The therapeutic potential of Scutellaria baicalensis for the treatment of obesity-driven hepatocellular carcinoma
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Abstract

Obesity is closely associated with non-alcoholic fatty liver disease which will develop into hepatocellular carcinoma (HCC). Obesity per se is also an independent risk factor for HCC. Lipotoxicity, adipose tissue remodeling, modulation of immune infiltrates in tumors and adipocytes, changes in intestinal microbiome all contribute to the pathogenesis of HCC under obesity condition. These obesity-associated pathogenic factors increase the clinical challenges for the management of obesity-driven HCC. Scutellaria baicalensis Georgi is a perennial herb of the Lamiaceae family. It is clinically used for the treatment of hyperlipemia, atherosclerosis, hypertension and inflammatory diseases. This article reviews the current findings on the molecular basis of the anti-HCC effects of S. baicalensis and its bioactive compounds, and discuss whether the treatments can alleviate or ameliorate the obesity-associated pathogenic factors. This is the first review unravels the therapeutic potential of S. baicalensis and its bioactive compounds for the treatment obesity-driven HCC. 

Obesity
Obesity is a global pandemic. Statistics from World Health Organization show that around 39% of adults are overweight, and 13% are obese. A rapid increase in the overweight or obese population is also observed in China. Based on the data from the China Chronic Disease and Risk Factor Surveillance (CCDRFS) survey, the prevalence of obesity in China has tripled over the last decade. In particular, the prevalence of abdominal obesity is 32%. In US, the prevalence of obesity reaches 42.4%. Obesity and overweight together are the second leading cause of preventable death in US, an estimated of 300,000 deaths per year are due to the obesity epidemic.

Obesity-associated non-alcoholic fatty liver disease (NAFLD) and hepatocellular carcinoma (HCC)
Obesity is closely associated with non-alcoholic fatty liver disease (NAFLD) which is a spectrum of liver disease ranges from hepatic steatosis to steatohepatitis (NASH). A meta-analysis encompassing more than 8.5 million NAFLD cases has revealed that obesity is associated with 51% of the patients with hepatic steatosis, and 82% of the patients who have developed NASH (Younossi et al., 2015). NAFLD and NASH are the common underlying risk factors for HCC, representing 59% of all the cases with a cumulative incidence of 0.3% over a six-year follow-up (Sanyal et al., 2010). A prospective community-based study shows that 11.3% of patients with NASH and cirrhosis will have developed HCC after a mean follow-up of 7.6 years (Yatsuji et al., 2009).

Obesity per se is also an independent risk factor for HCC (Welzel et al., 2011; Batty et al., 2005; Ohki et al., 2008; Dyson et al., 2014; Nair et al., 2002). A meta-analysis evaluated 21 prospective studies has reported a relative risk of HCC of 1.39 for each 5kgm-2 increase in BMI, with the most pronounced risk increases among individuals with BMI above 32kgm-2 (Wang et al., 2012). While another meta-analysis study suggests that the risk of HCC increases by 17% in overweight subjects and 89% in obese subjects, with an average increase in risk of 24% for every 5 kgm-2 increase in BMI (Larsson et al., 2007). Besides, The European Prospective Investigation into Cancer (EPIC) (Schlesinger et al., 2013) suggests waist-to-hip ratio, another indicator for obesity, is also a reliable predictor of HCC incidence.
Obesity increases the morality of the HCC patients 

Besides, obesity also increases the morality of the HCC patients. A meta-analysis including 9 observational studies with more than 1,500,000 individuals shows that obese subjects have a two-fold increase of HCC-related mortality (Gupta et al., 2018). The relative risk of HCC-related mortality in subjects with BMI between 30 and 34.9 kgm-2 and in those with BMI above 35 kgm-2 is 1.9 and 4.5 times, respectively, higher than that of normal weight individuals (Calle et al., 2003).
The pathogenesis of the obesity-driven HCC

Obesity refers to an excess accumulation of adipose tissues in the body. Lipotoxicity, adipose tissue remodeling, modulation of immune infiltrates in tumors and adipocytes, and changes in intestinal microbiome contribute to the pathogenesis of the obesity-driven HCC (Figure 1).
Lipotoxicity is one of the mechanisms linking obesity to HCC (Karagozian et al., 2014; Vinciguerra et al., 2009; Joshi-Barve et al., 2007; Hussain et al., 2003). It refers to the harmful effects of the excess lipid accumulation in non-adipose tissues. For example, free fatty acids (FFAs) induce apoptosis in hepatocytes and increase inflammation (Chabowski et al., 2013; Pan et al., 2015). Some FFAs such as palmitic acid and oleic acid increase the expressions of fatty acid translocase and fatty acid transport protein-2, hence increase the accumulation of diacylglycerols and ceramides in the liver (Pan et al., 2015; Stremmel et al., 2014). Ceramide promotes liver fibrosis and cirrhosis (Simon et al., 2019). Diacylglycerols promote HCC growth by activating the hepatic androgen receptor signaling pathway via Akt kinase (Cheng et al., 2019). Lysophosphatidyl cholines (LPCs), the plasma lipid constituents derived from phosphatidylcholine, also play a role in the FFA-mediated cytotoxicity. LPCs activate the Jun terminal kinase (JNK), glycogen synthase kinase 3 and also the transcription factor CCAAT/enhancer-binding homologous, which induce endoplasmic reticulum (ER) stress, apoptosis and increase inflammation in the hepatocytes (Yaligar et al., 2014; Pahtil et al., 2012). 
Besides, in the obese state, adipose tissues alter their patterns of adipokine secretions, which is known as adipose tissues remodeling (Sun et al., 2011).  The two most common adipokines are adiponectin and leptin. It is suggested that obesity mediates its effect on cancer progression by reducing the production of adiponectin along with increased production of leptin (Parida et al., 2019). Studies show that adiponectin inhibits HCC growth. Adiponectin induces apoptosis in HCC cells via the activation of JNK and caspase-3; inhibition of JNK phosphorylation abolishes the adiponectin-induced apoptosis and caspase-3 activation (Saxena et al., 2010). Adiponectin also reduces mammalian target of rapamycin (mTOR) phosphorylation, and increases the phosphorylation of AMP-activated protein kinase (AMPK) and tumor suppressor TSC2, which subsequently inhibits HCC growth (Saxena et al., 2010). Furthermore, adiponectin antagonizes the oncogenic actions of leptin in HCC. Adiponectin treatment inhibits leptin-induced HCC cell proliferation, migration and invasion both in vitro and in vivo. Adiponectin also increases suppressor of cytokine signaling (SOCS3) which suppresses leptin signal transduction in HCC (Sharma et al., 2010). The reduced adiponectin production and also the development of adiponectin resistance under obesity condition (Engin et al., 2017) may reduce the protective effects of adiponectin in HCC patients. On the contrary, most obese humans have very high plasma leptin concentrations (Enriori et al., 2006). Many studies suggest leptin promotes HCC growth. Leptin promotes HCC cell proliferation, mitosis, invasion and metastasis by activating signal transducer and activator of transcription (STAT), janus-activated kinase-2 (JAK2), phosphoinositide 3-kinases (PI3K), Akt protein kinase and the Ras-Raf-MEK-ERK pathway (Saxena et al., 2007). Leptin also down-regulates Bax via a JAK2-linked signaling pathway, and hence inhibits apoptosis and increases HCC cell proliferation (Chen et al., 2007). Leptin activates mitogen-activated protein kinase (MAPK), p38, and c-Jun N-terminal kinases (JNK) signaling, which in turn induces NF-κB activation (Jiang et al., 2014). In addition, the stringent binding affinity of leptin and its receptor Ob-R, and the elevated expressions of both leptin and Ob-R in HCC (Jiang et al., 2014) strongly suggest that leptin plays an important role in HCC development. Nevertheless, other studies show that leptin inhibits HCC cell growth via the p38-MAPK-dependent signaling pathway (Thompson et al., 2011) and by increasing the number of natural killer (NK) cell in the liver (Elinav et al., 2006). The effects of leptin on HCC growth are controversial. Furthermore, under obesity condition, the elevated leptin level may induce hepatic leptin resistance due to the impairment of the leptin-signal transduction (Vila et al., 2008; Myers Jr et al., 2010). Therefore, the tumorigenic effects of leptin in HCC under obese condition deserve further investigation.  
Adipose tissues remodeling in the obese state will also change the production of cytokines because these adipose tissues exhibit a dynamic infiltration of immune cells (Ctalan et al., 2013). Among these immune cells, macrophages infiltrate adipose tissues to scavenge dead and necrotic adipocytes, which subsequently amplify a local inflammatory response by producing interleukin-6 (IL-6) and tumor necrosis factor- α (TNF-α) (O'Rourke RW et al., 2011; Fujisaka et al., 2013). The enhanced production and secretion of IL-6 and TNF-α in the tumor will activate STAT3 which promotes HCC growth (Nault et al., 2010). Besides, cytotoxic T cells (CD8+) interact with adipocytes and macrophages in obese adipose tissues that trigger an inflammatory cascade via an interactive circle (Nishimura et al., 2009). Helper T cells (Th1) promote adipose tissue inflammation (Rocha et al., 2008), the levels of Th17 and Th1 are higher in tumor tissues than normal tissues, which lead to an elevated level of IL-17 and interferon-γ (IFN-γ) (Yan et al., 2014).  In the immune system, natural killer (NK) cells also play a critical role in controlling cancer growth. However, their anti-cancer functions are attenuated in HCC (Sung et al., 2018). Study shows that the intra-tumoral NK cells have more defective IFN-γ and TNF-α secretion than non-tumor NK cells (Wu et al., 2013). Moreover, the frequency of tumor infiltrated NK cells is lower than that in the non-tumor regions (Cai et al., 2008; Sun et al., 2015), which increases the chances of the tumor’s evasion of immune surveillance. In the obese state, the cancer-targeting ability of the NK cells is further reduced. Study shows that in the livers of the obese mouse models, NK cells express lower levels of perforin and are less able to kill cancerous target cells than those from the non-obese mice (Sun et al., 2019). The decrease in cytotoxicity is associated with a TGF-β-mediated conversion of NK cells to a less cytotoxic ILC1-like phenotype that have increased expression of the ILC1-associated proteins CD200R1 and CD49a (Cuff et al., 2019).
Intestinal microbiome also contributes to HCC development as shown in obese mouse models. Study shows that deoxycholic acid (DCA), a bacterial byproduct, induces the senescence associated secretory phenotype (SASP) of hepatic stellate cells (HSC). HSC in turns induces the expression of inﬂammasome components and IL-1β, which promote the obesity-associated HCC growth (Yoshimoto et al., 2013). This finding is also suggested by other study which reports that a lipoteichoic acid (LTA) and DCA collaboratively promotes HCC development under obese condition by increasing the SASP of HSC (Loo et al., 2017). DCA increases the expressions of SASP factors and cyclooxygenase-2 (COX-2) by activating toll-like receptor 2. COX-2 in turns increases prostaglandin E2 (PGE2) production which inhibits the prostaglandin E receptor-4 (TGER4) activity and suppresses its antitumor immunity, and hence promotes HCC growth (Loo et al., 2017).
The metabolic changes in obesity-driven HCC 

Metabolic reprogramming has been recognized as a hallmark of cancer including HCC. Accumulating evidence supports the importance of lipid metabolic reprogramming in hepatocarcinogenesis (Nakagawa et al., 2018).  In HCC, many genes involved in fatty acid biosynthesis are upregulated, such as ATP citrate lyase (ACLY), acetyl-CoA carboxylase (ACC), fatty acid synthase (FAS), stearoyl-CoA desaturase (SCD-1) and glycerol-3-phosphate acyltransferase (GPAT) (Currie et al., 2013; Bjornson et al., 2014). Enzymes ACLY, ACC and FAS catalyze biosynthesis of fatty acids from citrate and acetyl-CoA. Among these enzymes, ACC catalyzes the conversion of acetyl-CoA to malonyl-CoA, which is the critical step in the fatty acid biosynthesis. The increased de novo fatty acid synthesis is critical to support the growth of the cancer.

Interestingly, in the obesity-driven HCC, distinct lipid metabolic changes have been observed. Recently, a study using liquid chromatography-mass spectrometry LC-MS-based untargeted metabolomics approach reveals that the expressions of carnitine palmitoyltransferase 1A (CPT1A) and acyl-CoA synthetase long-chain family member 4 (ACSL4) are increased, while the expressions of carnitine-acylcarnitine translocase (CACT) and CPT2 are reduced in the xenograft tissues of the obesity-driven mouse HCC models. These data suggest that there is an enhanced conversion of fatty acids to acylcarnitine, and the reconversion of acylcarnitine to acyl-CoA is suppressed in the tumor (Fujiwara et al., 2018). Further capillary electrophoresis-mass spectrometry (CE-MS) analysis reveals that CPT2 downregulation not only suppresses fatty acid oxidation, but also accumulates the long-chain acylcarnitine oleoylcarnitine (AC18:1) in the obesity-driven HCC (Fujiwara et al., 2018). And leoylcarnitine in turns enhances hepatocarcinogenesis via the STAT3-mediated acquisition of stem cell properties (Fujiwara et al., 2018). 

Clinical challenges in HCC treatment
In the management of HCC, the current treatment regimens include surgical resection, liver transplantation, local ablation therapies and pharmaceutical interventions. For example, embolization is the primary treatment for non-resectable HCC. Embolization agents with intra-arterial chemotherapy such as doxorubicin, mitomycin, or cisplatin can be mixed with Lipiodol (ethiodol) for treatment. This approach achieves a partial response in 15%–55% of patients, it delays tumor progression and vascular invasion (Llovet et al., 2005). Nevertheless, these patients only have a median survival of less than 12 months on average (Gish et al., 2006). Besides, lack of clinically validated biomarkers for the identification of HCC also makes the diagnosis and treatment difficult. Furthermore, if HCC is associated with factors such as obesity, NASH, hepatitis B virus infection, genetic hemochromatosis or other metabolic disorders including glycogen storage disease, alpha-1-antitrypsin deficiency and porphyria, additional clinical challenges are expected (Quaglia et al., 2018). 

The therapeutic potential of Scutellaria baicalensis for the treatment of obesity-driven HCC
The complicated aetiology of obesity-driven HCC makes the treatment difficult. The concept of multitarget therapy has been applied in cancer therapy. For example, the new generation of tyrosine kinase inhibitor (TKI) shows the ability to simultaneously target different molecules (Petrelli et al., 2009). The multi-targeted therapeutic approach used for glioblastoma treatment is a combination of compounds that are capable of inhibiting more than one specific molecular targets (Sestito et al., 2018).

Indeed, herb is an excellent source of bioactive compounds. These bioactive compounds not only have different therapeutic targets, but also exhibit synergy which can further enhance the therapeutic efficacy for the treatment of disease with complicated aetiology. Therefore, identify an herb that is rich in bioactive compounds to treat the obesity-driven HCC is a feasible therapeutic strategy. 

Scutellaria baicalensis Georgi, also known as Chinese skullcap or Huangqin, is a perennial herb of the Lamiaceae family. S. baicalensis is clinically used for the treatment of hyperlipemia, atherosclerosis, hypertension, dysentery, common cold and inflammatory diseases in the traditional medicine of China, Korea and Japan (Lee et al., J 2010). Besides, it also shows potent therapeutic effects for the treatments of hepatitis, diarrhoea, vomiting and hypertension (Zhao et al., 2019). 

More than 40 compounds have been isolated and identified from S. baicalensis, including flavonoids, terpenoids, volatile oils and polysaccharides. The main flavonoids are wogonin (5,7-dihydroxy-8-methoxyflavone), wogonoside (Wogonin-7-glucuronic acid), baicalin (7-glucuronic acid, 5,6-dihydroxy-flavone), and baicalein (5,6,7-trihydroxyfavone) with ratios to the dry material of about 1.3%, 3.55%, 5.41%, and 10.11%, respectively (Li-Weber et al.,  2009; Ye et al., 2004; Okamura et al., 1999). These compounds are found in the roots of the herb.

These flavonoids and other compounds in S. baicalensis act on different targets in the complex signaling network, resulting in a synergistic anti-HCC effect (Tuan et al., 2015; Kavandi et al., 2015). Recently, a study using Pathway Array analysis and Genes2Networks analysis has identified many hubs in the signaling networks in HCC that are activated by S. baicalensis treatment, suggesting S. baicalensis exerts a broad effect on the cell signaling networks that leads to a collective anti-HCC effects. In the analysis, a total of 14 proteins are differentially expressed or phosphorylated after S. baicalensis treatment. Of these, 9 show a dose-dependent decrease such as tumor suppressor proteins p53 and p63; members of the CDC25 family of phosphatases Cdc25B and Cdc25C; ETS1, a proto-oncoprotein in the Ets transcription factors family; epidermal growth factor receptor (EGFR); extracellular signal-regulated kinase1/2 (ERK1/2); X-linked linked inhibitor of apoptosis protein (XIAP) and hypoxia-inducible factor-2α (HIF-2α); whereas cyclin E demonstrates a dose-dependent increase (Ye et al., 2009). While bioinformatics study enhances our understanding on the anti-HCC effects of S. baicalensis at the network level; experimental studies have also suggested the mechanisms of action underlying the anti-HCC effects of S. baicalensis and its flavonoids via different signaling pathways.
Furthermore, studies show that S. baicalensis and its flavonoids ameliorate the detrimental effects caused by lipotoxicity and adipose tissue remodeling in the obese condition; they also regulate hepatic lipid metabolism, modulate immune infiltrates in the tumors and adipocytes, and modify intestinal microbiome. Ameliorating these conditions can help to control HCC growth under the obese condition. 
The cytotoxic effects of S. baicalensis and its flavonoids
S. baicalensis methanol extract potentially inhibits the proliferation of HCC cells in a dose-dependent manner (Park et al., 2014; Ye et al., 2002; Yano et al., 1994). The flavonoids from S. baicalensis, namely baicalein, baicalin and wogonin reduce HCC cell viability (Chang et al., 2002). All these flavonoids cause a collapse of the mitochondrial membrane potential and deplete the glutathione content in HCC cells (Chang et al., 2002). Furthermore, baicalein also upregulates p53, Bax, and cytochrome c expressions and reduces Bcl-2 levels in the HCC cells in a time- and dose-dependent manner (Kuo et al., 2009). It reduces the phosphorylation of MEK1, ERK1/2 and Bad both in vitro and in vivo (Liang et al., 2012). Study shows that overexpression of MEK1 partially reverses the baicalein-induced growth inhibition (Liang et al., 2012), suggesting baicalein preferentially reduces HCC tumor growth by inhibiting the MEK-ERK signaling pathway and by inducing intrinsic apoptosis. Baicalein also reduces the expression of c-Myc, a crucial regulator of cell proliferation, apoptosis and cellular transformation, in dose- and time-dependent manners in the HCC cells (Han et al., 2015). Interestingly, a study shows that baicalein inhibits HCC growth by downregulating the expression of CD24 (Han et al., 2015). CD24 is overexpressed in the highly metastatic HCC cell line and in tumor tissues of patients with recurrent HCC (Yang et al., 2019). It drives self-renewal and tumor initiation through STAT3-mediated NANOG regulation in HCC (Lee et al., 2011). Downregulation of CD24 may underline anti-HCC effect of baicalein. 
Another flavonoid wogonin induces apoptosis in HCC cells by promoting the cleavage of caspase-3 and caspase-9 in a dose-dependent manner. Further experiments suggest wogonin inhibits NF-κB/Bcl-2 signaling by decreasing the IκB and p65 phosphorylation levels (Liu et al., 2016). Wogonin is also capable to attenuate NF-kB activity and sensitize TNFα-induced apoptosis by transferring electron free radicals and shifting the cellular redox equilibrium to a more reduced state, which increases the production of intracellular H2O2 and the apoptosis level (Xu et al., 2013).

Anti-migration effects of S. baicalensis and its flavonoids
Primary HCC preferentially metastasize to the portal vein and extrahepatic metastasis including lungs, bones, brain, lymph nodes and adrenal glands (Uchino et al., 2011) which make the treatment difficult. 
S. baicalensis methanol extract is capable of inhibiting HCC metastasis through the regulation of matrixmetalloproteinase 2 (MMP-2) and FOXM1 activities at the transcription and translation levels (Park et al., 2014). While wogonin inhibits HCC invasion by inhibiting the NF-κB and EGFR signaling pathways (Liu et al., 2016). Study shows that wogonin inhibits the EGFR activity and its downstream signaling molecules such as ERK and MMP2 ERK/AKT/MMP2 signaling, depletion of EGFR by siRNA partly reverses the inhibitory effects of wogonin on MMP2 expression (Liu et al., 2016).

The anti-angiogenic effects of S. baicalensis and its flavonoids 
The hypervascular nature of most HCC tumors underlines the importance of angiogenesis in the pathobiology of these tumors. Several angiogenic pathways are dysregulated in HCC. Vascular endothelial factor (VEGF) and hypoxia-inducible factors (HIF) are the most prominent and critical factors for angiogenesis (Morse et al., 2019). Expression of HIF-2α is positive in 69.5% of the tissue samples of the HCC patients and is correlated with poor prognosis (Bangoura et al., 2007).
Baicalein or baicalin significantly reduces the basic fibroblast growth factor (bFGF)-induced angiogenic response in human umbilical vein endothelial cells (HUVECs) which are the cells lining the inner lumen of the blood vessel. Treatment of HUVECs with baicalein and baicalin lead to a dose-dependent decrease in the matrix metalloproteinase (MMP)-2 activity, and inhibits the migration and differentiation of the endothelial cells into branching networks of tubular structures (Liu et al., 2003). Comparing between these two flavonoids, baicalein is more potent than baicalin in inhibiting the blood vessel formation (Liu et al., 2003). However, a study shows that S. baicalensis extract or baicalin induces the expressions of VEGF in HUVECs, which is reversed if ERRα is knocked down or ERRα-binding sites are deleted in the VEGF promoter (Zhang et al., 2011). Due to these controversial data, further investigation is needed to validate the anti-angiogenic property of S. baicalensis.

Nevertheless, the anti-angiogenic property of wogonin has been demonstrated in many studies. For example, wogonin interferes with angiogenesis induced by H2O2, reduces the ability of new tube formation in endothelial cells via the PTEN/PI3K/Akt axis and hinders the translocation of NF-κB, thereby inhibits the blood vessel formation (Zhou et al., 2014). Moreover, in NF-κB overexpressed (HUVECs), wogonin also reduces the expression of VEGF and inhibits the migration and tube formation (Zhou et al., 2014). 
Although it has not yet been tested in HCC, wogonin reduces the expression of HIF-1α in breast cancer cell model, it increases the ubiquitination of HIF-1α and promotes its degradation in proteasome. Furthermore, electrophoresis mobility shift assay shows that wogonin decreases the binding activity of HIF-1α to the exogenous consensus DNA oligonucleotide in the nuclear extracts, suggesting wogonin reduces HIF-1α transcriptional activity (Song et al., 2013).

S. baicalensis and its flavonoids for the treatment of obesity-driven HCC 
Under the obese condition, HCC is accompanied with lipotoxicity, adipose tissue remodeling, modulation of immune infiltrates in tumors and adipocytes, changes in intestinal microbiome. All these factors contribute to the pathogenesis of the obesity-driven HCC. Many studies have shown that S. baicalensis and its flavonoids are capable of ameliorating these conditions, and hence reduce the pro-tumorigenic effects on HCC under the obese conditions (Figure 2).
S. baicalensis and its flavonoids ameliorate the detrimental effects induced by lipotoxicity in the obese condition

Baicalin protects hepatocytes (AML-12 cells) against lipotoxicity by reducing ER stress, oxidative stress and apoptosis. The study shows that baicalin at 12.5 μM and 25 μM significantly reverses the palmitic acid (400 μM)-induced ER stress as shown by the reduced phosphorylation of ER stress marker IRE1α. Baicalin also reverses the palmitic acid-induced ROS production and apoptosis via TXNIP/NLRP3 pathway, suggesting baicalin alleviates lipotoxicity via the reduction of ER stress and inhibition of TXNIP/NLRP3 inflammasome in the hepatocytes (Zhang et al, 2017). 

In palmitic acid-treated vascular smooth muscle cells (VSMC), wogonin significantly reduces the intracellular diacylglycerols accumulation and phosphorylation of protein kinase C (PKCs), suggesting wogonin also inhibits lipotoxicity-induced apoptosis in VSMC (Liu et al., 2011). 

S. baicalensis and its flavonoids reduce obesity and hepatic steatosis

S. baicalensis has been extensively used for the clinical treatment of hyperlipidemia (Song et al., 2013). 

The db/db mouse is a rodent model for obesity and type 2 diabetes. In these mice, S. baicalensis treatment reduces weight gain and lowers serum triglyceride levels, which may due to the reduced hepatic expression and transcriptional activity of sterol regulatory element binding protein-1c (SREBP-1c), and hence reduces the expressions of its downstream lipogenic enzymes including acetyl-coA carboxylase, fatty acid synthase and stearoyl-CoA desaturase in the liver (Song et al., 2013; Chen et al., 2018; Regulska-Ilow et al., 2004). S. baicalensis treatment also significantly reduces hepatic cholesterol levels by increasing expression of hepatic CYP7A1 which is a rate-limiting enzyme in the cholesterol-to-bile acid conversion (Waisundara et al., 2008). Besides, S. baicalensis significantly increases hepatic 5' AMP-activated protein kinase (AMPK) activity (Song et al., 2013; Chen et al., 2018). Activation of AMPK not only reduces hepatic lipid content by increasing fat oxidation (Foretz et al., 2018), improves liver fat metabolism disorders (Peng et al., 2019), but also regulates hepatic inflammatory response by reducing the recruitment of inflammatory cells to the liver (Cacicedo et al., 2004; Kohjima et al., 2008). 
Interestingly, a recent study shows that baicalin directly activates carnitine palmitoyltransferase-1A (CPT-1A) (Dai et al., 2018). CPT-1A plays an important role for lipid expenditure because it mediates the transport of esterified fatty acids into the mitochondria matrix for fatty acid β-oxidation. Quantitative chemoproteomic profiling (activity-based protein profiling) reveals an allosteric baicalin binding site on CPT-1, disruption of the binding site abolishes the baicalin-enhanced β-oxidation (Dai et al., 2018). The enhanced hepatic CTP-1A activity under baicalin treatment significantly reduces the body weight, size and weight of livers and the hepatic triglyceride and cholesterol levels in the diet-induced obesity mouse model (Dai et al., 2018). Baicalin also shows similar anti-obesity effects in high-fat diet-fed rats (Guo et al., 2009; Xi et al., 2015). 
S. baicalensis and its flavonoids upregulate adiponectin production
In the obese state, adipose tissues change their patterns of adipokine secretions. A study shows that wogonin treatment significantly improves glucose tolerance, reduces serum insulin and cholesterol levels, and reduces weight gain in the db/db mice. Wogonin also reduces hepatic accumulation of lipid droplets and glycogen when compared to control (Bak et al., 2014). Further experimental study shows that wogonin upregulates adiponectin level in the white adipose tissues in these mice (Bak et al., 2014), which may underline the beneficial effects of wogonin in these obesity mouse models.

S. baicalensis and its flavonoids modulate the immune filtrates 
Tumor microenvironment plays a key role in the progression of HCC. The tumor microenvironment recruits immune cells such as macrophages. Macrophages can be induced two distinct polarization phenotypes. M1 phenotype is the classically activated macrophage which exerts pro-inflammatory properties; M2 phenotype is the alternatively activated macrophage which exerts anti-inflammatory activities (Sica et al., 2012). The tumor-associated macrophages (TAMs) in HCC possess immunosuppressive function, enhance cancer invasion and metastasis, angiogenesis, epithelial-mesenchymal transition (EMT) and maintenance of stemness (Tian et al., 2019). Baicalin induces TAMs M2-like macrophage repolarization to M1-like macrophages by initiating autophagic degradation of TRAF2 in TAMs and activates the RelB/p52 pathway; consequently, baicalin suppresses HCC growth (Tan et al., 2015). Furthermore, the treatment also inhibits inflammation by reducing the phosphorylation of NF-κB and MAPKs and hence the production of inflammatory mediators in macrophages, such as inducible nitric oxide synthase, COX-2, IL-6, and TNF-α (Hong et al., 2013). Other study also shows that baicalin suppresses systemic inflammation by reducing the serum level of TNF-α (Guo et al., 2009).
In the obese condition, infiltrated macrophages play an important role in adipose tissue inflammation that promotes HCC growth. The paracrine loop involving saturated fatty acids derived from adipocytes, and TNF-α from macrophages aggravates the obesity-induced adipose tissue inflammation (Itoh et al., 2011). Moreover, adipocytes can synthesize osteopontin which is a multifunctional protein involved in inflammatory diseases (Inoue et al., 2011) and HCC development (Cabiati et al., 2017; Bandopadhyay et al., 2014). Osteopontin is a key player for local adipose tissue macrophage proliferation in obese state (Tardelli et al., 2016). In HCC, osteopontin is also associated with the elevated levels of Notch-1, IV-Collagen-7s domain, IL-6 and TNF-α (Cabiati et al., 2017). Study shows that wogonin suppresses osteopontin expression both in vivo and in vitro and blunts the osteopontin secretion in 3T3-L1 adipocytes (Zhang et al., 2015), suggesting that wogonin can resolve the inflammation under the obese condition. 
S. baicalensis modifies intestinal microbiome
Gut microbiota plays a role in the development of HCC. Experimental infection of mice by Helicobacter hepaticus causes chronic hepatitis and HCC. H pylori is found in liver tissues resected from patients with HCC (Xuan et al., 2008). However, less study has been done to examine the effect of S. baicalensis on intestinal microbiome. A study shows that Huangqin decoction changes the inflammatory cytokine and offers anti-inflammatory effects in dextran sulphate sodium-treated mouse model, which is correlated with the decrease in the Desulfovibrio and Helicobacter populations in the mice (Yang et al., 2017). However, whether S. baicalensis possess anti-HCC effect by modifying intestinal microbiome is not yet known. 
The anti-hepatic fibrosis effects of S. baicalensis and its flavonoids
In the obese state, factors such as the chronic hepatocyte cell death during NASH, development of fibrosis, increase the levels of TNF, TGF-β and IL18 and activation of hepatic stellate cells (HSCs) contribute to HCC development (Anstee et al., 2019). Slow down or reverse hepatic fibrosis can help to prevent the onset of HCC in the obese states. 
S. baicalensis prevents and reverses the activation of hepatic stellate cells by epigenetic de-repression of peroxisomal proliferator-activated receptor γ (PPARγ), which prevents the development of liver ﬁbrosis (Zhao et al., 2016). It also effectively inhibits ﬁbrosis and lipid peroxidation in rat liver (Chen et al 2014 ; de Boer JG et al., 2005; Kim et al., 2010). In dimethylnitrosamine-administrated rat model, S. baicalensis reduces hepatic collagen contents and alpha-smooth muscle actin levels, induces apoptosis by releasing cytochrome c into the cytosol; and induces G2/M cell cycle arrest with increased expression of p21 and downregulation of cdc2 and cyclin B1 protein levels. The finding suggests that S. baicalensis potently prevents hepatic fibrosis by activating ERK-p53 pathways which in turn causes G2/M cell cycle arrest and activates caspase system resulting in the final apoptosis of HSCs (Pan et al., 2012, 2015).

Cyclic AMP response-element binding protein (CREB), as a critical transcriptional factor, binds with conserved cAMP response-element (CRE). Phosphorylation of CREB-1 (p-CREB-1) is significantly upregulated in a rat model of hepatic fibrosis. The increased p-CREB-1 directly binds to the CRE site within the TGF-β1 promote and increases TGF-β1 expression in HSCs. p-CREB-1 is a potent pro-fibrogenic factor by transactivating TGF-β1 in the liver (Wang et al., 2016).  Baicalein, but not baicalin, significantly inhibits the DNA binding activity of CCAAT/enhancer binding protein beta (C/EBP β) (Woo et al., 2006), which may prevent the development of hepatic fibrosis. 
Perspective 

No clinical study has recorded side effects in patients after receiving S. baicalensis treatment (Huynh DL et al. 2017). Experimental studies also show that wogonin, baicalein and baicalin at the doses that are toxic to malignant cells have no or very little toxicity to normal peripheral blood and normal myeloid or epithelial cells (Ma et al., 2005; Baumann et al., 2008; Lee et al., 2008). Although a study reveals that administration of wogonin at 120 mgkg-1 for 90 days cause heart injury in a mouse model (Qi et al., 2009); a daily intake of such large amount of wogonin in S. baicalensis is practically impossible for human. 

However, clinical study on the therapeutic effects of S. baicalensis on obesity-driven HCC is the prerequisite for the development of S. baicalensis as a therapeutic agent for adjunct therapy. Combination of those bioactive compounds that exert therapeutic effects may also create synergy that further enhances the therapeutic efficacy. In our body, baicalin is rapidly converted to its aglycone, baicalein. However, wogonin has low oral bioavailability. Wogonin is converted to wogonin-7-D-glucuronide through glucuronide conjugation in the liver, and consequently large amounts of wogonin-7-D-glucuronide and a small amount of wogonin are observed in the blood stream (Cheng et al., 2018; 129 Talbi et al., 2014; Chen et al., 2002). Attempt has been made to increase the bioavailability of wogonin. New wogonin analogues with similar or enhanced anti-tumor activity and minimal side effects have been developed (Huynh, et al. 2017). The flavonoid-LYG-202 is designed based on wogonin structure, which induces significant apoptosis in HCC cells by disrupting mitochondrial membrane potential and upregulating the phosphorylation of JNK, ERK1/2 and p38 (Chen et al., 2010). 

Conclusion

Given the close association between obesity and HCC and the prevalence of the obesity-driven HCC, designing herbal-based therapeutics that have multiple targets is a pragmatic strategy for the treatment. S. baicalensis has been used clinically for the treatments of metabolic diseases; experimental studies also suggest its anti-HCC effect. This review has unraveled the therapeutic values of S. baicalensis and its bioactive compounds against obesity-driven HCC. Further clinical investigation can help the translation of S. baicalensis into a therapeutic agent. 
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Figure legends
Figure 1. The pathogenesis of the obesity-driven HCC

Figure 2. S. baicalensis and its flavonoids for the treatment of obesity-driven HCC
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