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Abstract 
 
The results presented herein show that at clinically-relevant concentrations (0-30 µM), the well-
tolerated phytochemical berberine induces cell death in cultured human hepatocarcinoma (HepG2) 
cells as a model for liver cancer, primarily via apoptosis. Similar, relatively low-concentration 
single treatments using the structurally-related phytochemical resveratrol, had little or no effect on 
cell viability but inhibited the cell cycle, while simultaneously increasing the strength of cellular 
adhesion. When used in combination, a resveratrol/berberine co-treatment appeared to retain the 
ability of a single resveratrol treatment to increase cellular adhesion, but also induced a massive loss 
in hepatocarcinoma cellular viability, inducing cell death in > 90% of cells. This model therefore 
suggests that it may be possible to use resveratrol to stabilize hepatocarcinomas against metastasis, 
while using co-treatment with berberine to simultaneously induce cell death. By measuring the 
changes in activity of the pleiotropic enzyme transglutaminase 2 (TGM2), which is known to be 
over-expressed in hepatocarcinoma and many other tumours, we hypothesise a role for this enzyme 
in the activities of these two phytochemicals, and propose the potential use of this 
resveratrol/berberine co-treatment as a chemotherapeutic in TGM2+ hepatocarcinomas. 
 
 
  



1.  Introduction 
Hepatocarcinoma is a highly aggressive form of cancer that affects millions of people worldwide, 
resulting in a huge health burden on nations (WHO, 2020). Liver cancer is the fifth most commonly 
occurring cancer in men and the ninth most commonly occurring cancer in women, with over 
840,000 new cases in 2018 (GLOBOCAN, 2018).  
 
The compounds generically referred to as ‘phytochemicals’, found in plants and herbs, can inhibit 
cancer formation, progression and metastasis by means of their anti-inflammatory and anti-oxidant 
effects (Chung, 2013). Epidemiological studies support the anti-cancer properties of 
phytochemicals, indicating that individuals who have a diet rich in them have a markedly reduced 
incidence of cancer, and where tumours do develop, severity is reduced (Montgomery, 2016, Cruz-
Correa, 2006 and Liu, 2004), although the concentration and model systems used can produce 
conflicting results. Although there are many publications that consider the individual effects of 
phytochemicals on models of cancer, there are relatively few that consider combined effects. In this 
report we consider the combined effects of the structurally related phytochemicals berberine and 
resveratrol on the control of cell cycle and viability of the HepG2 hepatocarcinoma cell line.  
 
Berberine (Figure 1.1A) belongs to a class of organic compounds known as protoberberine 
alkaloids – a group of alkaloids possessing a structure with a protoberberine moiety, which consists 
of a 5,6-dihydrodibenzene moiety linked to a quinolizinium, forming a 5,6-
Dihydrodibenzo(a,g)quinolizinium skeleton. Berberine is found in Rhizoma coptidis, and has been 
observed to induce cell death in several cancer model systems by inducing both apoptosis and 
autophagy. Specifically, berberine has been reported to inhibit proliferation of several oesophageal 
cancer cell lines (Iizuka, 2000) and has also been reported to induce apoptosis in the DU145 
prostate cancer cell line over a range of 10-100 µM (Mantena, 2006). A study by Okubo et al. 
(2017) reported the effects of berberine on apoptosis in HL-60 (human promyelocytic leukemia 
cells), with the study determining that within 15 minutes of treatment, berberine localised to the 
nucleus of the cells and induced DNA fragmentation, an indicator of apoptosis. The apoptosis 
regulators PARP, caspase 3 and caspase 8 were also activated, thus showing a direct pathway with 
which berberine interacts to initiate apoptosis. 
 
Resveratrol -3,4’5-Trihydroxystilbene (see Figure 1.1B) belongs to a family of polyphenols called 
viniferines, and is a phytoalexin produced in plants such as grapes, by the enzyme stilbenesynthase 
(Lekli, Ray and Das, 2010). Found in two isomers, cis- (Z) and trans- (E), resveratrol was first 
identified in hellebore roots. Resveratrol has been shown to inhibit tumour formation in breast 
cancer (Venugopal and Liu, 2012) and also to induce apoptosis in several cancer cell lines, 
including the HL60 human leukaemia, and the T47D breast cancer, cell lines (Kashif, 2004, and 
Clement, 1998). In this work, researchers also exposed primary peripheral blood lymphocytes to 
resveratrol at the same concentrations (4 μmol/L to 32 μmol/L) for up to 72 hours and observed no 
deterioration in cell viability. A more recent study (Zhang, 2013) showed that resveratrol, in a dose-
dependent manner, exerts antitumor effects via induction of autophagy, by an unknown mechanism. 
The team observed that resveratrol inhibited proliferation of A549 lung cancer cells and induced 
cell death. By observing morphological changes over 24 hours, and finding numerous 
autophagosomes containing damaged organelles, they concluded that the cell death was via 
autophagy and demonstrated it to be directly related to the accumulation of Ca2+ in the cytosol. 
Resveratrol is known to also interact with breast cancer cells, inhibiting migration (Li, 2013). 
Clement et al. (1998) observed that increasing doses of resveratrol resulted in the externalisation of 
inner membrane phosphatidylserine and cellular DNA in T47D breast cancer cells. This was 
indicative of loss of membrane asymmetry and apoptosis. The exact pathways by which different 
phytochemicals affect carcinogenesis are varied, and include modulation of inflammatory cytokines 
– such as NF-κB in the case of berberine, and modulation of the cell cycle and the rate of 
angiogenesis in the case of resveratrol (Kimura, 2001).   



 
The absorption of a dietary-achievable level of resveratrol in the blood plasma (110 µM) has been 
previously determined (Walle, 2004) to be 70% or greater following oral administration in capsule 
form, with peak plasma levels of resveratrol and its metabolites observed at 2 µM with a half-life of 
approximately 9.2 hours. Intestinal absorption of berberine has been reported to be low (Liu, 2016) 
with significant levels only being reached via intravenous administration (Chen, 2011); berberine 
shows a low absolute bioavailability of 0.68%. However, the compound TPGS (d-α-tocopheryl 
polyethylene glycol 1000 succinate) can enhance intestinal absorption of berberine significantly 
(Chen, et al., 2011). TPGS administered at a concentration of 2.5% improves peak concentration (C 
max) and area under the curve (AUC0–36) of berberine by 2.9 times and 1.9 times, respectively. This 
research shows that there is potential to improve the bioavailability of berberine for clinical use. 
Both berberine and resveratrol are absorbed and metabolised by the liver, which means that despite 
berberine’s poor availability (compared with that of resveratrol) following oral administration, they 
both accumulate in hepatocytes, making hepatocarcinomas a potential target for these compounds.  
 
 
Figure 1. 
 
 
Transglutaminases (TGs) catalyse an acyl-transfer reaction between the γ-carboxamide group of 
peptide-bound glutaminyl residues and primary amines to form post-translational ε-(γ-
glutamyl)amine products and/or the ε-amino group of peptide-bound lysyl- residues, resulting in the 
formation of a ε-(γ-glutamyl) lysine isopeptide cross-links (Mycek et al., 1959). The former 
reaction occurs in cells at low [Ca2+]intracellular  and may modulate the properties of the protein 
substrates and cellular metabolism during normal metabolic conditions, whereas the latter is more 
associated with the production of apoptotic body formation that occurs at high [Ca2+]intracellular  
during the latter stages of apoptosis. Transglutaminases are increasingly recognised as being highly 
pleiotropic and are now accepted as having diverse roles, many of which accompany tumour 
formation, e.g., increase or loss of cellular adhesion, relevant to the control of metastasis (Figure 2). 
It should be noted that transglutaminase 2 can exist in either a closed form (GTP-bound form) or in 
an open form (transmidating form). These two forms interact with differing and often opposing 
pathways within the cells. In this paper, a proposed mechanism by which resveratrol and berberine 
might modulate which conformation of transglutaminase 2 is dominant in the HepG2 
hepatocarcinoma model system is discussed. We also discuss how such conformational change of 
transglutaminase 2 might be used as a chemotherapeutic. The model was deduced using the 
SwissDock modelling software (see Discussion section and Figure 8). 
 
As both the structurally related compounds resveratrol and berberine show chemotherapeutic 
effects, preliminary work was performed, which identified that berberine had the potential to 
modulate TGM2 activity, and resveratrol had the potential to modulate cellular adhesion. This study 
therefore aimed to build on the preliminary work, characterising the effects of these compounds on 
hepatocarcinoma cells, and to determine whether a combined resveratrol/berberine therapy might be 
more effective than treatment with either compound in isolation. 
 
 
Figure 2. 
 
 
2.  Materials and methods 
To determine the effectiveness of the compounds resveratrol and berberine as possible 
chemotherapeutics for hepatocarcinoma, HepG2 cells were cultured. Levels of cell viability and 
death (specifically, apoptosis and necrosis) were determined in order to ascertain the mechanism of 



cell death being induced by the treatments. To assess the activity of TGM2 and thus observe any 
correlation between TGM2 activity and the effects of resveratrol and berberine on cell viability, 
flow cytometry was used to measure TGM2 activity.  
 
TGM2 is known to influence cellular adhesion via its interactions with alpha and beta integrins, and 
metastasis is dependent on cellular adhesion levels (Fesus, 2002). An assay was therefore performed 
to measure the adhesion of treated and untreated cells, using light microscopy. 
 
As the cell cycle is known to be influenced by resveratrol (Benitez, 2013), populations of cells in 
different cell cycle phases were investigated in untreated controls and resveratrol-treated cells, 
using flow cytometry.  
 

2.1  Drugs and chemicals 

All chemicals were purchased from Sigma Aldrich unless otherwise stated and were freshly 
prepared prior to experiments. Stock solutions (1 mM) of resveratrol were prepared by dissolving 
0.009 g of resveratrol powder (molecular weight, 228.24) in 30 ml of warm ddH2O followed by 
sonication for 10 mins. Stock solutions (1 mM) of berberine were prepared by dissolving 0.015 g of 
berberine powder (molecular weight, 371.81) in 40 ml of water whilst vortexing for 20 mins.   
 

2.2  Culturing of HepG2 cell line 
HepG2 human liver carcinoma cells (American Type Culture Collection (ATCC)) were incubated at 
37°C in a 95% air, 5% CO2 humidified environment, with supplemented medium replaced 2/3 times 
per week, until they achieved 80-90% confluence. All media and test compounds were warmed in a 
water bath to 37°C before transfer to the T-25 flasks and/or well plates in which HepG2 cells had 
previously been seeded. All experiments were conducted in triplicate, and the results are from three 
separate experiments.  
 

2.3  Cell viability analyses using Annexin V-FITC/propidium iodide flow cytometry  
Levels of apoptosis and necrosis were determined using an Accuri C6 flow cytometer (BD, 
Biosciences) following staining of cells with Anexin V-FITC and propidium iodide (BD 
Pharmingen), which reported cell surface levels of phosphatidylserine, and free DNA levels, 
respectively. Fluorescently-labelled Annexin V-FITC binds to phosphatidylserine, which 
translocates from the inner to the outer membrane of cells during apoptosis, and can be detected by 
flow cytometry at 525 nm following excitation at 488 nm (Chemometec, 2013). PI binds to DNA, 
has excitation/emission maxima of 493/636 nm, is not membrane-permeable, and is only able to 
pass into the cell and bind to DNA when the cell membranes become disrupted – which occurs in 
late apoptosis and more strongly in necrosis. By plotting Anexin V fluorescence against PI 
fluorescence, the percentages of healthy, apoptotic and necrotic cells were measured (R&D 
Systems, 2013). The exact protocol used was as according to the manufacturer’s instructions (BD 
Pharminogen, 2013); the software used to analyse the results was FlowJo (LLC). 
 

2.4  Measurement of TGM2 enzymatic activity in situ by flow cytometry 
Intracellular TGM2 enzyme activity was measured using flow cytometry, following incubation of 
cells for 24 hours with 30 µM resveratrol, 30 µM berberine, or both compounds in the presence or 
absence (control) of a fixed concentration (60 µM) of the auto-fluorescent TGM2 substrate, dansyl 
cadavarine. 10,000 events were recorded and substrate accumulation was detected at 533 nm on the 
basis of the assay developed by Lorand, et al (1979). Following 24 hours’ incubation, media was 
removed, cells were washed with PBS and were then trypsinised using 1 ml of trypsin per 5 ml 
flask/plate surface area. Cells were then washed again in PBS before being resuspended in 1 ml of 



PBS. All samples were analysed to determine relative TGM2 enzyme activity, by flow cytometry 
using a BD Accuri flow cytometer and the FlowJo software. The gating strategy for determining 
TGM2 enzymatic activity is included in supplementary data Figure 2. 

2.5  Cell migration and adhesion assays  

2.5.1  Cell cycle assay 
Cells were grown to confluence in 6-well plates and treated with appropriate concentrations of 
resveratrol and/or berberine (if relevant). Following 24h of incubation, cells were fixed in ice cold 
methanol and incubated for 15 minutes with the DNA-staining fluorescent compound, propidium 
iodide (PI). By plotting PI fluorescence, the percentages of cells in G0/G1, S and G2/M phases were 
determined (R&D Systems, 2013), using a BD Accuri flow cytometer and the FlowJo software. The 
exact protocol used was as according to the manufacturer’s instructions (BD Pharminogen, 2013); 
the software used to analyse the results was FlowJo (LLC). 
 

2.5.2  Cell adhesion assay 
Cells were treated with either berberine, resveratrol or a combination of the two compounds at 
concentrations of 30 µM, then following 24 hours’ incubation, all wells were washed with PBS and 
incubated with 500 µl of trypsin/EDTA. The time taken for 90% cellular detachment was measured, 
to determine the strength of adhesion. The cells were observed at 5-minute intervals, to check 
whether the cells had lost adherence to the base of the wells. Wells were scored as having 0-40%, 
40-70%, or 70-100% floating (trypsinised) cells at each time point. 
 

2.6  Statistical analyses  
All data were statistically analysed using Graphpad Prism (Version 7). t-tests and one-way ANOVA 
were used to measure significance. Results with p < 0.05 were considered significant. 

3.  Results 
For a full breakdown of the statistical data for both the cell viability and TGM2 enzymatic activity 
assays discussed below, see the tabulated data sets in supplementary data (data sets 1-4). All four 
datasets were analysed by subjecting the data to either a t-test or a one-way ANOVA, followed by 
Tukey post-hoc analyses. 
 

3.1  Effects of resveratrol on cell viability 
To test how resveratrol affects cell viability, HepG2 cells were incubated with resveratrol (0-120 
µM) for 24 hours. The percentages of viable, early apoptotic, late apoptotic and necrotic HepG2 
cells were then compared (see Figure 3 A-D). A comparison between the percentages of healthy 
cells for each treatment concentration, there was a significant difference between all groups, except 
when comparing the 0 µM with the 30 µM (lowest concentration) treatment groups, and the 60 µM 
and 90 µM groups. ANOVA showed significant differences between early apoptotic groups, with 
Tukey post hoc analysis revealing a significant difference between the 30 µM and the 120 µM 
groups. No significance was observed between groups for late apoptosis. However, analysis of 
necrotic cell percentages showed significance. These results suggest that whereas resveratrol 
treatment does have a significant effect on the viability of the HepG2 cell line at higher 
concentrations, (i.e., > 30 µM), lower concentrations have minimal effects on cell viability (see 
Table 1, Data set 1 for a full breakdown of the statistics).  



 
3.2  Effects of berberine on cell viability 
Following 24 hours’ incubation with berberine (0-90 µM) the percentages of viable, early apoptotic, 
late apoptotic and necrotic HepG2 cells were compared (see Figure 3 E-H) and any differences in 
cell morphology and cell numbers was determined; morphological changes were identified visually 
via light microscopy, and cell numbers were counted using a BD Accuri flow cytometer. For the 
healthy populations of HepG2 cells, a significant difference was observed between all groups, 
except when comparing the 30 µM group with the 60 µM treatment group. For early apoptotic cells, 
no significant difference was observed between treatment groups. The difference in the percentage 
of late apoptotic cells between the treatment groups was significant, revealing significance between 
the 0 µM group and the 60µM and 90µM groups.  For necrotic cell populations over the treatment 
range, results were also statistically significant, however significance was only observed when 
comparing the 0 µM group with the 90 µM treatment group. These results suggest that berberine 
treatment significantly affects viability of the HepG2 cell line, inducing high levels of apoptosis and 
necrosis at concentrations of 60 µM and 90 µM, over a 24-hour period. Indeed, even at a 
concentration of 30 µM, it was apparent that the populations of cells were responding to the 
berberine, with both cell morphology and cell numbers being affected by the treatment (see Table 1, 
Data set 2 for a full breakdown of the statistics).  
 
 
Figure 3. 
 

 
3.3  Effects of berberine/resveratrol co-treatment on cell viability 
An independent-samples t-test was conducted, comparing the percentage of viable cells in an 
untreated control group of HepG2 cells with that in cells treated with 30 µM berberine and 30 µM 
resveratrol for 24 hours (see Figure 4). A significant difference was revealed when comparing 
numbers of viable (healthy) cells. For early apoptotic, late apoptotic and necrotic cells, t-tests also 
revealed significant differences between the untreated group and the combined-treatment group. 
These results suggest that a combined berberine/resveratrol (30 µM B/30 µM R) treatment has a 
highly significant effect on both apoptosis and necrosis, and that this treatment regime is a much 
more effective inducer of cell death than either resveratrol or berberine treatments alone (see Table 
2, Data set 3 for a breakdown of the statistics). 
 
 
Figure 4. 
 

 
3.4  Effects of berberine and resveratrol co-treatment on TGM2 enzyme activity 
When comparing an untreated control group of HepG2 cells with cells treated with 30 µM of 
resveratrol for 24 hours, there was no significant difference observed by independent t-test between 
the untreated group and the resveratrol-treated groups (Figure 5A).When comparing the relative 
TGM2 enzyme activity in untreated cells with cells challenged with 30 µM of berberine, a t-test 
revealed a significant difference between the untreated and the berberine-treated groups (Figure 
5B).  For a combined berberine/resveratrol treatment (30 µM B/30 µM R), a significant difference 
was observed between the treated and untreated groups (Figure 5C). These results indicate that 
berberine treatment does have a significant effect on TGM2 activity in the HepG2 cell line, which 
may be responsible for the observed effects on cell viability when the cells were challenged with 
this phytochemical. Specifically, the results of this experiment show that berberine induces a large 
and significant increase in TGM2 activity in HepG2 cells over a 24-hour period, whereas 



resveratrol alone does not induce a significant increase in activity. HepG2 cells also show a 
significantly larger increase in TGM2 activity following combined resveratrol/berberine treatment, 
as compared with berberine treatment alone.  
 
Figure 5. 
 

3.5  Observations of cell adhesion, migration and the cell cycle 
Whilst conducting this study, it was observed that untreated HepG2 cells usually became fully 
detached from the well plates in which they were grown following 15 minutes' incubation with the 
protease trypsin – an agent routinely used to dissolve bonds produced by cultured cells that adhere 
them to surrounding substrates.  However, when pre-treated with 30 µM of berberine for 24 hours, 
it was noted that the trypsinisation time was reduced to 5 minutes; conversely, when treated with 30 
µM of resveratrol, the trypsinisation time increased to 35 minutes. A combined 30 µM resveratrol 
/30 µM berberine treatment resulted in an average trypsinisation time of 25 minutes. It should be 
noted that although resveratrol increased adhesion to the well plates, the cells were not observed to 
migrate, but remained fixed locally (see Figure 6). These data are consistent with the results 
obtained by Kumar et al. (2014). 
 
As was previously observed (see Figure 4), a combined resveratrol/berberine treatment results in 
significant cell death; taken together with these cell adhesion and migration observations, this 
shows that the treatment combination both immobilises the cells and induces cell death in this 
HepG2 human hepatocarcinoma model system. 
 
 
Figure 6. 
 
 
As resveratrol had been observed to affect the rate of cell adhesion and migration, indicating a 
possible interaction between resveratrol and the cell cycle, an experiment was performed to 
determine the effects of resveratrol on the cell cycle. Flow cytometry was used with propidium 
iodide (a fluorescent stain for DNA) to measure the percentages of untreated and resveratrol-treated 
cells in G0/G1, S and G2/M phases. An independent-samples t-test was conducted to compare the 
effects of 24 hours’ exposure to resveratrol (30 µM R) on the percentage of HepG2 cells in the 
G0/G1 stage of the cell cycle (Figure 7A), which showed no significant difference between the 
groups; p = < 0.0876 was noted (however the difference was close to significant). When comparing 
the percentages of cells in S phase (Figure 7B), a t-test revealed a highly-significant difference 
between the untreated group and the resveratrol-treated group; p = < 0.0025. A t-test analysis of the 
effects of resveratrol on the percentages of cells in G2/M phase (Figure 7C) failed to reveal a 
significant difference between the groups; p = < 0.1379.  
 
These results suggest that resveratrol has a significant inhibitory effect on the cell cycle, with cells 
appearing to accumulate in G0/G1 phase, with a consequent reduction in the percentage of cells in S 
phase and G2/M phases. This may indicate that resveratrol prevents cells from passing through the 
‘restriction point’ to embark upon a new cell cycle, and therefore slows down the rate of 
proliferation – and therefore, potentially, the ability of hepatocarcinoma cells to metastasise. 
Although only a relatively small effect was noted in this study, this observed effect of resveratrol on 
the cell cycle supports an earlier study into prostate cancer, which also found that resveratrol 
affected the cell cycle at S phase (Singh et al., 2017). 
 
 
Figure 7. 



 

3.6  Modelling of potential binding sites for berberine and resveratrol on the transglutaminase 
2 enzyme 
To determine whether there is any direct interaction between TGM2 and the investigated 
phytochemicals, the interaction between berberine and resveratrol with TGM2 was modelled using 
the Swissdock protein-ligand modelling tool and the chimera protein analysing tool (Swissdock.ch 
and Chimera, UCSF). Multiple potential binding sites were determined for both berberine and 
resveratrol that could potentially alter the 3D structure of the TGM2 enzyme (see Figure 8).  
 
 
Figure 8. 
 
 
From Figure 8, it can be observed that the potential binding sites for berberine and resveratrol 
indicate a possible method by which the enzyme TGM2 could have its activity modulated by these 
phytochemicals. Discussed further in the following section, if these predictions are borne out, then 
the mechanisms by which apoptosis might be induced by berberine, and cellular adhesion by 
resveratrol, can be hypothesised – with berberine and resveratrol modulating the conformation of 
TGM2 by binding to different domains of the enzyme. This could result in a switching of the 
enzyme from an open to a closed confirmation, or closed to open, depending on which compound is 
bound. This would account for both the ability of berberine to induce apoptosis and resveratrol’s 
ability to increase cellular adhesion.  
 
4.  Discussion 
Previous work involving berberine primarily focussed on its anti-oxidant activity and its use in the 
treatment of neurodegenerative disorders (Asai, 2007 and Zhu, 2006). In 2014, Kumar et al (2014) 
established a strong link between resveratrol and TGM2, reporting a reduction in the migration of 
TGM2-containing cells (SHYTGM2 and Panc-28 cancer cells) when they were treated with 
resveratrol (0-10 µM). In migratory cells, they showed that resveratrol increases Ca2+ levels and 
transforms TGM2 into its ‘open’ extended form. This transformation of TGM2 is sensitive to Ca2+ 
levels, and the ‘open’ extended form is exclusively present in the plasma membrane fraction of 
migratory SHYTGM2 and Panc-28 cells. They concluded that cell membrane-associated, Ca2+-
dependent TGM2 is responsible for the anti-metastatic effects of resveratrol. Kumar’s results 
support the hypothesis that the potential inhibition of cellular migration in HepG2 cells that was 
observed in this study following treatment with resveratrol is a result of TGM2 being regulated in 
some manner by the presence of the phytochemical. 
 
Although there have been reports of the effects of resveratrol on TGM2 activity in cancer cells, no 
work has yet been published on the effects of berberine, or berberine/resveratrol co-treatment in 
such model systems. In this study, we showed that at clinically relevant concentrations, the well-
tolerated phytochemical berberine induces cell death in the human hepatocarcinoma HepG2 cell 
line. Similar, relatively low-concentration single treatments, using the structurally related 
phytochemical resveratrol, had little or no effect on cell viability, but significantly inhibited the cell 
cycle and cellular migration, while simultaneously increasing the strength of cellular adhesion. 
When used in combination, resveratrol/berberine co-treatments appeared to retain some of the 
increased cell adhesion of a single resveratrol treatment, but also caused a massive loss in 
hepatocarcinoma cellular viability, inducing cell death in > 90% of cells (Figure 4 A-D). 
 
Figure 7 shows that resveratrol can inhibit the progression of the cell cycle, which allows time for 
berberine to initiate apoptosis. This observation shows that the two compounds have a synergistic 
effect on retarding the growth of HepG2 cells, which in a clinical setting could allow time for any 



complimentary chemotherapeutics to destroy any active hepatocarcinoma. It should be noted that 
resveratrol has been previously observed to inhibit the cell cycle of cancer cells by modulating 
several miroRNAs (Venkatadri et al., 2016). 
 
In order to establish whether the observations outlined in this study might involve a direct 
interaction between berberine, resveratrol and TGM2, potential phytochemical-protein interactions 
were modelled using the SwissDock protein-ligand modelling tool (swissdock.ch). Both berberine 
and resveratrol showed potential binding sites adjacent to the catalytic triad (Cys277, His335, Asp358) 
– the site of transamidation. The major difference between the potential binding sites for berberine 
and resveratrol was that berberine additionally bound to the GTP-binding site of TGM2 and could 
potentially help to stabilize TGM2 in its ‘open’ (pro-apoptotic) configuration (Figure 8B). 
If these models are accurate, then it is proposed that the increase in cellular adhesion observed in 
resveratrol-treated cells could be due to a proportion of the TGM2 binding to the resveratrol, and 
thus being held in its GTP-binding (‘closed’) conformation, which would allow the TGM2 to bind 
with both fibronectin and alpha and beta integrins in the extracellular matrix – a standard 
mechanism for binding of cells to the extracellular matrix. Concurrently, resveratrol would increase 
calcium uptake in the cell as Kumar et al. (2014) determined, which could facilitate a proportion of 
the TGM2 to assume its ‘open’ (transamidating) configuration, and therefore initiate apoptosis. By 
associating with the GTP-binding domain of TGM2, it is proposed that berberine could stabilise the 
‘open’ form of the enzyme within the cell, and therefore offer an explanation as to why berberine 
increases TGM2 activity (see Figure 9). 
These observations, if replicated in vivo, could result in hepatocarcinoma cells remaining adherent 
and localised at the site of the primary tumour mass, owing to the effects of the resveratrol, whilst 
apoptosis could be induced by co-treatment with berberine. This inhibition of migration in vivo by 
the resveratrol would allow more time for effective destruction of the cancerous cells to be induced 
by the berberine and could result in a more positive outcome for patients.  It should be stated that 
further work is required to validate these observations, but if these results can be replicated in other 
TGM2+ cell lines, then there may be clinical potential for this combined phytochemical therapy.   
 
Figure 9. 
 
5.  Conclusions 
There was no observed effect on cell viability when this HepG2 model of human liver cancer was 
treated with 30 µM of resveratrol, although at higher concentrations, apoptosis was observed. The 
structurally-related compound berberine induced significant levels of apoptosis (approximately 25% 
of berberine-treated cells were found to be apoptotic) at 30 µM concentration. Resveratrol also does 
not appear to modulate TGM2 transamidation enzymatic activity; however, it may sensitise the cells 
to apoptosis when treated with an additional pro-apoptotic compound (such as berberine), which 
increases TGM2 transamadidation activity significantly. The combined treatment of HepG2 cells 
with resveratrol and berberine appears to significantly amplify the cytotoxic effects of berberine, 
while maintaining the effects of resveratrol in inhibiting the cell cycle and cell migration. If such 
activity were repeatable in situ, then this combined phytochemical therapy could potentially be used 
as a chemotherapeutic tool for the treatment of human hepatocarcinoma, a cancer that currently 
effects millions of people worldwide and that current therapies have only a moderate success rate in 
treating. 
 
The protein modelling performed here has allowed for the development of a preliminary model to 
explain why berberine and resveratrol in combination prevent metastasis, increase localised cellular 
adherence and initiate apoptosis (Figure 9). This model, although promising, is however, 



speculative, and further work is required to elucidate the exact mechanisms by which this combined 
phytochemical therapy induces cell death. To test whether the model is correct, future work should 
be performed to determine the 3D structures of TGM2 following treatments with either resveratrol, 
berberine, or both. This could be achieved using methods such as cryo-electron microscopy and X-
ray crystallography. Future work should also test this model in vivo to confirm its validity using 
model organisms, and to explore its possible chemotherapeutic applications. If further research 
confirms the potential of these findings, then use of this novel chemotherapeutic drug combination 
may eventually prove to be useful in clinical settings. 
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Figures 

Figure 1 

A comparison of the structures of berberine and resveratrol.   
(A)  3D model of berberine.  (B)  3D model of resveratrol.  (C)  Superimposition of berberine (light 
blue) and resveratrol (light brown).  (D)  3-dimentional mesh representations of molecular surfaces.  
(E) 3-dimentional mesh rotated 90O. The structural information (3D conformer) for berberine and 
resveratrol was downloaded from the PubChem open chemistry database as structure-data files 
(SDF). The SDF files were analysed using the UCSF Chimera molecular modelling software. 

 
 
 
  



Figure 2 
The structural conformations and functions of TGM2.   
(A)  TGM2 in its ‘open’ conformation.  Sulphate ions are used to stabilise the conformation (Pinkas, 
2007 – PMID:  18092889).  (B)  A dimeric assembly of TGM2 with 6 GDP molecules bound to the 
dimer (Liu, 2002 – PMID:  11867708).  (C)  Monomeric TGM2 with 3 GTP residues bound to it 
(Jang, 2014 – PMID:  25192068).  (D)  Schematic protein domain structure of TGM2.  (E)  Top: 
Calcium-dependent pathway. In its ‘open’ form, TGM2 catalyses the acyl-transfer reaction 
between the γ-carboxamide group of a glutaminyl protein residue and the ε-amino group of a lysyl 
residue, which results in the formation of an isodipeptide N∊-(γ-glutamyl)-lysine.  In moderately-
acidic conditions, TGM2 can deaminate peptide-bound glutanyl residues using H2O as an acyl-
acceptor to form a glutamyl residue. TGM2 can form an isopeptide bond and crosslink proteins 
when the ε-group of a peptide bound lysine is the acyl-acceptor. When a primary amine is used as 
an acyl-acceptor, the  glutaminyl residue is post-translationally modified.  (E)  Bottom: GTP-
binding pathway.  In its closed form, the catalytic triad of TGM2 is blocked, leaving the GTP-
binding site exposed. TGM2 is then able to interact with the alpha and beta integrins to bind with 
fibronectin in the extracellular matrix and thus promote cellular adhesion.  

 
 
 
  



Figure 3 
Flow cytometry analysis of the percentages of viable, apoptotic, and necrotic HepG2 
hepatocarcinoma cells present in triplicate T-25 flasks following 24 hours’ treatment with 0 
µM-120 µM resveratrol (A-D) or 0 µM-90 µM berberine (E-H).  
The error bars are generated using standard deviation. ‘Viable’ was defined as no or minimal 
binding to Anexin V/PI and cells within the normal size range. ‘Apoptotic’ was defined as 
significant binding of Anexin V, but not of PI, with cells within a smaller size range. ‘Necrotic’ was 
defined as significant binding of PI with a larger size range of the cells. Note: For a representative 
pattern of annexin V/PI analysis of apoptosis, see the Anexin V/PI supplementary flow cytometry 
figure included in the supplementary data. 

 
 
 
  



Figure 4 
A-D Flow cytometric analysis to compare the effects of 30 µM berberine in combination with 
30 µM of resveratrol on apoptosis and necrosis in the HepG2 cell line using the Annexin V/PI 
protocol.  (A)  Viable cells (B) Early apoptotic cells (C) Late apoptotic cells (D) Necrotic cells. 
Results were the means of three independent experiments and used standard deviation. 

 
 
 
  



Figure 5 
Relative TGM2 enzymatic activity measured by flow cytometry, following phytochemical 
treatments.  Cells were treated with 60 µM of monodansyl cadaverine prior to incubation for 24 
hours with either resveratrol (R), berberine (B), or a combination of both. Enzyme activity was 
measured on the basis of relative fluorescent units (RFU) following treatment with (A) 30 µM of 
resveratrol against untreated controls; (B) 30 µM of berberine against untreated controls; or (C) 30 
µM resveratrol/30 µM berberine co-treatment against untreated controls. Results were the means of 
three independent experiments and show standard deviation. 

 
  



Figure 6 
Microscopic images of HepG2 cells treated with resveratrol, berberine, and combined 
resveratrol/berberine for 24 hours. 
A: Untreated control. B: Resveratrol-treated (30 uM). C: Berberine-treated (30 uM). D: 
Resveratrol/berberine combined treatment (30 uM R/30 uM B). 

 
 
  



Figure 7 
Percentages of HepG2 cells in distinct stages of the cell cycle following treatment with 30 µM 
resveratrol (R). (A) Percentage of cells in G0 or G1 phase. (B) Percentage of cells in S phase. (C) 
Percentage of cells in G2 or M phase. 
 

 
  



Figure 8 
‘Closed’ and ‘open’ forms of TGM2 with either berberine (A and B) or resveratrol (C and D) 
Modelling was performed using the Swissdock docking tool, followed by further analyses with 
chimera imaging software  (Swissdock.ch and Chimera, UCSF).  (A)  ‘Closed’ TGM2 protein with 
berberine bound.  (B) ‘Open’ TGM2 protein with berberine bound.  (C)  ‘Closed’ TGM2 protein 
with resveratrol bound.  (D) ‘Open’ TGM2 protein with resveratrol bound. 
 

 
 
 

  



Figure 9 
Proposed model for the observed consequences of resveratrol and berberine treatment on the 
HepG2 model system. 
It is proposed that resveratrol increases cellular adhesion by holding a percentage of the TGM2 in 
its ‘closed’ confomation, allowing binding of cells to the extracellular matrix, whilst resveratrol 
concurrently increases calcium uptake into the cells, locking a proportion of the TGM2 in its ‘open’ 
(transamidating) conformation, thus priming cells for apoptosis. Berberine treatment is proposed to 
stabilise the ‘open’ conformation and thus initiate apoptosis. 

 
  



Supplementary Figures 
 

Supplementary Data Figure 1 

Flow cytometry analyses of Anexin V/PI treated HepG2 cells. 
A graph generated by the BD accuri C3 software showing PI against anexin V. Low PI and annexin 
V indicates healthy cells (bottom left). Low PI and high annexin V (bottom right) shows that 
Phosphotidyl Serine (PS) has switched from the inner to the outer cell membrane and indicates a 
rise in apoptosis. High PI and high anexin V indicates late apoptosis/necrosis as DNA is leaking 
from the cell and can bind to PI, with PS binding to the cell membrane (top). 
 
 

 

  



Supplementary Figure 2 
Flow cytometry analyses of TG2 expression in HepG2 cells. 
A graph generated by the BD accuri C3 software. By comparing SSC-A against FSC-A, cell debris 
was gated out from the initial population and remaining events were used for downstream gating 
(2A). Singlets were then identified and gated by comparing FSC-H with FSC-A (2B). Cells outside 
of the central cluster showed a larger area and were therefore deemed doublets. A histogram was 
then generated showing the number of cells on the y axis against the FL1-H on the x axis (used to 
measure MDC – monodansylcadaverine flourescence). The geometric mean of the FL1-H was 
taken for each sample and compared to determine the relative changes in TG2 enzyme activity 
(2C). 
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