N-nitrosodimethylamine, to more toxic products [46]. CYP2E1-dependent
metabolism of ethanol generates ROS leading to oxidative stress [47].
Ethanol-induced liver pathology correlates with CYP2E1 levels and
elevated lipid peroxidation, which is blocked by inhibitors of CYP2E1.
The hypothesis of the role of CYP2E1 in alcohol-induced oxidative
stress and hepatotoxicity suggests that though several mechanisms may
contribute, the linkage between CYP2E1-dependent oxidative stress,
mitochondrial injury, and increased collagen formation by stellate cells
are important mechanistic contributions to the toxic action of ethanol
on the liver [2].

Fig. 1. The structure of rosmarinic acid and its precursors.
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2.4. Liver toxicity involving peroxynitrite

eﬀect has been documented by several authors [59,64].

Acetaminophen produces centrilobular hepatic necrosis when taken
in overdose [48]. The initial step in acetaminophen toxicity is metabolism to N-acetyl-p-benzoquinone imine (NAPQI) and this causes depletion of the reduced form of glutathione (GSH) and covalent adduct
formation. In wild type mice, induction of nitric oxide (NO) synthesis
and superoxide anion generation occurs subsequently, leading to peroxynitrite formation. However, in inducible nitric oxide synthase
(iNOS) knockout mice, superoxide increases after acetaminophen but
not NO synthesis. Superoxide anion then causes lipid peroxidation.
Thus, acetaminophen toxicity may be mediated by nitration in wild
type mice and by lipid peroxidation in iNOS knockout mice. Cosequently, hepatotoxins like acetaminophen, bromobenzene, chloroform,
and allyl alcohol that deplete hepatic GSH and encourages peroxynitrite
formation will promote hepatic toxicity. However, with hepatotoxins
that cause lipid peroxidation but do not deplete GSH, such as carbon
tetrachloride, NO may scavenge superoxide by forming peroxynitrite,
which is then detoxiﬁed by GSH [2].

4. Eﬀect of rosmarinic acid on liver
Several researches involving diﬀerent experimental models have
reported the eﬀects of RA on the liver.
4.1. RA on lipopolysaccharide (LPS) and D-galactosamine (DGalN)-induced
liver failure
LPS) and DGalN-induced liver failure is a well-established experimental model [65–69] which capitalizes on the ability of D-GalN, a
transcriptional inhibitor, to potentiate the toxic eﬀects of LPS in producing typical hepatic necrosis and apoptosis followed by fulminant
hepatitis [70,71]. LPS activates KC which then secrete various cytokines such as interleukin 1 (IL-1), interleukin 6 (IL-6), and TNF-α [68].
TNF-α appears to be the major inﬂammatory cytokine implicated in
liver injury induced by LPS and D-GalN [72–74]. The induction of
apoptosis by TNF-α also involves the activation of the cysteine protease
caspases [68]. Furthermore, NO overproduction resulting from upregulation of iNOS expression, is also implicated to the induction of
apoptosis in a number of diﬀerent cell types [75–77]. All these events
can be studied in vivo using the LPS and DGalN model [73].
RA from Perilla frutescens was shown to possess protective eﬀect
against the LPS-induced liver injury in D-GalN-sensitized mice [78]. The
mechanism of RA protection was conﬁrmed by investigating the eﬀects
of anti–TNF antibody, SOD, and aminoguanidine in this model. RA
treatments signiﬁcantly reduced the elevation of plasma asparatate
aminotransferase (AST) levels, as well as had anti-TNF and SOD eﬀect
compared with controls as conﬁrmed by histological examination
(Table 2). However, increase in TNF-mRNA expression in liver and in
plasma TNF levels were not signiﬁcantly reduced by RA. RA also did not
reduce iNOS mRNA expression or plasma nitrate/nitrite levels suggesting that its liver protective eﬀect might be due to scavenging or
reducing activities of superoxide or peroxynitirite rather than to inhibition of TNF [78].

2.5. Inﬂammation, oxidative stress and adhesion molecules in liver diseases
Systemic and local inﬂammation, with recruitment of macrophages
and neutrophils into the liver vasculature characterizes certain
pathologies such as sepsis, alcoholic hepatitis, ischemia-reperfusion
injury, and some drug-induced liver toxicities [49,50] The functions of
these macrophages and neutrophils are to destroy invading organisms
as well as remove dead cells and debris in preparation for tissue regeneration. In the course of this function however, healthy cells might
be aﬀected, which can aggravate the original liver injury [2]. Events
such as drug toxicity, tissue trauma, ischemia-reperfusion, sepsis, and
other pathophysiological conditions activate both neutrophils and KC
either directly or through activation of complement. KC then releases
cytotoxic mediators, such as ROS, and proinﬂammatory mediators such
as cytokines and chemokines. Complement factors (e.g., C5a) and cytokines activate neutrophils to promote their recruitment into the hepatic vasculature. Neutrophils, when chemotactically stimulated then
extravasate and adhere to parenchymal cells, which induces necrotic
cell death through release of ROS and proteases [2]. The adhesion and
subsequent inﬁltration of leucocytes to extravascular tissues is a result
of induced expression of several key adhesion molecules on the surface
of inﬂammatory cells (leucocytes, endothelial cells, etc.). The overall
mechanism of liver disease pathology is depicted in Fig. 2.

4.2. RA on Tert-butyl hydroperoxide (t-BHP)-induced oxidative liver
damage
Butyl hydroperoxide (BHP) is a popular compound used to induce
acute oxidative stress in vitro and in vivo [79–81]. It is usually metabolized by cytochrome P450 to free radical intermediates like t-butoxyl
and – t-methyl radicals, [76] which can cause lipid peroxidation [77],
GSH depletion [82] and DNA damage [79]. t-BHP-induced hepatotoxicity is a reaction involving GSH peroxidase which converts GSH to
glutathione disulﬁde (GSSG). With the expense of NADPH oxidation,
GSSG is reduced back to GSH by GSH reductase. Decreased GSH and
oxidized NADPH contribute to altered Ca2+ homeostasis, which is
considered to be a major event in t-BHP-induced hepatotoxicity [80].
The hepatoprotective eﬀects of RA alone and in combination with
caﬀeic acid (CA) was reported in t-BHP-induced oxidative liver damage
[83]. In an in vitro study, CA remarkably reduced the oxidative damage
more than RA. However, in an in vivo experiment involving administration of CA or RA alone for ﬁve days prior to treatment with a single
dose of t-BHP (0.5 mmol/kg b.w., i.p.), there was a signiﬁcant reduction
of indicators of hepatic toxicity, such as AST, ALT, GSSG, lipid peroxidation. The activities of antioxidant enzymes (catalase, glutathione
peroxidase and SOD) were also enhanced by RA (Table 2) [83] though
the hepatic protection appears to be additive with CA [83].

3. Rosmarinic acid (RA)
Rosmarinic acid (Fig. 1) is a natural phenolic compound with many
biological activities. It consists of two phenolic rings, both of which
contain two hydroxyl groups in ortho-position. Joining the two rings are
an unsaturated double bond, a carbonyl group, and a carboxylic acid
group.
RA was ﬁrst isolated from Rosmarinus oﬃcinalis in 1958 by Italian
chemists, Scarpati and Oriente hence the name [51] and it is mainly
found in species of the family Boraginaceae and subfamily Nepetoidae
(family Lamiaceae) [31]. Examples of other plants containing RA are
Origanum vulgare (oregano), Thymus vulgaris (thyme), Mentha spicata
(spearmint), Perilla frutescens (perilla), Ocimum basilicum (sweet basil)
and several other medicinal plants, herbs and spices [52]. The level of
production of RA depends on the natural source from which it is obtained [53] and this may range from 1.5 (in R. oﬃcinalis) to 20.0% w/w
(in Perilla frutescens) [54]. RA has been shown to possess many biological activities like antitumor [55], antiangiogenic [56], antidepressive
[57], anti-inﬂammatory [58], anti-allergic [59] antimicrobial [60],
neuroprotective [61] and HIV-1-inhibiting properties [62]. It has also
been reported to have antioxidant properties as a reactive species scavenger and lipid peroxidation inhibitor [63]. Its antimutagenic activity

4.3. RA on Carbon tetrachloride (CCL4)-induced rat liver ﬁbrosis model
Carbon tetrachloride (CCl4) intoxication is the most common study
model of liver injury [81]. CCl4 is activated by hepatic microsomal
cytochromes to form the trichloromethyl radical, ·CCl3 which induces
3
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Fig. 2. Diﬀerent mechanisms leading
to liver diseases. Inhibition of mitochondrial β-oxidation leads to lipid
peroxidation and generation of ROS.
Both lipid peroxidation and ROS cause
the release of cytokines (TGF-β, TNF-α,
and IL-8) which precipitate liver dysfunction. CYP2E1 and bile acid dependent (in addition to the receptor death
pathway) also go through the mitochondrial pathway to induce liver
injury. Peroxynitrite formation through
depletion of GSH as well as increased
SOD and NO synthesis results from the
metabolism of such drugs as acetaminophen and lead to liver injury.

damage [86]. Furthermore, liver inﬂammation caused by CCl4 intoxication was signiﬁcantly ameliorated by RA treatment. The study
also showed that suppression of inﬂammation by RA was mediated
through the inhibition of the NF-κβ pathway and down-regulation of
TNF-α and COX-2 and submitted that RA has antiﬁbrotic eﬀects which
were achieved through inhibition of TGF-β1.

oxidative stress by binding to biological molecules. This leads to impairment of numerous cellular processes that culminate in necrotic cell
damage, inﬂammation and apoptosis [84]. Nonlethal intoxication
triggers liver tissue remodeling and healing through the activation of
trichloromethyl radical and produce liver ﬁbrosis [85]. CCl4 intoxication causes hepatic necrosis and increase serum alanine aminotransferase (ALT) activity [86]. The oxidative/nitrosative stress caused
by CCl4 in the liver usually leads to increased 3-nitrotyrosine (3-NT)
and thiobarbituric acid reactive substances (TBARS) formation and a
signiﬁcant decrease in Cu/Zn superoxide dismutase (SOD) activity. CCl4
administration also triggers inﬂammatory response in mice livers by
activating NF-κB, which coincided with the induction of TNF-α and
cyclooxygenase-2 (COX-2) [86]. Usually, CCl4 induces typical necrosis
but this can be accompanied by increased apoptosis of hepatocytes
[87]. While TGFs pushes toward ﬁbrosis, TNF-α appear to direct toward
activation of caspases and apoptosis [81]. Thus, CCl4 destroys not only
plasma membrane but also phospholipid bilayer in mitochondria [88]
and this triggers caspase-3-dependent apoptosis [89].
The in vitro and in vivo antiﬁbrotic eﬀects of RA on experimental
liver ﬁbrosis have also been reported. In the CCl4-induced rat liver ﬁbrosis model, liver ﬁbrosis grade and histopathological changes, as well
as immunohistochemical detected liver TGF-β1 and connective transforming growth factor (CTGF) expression were noted [17]. In this
study, RA inhibited (HSCs) proliferation, TGF-β1, CTGF and α-smooth
muscle actin (α-SMA) expression in cultured HSCs (Table 1). It also
reduced ﬁbrosis grade, ameliorated biochemical indicator and histopathological morphology [17].
Similar study also documented that severe acute liver damage
caused by CCl4 administration could be signiﬁcantly ameliorated by RA
[86]. The study reported that though the increase in relative liver
weight persisted even with RA treatment, the body weight loss in experimental animals was greatly reduced, suggesting a less deleterious
eﬀect of CCl4. It was also observed that RA dose-dependently decreased
hepatic histopathological changes and serum ALT levels in CCl4-intoxicated mice. RA also substantially reduced the necrotic area, expression of active caspase-3 and suppressed oxidative/nitrosative liver

4.4. RA on Extrahepatic cholestasis rat model by bile-duct ligation (BDL)
Bile acids are required for intestinal nutrient absorption as well as
hepatic metabolism. They are dynamically balanced by intrahepatic
biliary tree through secretory and reabsorptive processes under normal
condition. Any obstruction of the hepatobiliary system leads to elevation of biliary pressure, disruption of intrahepatic bile duct integrity,
and leakage of bile into the liver thus predisposing the liver to cholestasis [3,52]. This results into stimulatory eﬀects on biliary cholangiocytes, hepatocytes, HSC, and KC which causes many biochemical
consequences like hepatocyte death and hepatic inﬂammation, oxidative stress, and ﬁbrosis [51–53]. Surgical ligation of bile ducts in rodents can induce extrahepatic cholestasis and has been used as a model
for pathophysiological and therapeutic studies of cholestatic liver injury
[90,54–56].
Dietary RA supplementation has been reported to have hepatoprotective beneﬁts using a BDL model of cholestasis in rats [3]. The cholestatic hepatoprotective eﬀect of RA was due to its improvement in
serum biochemicals and hepatic histopathological changes, ﬁbrosis,
inﬂammation, and oxidative stress. RA inhibited the development of
hepatic ﬁbrosis and suppressed the activation of matrix producing cells
and ﬁbrogenic changes. On cultured HSC, it also inhibited TGF-β1-induced stellate cell mitogenic and ﬁbrogenic activation by suppressing
post-receptor TGF-β1 signaling, ﬁbrogenic molecule expression, and
cell cycle regulator expression. The study also showed that RA improved BDL-induced oxidative stress as well as an induction of hepatic
toll-like receptor 4 (TLR4) signaling in BDL rats and its reversal by RA
[3].

4
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Table 1
In vitro hepatoprotective eﬀect of rosmarinic acid.
Experimental model used

Concentration/dose
applied

Major outcomes

References

Eﬀects on XME in rat liver.

0.5% (w/w)

[97]

The in vitro antiﬁbrotic eﬀect of RA on experimental
liver ﬁbrosis in CCL4-induced rat liver ﬁbrosis
model.
Ex vivo study using (fPCLS)
Eﬀect of RA on HSC

Dose range 2.5 mg/kg to
10 mg/kg

WSE containing RA, ﬂavones and monoterpenes enhanced CYP 1 A1, 2B1/2,
2E1and GST but no modiﬁcation of XME
RA inhibited HSCs proliferation and inhibited TGF-β1, CTGF and
α-SMA expression in cultured HSCs.

Eﬀect of RA on t-BHP-induced oxidative liver damage

RA 26.84 μg/mL

120-270 μM
8 mg/ml RA

RA inhibited TGF-β1 signaling and reduced collagen expression in liver slices.
RA inhibited proliferation and induce apoptosis in HSC-T6 by the downregulation of CyclinD1 and Bcl-2 mediated by the phosphorylation of STAT3.
RA reduced indicators of hepatic toxicity, such as AST, ALT, oxidized GSH,
lipid peroxidation and enzyme activities related to antioxidant such as
catalase, glutathione peroxidase and SOD.

[17]

[50]
[64]
[83]

from days 2 to 4 in mice due to the activation of the mTOR/S6K
pathway during the early period of hepatic regeneration. It also signiﬁcantly increased the level of binuclear hepatocytes in the treated
group. The study showed that RA stimulated hepatocyte proliferation
during liver regeneration through the mTOR signaling pathway
(Table 2).
The eﬀect of RA on liver ischemia/reperfusion (I/R) injury has also
been reported [19]. It was observed that RA reduces hepatocellular
injury following liver I/R. I/R induced extensive areas of coagulation
necrosis with disintegration of hepatocyte cords and inﬂammatory cell
inﬁltration. These histologic and serum parameters of hepatocellular
injury were signiﬁcantly attenuated in animals treated with RA [99].
RA also protects the hepatic parenchyma from I/R-induced oxidative
stress. RA treatment reduced considerably lipid hydroperoxide levels in
the liver parenchyma. Also, the total hepatic antioxidant capacity and
the hepatocellular reserves of GSH were partially preserved by RA administration [99]. The study also found that RA decreases hepatic NO
content and nitrosative stress after I/R. RA-treated animals showed a
dramatic decrease of nitrotyrosine staining, exhibited decreased NO
levels and reduced the levels of both eNOS and iNOS in the liver [99].
RA also attenuated I/R-induced inﬂammatory response in liver. It down
regulated polymorphonuclear leukocytes recruitment into the livers of
rats subjected to I/R and remarkably diminished the accumulation of
phagocytes in the liver. It also markedly down-regulated I/R-induced
p65 nuclear translocation and substantially decreased hepatic mRNA
levels of pro-inﬂammatory cytokines [99].
The suppressive eﬀects of RA on cell proliferation has also been
reported [64]. HSC-T6 cells treated with RA grew at a signiﬁcantly
slower rate in a dose and time dependent manner compared to nontreated cells with the most eﬀective dose being 8 mg/ml [64]. The eﬀect
of RA on the growth of CCC-HEL was also investigated in order to check
if it has selective growth inhibition on abnormal cells. It was observed
that RA did not inhibit the growth of CCC-HEL [64]. The researchers
also investigated the ability of RA to induce apoptosis in HSC-T6 over a
period of 48 h and observed that treated cells underwent serial changes,
such as autophagosome, enlarged rough endoplasmic reticulum (RER),
porphytitic chromatin and lower density of mitochondrial matrix,
which are characteristic of apoptosis in cells [64]. Also in an attempt to
ﬁnd out whether the eﬀect of RA on HSC-T6 was partly due to the Janus
kinase (JAK)/STAT3 signal pathway, they observed that compared with
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) protein level, the
expression of phosphorylated STAT3 had a high degree of correlation in
the expression pattern of genes encoding apoptosis inhibitors (Bcl-2)
and cell cycle regulators (CyclinD1) protein in HSC-T6 cells treated
with RA while the level of STAT3 protein showed no signiﬁcant changes
[64]. A report on the suppressing eﬀect of RA acid on hepatic ﬁbrogenesis via suppression of HSC activation/proliferation and induction of apoptosis was given [100]. In the study, RA-treatment mitigated
the proliferation of HSC-T6 cells in a time and concentration-dependent
manner with no impact on hepatocytes. It also had a concentration-

4.5. RA on precision-cut liver slices
The ex vivo experimental method for liver damage involves the use
of precision-cut liver slices from ﬁbrotic rat livers (fPCLS) to study
antiﬁbrotic drugs [91,92]. The major advantage of PCLS cell culture
systems is the presence and viability of all cell types of the liver and
also, this model uses the original cell–cell and cell–matrix contacts are
retained [51]. Compared to in vivo experiments however, there is a
signiﬁcant reduction in the numbers of animals required because about
250 slices of 5-mm diameter and 250-μm thickness can be prepared
from a normal rat liver and up to 40–45 from a normal mouse liver
[93]. Diﬀerent culturing systems for PCLS are also available [91]
making the model easy to use. The dynamic organ culture system and
the 6–12 wells plate incubation systems have been used successfully for
the studies of liver ﬁbrosis [65,94,95]. Moreover, slices of healthy liver
have been used to study the mechanisms of early onset of ﬁbrosis and
the eﬃcacy of antiﬁbrotic drugs while slices from ﬁbrotic tissue have
been utilized to study the eﬀect of antiﬁbrotic drugs in fully developed
ﬁbrotic liver tissue [96].
The eﬀect of RA was also investigated in an ex vivo study using
fPCLS [50]. RA had no eﬀect on ATP values of fPCLS, but had a concentration-dependent reduction of the gene expression of the ﬁbrosis
markers (Table 1). It also decreased the total collagen content as detected by the hydroxyproline content [50].
4.6. Other mechanisms of RA eﬀect on the liver
The eﬀects of RA and water-soluble extract (WSE) of rosemary
(containing 1,2% RA) after dietary administration, on xenobiotic metabolizing enzymes (XME) were studied in rat liver [108]. This was
done by evaluating the modulation of phase I enzymes such as cytochrome P450 (CYP) 1 A, 2B, 2E1, 3 A, and phase II enzymes such as
glutathione S-transferase (GST), quinone reductase (QR) and UDP-glucuronosyltransferase (UGT) by measuring enzyme activities with speciﬁc substrates. Protein levels of CYPs and rGST A1/A2, A3/A5, M1, M2
and P1 were also measured using antibodies in Western blots. The extract containing RA, ﬂavones and monoterpenes enhanced CYP 1 A1,
2B1/2, 2E1 and GST (especially rGST A3/A5, M1 and M2), QR and
UGT. However, RA and caﬀeic acid (CA) did not modify XME (except
for a slight increase of UGT activity after CA treatment) thus the induction of XME by WSE could be attributed to ﬂavones, monoterpenes
or an additive eﬀect of all components (Table 1). On the whole, WSE of
rosemary strongly enhanced detoxiﬁcation enzymes in rat liver [97].
The liver regeneration potential of RA has been reported by Lou
et al., [98]. RA stimulated hepatocyte proliferation during liver regeneration processes. Speciﬁcally, RA activated the mechanistic target
of rapamycin (mTOR) signaling pathway during liver regeneration and
rescued partial hepatectomy (PH) impaired liver functions [98].
Treatment with RA resulted in an increase in body weight and stimulation of proliferating cell nuclear antigen (PCNA) protein expression
5
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Table 2
In vivo hepatoprotective eﬀect of RA.
Experimental model used

Concentration/dose applied

Major outcomes

References

LPS induced liver injury in D-GalN-sensitized
mice
t-BHP-induced oxidative liver damage

135 mg/kg RA

RA showed liver protection which was due to the scavenging or reducing
activities-superoxide or peroxynitirite rather than to inhibition of TNF-production.
RA protects the liver against oxidative hepatic damage.

[78]

RA activated the mTOR signaling pathway during liver regeneration and rescued
PH-impaired liver functions
RA protects liver parenchymal cells against normothermic I/R injury by antiinﬂammatory and antioxidant properties. It also inhibited NF-κβ signaling
pathway and reduced hepatic iNOS and eNOS expressions and NO levels.
RA impeded the progression of liver ﬁbrosis through inhibition of HSCs
activation/proliferation and induction of apoptosis with preservation of hepatic
architecture.

[98]

PH model in mice.

26.84 mg/kg body weight
(BW)
of RA
0.2 g/kg BW

Normothermic I/R model in the rat liver.

50 mg/kg BW

Thioacetamide (TAA)-intoxicated rats

Various concentrations of
RA (0,
25, 50, 100, 200, 400 mg/
mL)
20 mg/kg

Extrahepatic cholestasis in rats induced by BDL

PCLS and PCIS prepared from human, mouse, and
rat tissue.

RA (100 μM – 500 μM)

Acute liver damage and ﬁbrogenesis in CCl4intoxicated mice

RA at 10, 25 and 50 mg/kg

CCl4-induced liver ﬁbrosis

2,4,8,16 and 32 μM

HSCs in vitro and TAA-induced ﬁbrosis in vivo.

RA (0, 25, 50, 100, 200,
400 μg/mL)

Liver I/R injury.

150 mg/kg BW

Tumor-bearing mice

RA at 75, 150 and 300 mg/
kg

Hepatic stellate cells in response to ROS

10 μM RA

Liver injury induced by LPS in D-GalN-sensitized
mice
Sepsis induced wistar albino rats

135 mg/kg RA

Liver ischaemia–reperfusion
Human dermal ﬁbroblasts

25 mg/kg (i.v.) 30
1-40 μM

BDL- induced cholestatic liver ﬁbrosis
Alcohol-induced hepatotoxicity in rats

0.1 mg / 25 g BW
RA 10 mg/kg

Aging mice

50, 100 or 200 mg/ kg

Strepotozotocin-induced diabetic rats

10 mg/kg

Type 1 diabetic mice

0, 25, and 50 mg/ml

Acetaminophen-induced liver damage

10, 25 and 50 mg/kg

Fructose-fed mice
Activated HSC-T6
Cobalt chloride (CoCl2) hypoxia-induced injury in
rat hepatocytes

100 mg/kg b.w.

RA improves cholestasis-related liver injury via mechanisms involving resolution
of oxidative burden and down-regulation of HMGB1/TLR4, NF-kβ, AP-1, and TGFβ1/Smad signaling.
RA decreased the gene levels of Fn2 and PAI-1 in murine PCLS, and Fn2 in murine
PCIS but had no eﬀect on the gene expression of ﬁbrosis markers in human and rat
PCIS.
RA improved histological and serum markers of liver damage and ameliorated
oxidative/nitrosative stress and inﬂammatory response in liver tissue. It also
suppressed proﬁbrotic response by preventing TGF-β1 and α-SMA expression. It
inhibited CCl4-induced apoptosis as well as enhanced Nrf2 and heme oxygenase-1
(HO-1) expression.
RA inhibited HSCs proliferation, TGF-β1, CTGF and α-SMA expression in cultured
HSCs. It reduced ﬁbrosis grade, ameliorated biochemical indicator and
histopathological morphology, as well as reduced liver TGF-β1 and CTGF
expression.
RA had anti-proliferative eﬀects on cultured HSCs with IC50 of 276 mg/mL and
171 mg/mL for 24 h and 48 h, respectively. It also reversed activated stellate cell
morphology to quiescent form and improved ALT, AST, oxidative stress markers as
well as reduced TIMP-1, HP levels, inﬂammatory markers and ﬁbrosis score.
RA decreased hepatocellular damage, neutrophil inﬁltration and all oxidative/
nitrosative stress parameters. It also reduced the liver content of eNOS/iNOS and
NO, attenuated NF-κB activation, and down-regulated inﬂammatory gene
expression.
RA suppressed tumor growth by regulating the secretion of cytokines associated
with inﬂammation and angiogenesis, and suppressing the expression of NF-kβ p65
in the xenograft microenvironment.
RA reverses activated HSCs to quiescent cells. It inhibited MMP-2 activity and
suppressed ROS generation and lipid peroxidation. It also increased antioxidant
response element (ARE)-mediated luciferase activity, nuclear translocation Nrf2
and catalytic subunits from glutamate cysteine ligase (GCLc) expression.
RA reduced the elevation of plasma AST levels, as well as anti-TNF and SOD. It
also reduced the expression of TNF-α mRNA in liver and plasma
RA reduced DNA damage in the lymphocytes, livers, and kidneys.
It also decreased malondialdehyde (MDA) and TNF-α levels while increasing GSH
levels as well as SOD and GSH-Px activities in the livers and kidneys.
RA caused a reduction in the serum concentration of AST, ALT, and LDH.
RA inhibited the expression of CCL11 and CCR3 by suppressing the IKK-β activity
in NF-κβ activation signaling.
RA inhibited HSC activation and progression of liver ﬁbrosis.
RA prevented ethanol-induced prooxidant and antioxidant imbalance in liver. It
also prevented an increase in the serum levels of ALT, AST, LDH, TNF-α, and IL-6
and caused a reduction in necrosis and inﬁltration of inﬂammatory cells in liver
parenchyma.
RA caused an increase in the activity of SOD, CAT and GSH-Px with a decrease in
MDA
RA prevented increase of TBARS levels and alteration in SOD and CAT activity. It
also reversed the decrease in ascorbic acid and non-protein-thiol (NPSH) levels in
diabetic rats.
RA decreased the hepatic level of IL-6, TNF-Alpha, and PGE2, as well as the
activity of COX-2 It also decreased hepatic RAGE and sorbitol levels, and GLO-1
activity
RA showed insigniﬁcant hepatoprotective activity against acetaminophen-induced
liver damage.
RA diminished oxidative stress and reduced mitochondrial function
RA inhibited proliferation and induce apoptosis in HSC-T6 by inhibiting
phosphorylation in STAT3, which enhanced the reversal of hepatic ﬁbrosis.
RA protects primary cultured rat hepatocytes against CoCl2-induced cell injury
through inhibition of ROS-activated p38MAPK and COX-2/PGE2 pathway.
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Fig. 3. Mechanisms of hepatoprotective action of rosmarinic acid.

CYP2E1-dependent oxidative stress, mitochondrial injury, and GSH
homeostasis contributes to the toxic actions of ethanol on the liver
[121]. In chronic liver cirrhosis and hepatitis, SOD and glutathione
peroxidase (GSH-PX) are signiﬁcantly reduced and this correlates negatively with serum ALT level [122]. In chronic hepatitis the concentration of MDA [123] are higher than normal values and oxidative
damage is closely related to the pathological damage of hepatic ﬁbrosis
[123,124]. Also, increase in intracellular oxygen free radicals production in HSC promotes the activation of HSC leading to liver ﬁbrosis
[125]. High level of 8-Hydroxydeoxyguanosine (8-OHdG) expression in
chronic hepatitis can also cause DNA mutations and induce liver cancer
[126]. There is also a higher serum level of oxidation protein products
like NO and the activities of myeloperoxidase (MPO), arylesterase (AE)
and paraoxonase-1 (PON1) in chronic hepatitis [127,128]. Several authors have reported RA as having strong antioxidant eﬀect in diﬀerent
experimental models [129–134]. With particular reference to liver
diseases however, RA was reported to signiﬁcantly reduce plasma ALT
as well as had anti-TNF and SOD activity [135]. This eﬀect of RA on
ALT, SOD, GSH as well as other enzymes related to antioxidant was also
corroborated by other reports [136]. Speciﬁcally, RA also protects hepatic parenchyma from I/R-induced oxidative stress, reduced lipid hydroperoxide levels in liver parenchyma and preserved the total hepatic
antioxidant capacity as well as the hepatocellular reserves of GSH [99].
Inﬂammation is closely linked to oxidative stress due to the fact that
free radicals can aﬀect intracellular signal transduction and gene regulation, resulting in cytokine production essential to inﬂammatory
process. In alcoholic liver disease, lipid peroxidation causes inﬂammation and organ ﬁbrosis [137] and in chronic hepatitis the concentration of TNF-α and TGF-β [123] are higher than normal values.
NF-κB also plays a major role in inﬂammatory processes [138]. NF-κB
activation, triggered by reactive oxygen species, modulates liver injury
by producing cytotoxic cytokine such as NF-κB -p65 and TNF-α [139],
and inducing several other inﬂammatory mediators like COX-2 and
iNOS [140]. RA has been implicated in a number of inﬂammatory responses [58,101,106,141–143]. It signiﬁcantly ameliorated CCl4 induced liver inﬂammation [6] through the inhibition of COX-2 [144]
and inhibition of production of inﬂammatory cytokines [145]. It has
also showed that suppression of inﬂammation by RA can be mediated

dependent reduction in HSCs activation, elevation in caspase-3 expression, and concentration-dependent-inhibition in TGF-β1 production. [100]. Administration of RA restored AST depletion and reduced
lipid peroxidation in the treated group as well as normalized hepatic
levels of TGF-β1 and restored hepatic architecture of treated rat liver
[100]. A summary of the various hepatoprotective mechanisms of RA is
as shown in Fig. 3 below.
5. Discussions
About 29 million people in the Europe still suﬀer from a chronic
liver condition despite the progress made in the knowledge and management of liver disease in the past few years, with cirrhosis and primary liver cancer cases being the highest [117]. Approximately 14–26
new cases of cirrhosis, per 100,000 inhabitants per year and an estimated 170,000 deaths per year has been suggested [118]. In the US, the
prevalence of chronic liver disease ranged from 3.9% in African
Americans and Native Hawaiians to 4.1% in whites, 6.7% in Latinos,
and 6.9% in Japanese [119] and more than 1 million deaths due to liver
cirrhosis occurs annually [120]. Several management strategies ranging
from diet/lifestyle modiﬁcation to surgery including various medications have been used to combat liver problems. In this review, the role
of RA in liver diseases through diﬀerent mechanisms is examined.
5.1. Antioxidant and anti-inﬂammatory
Oxidative stress is considered as a key mechanism of hepatocellular
injury and disease progression. It is partly responsible for some pathological ﬁndings in compromised liver as well as serve as a prognostic
indicator. Oxidative stress is known to trigger the consumption of tissue
antioxidant reserves and induces massive lipid peroxidation in cellular
membranes. Over the years, both ROS and reactive nitrogen species
(RNS) have been shown to lead to loss of liver function. Production of
harmful substances and reduction of bile and redox reaction as well as
oxidative damage can lead to diseases like subclinical hepatitis, inﬂammatory necrotic hepatitis, liver cirrhosis and cancer.
The link between oxidation and various liver diseases has been
unambiguously reported. For instance in alcoholic liver disease,
7
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serum ALT levels. It also signiﬁcantly reduced the necrotic area, expression of active caspase-3 and suppressed oxidative/nitrosative liver
damage [86] as well as inhibited lipid peroxidation thus agreeing with
previous ﬁndings [155]. Lipid peroxidation leads to destruction of
plasma membrane and intracellular organelles resulting in massive
destruction of hepatocytes and tissue necrosis which is central to the
toxicity of CCl4. [86]. RA has also been reported to decrease eNOS/
iNOS and NO content [99]. Increased production of nitric oxide and
superoxide anion in injured liver could result in the formation of peroxynitrite [156] and subsequent nitration of protein tyrosine residues
[157], which plays an important role in the pathogenesis of hepatic
necrosis [158]. The eﬀect of RA on liver damage due to ischemia/reperfusion has also been reported [99]. Liver damage due to ischemia
and reperfusion is common in many surgical procedures involving the
liver. In such I/R injuries, cellular damage as a result of hypoxia is
increased after the restoration of blood supply and oxygen delivery.
This leads to acute inﬂammatory response within the liver parenchyma
immediately after blood ﬂow restoration and it is the major mechanism
of injury during the reperfusion phase. The activation of KC and sinusoidal endothelial cells (SEC), CD4 + T lymphocyte and neutrophil
recruitment to the hepatic interstitium, and the subsequent generation
of ROS, RNS and cytokines have been identiﬁed as the most relevant
events in the pathogenesis of liver damage due to I/R. ROS aﬀects the
pathophysiology of the liver indirectly by supporting protease activity
through the inactivation of antiproteases and by acting as second
messengers in signal transduction pathways involved in the regulation
of genes encoding adhesion molecules and pro-inﬂammatory mediators
[2,159,160]. NF-κB, a key transcription factor that is activated during
reperfusion following an ischemic event in diverse organs is made up
predominantly of a p50 and p65 heterodimer associated with regulatory proteins called inhibitors of κB (IκB) and has been implicated in
neuronal inﬂammation. [161]. The eﬀects of RA on both ROS
[104,116] and NF-κB [99,103,107] have been documented.

through the inhibition of NF-κB pathway as well as down-regulation of
TNF-α and COX-2 [6], a submission which agrees with other reports
[146,147]. In summary, several studies have shown the therapeutic
potential of RA against acute liver toxicity through amelioration of
hepatic oxidative/nitrosative stress and suppression of inﬂammation,
5.2. Anti-ﬁbrotic
The eﬀect of RA as an anti-ﬁbrotic agent was reported in CCl4-induced liver ﬁbrosis [17] where biochemical parameters, histopathological changes and immunohistochemical factors were assessed. In the
study that RA inhibited HSCs proliferation, TGF-β1, CTGF and α-SMA
expression in cultured HSCs. Furthermore, it ameliorated biochemical
indicator, histopathological morphology and reduced ﬁbrosis grade
[17]. In an ex-vivo study using fPCLS [148], RA reduced the gene expression of the ﬁbrosis markers and decreased the total collagen content
as detected by the hydroxyproline content in a concentration dependent
manner. Also, reports from an extrahepatic cholestasis rat model [3]
showed that RA inhibited BDL-induced biliary ﬁbrosis through mitogenic and ﬁbrogenic inhibition by targeting matrix-producing hepatic
stellate cells [3]. In this model, there was an observed improvement in
hepatic function, parenchymal structure, ductular reaction, and ﬁbrosis
and this correlated well with the suppression of NF-κB and AP1 activities, leukocytes inﬁltration/activation, and cytokine overproduction
[3]. Previous reports have also documented the involvement of NF-κB
inhibition in the anti-inﬂammatory action of RA [103,149–151] thus
making NF-κB an important targets in the pharmacological eﬀects of RA
[3].
5.3. Cholestasis
In an in vivo experiment in rats, RA was reported to have cholestatic
hepatoprotective eﬀect observed as an improvement in serum biochemical and hepatic histopathological parameters [3]. The same study
corroborated the antioxidant, anti-inﬂammatory and anti-ﬁbrotic eﬀect
of RA. The researcher observed that the anti-ﬁbrotic eﬀect was mediated by suppression of TGF-β1-provoked mitogenic and ﬁbrogenic activation while the cholestatic hepatoprotective eﬀect was due to the
reduction of total bile acid level in BDL rats thus showing that a decrease in bile acid level is associated with RA-mediated hepatoprotection The study also suggested that RA target of action might be hepatic
primary bile acid synthesis, intestinal secondarily metabolism, and
biological activities [3]. Furthermore, the study showed that RA improved BDL-induced oxidative stress and oxidative stress has been
documented to play a pathogenic role in cholestatic liver injury by
modulating mitogenic and ﬁbrogenic gene expression as well as cell
activities involving NF-κB and AP-1 mechanisms [152–154]. The researchers therefore suggested that the resolution of oxidative burden is
a mechanism through which RA suppresses redox-sensitive NF-κB and
AP-1 action thus leading to hepatoprotection [3]. Also from the study,
an induction of hepatic TLR4 signaling in BDL rats and its reversal by
RA was demonstrated pointing to the role of HMGB1/TLR4 signaling
pathway in cholestasis associated NF-κB and AP1 activities and suggesting that the interference of HMGB1/TLR4-derived signals could be
another mode of action of RA in cholestatic liver injury [3]. On the
whole, it can be seen that the steps of bile acid synthesis/ metabolism,
hepatic stellate cell mitogenic and ﬁbrogenic activation, the axis of
HMGB1/TLR4, and free radical generation are targets for intervention
by RA.

5.5. Xenobiotic metabolizing enzymes
RA in combination with other ﬂavonoids has been shown to enhance detoxication enzymes in rat liver [97]. This was done by evaluating the modulation phase I enzymes such as cytochrome P450 (CYP)
1 A, 2B, 2E1, 3 A, and phase II enzymes such as glutathione S-transferase (GST), quinone reductase (QR) and UDP-glucuronosyltransferase
(UGT). The activities of these enzymes were measured using speciﬁc
substrates and thus used to determine the eﬀect of RA on them. Extract
containing RA only enhanced CYP 1 A1, 2B1/2, 2E1 and GST (especially rGST A3/A5, M1 and M2), QR and UGT. It however had no eﬀect
on drug metabolizing enzymes probably due to the fact that following
oral administration, RA gets metabolized before reaching the liver and
the resulting metabolites have no eﬀect on drug metabolizing enzymes
[97].

5.6. Cell proliferation
The eﬀects of RA on cell proliferation was investigated both in rat
activated hepatic stellate cells (HSC-T6) and normal CCC-HEL cells
[64]. RA signiﬁcantly lowered HSC-T6 cell growth rate in a dose and
time dependent manner but had no eﬀect on CCC-HEL cells showing it
had selective growth inhibition on abnormal cells. The study further
suggested that the RA inhibitory eﬀect on HSC-T6 proliferation may be
associated with G1/S cell cycle arrest [64] and concluded that RA inhibited proliferation of HSC-T6 without signiﬁcant toxicity and evident
adverse function on normal cells [64]. Inhibition of HSCs activation and
proliferation as well as the induction of its apoptosis is important in the
prevention and treatment of hepatic ﬁbrosis.

5.4. Liver damage
RA has also been shown to have a positive eﬀect on general liver
damage. For instance, in a CCl4 induced liver damage, a less deleterious
eﬀect was reported with RA administration in mice [86]. In the study,
RA dose-dependently decreased hepatic histopathological changes and
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5.7. Liver regeneration
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Removal of the liver is a common therapy for liver ﬁbrosis or tumor
patients and the ability of the liver to regenerate is important for liver
homeostasis [144]. Liver regeneration however is a very complex process involving multiple pathways operating simultaneously and/or sequentially [162]. The potential of RA on liver regeneration was studied
by Lou et al., [98]. In the study, it was observed that RA stimulated
hepatocyte proliferation. Speciﬁcally activated the mTOR signaling
pathway during liver regeneration and rescued PH-impaired liver
functions [98]. Thus, it was concluded that RA stimulates the proliferation of hepatocytes through the mTOR signaling pathway hence
supporting the potential usage of RA in liver regeneration [98].
6. Concluding remark
There is a current interest in natural products in general and dietary
supplements in particular. This might be due to the fact that several
studies suggest that diets rich in phytochemicals are beneﬁcial to
human health. RA is a di-phenolic compound common in many herbs
and spices and it is regarded as a potential pharmaceutical natural
product. Very many reports have proven the hepatoprotective eﬀect of
RA through various mechanisms. These mechanisms include scavenging
or reducing activities-superoxide or peroxynitirite, reduction of indicators of hepatic toxicity, such as aspartate aminotransferase, alanine
aminotransferase, oxidized glutathione, lipid peroxidation as well as
enzyme activities related to antioxidant such as catalase, glutathione
peroxidase and superoxide dismutase. RA also inhibited hepatic stellate
cells proliferation, TGF-β1, CTGF and α-SMA expression in cultured
HSCs. It reduced ﬁbrosis grade, ameliorated biochemical indicator and
histopathological morphology. It also had profound eﬀect on inﬂammation and several inﬂammatory mediators. In this review we have
outlined various mechanisms involved in liver toxicity, experimental
models for liver damage and the eﬀects of RA in the diﬀerent models
that support its hepatoprotective potential. It is hoped that further
studies in future will harness all these research ﬁndings and lead ultimately to the use of RA against liver diseases in a precise and beneﬁcial
way.
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