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Abstract

Preventive measures against oral carcinogenesis are urgently warranted to lower the high 

morbidity and mortality associated with this malignancy worldwide. Here, we investigated the 

chemopreventive efficacy of grape seed extract (GSE) and resveratrol (Res) in 4-nitroquinoline-1-

oxide (4NQO)-induced tongue tumorigenesis in C57BL/6 mice. Following 8 weeks of 4NQO 

exposure (100 μg/mL in drinking water), mice were fed with either control AIN-76A diet or diet 

containing 0.2% GSE (w/w) or 0.25% Res (w/w) for 8 subsequent weeks, while continued on 

4NQO. Upon termination of the study at 16 weeks, tongue tissues were histologically evaluated 

for hyperplasia, dysplasia and papillary lesions, and then analyzed for molecular targets by 

immunohistochemistry. GSE and Res feeding for 8 weeks, moderately decreased the incidence, 

but significantly prevented the multiplicity and severity of 4NQO-induced preneoplastic and 

neoplastic lesions, without any apparent toxicity. In tongue tissues, both 4NQO+GSE and 4NQO

+Res treatment correlated with a decreased proliferation (BrdU labeling index) but increased 

apoptotic death (TUNEL-positive cells) as compared to the 4NQO group. Furthermore, tongue 

tissues from both the 4NQO+GSE and 4NQO+Res groups showed an increase in activated 

metabolic regulator phospho-AMPK (Thr172) and decreased autophagy flux marker p62. 

Together, these findings suggest that GSE and Res could effectively prevent 4NQO-induced oral 

tumorigenesis through modulating AMPK activation, and thereby, inhibiting proliferation and 

inducing apoptosis and autophagy, as mechanisms of their efficacy.
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INTRODUCTION

Head and neck squamous cell carcinoma (HNSCC) is the 6th most common cancer and has a 

poor prognosis, resulting in the major morbidity and mortality [1] Risk factors for HNSCC 

are tobacco, smokeless tobacco products, betel nuts, alcohol, human papillomavirus (HPV) 

and poor hygiene [2,3]. All these risk factors cause both genetic and epigenetic alterations in 

tumor suppressor genes and/or oncogenes at different stages of HNSCC/oral cancer 

development [4,5]. These deregulated genes have been targeted with agents to improve the 

clinical outcomes, but exhibit limited success with enormous side-effects [6]. Similarly, the 

rate of development of secondary primary tumors in these patients has been reported to be 

higher than for any other malignancy, largely determining outcome of treatment among 

early-stage HNSCC patients [7]. Therefore, a better understanding of the neoplastic 

transformation and progression of HNSCC, and targeting at early stage with non-toxic 

cancer chemopreventive agents could be a more practical translational alternative [8]. In this 

regard a relevant model involves, the continuous exposure of a synthetic chemical 

carcinogen 4-nitroquinoline 1-oxide (4NQO) to mice that induces the oral (tongue) 

tumorigenesis that resembles the sequential progression of human oral cancer including 

hyperplasia, dysplasia, severe dysplasia, papilloma and squamous cell carcinoma (SCC) 

[9,10]. Furthermore, 4NQO-induced oral carcinogenesis in mice exhibit the molecular 

changes including the overexpression of the protein kinase B/mammalian target of 

rapamycin (mTOR) pathways, cyclin D1, p53 and H-ras mutation, as observed clinically in 

humans [10–13]. Thus, the 4NQO-induced oral tumorigenesis model, with well-defined 

histopathological and molecular alterations associated with disease progression, provides an 

excellent opportunity to investigate the efficacy of chemopreventive agents against 

premalignant lesions as well as SCC of oral mucosa [11,14–16].

With regard to non-toxic cancer chemopreventive agents, a meta-analysis has shown an 

inverse correlation between that low consumption of fiber and vitamins in the form of fresh 

fruit and vegetables and the etiology of HNSCC, and that the overall oral cancer risk is 

reduced by 50% with a daily intake of fruits or vegetables [17–19]. Together, these findings 

suggest that natural dietary and non-dietary phytochemicals are the excellent sources of 

effective preventive agents against HNSCC. Consistent with this suggestion, two of the 

natural dietary phytochemicals, namely grape seed extract (GSE) and resveratrol (Res) 

isolated from the grape seed and skin, respectively, have been widely investigated for their 

anticancer and cancer chemopreventive efficacy in various models [20–22]. Recent studies 

have shown a strong anticancer efficacy of both GSE and Res against HNSCC in preclinical 

models [22–25]. Both GSE and Res inhibit the invasiveness of human HNSCC cells, and 

reduce and/or prevent the toxicity of chemotherapeutic agents when used in combination 

[22,26–28]. However, their efficacy at different stages of tumor progression in 

experimentally-induced oral tumorigenesis has not yet been studied. Accordingly, here we 
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assessed the chemopreventive efficacy of GSE and Res against 4NQO-induced oral 

tumorigenesis in C57BL/6 mice, and the ability of these two chemopreventive agents to 

modulate the expression of molecular regulators associated with proliferation, apoptosis, 

cellular metabolism, and autophagy.

MATERIAL AND METHODS

Chemicals and reagents

4NQO and Res were from Sigma-Aldrich Chemical Co. (St. Louis, MO). GSE sold as 

ActiVin and rich in oligomeric proanthocyandins was purchased from San Joaquin Valley 

Concentrates (Fresno, CA) [24]. Antibody for phospho-AMPK (Thr172) was from Cell 

Signaling (Beverly, MA). Anti-p62 was from Progen Biotek (Heidelberg, Germany). 

AIN-76A diet was from Dyets Inc. (Bethlehem, PA). Streptavidin, and biotinylated anti-

mouse secondary antibody were from Dako (Carpinteria, CA), and biotinylated anti-rabbit 

secondary antibody was from Santa Cruz Biotechnology (Santa Cruz, CA). Dead End 

Colorimetric terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) kit 

was purchased from Promega (Madison, WI). 5-bromo-2′-deoxyuridine (BrdU) labeling 

reagent and BrdU detection kit were purchased from Invitrogen (Federick, MD).

Experimental protocol for 4NQO-induced oral carcinogenesis

Six-week-old female C57BL/6 mice (Jackson Laboratory, Bar Harbor, ME) were housed in 

animal care facility at standard laboratory conditions following the protocol approved by 

Institutional Animal Care and Use Committee (IACUC) of University of Colorado Denver. 

4NQO (100 μg/mL) was administered to mice in drinking water and adequate precaution 

was taken to avoid the decomposition of 4NQO from light exposure [12]. Mice were divided 

into four groups; control (group I, n=5), 4NQO only (group II, n=6), 4NQO+GSE (group III, 

n=6), and 4NQO+Res (group IV, n=6) as shown in Figure 1A. The animals in group II–IV 

were given 4NQO (100 μg/mL) in drinking water for 16 consecutive weeks while animals in 

group I received normal tap water. Following 8 weeks of 4NQO exposure, animals in groups 

III and IV were switched to AIN-76A diet containing either GSE (0.2% w/w) or Res (0.25% 

w/w), and animals in groups I and II remained on normal (control) AIN-76A diet throughout 

the study period. The mice in each group were evaluated weekly for body weight and diet 

consumption, and biweekly for water consumption. The experiment was terminated at 16 

weeks, animals were euthanized and tongue tissues were collected. The tongue tissues were 

fixed in buffered formalin for histopathological evaluation following hematoxylin and eosin 

(H & E) staining and immunohistochemical (IHC) analysis. Briefly, tongue tissues were 

collected from all the animals in each group (number of animals per group=6) and serial 

sectioning was performed. Approximately, 30 slides were prepared from the tongue tissue of 

each animal and each slide had three serial sections. In IHC analyses, 1 in each 15 slides 

were randomly selected from five randomly chosen animals (total 10 slides per group 

analyzed for each staining), and stained for different biomarkers.

Histopathological analysis

The paraffin-embedded 5 μm-thick tongue tissue sections from different study groups were 

processed for H&E staining [29]. The sections were histopathologically evaluated as normal 
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or classified as follows: a) epithelial hyperplasia with loss of normal arrangement of 

epithelial cells into layers, increased number of epithelial cells; b) epithelial dysplasia 

showing hyperchromatism, disturbed basement membrane, increased nuclear size, mitotic 

figures, and nuclear/cytoplasm ratio, and dyskeratosis; c) papilloma characterized by 

moderate or severe anaplastic epithelial lesions resulting in exophytic papillary projections; 

and, d) oral carcinoma characterized by epithelial invasion through the basement membrane 

and into the lamina propria and muscle layers of the tongue [12,30]. Since the grading of 

these lesions is likely to be interpreted subjectively, we elected not to provide the detailed 

description of “severity” of these histological lesions. Images of H&E-stained lesions were 

captured on an Olympus BX51 microscope equipped with a 4-megapixel Macrofire digital 

camera (Optronics, Goleta, CA, USA) using the PictureFrame Application 2.3 (Optronics).

Determination of in vivo proliferation by BrdU incorporation and IHC analyses

To examine the proliferative capacity of squamous epithelium of the tongue, the mice in all 

treatment groups were given a single intraperitoneal injection of BrdU labeling reagent (1 ml 

concentrated reagent/100 g of body weight) 2 hours prior to the euthanasia. The tongue 

tissue collected after necropsy were fixed in buffered formalin overnight and processed for 

IHC analysis as described earlier [24]. During IHC analysis, paraffin-embedded 5 μm-thick 

tumor tissue sections were selected and stained with primary antibody against BrdU, 

phospho-AMPK (Thr172) or p62, following the protocol published previously [23]. The 

immunoreactivity (represented by brown staining) was analyzed in five randomly defined 

areas for each tumor section and scored as 0+ (no staining), 1+ (weak staining), 2+ 

(moderate staining), 3+ (strong staining), 4+ (very strong staining). BrdU-positive cells were 

quantified by counting total 1000–1500 cells in 5 randomly selected areas versus brown-

stained cells per slide at 400X magnification. All IHC and histological analysis were 

conducted using a Zeiss Axioskop 2 microscope (Carl Zeiss, Inc.), and photomicrographs 

were captured using a Carl Zeiss AxioCam MRC5 camera with Axiovision Rel 4.5 software.

In situ apoptosis detection by TUNEL staining

The 5 μm-thick sections were subjected to TUNEL staining as per vendor’s protocol, and 

apoptosis was evaluated by counting the TUNEL-positive cells (brown-stained) as well as 

the total number of cells in five randomly selected at 400X magnification. The apoptotic 

index was calculated as number of apoptotic cells × 100 / total number of cells 

(approximately 1000–1500 cells were examined in each area and in total 5 randomly 

selected areas were analyzed per slide at 400X magnification).

Statistical analysis

The statistical significance among the groups was tested by one-way ANOVA (Bonferroni) 

using Sigma Stat software version 2.03 (Jandel Scientific, San Rafael, CA), and two sided 

P<0.05 was considered significant.
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RESULTS

General observations after 16 weeks of 4NQO exposure

We did not observe any abnormality during gross evaluation at necropsy. Mice in 4NQO 

group showed significant decrease in body weight 13 weeks onward compared to 

non-4NQO negative control group. The GSE and Res feeding did not significantly affect 

body weight when compared to 4NQO alone group (Figure 1B). Also, no significant change 

in water (measured biweekly) or diet consumption (measured weekly) profiles was observed 

among the mice in 4NQO, 4NQO+GSE and 4NQO+Res groups during the study period 

(Figures 1C and Figure 1D).

Effect of GSE and Res on 4NQO-induced tongue pre-neoplastic and neoplastic lesions

The survival rate of animals in control, 4NQO, 4NQO+GSE and 4NQO+Res was 100%. 

Similar to the study published earlier, 4NQO-induced oral lesions developed mostly at the 

posterior part of the tongue and were multifocal, i.e. the lesions developed at different sites 

of the tongue [12]. These lesions were categorized histologically to assess GSE and Res 

efficacy on the severity of lesions, which were graded based upon histological criteria 

described in Materials and methods. The histopathologic evaluation of tongue tissues 

revealed that the lesions developed after 16 weeks of 4NQO exposure in C57BL/6 mice 

were mostly hyperplasia (mild, moderate and severe), dysplasia (mild, moderate and severe), 

and papilloma, with no evidence of carcinoma. In agreement with our observation, Hasina et 

al., has previously reported that 16 weeks of 4-NQO exposure predominantly leads to the 

formation of hyperplasia and dysplasia [7]. Representative images of different types of oral 

lesions from 4NQO, 4NQO+GSE, and 4NQO+Res are shown in Figure 2. Furthermore, a 

lack of two panels (papillary hyperplasia and papillary dysplasia) for 4NQO+GSE and one 

panel (papillary dysplasia) for 4NQO+Res in Figure 2D is due to the fact that no such 

lesions were found in animals from these groups. In 4NQO group, 100% mice had oral 

lesions (hyperplasia, dysplasia and/or papilloma), compared to ~68% and 83% in 4NQO

+GSE and 4NQO+Res groups, respectively. Whereas the difference in the incidence of oral 

lesions was not very strong between 4NQO and 4NQO+GSE or 4NQO+Res groups, there 

were striking differences in lesion multiplicity, size and degree of severity (Figures 3A and 

B). The lesions in the 4NQO group were higher in number, larger in size microscopically, 

and severe enough that it was difficult to represent in quantitative terms. In contrast, 4NQO

+GSE and 4NQO+Res groups showed a significant decrease in the overall lesion burden as 

compared to 4NQO alone, which was evident by lesser number of lesions, smaller size 

microscopically, and less severity. At 16 weeks, the mice in 4NQO+GSE and 4NQO+Res 

groups showed 1.5 and 1.33 lesions/mouse (p<0.001), accounting for 68% and 71% 

decrease, respectively, compared to 4.66 lesions/mouse in 4NQO group (Figure 3A). 

Specifically, in 4NQO group, 28% lesions were epithelial hyperplasia, 47% epithelial 

dysplasia, 18% papilloma-hyperplasia and 7% papilloma-dysplasia with different degree of 

atypia, representing different stages of oral tumorigenesis (Figure 3B). In contrast, the 

frequency of epithelial hyperplasia in 4NQO+GSE and 4NQO+Res groups was 67% and 

50% respectively (Figure 3B). Likewise, epithelial dysplasia in 4NQO+GSE and 4NQO

+Res groups was 33% and 37%, respectively (Figure 3B). Importantly, there was no 

evidence of papilloma development (both hyperplasia and dysplasia) in 4NQO+GSE group 
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compared to 25% (18% papillary hyperplasia, 7.1% papillary dysplasia) in 4NQO group, 

whereas in 4NQO+Res group, there was a significant decrease in the incidence of 

papilloma-hyperplasia (12.5%) with no incidence of papilloma-dysplasia (Figures 2D and 

3B). Together, these results clearly demonstrated that both GSE and Res significantly 

decrease the progression of precancerous lesions to papilloma hyperplasia to papilloma 

dysplasia in 4NQO-induced oral tumorigenesis in mice.

Effect of GSE and Res feeding on proliferation and apoptosis in tongue tissues

To study the mechanism and/or biomarkers underlying the preventive efficacy of GSE and 

Res, we next investigated the effect of GSE and Res on cell proliferation by assessing the 

BrdU uptake by proliferating cells in these lesions from each treatment groups. 4NQO-

induced oral tumorigenesis was associated with increased expression of BrdU labeled cells 

at the parabasal layer of oral epithelium as reported previously [12], which were 

significantly less in the GSE- and Res-treated groups (Figure 4A, upper panel). 

Quantification of BrdU positive cells revealed that GSE and Res exhibit 45% (P<0.05) and 

59% (P<0.001) decrease in proliferating cells, respectively, as compared to 4NQO group of 

mice; there was no significant difference between 4NQO+GSE and 4NQO+Res groups 

(Figure 4B). In addition, the anti-proliferative effects of GSE and Res in tongue tissue were 

not limited to any specific stage of lesions. Next, we evaluated the apoptotic indices in 

tongue tissues from 4NQO, 4NQO+GSE and 4NQO+Res groups by TUNEL staining 

(Figure 4A, lower panel). As shown in Figure 4C, compared to 4NQO group, we observed 

that GSE and Res significantly increase TUNEL positive cells (7.6 fold and 6.0 fold, 

P<0.001), respectively. In contrast, we didn’t observe any TUNEL positive cell in tongue 

tissue of control animals (data not shown), and there was slight but significant difference 

between 4NQO+GSE and 4NQO+Res groups, indicating that GSE had prominent pro-

apoptotic effect as compared to Res (Figure 4B). Together, our results suggest that GSE and 

Res exert strong anti-proliferative and pro-apoptotic effects contributing towards their 

chemopreventive efficacy against 4NQO-induced tongue tumorigenesis.

Effect of GSE and Res feeding on the expression of phospho-AMPK(Thr 172) and p62 in 
tongue tissues

The mTOR, a central regulator of cellular metabolism, is hyperactivated in head and neck 

cancer, and has been suggested to be a potential therapeutic target [31]. The activation of 

AMPK results in the inhibition of mTOR signaling, and the evidence of metabolic status in 

vivo can be assessed by IHC for phospho-AMPK (Thr172). In an attempt to examine 

whether these two agents also affect AMPK activation as a mechanism contributing in their 

chemopreventive efficacy against 4NQO-induced tongue tumorigenesis, next we analyzed 

tongue tissues from all groups for metabolic alteration (Figure 5A, upper panel). IHC 

analysis revealed a increase in the expression of phospho-AMPK (Thr 172) by about 2 fold 

(P<0.001) and 1.8 fold (P<0.001) in 4NQO+GSE and 4NQO+Res groups, respectively, 

compared to tongue tissues from 4NQO group, but there was no significant difference 

between 4NQO+GSE and 4NQO+Res groups (Figure 5B). AMPK is activated by 

phosphorylation when ATP synthesis is decreased and/or ATP consumption is increased, 

and such cellular metabolic conditions also induce autophagy [32,33]. Therefore, we also 

evaluated the expression of p62/SQSTM1, commonly described as a hallmark of autophagic 
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flux [34], in the tongue tissues from 4NQO, 4NQO+GSE and 4NQO+Res groups by IHC 

analysis (Figure 5A, lower panel). In comparison to the 4NQO group, tissues from the 

4NQO+GSE and 4NQO+Res groups showed a decreased p62 immunoreactivity by about 

1.33 (P<0.001) and 1.83 (P<0.001), respectively, but there was no significant difference 

between 4NQO+GSE and 4NQO+Res groups, as compared to 2.71 in 4NQO group (Figure 

5C). In general, the expression of both phospho-AMPK (Thr172) and p62 was 

heterogeneous in nature and not confined to the areas of the lesions in tongue tissues from 

4NQO, 4NQO+GSE and 4NQO+Res treated mice (Figure 5A). Collectively, these results 

suggested that GSE and Res alter the metabolic status in vivo as a part of their efficacy 

against 4NQO-induced tongue tumorigenesis.

DISCUSSION

Head and neck cancer is mostly preceded by the development of precursor lesions, clinically 

identified as leukoplakia (hyperplasia and dysplasia) and erythroplakia (dysplasia), which 

are identified visually during oral examination, making early diagnosis possible [35]. 

Therefore, one of the most translationally relevant strategies to control oral cancer and 

improve survival in these patients is the prevention and/or delay in the progression of 

precancerous lesions to the advanced stage of the malignancy [35]. In this regard, 4NQO-

induced oral carcinogenesis provides a good preclinical model representing various stages of 

oral cancer development with similar histological and molecular changes as in humans 

[7,10]. Employing this mouse model, herein, our results for the first time showed the strong 

chemopreventive efficacy of GSE and Res against 4NQO-induced oral (tongue) 

tumorigenesis and found the role of AMPK activation and associated biological responses in 

the in vivo activity of these two dietary agents.

Histological evaluations of lesions in our studies revealed that GSE and Res strongly 

inhibited 4NQO-induced hyperplasia and dysplasia (pre-neoplastic) lesions and attenuated 

the growth of papilloma, indicating their ability to inhibit tumor promotion and progression 

at various stages of oral tumor. These findings were consistent with previous studies where 

chemopreventive efficacy of GSE and Res in other chemical carcinogenesis models was 

associated with inhibition of tumor promotion and progression [36,37]. With regard to 

biological responses, unlimited proliferation and inhibition of apoptosis are considered the 

hallmarks of tumor development and many chemopreventive agents have been shown to 

inhibit proliferation and induce apoptosis to block the carcinogenic process [38]. Likewise, 

in the present study, both GSE and Res showed strong anti-proliferative and pro-apoptotic 

effects, providing further evidence that GSE and Res might be significantly contributing 

towards their chemopreventive efficacy against 4NQO-induced oral tumorigenesis. One of 

the long-term goals of chemoprevention must be the development of treatments that can be 

easily taken by at-risk individuals for prolonged periods of time with minimal side effects to 

achieve widespread acceptance and long-term compliance. This would be particularly 

important in the case of high-risk patients who have not yet developed their first 

malignancy. Furthermore, many of the chemopreventive agents currently under 

investigation, such as epidermal growth factor receptor tyrosine kinase inhibitors, however, 

the toxicities observed at the current prescribed dosages may preclude them from being used 

widely as chemopreventive agents. Therefore, the combination of one or both of these 
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agents at lower doses in concert with other chemotherapeutic agents may reduce toxicities 

and improve overall efficacy. The data presented here show proof of principle that the 

induction of new blood vessel growth by premalignant cells may be one such phenotype that 

could be targeted.

Previously, we observed similar anti-proliferative and pro-apoptotic effects in human 

HNSCC cell lines in vitro and nude mouse xenografts in vivo treated with GSE and Res (22, 

23). Together, these findings suggest that both GSE and Res could be beneficial at least in 

HNSCC patients with precancerous lesions; however, additional studies are needed under 

the clinical settings to support this assumption. In terms of toxicity and bioavailability of 

GSE and Res, numerous studies conducted in the past have shown that GSE and Res are 

very well tolerated, efficiently absorbed after oral administration further supporting their 

biological activities [39–42]. Besides, the doses of GSE (0.2% w/w in diet) and Res (0.25% 

w/w in diet) used in the current study equates to 300 mg/kg and 375 mg/kg daily doses 

respectively; and as per Hoh et al. [43] criterion, this extrapolates to approximately 1.8 gm 

GSE or 2.25 gm Res per person (~70 Kg weight) daily. Therefore, cancer chemopreventive 

efficacy of GSE and Res reported in the present study could be translated in humans without 

toxicity.

Emerging literature has shown that AMPK, an upstream target of mTOR (mammalian target 

of rapamycin), is a major sensor of cellular energy within cells [44,45]. The effect of AMPK 

activation on cellular proliferation and metabolism through inhibiting mTOR pathway has 

emerged to be a therapeutic target. mTOR is hyperactivated in both precancerous and 

cancerous dysplasia lesions as well as in advanced HNSCC [9,46,47]. Both of these 

metabolic sensors, AMPK and mTOR, have been targeted to cause the regression of the 

large squamous carcinomas and inhibition in the progression of premalignant lesions 

[9,13,45]. Consistent with these reports, for the first time, we found that both GSE and Res 

upregulated the expression of phospho-AMPK (Thr172) in 4NQO-induced oral cancer 

tissues. The exact mechanism of AMPK activation in our study needs further investigation, 

as AMPK is activated by phosphorylation at threonine 172 by upstream kinases such as liver 

kinase B1 (LKB1) and TGF-β-activated kinase (TAK1) [32,48]. Phosphorylated AMPK 

expression has been shown to correlate with survival in a subset of lung and colorectal 

cancer patients [49,50]. Therefore, we hypothesize that GSE- and Res may mediate 

activation of AMPK possibly leading to mTOR suppression and that could be responsible 

for the inhibition of 4NQO-induced oral tumorigenesis. The activation of AMPK also leads 

to autophagic response in the cancer cells by inhibiting mTOR pathway [46,51]. p62, marker 

of autophagic flux, is an important signaling hub frequently overexpressed in human tumors 

including HNSCC [51,52]. We observed that the tongue tissues from GSE- and Res-treated 

mice have decreased p62 expression as compared to 4NQO group, suggesting that GSE and 

Res induced autophagy in vivo. Different stimuli are known to cause autophagic cell death in 

cancer cells; however, autophagy induction can also be a cell survival mechanism [53]. 

Accordingly, more studies are needed to establish the role of GSE- and Res-induced 

autophagy in their overall anti-cancer and/or cancer chemopreventive activity.

In summary, our studies for the first time revealed that GSE and Res significantly inhibited 

tumor promotion and progression in 4NQO-induced tongue tumorigenesis model. Results 
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also revealed that GSE and Res exert pleiotropic effects on cell proliferation, apoptosis, 

cellular metabolism, and autophagy revealing multiple possible mechanisms involved in 

their chemopreventive efficacy. Overall, GSE and Res appear to be ideal chemopreventive 

agents for future evaluation of their chemopreventive effectiveness against head and neck 

cancer.
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List of abbreviations

HNSCC head and neck squamous cell carcinoma

GSE grape seed extract

Res resveratrol

4NQO 4-nitroquinoline 1-oxide

SCC squamous cell carcinoma

SPT secondary primary tumor

HPV human papilloma virus

H&E stain hematoxylin and eosin stain

IHC immunohistochemistry

DAB 3,3′-diaminobenzidine

AMPK adenine monophosphate protein kinase

BrdU 5-bromo-2′-deoxyuridine

TUNEL terminal deoxynucleotidyl transferase dUTP nick end labeling

LKB1 liver kinase B1

TAK1 TGF-β-activated kinase1
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Figure 1. 
(A) Experimental protocol for chemopreventive studies of GSE and Res in 4NQO – induced 

oral tumorigenesis in mice. Animals were randomly divided into four groups: group I 

(normal AIN-76A diet and tap water), group II (normal AIN-76A diet and 4NQO in 

drinking water), group III (0.2% GSE w/w in AIN-76A diet and 4NQO in drinking water), 

and group IV (0.25% Res w/w in AIN-76A diet and 4NQO in drinking water). Mice in 

group II–IV were given 100 μg/mL of 4NQO in drinking water for 16 consecutive weeks. 

After 8 weeks of 4NQO exposure, mice in group III–IV were given GSE or Res in diet as 

indicated in ‘Materials and methods’ for 8 weeks while continued on 4NQO administration. 
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Effect of GSE and Res on (B) body weight, (C) water consumption and (D) diet 

consumption. *, P<0.001; NS, not significant; GSE, grape seed extract; Res, resveratrol.
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Figure 2. 
A detailed histopathological evidence of oral (tongue) tumorigenesis in mice after 4NQO 

exposure without or with GSE and Res treatment. The details of experimental protocol are 

provided in ‘Materials and methods’. After the termination of experiment, the tongue tissues 

were collected, formalin fixed and processed further for H & E staining. (A) Images of 

normal epithelium from control, (B) epithelial hyperplasia, and (C) epithelial dysplasia with 

marked loss of cell polarity and nuclear pleomorphism in tongue tissues from 4NQO, 4NQO

+GSE and 4NQO+Res groups. (D) Papillary hyperplasia and dysplasia lesions in tongue 
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tissues from 4NQO and 4NQO+Res groups. Bar in each panel represents 200 microns. GSE, 

grape seed extract; Res, resveratrol.
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Figure 3. 
Effect of GSE and Res on 4NQO-induced oral lesions multiplicity and severity. After the 

termination of experiment, the tongue tissues were collected, formalin fixed and processed 

further for H & E staining. The histological grading of the H & E sections was performed as 

mentioned in ‘Materials and methods’. (A) Total number of lesions per mouse from 4NQO, 

4NQO+GSE and 4NQO+Res groups, and (B) incidence of different histology grades of 

lesions per mouse from 4NQO, 4NQO+GSE and 4NQO+Res groups. *, P<0.001; $, P<0.05; 

GSE, grape seed extract; Res, resveratrol.
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Figure 4. 
Effect of GSE and Res on cell proliferation and apoptosis in 4NQO-induced oral (tongue) 

tumorigenesis. (A) Representative photographs for BrdU and TUNEL staining from 4NQO, 

4NQO+GSE and 4NQO+Res groups are presented at 400X; insets represent further 

magnification of a part of the photographs. The positive stained cells (brown colored) were 

quantified for (B) BrdU staining and (C) TUNEL staining in tongue tissues from 4NQO, 

4NQO+GSE and 4NQO+Res groups following the procedures described in ‘Materials and 

methods’. The data shown are mean ± SEM of five individual tongue tissues from each 

group. *, P<0.001; $, P<0.05; GSE, grape seed extract; Res, resveratrol.
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Figure 5. 
Effect of GSE and Res on the expression of phospho-AMPK and p62 in 4NQO-induced oral 

(tongue) tumorigenesis. IHC analyses was performed in tongue tissues from 4NQO, 4NQO

+GSE and 4NQO+Res groups, and (A) representative photographs for phospho-AMPK 

(Thr172), and p62 are presented at 400X; insets represent further magnification of a part of 

the photographs. The immunoreactivity for (B) phospho-AMPK (Thr172), and (C) p62 was 

quantified as described in ‘Materials and methods’. The quantitative data for 

immunoreactivity are shown as mean ± SEM of five individual tongue tissues from each 

group. *, P<0.001; GSE, grape seed extract; Res, resveratrol.
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