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Abstract

:

Hepatocellular carcinoma (HCC) is a health problem worldwide due to its high mortality rate, and the tumor microenvironment (TME) plays a key role in the HCC progression. The current ineffective therapies to fight the disease still warrant the development of preventive strategies. Quercetin has been shown to have different antitumor activities; however, its effect on TME components in preneoplastic lesions has not been fully investigated yet. Here, we aimed to evaluate the effect of quercetin (10 mg/kg) on TME components during the early stages of HCC progression induced in the rat. Histopathological and immunohistochemical analyses showed that quercetin decreases the size of preneoplastic lesions, glycogen and collagen accumulation, the expression of cancer stem cells and myofibroblasts markers, and that of the transporter ATP binding cassette subfamily C member 3 (ABCC3), a marker of HCC progression and multi-drug resistance. Our results strongly suggest that quercetin has the capability to reduce key components of TME, as well as the expression of ABCC3. Thus, quercetin can be an alternative treatment for inhibiting the growth of early HCC tumors.
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1. Introduction


Hepatocellular carcinoma (HCC) is the most common primary liver cancer, and is ranked as the third leading cause of cancer death worldwide [1]. Its development is promoted by different risk factors, such as aflatoxin exposure, excessive alcohol consumption, chronic infection by hepatitis B and C virus, metabolic syndrome, diabetes, obesity, and nonalcoholic fatty liver disease. Either alone or in combination, these factors cause chronic liver damages that induce genetic and epigenetic alterations and as a result, several components of the microenvironment are modified [2].



Hepatocarcinogenesis is a complex process involving at least three well-categorized stages, initiation, promotion, and progression [3]. The early HCC stages are characterized by the development of preneoplastic lesions promoted by chronic liver damage, which eventually progress to established tumors [4,5]. It has been described that the tumor microenvironment (TME) plays a key role during hepatocarcinogenesis. The TME encompasses both cellular and noncellular components. The cellular component includes heterogeneous populations, such as cancer and non-cancerous cells, fibroblasts, and endothelial and immune cells [6]. The noncellular component is made up by cytokines, growth factors, and extracellular matrix (ECM) proteins, such as collagen and fibronectin. Together, these components contribute to the tumor development [6,7].



An important subpopulation of cancer cells is that of cancer stem cells (CSCs), which is characterized by the expression of specific markers, including epithelial cell adhesion molecule (EpCAM) and oval cell (OV6) protein [8,9]. Interestingly, a close relationship among CSCs, TME, and tumor persistence and resistance to treatments has been demonstrated [10].



Deposition of ECM in TME is a histopathological characteristic of HCC and constitutes a powerful stimulus for both its establishment and progression [11,12]. Increased deposition of ECM components leading to fibrosis is mediated by the differentiation of fibroblasts into myofibroblasts. Moreover, it has been described that cancer-associated fibroblasts are key modulators of the HCC initiation, progression, and metastasis as they promote the proliferation and invasion of cancer cells [13,14]. In addition, ECM proteins exert mechanical signaling that contributes to invasion and metastasis [15]. This evidence highlights the relevance of TME components in the HCC progression. Thus, regulation of TME components can be a therapeutic strategy to prevent HCC progression. Several investigations have developed therapeutic agents against TME components, either to eliminate them, block their interactions, or suppress the stimuli promoting hepatocarcinogenesis, invasion, and metastasis [16].



Failures of current HCC treatments are mainly due to intra-tumor heterogeneity and drug resistance, which can be addressed by different mechanisms such as the overexpression of transporters that favor the efflux of drug from cells, thus preventing them from exerting their therapeutic effect [17]. Increased expression of the ATP binding cassette subfamily C member 3 (ABCC3) transporter has been reported after administrating the first-line chemotherapy [18]; moreover, this transporter has been proposed as a marker of HCC progression and drug resistance [19]. Therefore, the regulation of ABCC3 level is an attractive therapeutic option for inhibiting the early HCC stages.



Antioxidants have been widely used as anticancer agents and have been shown to reduce drug resistance in HCC experimental models [20]. Quercetin has shown to have antioxidant, anti-inflammatory, and anticancer properties, and its effect has been studied in both in vitro and in vivo HCC models. Quercetin has the capability to regulate processes involved in HCC progression, such as inflammation, fibrosis, migration, apoptosis, and angiogenesis [21], as well as in the involved signaling pathways [22]. Quercetin modulates oxidative stress, a process closely associated to cancer development, through ROS depletion and increase of antioxidant system activity [23]. In addition, it inhibits inflammatory enzymes, such as cyclooxygenases (COX) and lipoxygenases, and modulates the activation of nuclear factor kappa B (NFκ-B) [24]. Its antifibrotic effects have been associated to the regulation of TGF-β/SMADs signaling pathway [25], and its antiproliferative effects have been associated to the induction of cell cycle arrest, inhibition of cyclins expression such as cyclin D1, and induction of CDK inhibitors such as p21 and p27, and that of apoptosis [22,26,27]. Its anticancer effects have been also closely related to the inhibition of metabolic activity, as well as to the induction of cell death through both activation of caspases and inhibition of survival signals regulated by either PI3K/AKT/ERK or JACK2/STAT3 signaling pathways [28,29,30]. In this line, we have previously shown that quercetin regresses HCC preneoplastic lesions by reducing oxidative stress, decreasing lipid peroxidation, and increasing the levels of antioxidant enzymes and glutathione; additionally, quercetin induces apoptosis of preneoplastic cells by activating caspase 9 and 3 [31,32], which was associated to the regulation of epidermal growth factor receptor and STAT5-associated signaling [33]. However, the capability of quercetin to revert altered TME components in the early HCC stages remains to be elucidated.



In this work, we evaluate the effect of quercetin on some TME components in the early hepatocarcinogenesis stages in an HCC rat model. Through histopathological and immunohistochemical analyses, we demonstrate that the administration of quercetin decreases preneoplastic lesions, fibrogenesis, glycogen accumulation, the expression of CSCs and myofibroblasts markers, the development of drug resistance denoted by decreased ABCC3 expression, and, as a result, the HCC progression. Our results encourage the consumption of quercetin as a preventive strategy in HCC high-risk populations.




2. Materials and Methods


2.1. Ethical Statement


All the experiments were carried out in accordance with the ethical principles of animal experimentation and under technical specifications for production, care, and use of laboratory animals of the Center for Research and Advanced Studies of the National Polytechnic Institute (CINVESTAV-IPN), under the approved protocol 0168-15.




2.2. Animals


Sixteen male Fischer 344 rats, with 180–200 g body weight (BW), obtained from the Laboratory Animal Production and Experimentation Unit (UPEAL) of CINVESTAV-IPN were used. All animals were kept under standard laboratory conditions, fed ad libitum, and housed in a controlled environment of 12 h light/dark cycle and temperature in ventilated cages kept in bio-bubbles, and protected by a double HEPA filtration system.




2.3. Experimental Protocol


Rats were randomly divided into four experimental groups (4 rats per group). Two groups were subjected to MRHM for preneoplastic lesions induction as previously reported [33], and two other groups were used as control. For initiation, animals were intraperitoneally injected with a single dose of the carcinogen DEN (N0258, Sigma-Aldrich, St. Louis, MO, USA) at 200 mg/kg BW in saline solution. On days 7, 8, and 9, animals received an intragastric dose of 2-acetylaminofluorene (2-AAF; A7015, Sigma-Aldrich, St. Louis, MO, USA) at 20 mg/kg BW as promoting agent. On day 10, a 75% partial hepatectomy was performed as proliferative stimulus. From day 15 onwards, some animal groups were subjected to intragastrical administration of either quercetin (10 mg/kg BW; 32782, Sigma-Aldrich, St. Louis, MO, USA) or vehicle every other day and euthanized after eight administrations, as shown in Figure 1.



Negative control or non-treated group (NT) was only intraperitoneally injected with saline solution. The quercetin control group (NT + Q) was intraperitoneally administered with saline solution and quercetin was intragastrically administrated at 10 mg/kg BW in 0.5% carboxymethylcellulose (CMC); the selected dose of quercetin was based on previous reports [33]. For preneoplastic lesions induction, animals were subjected to carcinogenic treatment (CT) according to MRHM and were also intragastrically administrated with CMC. The last group was subjected to MRHM plus quercetin (CT + Q) and was also intragastrically administrated with quercetin at 10 mg/kg BW. Animals were euthanized under ether anesthesia on day 30. Livers were quickly recovered, washed in ice-cold sterile saline solution, fixed in 10% formaldehyde, dehydrated with standard alcohol-xylol procedure, and embedded in paraffin (Paraplast, Leica Biosystems, Buffalo Grove, IL, USA).




2.4. Histological Analysis


Slices 5 µm thick were cut and fixed on gelatinized slides. Liver histopathology was evaluated by hematoxylin and eosin (H&E) staining. Tissues were deparaffinized at 56 °C for two hours, rehydrated (xylol, xylol-ethanol, 96% ethanol, 90%, 80%, 70%, and finally tap water), immersed in hematoxylin of Harris (738, HYCEL, Jalisco, Mexico), acidic alcohol, ammonia solution, 96% ethanol, yellowish eosin (688, HYCEL, Jalisco, Mexico) and 96% ethanol; finally, tissues were dehydrated and mounted in synthetic resin.



Periodic acid Schiff (PAS) staining was performed to evaluate the liver glycogen content. After deparaffinization, tissues were immersed in periodic acid (P-7875, Sigma-Aldrich, St. Louis, MO, USA), washed, immersed in Schiff’s reagent (2919-125, HYCEL, Jalisco, Mexico), washed again, immersed in Harris’s hematoxylin, washed, dehydrated with standard alcohols-xylol procedure, and mounted in synthetic resin.



Masson’s trichrome (HT15, Sigma-Aldrich, St. Louis, MO, USA) staining was performed to evaluate collagen deposition. Tissues were deparaffinized, hydrated, and then immersed in a Bouin’s solution previously heated at 40 °C and washed. Then, tissues were stained with Weigert’s iron hematoxylin, washed, stained with Biebrich’s scarlet acid fuchsin, and washed again. Subsequently, tissues were treated with a solution of phosphotungstic acid and phosphomolybdic acid (1:1 volume/volume) and washed. Tissues were then stained in aniline blue, acetic acid, deionized water, 96% ethanol, xylol, and finally mounted in synthetic resin. After mounting, all tissues were observed under microscope (Primo Star, CARL ZEISS) at 10× and 40× magnification.




2.5. Immunohistochemical Analysis


Tissues were cut at 3 µm thickness and fixed on silanized slides. Immunohistochemical staining was performed for detecting OV6 (sc-101863, Santa Cruz Biotechnology, Santa Cruz, CA, USA), EpCAM (MA5-12604, ThermoFisher, Fremont, CA, USA), alpha-smooth muscle actin (α-SMA; A5228, Sigma-Aldrich, St. Louis, MO, USA), and ABCC3 (sc-59612, Santa Cruz Biotechnology, CA, USA) proteins. Tissues were deparaffinized and hydrated, and antigen retrieval was performed in citrate buffer pH 6. Tissues were stabilized with Tris-buffered saline (TBS) for EpCAM and OV6, and with phosphate-buffered saline (PBS) for α-SMA and ABCC3; subsequently, a solution of 0.1% TBS-Triton or 0.2% PBS-Triton, was added, respectively. Tissues sections were treated with 6% hydrogen peroxide in methanol and washed with either TBS or PBS, and tissues were blocked with 5% BSA. Then, primary antibodies were incubated overnight at 4 °C. Anti-mouse secondary antibody (A9044, Sigma-Aldrich, St. Louis, MO, USA) was incubated at 37 °C, and the signal was detected using DAB-PLUS substrate kit (00–2020, Life Technologies, Waltham, MA, USA). Tissue sections were counterstained with Harris’s hematoxylin, followed by acid alcohol, ammonia solution, dehydration, and finally, mounted in synthetic resin. Antibodies information are summarized in Supplementary Table S1.




2.6. Analysis of Photomicrographs


Sixty photomicrographs were taken at 10× and 40× magnification per animal, namely, 240 photomicrographs per immunohistochemical experiment. Preneoplastic areas were quantified by using photomicrographs of the entire liver tissue. Quantification of positive signal was performed using IMAGEJ® v.2.3.0/1.53f software.




2.7. Statistical Analysis


Obtained data from images analyses were subjected to the Student’s t-test using the GraphPad Prism9 software (GraphPad, San Diego, CA, USA). All data are expressed as mean ± SD. p value < 0.05 was considered statistically significant.





3. Results


3.1. Quercetin Decreases Preneoplastic Lesions Area and Restores Liver Architecture


First, the effect of quercetin on preneoplastic lesions was evaluated by H&E staining. While the liver architecture of negative controls (NT and NT + Q groups) was not modified, CT group showed preneoplastic lesions, hypertrophic hepatocytes containing macrovesicular vacuolar degeneration, preferentially, near the central vein, disarrangement of hepatocytes trabeculae and hepatic triads, presence of elongated cells, prominent nuclei, increased vascularization, and inflammatory infiltrate. Interestingly, CT + Q group decreased both the number and area of preneoplastic lesions, the inflammatory infiltrate, and restored the tissue architecture (Figure 2a). Quercetin decreased 62.89% (p < 0.001) the size of preneoplastic lesions in CT + Q group as compared with CT group (Figure 2b). This result strongly suggests that quercetin has the capability to inhibit the development of preneoplastic lesions and to restore the liver architecture alteration.




3.2. Quercetin Decreases Glycogen Accumulation within Preneoplastic Lesions and Promotes Its Redistribution


HCC is characterized by a deregulated metabolic activity, and it has been described that the accumulation of hepatic glycogen favors tumor development [34]. Therefore, we evaluated glycogen accumulation within preneoplastic lesions using PAS staining. While in NT group, glycogen was homogeneously distributed in the liver tissue, in NT + Q group a slight increase of glycogen was observed as compared with NT group. However, CT group increased the glycogen accumulation in central and peripheral areas of preneoplastic lesions. Of note, CT + Q group induced an evident diminution and redistribution of glycogen accumulation (Figure 3a). Glycogen-positive area decreased 48.02% (p < 0.001) in tissues of CT + Q group as compared to CT group (Figure 3b), indicating that quercetin decreases the accumulation of glycogen within preneoplastic lesions and favors its redistribution.




3.3. Quercetin Reverses Liver Fibrogenesis


Fibrosis is a histopathological feature of HCC [11]; therefore, the effect of quercetin on collagen accumulation was evaluated by Masson’s trichrome staining. Basal collagen level was observed in NT and NT + Q groups (Figure 4a). While an evident increase in collagen deposition was induced by CT group, preferentially, in veins and hepatic triads, as well as in central and peripheral areas of preneoplastic lesions, quercetin decreased 76.54% (p < 0.0001) collagen deposition CT + Q group as compared with CT group (Figure 4b). Additionally, we also determine the presence of myofibroblasts, the main cells that produce ECM [35], by detecting the α-SMA marker through immunohistochemical staining. CT group increased the level of this marker by showing dense fibrotic areas, while CT + Q group decreased 88.51% (p < 0.001) α-SMA signal as compared with CT group (Figure 5a,b). This evidence suggests that quercetin reverses fibrogenesis induced during the early HCC stages, in part, by regulating collagen deposition and myofibroblast-dependent α-SMA levels.




3.4. Quercetin Decreases OV6- and EpCAM-Positive CSCs


The effect of quercetin on CSCs population was determined by detecting OV6 and EpCAM markers through immunohistochemical staining. Tissues from CT group showed increased expression of both markers, preferentially, surrounding preneoplastic lesions. Interestingly, the level of these markers decreased in CT + Q group as compared with CT group (Figure 6a and Figure 7a). OV6-positive area was reduced 73.53% (p < 0.01), and that of EpCAM was decreased 80.53% (p < 0.001) by quercetin (Figure 6b and Figure 7b). This result suggests that quercetin decreases OV6- and EpCAM-positive CSCs subpopulations during the early HCC stages.




3.5. Quercetin Decreases the Level of ABCC3 Prognostic Marker


The effect of quercetin on ABCC3 level was evaluated by immunohistochemical staining. Tissues from CT group showed increased levels of ABCC3, particularly, in remodeling preneoplastic lesions. Of note, tissues from CT + Q group showed a significant decrease of ABCC3 marker as compared with CT group. Furthermore, ABCC3 signal in tissues from CT + Q group was similar than that observed in NT and NT + Q groups (Figure 8a). ABCC3-positive area was reduced 77.82% (p < 0.01) in tissues from CT + Q group as compared with those from CT group (Figure 8b). This evidence suggests that quercetin has the capability to decrease the level of ABCC3, a drug resistance and prognostic marker of HCC.





4. Discussion


The high recurrence, lethality, and ineffective treatments have been the main challenges to fight HCC worldwide [1]. As TME plays a central role in the establishment and progression of HCC, its regulation has been attractive as therapeutic target. Quercetin, a flavonoid and powerful antioxidant, has been shown to have anti-proliferative, anti-angiogenic, and proapoptotic effects [21,36]. Previously, quercetin has been shown to reverse preneoplastic liver lesions in an HCC rat model [33]. Based on anticancer capabilities of quercetin, here we hypothesized that it can regulate components of TME during hepatocarcinogenesis.



Through histological analyses, we demonstrated that 10 mg/kg BW of quercetin significantly decreased the number and area of liver preneoplastic lesions by 62.89% in the rat, consistent with previous findings [33]. In liver cancer, the inflammation persistently promotes its development [37]. This process has been clearly observed by an inflammatory infiltrate through standard H&E staining. Our results show that the inflammatory infiltrate surrounding preneoplastic lesions was significantly reduced by quercetin. It has been reported that inflammatory factors contribute to the development of HCC tumor growth; interestingly, quercetin has shown the capability to decrease inflammation by inhibiting proinflammatory pathways, such as that of NF-κB and COX-2 in a human hepatoma cell line, and also by regulating PI3K/Akt and JNK activation [38,39]; these could be some of the possible molecular mechanisms by which quercetin inhibits the preneoplastic lesion growth.



As a chemoprotective agent, quercetin has been shown to suppress the activity of kinases involved in the growth and proliferation of cancer cells [40], and its anti-proliferative effects have been attributed to its capability to regulate metabolic reprogramming [41]. The antitumor effect of quercetin has been widely associated with its ability to induce apoptosis [42]. Quercetin can induce apoptosis by several mechanisms, including the regulation of the antioxidant system activity, as well as the suppression of p53 gene expression and that of BCL-2 protein level [43]. Additionally, the effect of quercetin on p53-independent cell death through the induction of both ROS and transcription factor EB has recently been studied through both the participation of Bid and the link between the induction of ferroptosis and apoptosis [44]. In addition, quercetin induces apoptosis through the Sestrin2/AMPK/mTOR pathway, which was associated with an increased intracellular ROS induced by quercetin, a mechanism independent of p53 participation [45]. It also regulates the proliferation of CSCs subpopulations and exerts antifibrotic effects by activating proapoptotic signaling [46]; thus, we argue that likely its capability to decrease the early hepatocarcinogenesis is closely associated to the activation of antiproliferative and/or proapoptotic mechanisms. In addition, other mechanisms are important, such as epithelial–mesenchymal transition and angiogenesis. The anti-angiogenic effect of quercetin has been determined in several experimental models. Quercetin has shown to either inactivate vascular endothelial growth factor (VEGF) or abrogate JAK2/STAT3 signaling pathway and as a result, the angiogenesis has been inhibited [30,46,47]. Additionally, the anti-angiogenic effect of quercetin has been closely linked to the decrease of VEGF-A, MMP2, and MMP9 expression [48], as well as to the inhibition of both tumor growth and angiogenesis by targeting VEGFR2 regulated by AKT/mTOR/P70S6K signaling pathway [49].



Tumor development involves metabolic reprogramming as a cell adaptive response to the TME [7]. Physiological and pathological stimuli can regulate glycogen metabolism in cancer cells. In this process, hypoxia, a key factor in carcinogenesis, upregulates enzymes that participate in glycogenesis [50]. High concentrations of glycogen have been described in several cancer cell lines, particularly in those undergoing neoplastic transformation [51]. Its accumulation in established clinical carcinomas promotes aggressive, and in hepatomas, it favors its maintenance in vitro [52,53]. Consistently, our results showed that in CT group, the highest glycogen accumulation was located within preneoplastic lesions. Interestingly, quercetin decreased glycogen accumulation and promoted its redistribution in the whole liver tissue; similar effects have been observed in a nonalcoholic liver disease model [54]. The mechanisms by which glycogen favors hepatocarcinogenesis have not fully clarified; however, it has been proposed that glycogen is the main source of energy in TME, as the result of an adaptive response to chemotherapy and radiotherapy [55]. In addition, the regulation of glycogen accumulation might inactivate signaling pathways involved in inflammation and hepatocarcinogenesis [56]; therefore, our finding strongly suggests that the redistribution of glycogen by quercetin may have influenced the reduction of preneoplastic lesions.



Liver fibrosis, which is characterized by aberrant accumulation of ECM components, constitutes a potent stimulus for the establishment of cancer [11]. Severity of fibrosis is directly correlated with the appearance of preneoplastic lesions and tumor establishment [57]. Fibrosis-promoted hepatocarcinogenesis is attributed to increased integrin-mediated signaling, generated by ECM hardening and effector cell migration [58,59]. Our results showed that quercetin reduces collagen deposition, a phenomenon also observed in models of carbon tetrachloride-induced liver fibrosis [60]. It has been reported that the antifibrotic effect of quercetin is mediated through the diminution of myofibroblast population [25]. Our results showed that quercetin diminished α-SMA level, a widely used myofibroblast marker. Several studies have suggested that quercetin modulates myofibroblast population by activating the intrinsic apoptosis pathway [61]. This evidence indicate that quercetin may induce myofibroblast apoptosis, and as a result, fibrogenesis was blocked. In has been reported that fibrogenesis induced by MRHM is largely mediated by DEN-induced ROS [62]. Interestingly, it has been reported that quercetin decreases ROS level [31]; therefore, its capability in reestablishing the antioxidant balance in cell microenvironment may be a mechanism that contributes to attenuating liver fibrosis during the early HCC stages.



TEM also includes CSCs populations which promote tumor heterogeneity, recurrence, metastasis, and drug resistance [63]. They can be identified by different markers, including OV6 and EpCAM, among others [8,9]. In HCC, OV6 positive cells show a greater capability to form tumors resistant to conventional therapy, as well as metastatic potential and high invasiveness [64]. EpCAM-positive CSCs contribute to tumor establishment and invasiveness [9]. Thus, targeting these CSCs subsets has been an attractive strategy for HCC treatment. Our results showed that quercetin decreases the expression of OV6 and EpCAM markers induced by CT group. Quercetin has previously been shown to inhibit cell proliferation, induce cell cycle arrest, and the apoptosis of CD133-positive CSCs [65]. Furthermore, quercetin also suppresses the self-renewal capability and invasiveness of CSCs in breast cancer by regulating EpCAM expression [66]. Additionally, quercetin inhibits the activation of Wnt/β-catenin, a signaling pathway involved in liver CSCs establishment [67]. The Wnt/β-catenin signaling pathway regulates the expression of CXCR4, a central molecule in maintaining OV6-positive CSCs, which provides the capacities of self-renewal, stem cell-associated gene expression, tumorigenicity, and chemoresistance [68,69]. Our results show that quercetin decreases the level of OV6 and EpCAM protein, indicating that quercetin may be inhibiting the tumor establishment as early as in the appearance of preneoplastic lesions. Other authors have reported that quercetin inhibits the self-renewal capability of prostate CSCs, by inducing apoptosis and blocking the migration and invasion of CSCs [70]. Shen et al. have reported that quercetin inhibits the viability of gastric cancer stem cells by attenuating PI3K/AKT signaling pathway, and induces mitochondrial apoptosis pathway by reducing the mitochondrial membrane potential [71]. Thus, it is plausible to propose that in our HCC model quercetin might be also targeting this signaling pathway, which represents an attractive hypothesis that should be addressed.



Ideally, the effectiveness of therapeutic agents against HCC should be monitored through detection of specific biomarkers. Recently, ABCC3 transporter has been proposed as a marker of HCC progression. Under physiological conditions, ABCC3 is barely expressed in the liver, and its expression has been mainly reported in cholangiocytes and hepatocytes; ABCC3 has been observed in both basolateral membrane and cytoplasm [72]. However, ABCC3 is overexpressed in HCC, but mainly within the tumors and surrounding area [73,74]. Carrasco-Torres et al. have demonstrated that ABCC3 level increases as HCC develops in the MRHM, suggesting a direct relationship between ABCC3 expression and cancer progression [19]. In this line, elevated levels of ABCC3 have been observed in tissues from HCC patients [75]. Coincidentally, our results showed increased level of ABCC3 mainly in hepatocytes of preneoplastic lesions induced by CT group.



Drug resistance has been a huge challenge for anticancer therapies. Sorafenib is one of the first-line drugs for the treatment of HCC; however, its use generates drug resistance, which is associated with poor prognosis of treated patients [18]. One of the mechanisms involved in drug resistance acquisition is the overexpression of transporters of ABC family, which is closely associated with poor response to chemotherapy [17]; for example, ABCC3 is overexpressed in cells resistant to sorafenib treatment [18]. Our results show that quercetin reduces ABCC3 expression level, as well as the number and size of preneoplastic lesions. Of note, we also observed that quercetin does not increase the level of ABCC3 in NT + Q group; thus, quercetin has the capability to prevent drug resistance and as a result, to enhance the therapeutic effects of anticancer drugs. Cheng et al. have shown that quercetin reverses multidrug resistance by decreasing the expression of transporters ABCB1, ABCC1, and ABCC2 through the FZD/β-catenin pathway [76]. Furthermore, Ulasov et al. have shown that the combination of quercetin with doxorubicin increases the sensitivity of HCC cells to cancer treatment in part by decreasing the activity of the MDR1 transporter [77]. In this line, Wang et al. have demonstrated that the antioxidant tetramethylpyrazine reduces the expression of ABCC3 [78]; moreover, Zeng et al. have shown that the combination of curcumol with doxorubicin increases the sensitivity of tumors to anticancer treatment by decreasing the expression of ABCC3 in breast cancer [79]. Importantly, both in vitro and in vivo studies have demonstrated that quercetin exerts toxic activities selectively on transformed cells and has minimal effect on normal cells. For instance, Ji et al. have reported that quercetin inhibits the growth of HCC cells and has a lesser effect on the viability of normal hepatocytes [36], indicating that transformed cells have greater sensitivity to the cytotoxic effect of quercetin [80]. Additionally, it has been reported that quercetin does not alter liver histology in healthy rats when administered at low doses [32]. In this line, we also observed that quercetin did not affect the normal architecture of liver tissue in control animal but improved those subjected to carcinogenic treatment. Thus, our results support the notion that the use of flavonoids as a strategy to decrease drugs resistance could be effective, especially, in the early HCC stages.




5. Conclusions


Our results show that quercetin reduces the appearance of preneoplastic lesions and restructures the liver architecture. It also reduces the accumulation of glycogen, the level of myofibroblasts markers, and therefore fibrogenesis. In addition, quercetin also reduces CSCs subpopulations and drug resistance by decreasing ABCC3 levels. Therefore, it is plausible to propose the use of quercetin as an adjuvant agent to increase the therapeutic response in patients bearing HCC. It is important to highlight that our investigation is based on histological analyses; therefore, additional experiments are needed to elucidate the molecular mechanisms leading to preneoplastic lesions reversion in the rat liver. In conclusion, our results reveal that quercetin reverses the appearance of preneoplastic lesions by regulating some TME components and significantly reduces the acquisition of drug resistance in the early HCC stages.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/antiox11020358/s1, Table S1: Antibodies.





Author Contributions


Conceptualization, I.R.-A., V.R.V.-G., S.V.-T. and R.B.-H.; methodology, I.R.-A., V.R.V.-G. and D.C.P.-F.; validation, I.R.-A., V.R.V.-G., R.B.-H. and J.A.-R.; formal analysis, I.R.-A.; investigation, I.R.-A., E.R.-J. and K.G.-G.; resources, V.R.V.-G., S.V.-T. and R.B.-H.; writing-original draft preparation, I.R.-A., E.R.-J. and K.G.-G.; writing-review and editing, I.R.-A., E.R.-J., K.G.-G., V.R.V.-G., S.V.-T., R.B.-H., J.A.-R., G.T.-P. and X.M.S.-C.; supervision, J.A.-R., V.R.V.-G. and R.B.-H.; funding acquisition, V.R.V.-G., S.V.-T. and R.B.-H. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by CONACYT, grant numbers FOSISS-2017-2-290194 and FORDECYT-PRONACES-53358/2020, and grant from SEP, PFCE-2018 & 2019.




Institutional Review Board Statement


All experimental studies were performed with approval of the Institutional Animal Care and Use Committee (IACUC) of CINVESTAV-IPN, protocol 0168-15.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data is contained within the article.




Acknowledgments


The authors express their gratitude to the staff of UPEAL-CINVESTAV and to the Universidad Autónoma Benito Juárez de Oaxaca for the administrative support.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J. Clin. 2021, 71, 209–249. [Google Scholar] [CrossRef] [PubMed]

	



McGlynn, K.A.; Petrick, J.L.; El-Serag, H.B. Epidemiology of Hepatocellular Carcinoma. Hepatology 2020, 73, 4–13. [Google Scholar] [CrossRef] [PubMed]

	



Pitot, H.C.; Dragan, Y.P.; Teeguarden, J.; Hsia, S.; Campbell, H. Quantitation of multistage carcinogenesis in rat liver. Toxicol. Pathol. 1996, 24, 119–128. [Google Scholar] [CrossRef] [PubMed]

	



Paradis, V. Hepatocellular Carcinomas: Towards a pathomolecular approach. Liver Int. Off. J. Int. Assoc. Study Liver 2021, 41 (Suppl. S1), 83–88. [Google Scholar] [CrossRef]

	



Libbrecht, L.; Desmet, V.; Roskams, T. Preneoplastic lesions in human hepatocarcinogenesis. Liver Int. 2005, 25, 16–27. [Google Scholar] [CrossRef]

	



Novikova, M.V.; Khromova, N.V.; Kopnin, P.B. Components of the hepatocellular carcinoma microenvironment and their role in tumor progression. Biochemistry 2017, 82, 861–873. [Google Scholar] [CrossRef]

	



Baghban, R.; Roshangar, L.; Jahanban-Esfahlan, R.; Seidi, K.; Ebrahimi-Kalan, A.; Jaymand, M.; Kolahian, S.; Javaheri, T.; Zare, P. Tumor microenvironment complexity and therapeutic implications at a glance. Cell Commun. Signal. 2020, 18, 1925–1934. [Google Scholar] [CrossRef]

	



Zheng, H.; Pomyen, Y.; Hernandez, M.O.; Li, C.; Livak, F.; Tang, W.; Dang, H.; Greten, T.F.; Davis, J.L.; Zhao, Y.; et al. Single-cell analysis reveals cancer stem cell heterogeneity in hepatocellular carcinoma. Hepatology 2018, 68, 127–140. [Google Scholar] [CrossRef]

	



Yamashita, T.; Ji, J.; Budhu, A.; Forgues, M.; Yang, W.; Wang, H.Y.; Jia, H.; Ye, Q.; Qin, L.X.; Wauthier, E.; et al. EpCAM-positive hepatocellular carcinoma cells are tumor-initiating cells with stem/progenitor cell features. Gastroenterology 2009, 136, 1012–1024. [Google Scholar] [CrossRef]

	



Yang, C.; Cai, W.C.; Dong, Z.T.; Guo, J.W.; Zhao, Y.J.; Sui, C.J.; Yang, J.M. lncARSR promotes liver cancer stem cells expansion via STAT3 pathway. Gene 2019, 687, 73–81. [Google Scholar] [CrossRef]

	



Baglieri, J.; Brenner, D.A.; Kisseleva, T. The Role of Fibrosis and Liver-Associated Fibroblasts in the Pathogenesis of Hepatocellular Carcinoma. Int. J. Mol. Sci. 2019, 20, 1723. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Z.; Mo, H.; Liu, R.; Niu, Y.; Chen, T.; Xu, Q.; Tu, K.; Yang, N. Matrix stiffness modulates hepatic stellate cell activation into tumor-promoting myofibroblasts via E2F3-dependent signaling and regulates malignant progression. Cell Death Dis. 2021, 12, 1134. [Google Scholar] [CrossRef] [PubMed]

	



Song, M.; He, J.; Pan, Q.Z.; Yang, J.; Zhao, J.; Zhang, Y.J.; Huang, Y.; Tang, Y.; Wang, Q.; He, J.; et al. Cancer-Associated Fibroblast-Mediated Cellular Crosstalk Supports Hepatocellular Carcinoma Progression. Hepatology 2021, 73, 1717–1735. [Google Scholar] [CrossRef] [PubMed]

	



Liu, J.; Chen, S.; Wang, W.; Ning, B.-F.; Chen, F.; Shen, W.; Ding, J.; Chen, W.; Xie, W.-F.; Zhang, X. Cancer-associated fibroblasts promote hepatocellular carcinoma metastasis through chemokine-activated hedgehog and TGF-β pathways. Cancer Lett. 2016, 379, 49–59. [Google Scholar] [CrossRef]

	



Yang, N.; Chen, T.; Wang, L.; Liu, R.; Niu, Y.; Sun, L.; Yao, B.; Wang, Y.; Yang, W.; Liu, Q.; et al. CXCR4 mediates matrix stiffness-induced downregulation of UBTD1 driving hepatocellular carcinoma progression via YAP signaling pathway. Theranostics 2020, 10, 5790–5801. [Google Scholar] [CrossRef]

	



Roma-Rodrigues, C.; Mendes, R.; Baptista, P.V.; Fernandes, A.R. Targeting Tumor Microenvironment for Cancer Therapy. Int. J. Mol. Sci. 2019, 20, 840. [Google Scholar] [CrossRef]

	



Pan, S.T.; Li, Z.L.; He, Z.X.; Qiu, J.X.; Zhou, S.F. Molecular mechanisms for tumour resistance to chemotherapy. Clin. Exp. Pharmacol. Physiol. 2016, 43, 723–737. [Google Scholar] [CrossRef]

	



Chow, A.K.; Ng, L.; Lam, C.S.; Wong, S.K.; Wan, T.M.; Cheng, N.S.; Yau, T.C.; Poon, R.T.; Pang, R.W. The Enhanced metastatic potential of hepatocellular carcinoma (HCC) cells with sorafenib resistance. PLoS ONE 2013, 8, e78675. [Google Scholar] [CrossRef]

	



Carrasco-Torres, G.; Fattel-Fazenda, S.; López-Alvarez, G.S.; García-Román, R.; Villa-Treviño, S.; Vásquez-Garzón, V.R. The transmembrane transporter ABCC3 participates in liver cancer progression and is a potential biomarker. Tumour Biol. J. Int. Soc. Oncodev. Biol. Med. 2016, 37, 2007–2014. [Google Scholar] [CrossRef]

	



Mishra, S.; Katare, D.P. Synergistic Combination for Chemoprevention of Hepatocellular Carcinoma: AnIn Silicoand In VitroApproach. Basic Clin. Pharmacol. Toxicol. 2017, 120, 532–540. [Google Scholar] [CrossRef]

	



Fernández-Palanca, P.; Fondevila, F.; Méndez-Blanco, C.; Tuñón, M.J.; González-Gallego, J.; Mauriz, J.L. Antitumor Effects of Quercetin in Hepatocarcinoma In Vitro and In Vivo Models: A Systematic Review. Nutrients 2019, 11, 2875. [Google Scholar] [CrossRef] [PubMed]

	



Salama, Y.A.; El-karef, A.; El Gayyar, A.M.; Abdel-Rahman, N. Beyond its antioxidant properties: Quercetin targets multiple signalling pathways in hepatocellular carcinoma in rats. Life Sci. 2019, 236, 116933. [Google Scholar] [CrossRef] [PubMed]

	



Kim, G.-N.; Jang, H.-D. Protective Mechanism of Quercetin and Rutin Using Glutathione Metabolism on H2O2-induced Oxidative Stress in HepG2 Cells. Ann. N. Y. Acad. Sci. 2009, 1171, 530–537. [Google Scholar] [CrossRef] [PubMed]

	



Granado-Serrano, A.B.; Martín, M.Á.; Bravo, L.; Goya, L.; Ramos, S. Quercetin Attenuates TNF-Induced Inflammation in Hepatic Cells by Inhibiting the NF-κB Pathway. Nutr. Cancer 2012, 64, 588–598. [Google Scholar] [CrossRef]

	



Wu, L.; Zhang, Q.; Mo, W.; Feng, J.; Li, S.; Li, J.; Liu, T.; Xu, S.; Wang, W.; Lu, X.; et al. Quercetin prevents hepatic fibrosis by inhibiting hepatic stellate cell activation and reducing autophagy via the TGF-β1/Smads and PI3K/Akt pathways. Sci. Rep. 2017, 7, 9289. [Google Scholar] [CrossRef]

	



Dai, W.; Gao, Q.; Qiu, J.; Yuan, J.; Wu, G.; Shen, G. Quercetin induces apoptosis and enhances 5-FU therapeutic efficacy in hepatocellular carcinoma. Tumor Biol. 2015, 37, 6307–6313. [Google Scholar] [CrossRef]

	



Casella, M.L.; Parody, J.P.; Ceballos, M.P.; Quiroga, A.D.; Ronco, M.T.; Francés, D.E.; Monti, J.A.; Pisani, G.B.; Carnovale, C.E.; Carrillo, M.C.; et al. Quercetin prevents liver carcinogenesis by inducing cell cycle arrest, decreasing cell proliferation and enhancing apoptosis. Mol. Nutr. Food Res. 2014, 58, 289–300. [Google Scholar] [CrossRef]

	



Brito, A.F.; Ribeiro, M.; Abrantes, A.M.; Mamede, A.C.; Laranjo, M.; Casalta-Lopes, J.E.; Gonçalves, A.C.; Sarmento-Ribeiro, A.B.; Tralhão, J.G.; Botelho, M.F. New Approach for Treatment of Primary Liver Tumors: The Role of Quercetin. Nutr. Cancer 2016, 68, 250–266. [Google Scholar] [CrossRef]

	



Granado-Serrano, A.B.n.; Martín, M.a.A.; Bravo, L.; Goya, L.; Ramos, S. Quercetin Induces Apoptosis via Caspase Activation, Regulation of Bcl-2, and Inhibition of PI-3-Kinase/Akt and ERK Pathways in a Human Hepatoma Cell Line (HepG2). J. Nutr. 2006, 136, 2715–2721. [Google Scholar] [CrossRef]

	



Wu, L.; Li, J.; Liu, T.; Li, S.; Feng, J.; Yu, Q.; Zhang, J.; Chen, J.; Zhou, Y.; Ji, J.; et al. Quercetin shows anti-tumor effect in hepatocellular carcinoma LM3 cells by abrogating JAK2/STAT3 signaling pathway. Cancer Med. 2019, 8, 4806–4820. [Google Scholar] [CrossRef]

	



Vásquez-Garzón, V.R.; Arellanes-Robledo, J.; García-Román, R.; Aparicio-Rautista, D.I.; Villa-Treviño, S. Inhibition of reactive oxygen species and pre-neoplastic lesions by quercetin through an antioxidant defense mechanism. Free Radic. Res. 2009, 43, 128–137. [Google Scholar] [CrossRef] [PubMed]

	



Vásquez-Garzón, V.R.; Macias-Pérez, J.R.; Jiménez-García, M.N.; Villegas, V.; Fattel-Fazenta, S.; Villa-Treviño, S. The Chemopreventive Capacity of Quercetin to Induce Programmed Cell Death in Hepatocarcinogenesis. Toxicol. Pathol. 2012, 41, 857–865. [Google Scholar] [CrossRef]

	



Carrasco-Torres, G.; Monroy-Ramírez, H.C.; Martínez-Guerra, A.A.; Baltiérrez-Hoyos, R.; Romero-Tlalolini, M.; Villa-Treviño, S.; Sánchez-Chino, X.; Vásquez-Garzón, V.R. Quercetin Reverses Rat Liver Preneoplastic Lesions Induced by Chemical Carcinogenesis. Oxidative Med. Cell. Longev. 2017, 2017, 4674918. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Q.; Li, J.; Zhang, W.; Xiao, C.; Zhang, S.; Nian, C.; Li, J.; Su, D.; Chen, L.; Zhao, Q.; et al. Glycogen accumulation and phase separation drives liver tumor initiation. Cell 2021, 184, 5559–5576. [Google Scholar] [CrossRef] [PubMed]

	



Krenkel, O.; Hundertmark, J.; Ritz, T.P.; Weiskirchen, R.; Tacke, F. Single Cell RNA Sequencing Identifies Subsets of Hepatic Stellate Cells and Myofibroblasts in Liver Fibrosis. Cells 2019, 8, 503. [Google Scholar] [CrossRef] [PubMed]

	



Ji, Y.; Li, L.; Ma, Y.-X.; Li, W.-T.; Li, L.; Zhu, H.-Z.; Wu, M.-H.; Zhou, J.-R. Quercetin inhibits growth of hepatocellular carcinoma by apoptosis induction in part via autophagy stimulation in mice. J. Nutr. Biochem. 2019, 69, 108–119. [Google Scholar] [CrossRef] [PubMed]

	



Yu, L.-X.; Ling, Y.; Wang, H.-Y. Role of nonresolving inflammation in hepatocellular carcinoma development and progression. NPJ Precis. Oncol. 2018, 2, 6. [Google Scholar] [CrossRef]

	



Tang, Y.; Li, J.; Gao, C.; Xu, Y.; Li, Y.; Yu, X.; Wang, J.; Liu, L.; Yao, P. Hepatoprotective Effect of Quercetin on Endoplasmic Reticulum Stress and Inflammation after Intense Exercise in Mice through Phosphoinositide 3-Kinase and Nuclear Factor-Kappa B. Oxidative Med. Cell. Longev. 2016, 2016, 8696587. [Google Scholar] [CrossRef]

	



Ahmed, O.M.; Ahmed, A.A.; Fahim, H.I.; Zaky, M.Y. Quercetin and naringenin abate diethylnitrosamine/acetylaminofluorene-induced hepatocarcinogenesis in Wistar rats: The roles of oxidative stress, inflammation and cell apoptosis. Drug Chem. Toxicol. 2019, 45, 262–273. [Google Scholar] [CrossRef]

	



Maurya, A.K.; Vinayak, M. Anticarcinogenic action of quercetin by downregulation of phosphatidylinositol 3-kinase (PI3K) and protein kinase C (PKC) via induction of p53 in hepatocellular carcinoma (HepG2) cell line. Mol. Biol. Rep. 2015, 42, 1419–1429. [Google Scholar] [CrossRef]

	



Wu, H.; Pan, L.; Gao, C.; Xu, H.; Li, Y.; Zhang, L.; Ma, L.; Meng, L.; Sun, X.; Qin, H. Quercetin Inhibits the Proliferation of Glycolysis-Addicted HCC Cells by Reducing Hexokinase 2 and Akt-mTOR Pathway. Molecules 2019, 24, 1993. [Google Scholar] [CrossRef]

	



Hashemzaei, M.; Far, A.D.; Yari, A.; Heravi, R.E.; Tabrizian, K.; Taghdisi, S.M.; Sadegh, S.E.; Tsarouhas, K.; Kouretas, D.; Tzanakakis, G.; et al. Anticancer and apoptosis-inducing effects of quercetin in vitro and in vivo. Oncol. Rep. 2017, 38, 819–828. [Google Scholar] [CrossRef] [PubMed]

	



Vargas, A.J.; Burd, R. Hormesis and synergy: Pathways and mechanisms of quercetin in cancer prevention and management. Nutr. Rev. 2010, 68, 418–428. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Z.X.; Ma, J.; Li, X.Y.; Wu, Y.; Shi, H.; Chen, Y.; Lu, G.; Shen, H.M.; Lu, G.D.; Zhou, J. Quercetin induces p53-independent cancer cell death through lysosome activation by the transcription factor EB and Reactive Oxygen Species-dependent ferroptosis. Br. J. Pharmacol. 2021, 178, 1133–1148. [Google Scholar] [CrossRef] [PubMed]

	



Kim, G.T.; Lee, S.H.; Kim, Y.M. Quercetin Regulates Sestrin 2-AMPK-mTOR Signaling Pathway and Induces Apoptosis via Increased Intracellular ROS in HCT116 Colon Cancer Cells. J. Cancer Prev. 2013, 18, 264–270. [Google Scholar] [CrossRef]

	



Tang, S.M.; Deng, X.T.; Zhou, J.; Li, Q.P.; Ge, X.X.; Miao, L. Pharmacological basis and new insights of quercetin action in respect to its anti-cancer effects. Biomed. Pharmacother. 2020, 121, 109604. [Google Scholar] [CrossRef]

	



Wang, C.; Su, L.; Wu, C.; Wu, J.; Zhu, C.; Yuan, G. RGD peptide targeted lipid-coated nanoparticles for combinatorial delivery of sorafenib and quercetin against hepatocellular carcinoma. Drug Dev. Ind. Pharm. 2016, 42, 1938–1944. [Google Scholar] [CrossRef]

	



Liu, Y.; Li, C.-L.; Xu, Q.-Q.; Cheng, D.; Liu, K.-D.; Sun, Z.-Q. Quercetin inhibits invasion and angiogenesis of esophageal cancer cells. Pathol. Res. Pract. 2021, 222, 153455. [Google Scholar] [CrossRef]

	



Gautam, S.; Pratheeshkumar, P.; Budhraja, A.; Son, Y.-O.; Wang, X.; Zhang, Z.; Ding, S.; Wang, L.; Hitron, A.; Lee, J.-C.; et al. Quercetin Inhibits Angiogenesis Mediated Human Prostate Tumor Growth by Targeting VEGFR—2 Regulated AKT/mTOR/P70S6K Signaling Pathways. PLoS ONE 2012, 7, e47516. [Google Scholar] [CrossRef]

	



Pelletier, J.; Bellot, G.; Gounon, P.; Lacas-Gervais, S.; Pouysségur, J.; Mazure, N.M. Glycogen Synthesis is Induced in Hypoxia by the Hypoxia-Inducible Factor and Promotes Cancer Cell Survival. Front. Oncol. 2012, 2, 18. [Google Scholar] [CrossRef]

	



Rousset, M.; Zweibaum, A.; Fogh, J. Presence of glycogen and growth-related variations in 58 cultured human tumor cell lines of various tissue origins. Cancer Res. 1981, 41, 1165–1170. [Google Scholar] [PubMed]

	



Sato, A.; Kawasaki, T.; Kashiwaba, M.; Ishida, K.; Nagashima, Y.; Moritani, S.; Ichihara, S.; Sugai, T. Glycogen-rich clear cell carcinoma of the breast showing carcinomatous lymphangiosis and extremely aggressive clinical behavior. Pathol. Int. 2015, 65, 674–676. [Google Scholar] [CrossRef] [PubMed]

	



Barot, S.; Abo-Ali, E.M.; Zhou, D.L.; Palaguachi, C.; Dukhande, V.V. Inhibition of glycogen catabolism induces intrinsic apoptosis and augments multikinase inhibitors in hepatocellular carcinoma cells. Exp. Cell Res. 2019, 381, 288–300. [Google Scholar] [CrossRef]

	



Yang, H.; Yang, T.; Heng, C.; Zhou, Y.; Jiang, Z.; Qian, X.; Du, L.; Mao, S.; Yin, X.; Lu, Q. Quercetin improves nonalcoholic fatty liver by ameliorating inflammation, oxidative stress, and lipid metabolism in db/db mice. Phytother. Res. PTR 2019, 33, 3140–3152. [Google Scholar] [CrossRef]

	



Zois, C.E.; Harris, A.L. Glycogen metabolism has a key role in the cancer microenvironment and provides new targets for cancer therapy. J. Mol. Med. 2016, 94, 137–154. [Google Scholar] [CrossRef]

	



Kim, G.Y.; Kwon, J.H.; Cho, J.H.; Zhang, L.; Mansfield, B.C.; Chou, J.Y. Downregulation of pathways implicated in liver inflammation and tumorigenesis of glycogen storage disease type Ia mice receiving gene therapy. Hum. Mol. Genet. 2017, 26, 1890–1899. [Google Scholar] [CrossRef]

	



Uehara, T.; Pogribny, I.P.; Rusyn, I. The DEN and CCl4 -Induced Mouse Model of Fibrosis and Inflammation-Associated Hepatocellular Carcinoma. Curr. Protoc. Pharmacol. 2014, 66, 14–30. [Google Scholar] [CrossRef]

	



Schnittert, J.; Bansal, R.; Storm, G.; Prakash, J. Integrins in wound healing, fibrosis and tumor stroma: High potential targets for therapeutics and drug delivery. Adv. Drug Deliv. Rev. 2018, 129, 37–53. [Google Scholar] [CrossRef]

	



Xu, X.; Zhang, Y.; Wang, X.; Li, S.; Tang, L. Substrate Stiffness Drives Epithelial to Mesenchymal Transition and Proliferation through the NEAT1-Wnt/beta-Catenin Pathway in Liver Cancer. Int. J. Mol. Sci. 2021, 22, 12066. [Google Scholar] [CrossRef]

	



Hernández-Ortega, L.D.; Alcántar-Díaz, B.E.; Ruiz-Corro, L.A.; Sandoval-Rodriguez, A.; Bueno-Topete, M.; Armendariz-Borunda, J.; Salazar-Montes, A.M. Quercetin improves hepatic fibrosis reducing hepatic stellate cells and regulating pro-fibrogenic/anti-fibrogenic molecules balance. J. Gastroenterol. Hepatol. 2012, 27, 1865–1872. [Google Scholar] [CrossRef]

	



He, L.; Hou, X.; Fan, F.; Wu, H. Quercetin stimulates mitochondrial apoptosis dependent on activation of endoplasmic reticulum stress in hepatic stellate cells. Pharm. Biol. 2016, 54, 3237–3243. [Google Scholar] [CrossRef] [PubMed]

	



Tolba, R.; Kraus, T.; Liedtke, C.; Schwarz, M.; Weiskirchen, R. Diethylnitrosamine (DEN)-induced carcinogenic liver injury in mice. Lab. Anim. 2015, 49, 59–69. [Google Scholar] [CrossRef] [PubMed]

	



Reya, T.; Morrison, S.J.; Clarke, M.F.; Weissman, I.L. Stem cells, cancer, and cancer stem cells. Nature 2001, 414, 105–111. [Google Scholar] [CrossRef]

	



Yang, W.; Wang, C.; Lin, Y.; Liu, Q.; Yu, L.X.; Tang, L.; Yan, H.X.; Fu, J.; Chen, Y.; Zhang, H.L.; et al. OV6⁺ tumor-initiating cells contribute to tumor progression and invasion in human hepatocellular carcinoma. J. Hepatol. 2012, 57, 613–620. [Google Scholar] [CrossRef]

	



Atashpour, S.; Fouladdel, S.; Movahhed, T.K.; Barzegar, E.; Ghahremani, M.H.; Ostad, S.N.; Azizi, E. Quercetin induces cell cycle arrest and apoptosis in CD133(+) cancer stem cells of human colorectal HT29 cancer cell line and enhances anticancer effects of doxorubicin. Iran. J. Basic Med. Sci. 2015, 18, 635–643. [Google Scholar]

	



Wang, R.; Yang, L.; Li, S.; Ye, D.; Yang, L.; Liu, Q.; Zhao, Z.; Cai, Q.; Tan, J.; Li, X. Quercetin Inhibits Breast Cancer Stem Cells via Downregulation of Aldehyde Dehydrogenase 1A1 (ALDH1A1), Chemokine Receptor Type 4 (CXCR4), Mucin 1 (MUC1), and Epithelial Cell Adhesion Molecule (EpCAM). Med. Sci. Monit. Int. Med. J. Exp. Clin. Res. 2018, 24, 412–420. [Google Scholar] [CrossRef]

	



Liu, Y.-C.; Yeh, C.-T.; Lin, K.-H. Cancer Stem Cell Functions in Hepatocellular Carcinoma and Comprehensive Therapeutic Strategies. Cells 2020, 9, 1331. [Google Scholar] [CrossRef]

	



Wang, C.; Wang, M.-D.; Cheng, P.; Huang, H.; Dong, W.; Zhang, W.-W.; Li, P.-P.; Lin, C.; Pan, Z.-Y.; Wu, M.-C.; et al. Hepatitis B virus X protein promotes the stem-like properties of OV6+ cancer cells in hepatocellular carcinoma. Cell Death Dis. 2017, 8, e2560. [Google Scholar] [CrossRef]

	



Yang, W.; Yan, H.X.; Chen, L.; Liu, Q.; He, Y.Q.; Yu, L.X.; Zhang, S.H.; Huang, D.D.; Tang, L.; Kong, X.N.; et al. Wnt/beta-catenin signaling contributes to activation of normal and tumorigenic liver progenitor cells. Cancer Res. 2008, 68, 4287–4295. [Google Scholar] [CrossRef]

	



Tang, S.-N.; Singh, C.; Nall, D.; Meeker, D.; Shankar, S.; Srivastava, R.K. The dietary bioflavonoid quercetin synergizes with epigallocathechin gallate (EGCG) to inhibit prostate cancer stem cell characteristics, invasion, migration and epithelial-mesenchymal transition. J. Mol. Signal. 2010, 5, 14. [Google Scholar] [CrossRef]

	



Shen, X.; Si, Y.; Wang, Z.; Wang, J.; Guo, Y.; Zhang, X. Quercetin inhibits the growth of human gastric cancer stem cells by inducing mitochondrial-dependent apoptosis through the inhibition of PI3K/Akt signaling. Int. J. Mol. Med. 2016, 38, 619–626. [Google Scholar] [CrossRef] [PubMed]

	



Scheffer, G.L.; Kool, M.; de Haas, M.; de Vree, J.M.L.; Pijnenborg, A.C.L.M.; Bosman, D.K.; Oude Elferink, R.P.J.; van der Valk, P.; Borst, P.; Scheper, R.J. Tissue Distribution and Induction of Human Multidrug Resistant Protein 3. Lab. Investig. 2002, 82, 193–201. [Google Scholar] [CrossRef] [PubMed]

	



Nies, A.T.; König, J.; Pfannschmidt, M.; Klar, E.; Hofmann, W.J.; Keppler, D. Expression of the multidrug resistance proteins MRP2 and MRP3 in human hepatocellular carcinoma. Int. J. Cancer 2001, 94, 492–499. [Google Scholar] [CrossRef] [PubMed]

	



Zúñiga-García, V.; Chávez-López, M.d.G.; Quintanar-Jurado, V.; Gabiño-López, N.B.; Hernández-Gallegos, E.; Soriano-Rosas, J.; Pérez-Carreón, J.I.; Camacho, J. Differential Expression of Ion Channels and Transporters During Hepatocellular Carcinoma Development. Dig. Dis. Sci. 2015, 60, 2373–2383. [Google Scholar] [CrossRef]

	



Cirqueira, C.S.; Felipe-Silva, A.S.; Wakamatsu, A.; Marins, L.V.; Rocha, E.C.; de Mello, E.S.; Alves, V.A.F. Immunohistochemical Assessment of the Expression of Biliary Transportation Proteins MRP2 and MRP3 in Hepatocellular Carcinoma and in Cholangiocarcinoma. Pathol. Oncol. Res. 2018, 25, 1363–1371. [Google Scholar] [CrossRef]

	



Chen, Z.; Huang, C.; Ma, T.; Jiang, L.; Tang, L.; Shi, T.; Zhang, S.; Zhang, L.; Zhu, P.; Li, J.; et al. Reversal effect of quercetin on multidrug resistance via FZD7/β-catenin pathway in hepatocellular carcinoma cells. Phytomedicine 2018, 43, 37–45. [Google Scholar] [CrossRef]

	



Ulasov, I.; Hassan, S.; Peluso, J.; Chalhoub, S.; Idoux Gillet, Y.; Benkirane-Jessel, N.; Rochel, N.; Fuhrmann, G.; Ubeaud-Sequier, G. Quercetin potentializes the respective cytotoxic activity of gemcitabine or doxorubicin on 3D culture of AsPC-1 or HepG2 cells, through the inhibition of HIF-1α and MDR1. PLoS ONE 2020, 15, e0240676. [Google Scholar] [CrossRef]

	



Wang, X.B.; Wang, S.S.; Zhang, Q.F.; Liu, M.; Li, H.L.; Liu, Y.; Wang, J.N.; Zheng, F.; Guo, L.Y.; Xiang, J.Z. Inhibition of tetramethylpyrazine on P-gp, MRP2, MRP3 and MRP5 in multidrug resistant human hepatocellular carcinoma cells. Oncol. Rep. 2010, 23, 211–215. [Google Scholar]

	



Zeng, C.; Fan, D.; Xu, Y.; Li, X.; Yuan, J.; Yang, Q.; Zhou, X.; Lu, J.; Zhang, C.; Han, J.; et al. Curcumol enhances the sensitivity of doxorubicin in triple-negative breast cancer via regulating the miR-181b-2–3p-ABCC3 axis. Biochem. Pharmacol. 2020, 174, 113795. [Google Scholar] [CrossRef]

	



Son, Y.-O.; Lee, K.-Y.; Kook, S.-H.; Lee, J.-C.; Kim, J.-G.; Jeon, Y.-M.; Jang, Y.-S. Selective effects of quercetin on the cell growth and antioxidant defense system in normal versus transformed mouse hepatic cell lines. Eur. J. Pharmacol. 2004, 502, 195–204. [Google Scholar] [CrossRef]








[image: Antioxidants 11 00358 g001 550] 





Figure 1. Induction of modified resistant hepatocyte model (MRHM) and quercetin treatment. Diethylnitrosamine (DEN) was administered as the initiating agent of carcinogenesis. Subsequently, 2-animofluorene (AFF) was administered as a promoting agent, and partial hepatectomy was performed as proliferative stimulus. Carcinogenic treatment (CT) group was also subjected to intragastric administration of carboxymethylcellulose (CMC). Carcinogenic treatment plus quercetin (CT + Q) group was subjected to quercetin 10 mg/kg BW. All animals were euthanized at day 30 post-carcinogenic treatment. 
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Figure 2. Effect of quercetin on preneoplastic lesions. (a) Representative H&E images of both control (NT, NT + Q) and MRHM (CT and CT + Q) liver tissues. Photomicrographs were taken at 10× and 40× magnification. (b) Preneoplastic lesions quantification of CT and CT + Q groups. Bars represent the mean ± SD, p < 0.001 (***). NT: untreated, NT + Q: untreated plus quercetin, CT: carcinogenic treatment, CT + Q: carcinogenic treatment plus quercetin. 
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Figure 3. Effect of quercetin on glycogen accumulation. (a) Representative images of periodic acid Schiff (PAS) staining of both control (NT, NT + Q) and MRHM (CT and CT + Q) liver tissues. Glycogen-positive area is shown in deep pink. Photomicrographs were taken at 10× and 40× magnification. (b) Quantification of glycogen-positive area in CT and CT + Q groups. Bars represent the mean ± SD, p < 0.001 (***). NT: untreated, NT + Q: untreated plus quercetin, CT: carcinogenic treatment, CT + Q: carcinogenic treatment plus quercetin. 
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Figure 4. Effect of quercetin on collagen deposition. (a) Representative images of Masson’s trichrome staining of both control (NT, NT + Q) and MRHM (CT and CT + Q) liver tissues. Collagen-positive area is shown in blue. Photomicrographs were taken at 10× and 40× magnification. (b) Quantification of collagen-positive area in CT and CT + Q groups. Bars represent the mean ± SD, p < 0.0001 (****). NT: untreated, NT + Q: untreated plus quercetin, CT: carcinogenic treatment, CT+Q: carcinogenic treatment plus quercetin. 
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Figure 5. Effect of quercetin on marker of myofibroblasts. (a) Representative images of immunohistochemical staining for α-SMA detection in both control (NT, NT + Q) and MRHM (CT and CT + Q) liver tissues. Positive area is shown in brown gradients. Photomicrographs were taken at 10× and 40× magnification. (b) Quantification of α-SMA positive area in CT and CT + Q groups. Bars represent the mean ± SD, p < 0.001 (***). α-SMA: alpha-smooth muscle actin, NT: untreated, NT + Q: untreated plus quercetin, CT: carcinogenic treatment, CT + Q: carcinogenic treatment plus quercetin. 
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Figure 6. Effect of quercetin on OV6-positive CSCs population. (a) Representative images of immunohistochemical staining for OV6 in both control (NT, NT + Q) and MRHM (CT and CT + Q) liver tissues. Positive area is shown in brown gradients. Photomicrographs were taken at 10× and 40× magnification. (b) Quantification of OV6-positive area in CT and CT + Q groups. Bars represent the mean ± SD, p < 0.01 (**). OV6: oval cell, NT: untreated, NT + Q: untreated plus quercetin, CT: carcinogenic treatment, CT + Q: carcinogenic treatment plus quercetin. 
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Figure 7. Effect of quercetin on EpCAM-positive CSCs population. (a) Representative images of immunohistochemical staining for EpCAM in both control (NT, NT + Q) and MRHM (CT and CT + Q) liver tissues. Positive area is shown in brown gradients. Photomicrographs were taken at 10× and 40× magnification. (b) Quantification of positive area for EpCAM in CT and CT + Q groups. Bars represent the mean ± SD, p < 0.001 (***). EpCAM: epithelial cell adhesion molecule, NT: untreated, NT + Q: untreated plus quercetin, CT: carcinogenic treatment, CT + Q: carcinogenic treatment plus quercetin. 
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Figure 8. Effect of quercetin on ABCC3 level. (a) Representative images of immunohistochemical staining for ABCC3 in both control (NT, NT+Q) and MRHM (CT and CT+Q) liver tissues. Positive area is shown in brown gradients. Photomicrographs were taken at 10× and 40× magnification. (b) Quantification of ABCC3-positive area in CT and CT+Q groups. Bars represent the mean ± SD, p < 0.01 (**). ABCC3: ATP binding cassette subfamily C member 3, NT: untreated, NT + Q: untreated plus quercetin, CT: carcinogenic treatment, CT + Q: carcinogenic treatment plus quercetin. 
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