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Abstract
Mercury is one of the noxious heavy metal environmental toxicants and is a cause of concern for
human exposure. Mangiferin (MGN), a glucosylxanthone found in Mangifera indica, reported to
have a wide range of pharmacological properties. The objective of this study was to evaluate the
cytoprotective potential of MGN, against mercury chloride (HgCl2) induced toxicity in HepG2
cell line. The cytoprotective effect of MGN on HgCl2 induced toxicity was assessed by colony
formation assay, while antiapoptotic effect by fluorescence microscopy, flow cytometric DNA
analysis, and DNA fragmentation pattern assays. Further, the cytoprotective effect of MGN
against HgCl2 toxicity was assessed by using biochemical parameters like reduced glutathione
(GSH), glutathione-S-transferase (GST), superoxide dismutase (SOD), catalase (CAT) by
spectrophotometrically, mitochondrial membrane potential by flowcytometry and the changes in
reactive oxygen species levels by DCFH-DA spectrofluoremetric analysis. A significant increase
in the surviving fraction was observed with 50 µM of MGN administered two hours prior to
various concentrations of HgCl2. Further, pretreatment of MGN significantly decreased the
percentage of HgCl2 induced apoptotic cells. Similarly, the levels of ROS generated by the HgCl2
treatment were inhibited significantly (P < 0.01) by MGN. MGN also significantly (P < 0.01)
inhibited the HgCl2 induced decrease in GSH, GST, SOD, and CAT levels at all the post
incubation intervals. Our study demonstrated the cytoprotective potential of MGN, which may be
attributed to quenching of the ROS generated in the cells due to oxidative stress induced by
HgCl2, restoration of mitochondrial membrane potential and normalization of cellular antioxidant
levels.
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INTRODUCTION
Metals are widely distributed in the environment and their toxicity is very well established.
Mercury is one of the noxious heavy metal environmental toxicants because of its
bioaccumulative properties (WHO, 1990). The major sources of mercury include alkali and
metal processing, incineration of coal, mining, and use of mercury derivatives and
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atmospheric depositions (Wiener et al., 2003). Human beings are exposed to mercury and
mercury compounds through occupational and environmental setting, primarily via food
(Bolger and Schwetz, 2002) and gets accumulated in many tissues and systems. They induce
acute and chronic pathogenic alterations especially neurological problems. One of the major
mechanisms behind mercury toxicity has been attributed to oxidative stress. A plethora of
published data supply evidence that metals are capable of reacting with nuclear proteins and
DNA causing oxidative worsening of these biological macromolecules (Valko et al., 2005).

Another mechanism by which mercury damages DNA molecule is by the generation of
reactive oxygen species (ROS) such as hydrogen peroxides or oxygen free radicals (Cantoni
et al., 1984). When there is an imbalance between free radical production and radical
scavenging capacity of antioxidant system, vicious effects of free radicals begin (Battin and
Brumaghim, 2009). Mercury induced oxidative stress creates an important contribution to
molecular mechanism for liver injury (Valko et al., 2005; Flora et al., 2008). In view of the
omnipresence of mercury and unavoidability of exposure, it is important to develop an
effective strategy to prevent mercury toxicity. Although, several dietary factors such as
nutritional supplements, antioxidants, vitamins, and essential elements are known for their
beneficial role in mercury induced cellular toxicity, assisting the body’s natural processes of
detoxification and elimination, their practical applicability is limited due to toxicity at their
effective doses (Blanusa et al., 2005; Flora et al., 2008). Because of this low acceptability of
the chemical protectors, the search has been shifted to the plant products and their role in
modulation of heavy metal induced toxicity. Plant-derived agents such as polyphenols,
flavonoids and xanthones have been known to have protective roles against heavy metal
toxicity (Flora, 2002).

As phenolic compounds, xanthones are described for their antioxidant properties, free
radical scavenging, and metal chelating effects (Ghosal et al., 1996). One of the most widely
studied xanthone is Mangiferin (MGN) which is predominantly found in the bark, fruits,
roots, and leaves of Mangifera indica Linn and various other medicinal plants (Martin and
Qian, 2008). MGN has been found to exhibit a wide range of pharmacological effects (Sato
et al., 1992; Guha et al., 1996; Ichiki et al., 1998; Garrido et al., 2004). Our earlier in vitro
(Satish Rao et al., 2009) and in vivo (Kasi et al., 2010, accepted for publication) reports
showed the protective efficacies of MGN against cadmium chloride (CdCl2) induced
oxidative stress. With this background, the present study has been conducted to evaluate the
efficacy of MGN in mitigating the effects of the HgCl2 induced effects in HepG2 cells.

MATERIALS AND METHODS
Chemicals

MGN, Eagle’s minimum essential medium (MEM), trypsin (0.1%), trypan blue (0.1%),
rhodamine 123, ethylene diamine tetraacetic acid (EDTA), fetal calf serum (FCS), 2′, 7′-
dichlorofluorescein diacetate (DCFH-DA), 5,5′-dithiobis 2-nitrobenzoic acid (DTNB), TBA
(2-Thiobarbituric acid), 1-chloro-2,4-dinitrobenzene (CDNB), GSH [reduced glutathione
(GSH)], sodium dodecyl sulfate (SDS), ethidium bromide (EtBr), Tris-HCl, ascorbic acid
and acridine orange (AO) were purchased from Sigma Chemical Co. (St. Louis, MO). HgCl2
was purchased from Merck Specialities Pvt. Ltd, India. Dimethyl sulfoxide (DMSO),
disodium hydrogen phosphate, dipotassium hydrogen phosphate, potassium dihydrogen
phosphate, sodium carbonate and all other chemicals were purchased from Qualigens Fine
Chemicals (A Division of GlaxoSmithKline Pharmaceuticals), Mumbai, India.
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Cell Line and Culture
HepG2 (human hepatocellular carcinoma) cells were procured from National center for cell
sciences (Pune, India). Cells were grown in 25-cm2 flasks (Falcon, Becton Dickinson, USA)
with loosened caps, containing MEM supplemented with 10% FCS, 1% L-glutamine and 50
µg/mL gentamycin sulfate at 37°C in a humidified 5% CO2 incubator (NuAire incubator,
Plymouth, MN), in a humidified atmosphere with 5% CO2.

Preparation of HgCl2/MGN Solutions
HgCl2 was dissolved in double distilled water (DDW) to get a stock of 1 mM. The stock was
further diluted with MEM to obtain the desired concentrations. MGN was dissolved in
0.02% DMSO and further diluted with media to give 1 mM concentration immediately
before use. In this study, the different concentrations of MGN/HgCl2 used to assess the
cytoprotective potential of MGN were selected on the basis of our earlier studies
(unpublished observation).

Clonogenic Survival Assay
This assay was performed according to the method of Puck and Marcus (1955). A fixed
number (5 × 105) of exponentially growing cells were inoculated into several individual 25-
cm2 culture flasks and allowed to grow, these cultures were then divided into Group I
(HgCl2 alone), the cultures of this group were exposed to different concentrations of HgCl2
(1–10 µM) for 3 h. Group II (MGN + HgCl2), the cultures of this group were treated with 50
µg/mL of MGN for two hours before exposure to different concentrations of HgCl2 (1–10
µM) for 3 h. The cells from above groups were trypsinized and the single cell suspensions
were counted using a hemocytometer and plated into 25 cm2 petri-dishes (Nunc, Denmark)
containing 5 mL growth medium in triplicates for each concentration in each group. The
cells were allowed to grow for 14 days. At the end of 14th day, the media was removed and
the petri-dishes were washed with PBS and stained with crystal violet (1%). Colonies
containing 50 cells or more were considered to be viable colony. The experiments were
repeated three times and the survival curves were plotted as surviving fraction against
radiation/HgCl2 alone or as combination treatments.

The Plating Efficiency (PE) and the Surviving Faction (SF) were calculated as follows:

Reactive Oxygen Species
The protective effect of MGN on HgCl2 induced ROS in HepG2 cells was detected by
fluorometric assay using intracellular oxidation of DCFH-DA as described earlier by Bai
and Cederbaum (2003). Briefly, the exponentially growing HepG2 cells (5 × 105) were
divided into group I (HgCl2 alone) the cultures of this group were treated with 20 µM of
HgCl2 alone for 3 h. Group II (MGN + HgCl2) cultures treated with 50 µM of MGN for 2 h
before being treated with 20 µM concentrations of HgCl2 for 3 h and the cells were allowed
to grow for 60, 90, and 180 min. After the treatment, cells were incubated with 5 µM DCFH-
DA in MEM for 30 min at 37°C in dark. The cells were then washed in PBS, harvested, and
processed for estimation of intracellular ROS levels by using fluorescence
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spectrophotometer (RF-5301PC, Shimadzu) at 488 nm for excitation and at 525 nm for
emission. The results were expressed as arbitrary units of the fluorescence intensity.

Determination of Mitochondrial Membrane Potential (Ψm)
The alterations in mitochondrial membrane potential produced by HgCl2 and its stabilization
by using MGN were carried out according to the method described earlier by Scaduto and
Grotyohann (1999). Rhodamine 123, a cell-permeable cationic dye that preferentially enters
into mitochondria based on highly negative mitochondrial membrane potential.
Depolarization of mitochondrial membrane potential results in the loss of Rhodamine 123
from the mitochondria and a decrease in intracellular fluorescence. Briefly, the
exponentially growing HepG2 cells (5 × 105) were divided into group I (HgCl2 alone)-cells
were treated with different concentrations of HgCl2 (5, 10, and 20 µM) for 3 h. Group II
(MGN + HgCl2)-cells were treated with 50 µM of MGN for 2 h before being treated with
different concentrations of HgCl2 (5, 10, and 20 µM) for 3 h and the cells were allowed to
grow for further 2 h. At the end of the treatment period, the media containing MGN/HgCl2
was removed and fresh medium (MEM without serum and FBS) was added. Rhodamine-123
(5 µg/mL) was added to the media and incubated for 30 min in the dark at 37°C. The cells
were harvested and suspended in PBS. The mitochondrial membrane potential was
measured by FACSCalibur™ flow cytometer using CellQuest software (Becton Dickinson,
San Jose, CA), and data analyzed using WinMDI software Version 2.9 (CA, USA).

Cell Death by Apoptosis
Exponentially growing cells (106) were seeded in 25 cm2 culture T-flasks and allowed to
attach and grow overnight. After 24 h, cells were treated with different concentrations of
MGN (25, 50, and 75 µM) for 2 h followed by treatment with 20 µM of HgCl2 for 3 h and
the cells were allowed to grow. Twenty four hours after post incubation, media was removed
and cells were dislodged by trypsin EDTA (0.1%) treatment and the cells were processed for
microscopic analysis, flow cytometry, and DNA fragmentation assays.

Fluorescence Microscopic Analysis of Apoptotic Cells
The morphological changes that occur in a cell during apoptosis/ necrosis were also
analyzed by the differential uptake of fluorescent DNA binding ethidium bromide and
acridine orange (AO/EtBr) stains as described by Renvoize and coworkers (1998). Briefly,
both adherent and floating cells were collected and stained with a mixture of AO (50 µg/mL)
and EtBr (10 µg/mL). The stained cells were visualized under a fluorescent microscope
(Olympus BX51, Olympus Microscopes, Japan) using 40X magnification. Altogether 200
cells were analyzed and differentiated as live, apoptotic, and necrotic cells as described
earlier (Aithal et al., 2009). The Apoptotic Index (AI) and the percentage of necrotic cells
were expressed as a fraction of total number of cells.

Analysis of Sub-G1 Cell Population by Flow Cytometry
Flow cytometry was performed in order to determine the apoptotic sub-G1 hypodiploid cells
according to the protocol as described by Nicoletti and coworkers (1991). After the various
treatments, cells from the above groups were harvested by trypsinization and fixed in cold
70% ethanol overnight at 4°C. Further, cells were washed twice with PBS and treated with
RNAse (100 µg/mL) for 1 h at 37°C. Then, 5 µL of propidium iodide (1 mg/mL) was added
in dark on ice, and cells were further incubated with the dye for 20 min. Using the CellQuest
software the cells (104) were analyzed after appropriate gating in a FACSCalibur™ flow
cytometer using WinMDI, version 2.9 software.
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Detection of DNA Fragmentation by Agarose Electrophoresis
The formation of ladder pattern from the DNA fragmentation indicating apoptosis was
performed according to the protocol described by Giri et al. (2003) with minor
modifications. After the various treatments, the floating and adherent cells from above
groups were treated with lysis buffer (0.02 M EDTA, 0.05 M Tris HCl, 1% Nonidet P-40)
overnight at 37°C. The lysed cells were then centrifuged at 1000 rpm for 10 min and the
supernatant was collected in microfuge tubes. To this, RNAse A (100 µg/mL) and SDS
(final concentration 1%) were added and kept at 56°C for overnight, followed by proteinase
K (100 µg/mL) treatment at 56°C for 8 h. DNA was precipitated by adding almost half the
volume of 10 M ammonium acetate and 2.5 volumes of 100% ethanol and the samples were
stored overnight at −20°C for “ethanol precipitation.” The DNA was recovered by
centrifugation at 13,000 rpm for 15 min at 4°C. The pellet was bench dried and the DNA
was dissolved in Tris-EDTA (TE) buffer, pH 8.0. Agarose gel electrophoresis was carried
out on 1.5% agarose gel at 60 V for 90 min. DNA fragments were visualized on the gel
stained with ethidium bromide under UV light (UVITEC, Cambridge, UK).

Biochemical Assays
A fixed number of cells (106) growing in 25-cm2 culture flasks were treated with 50 µg/mL
of MGN for 2 h followed by treatment with different concentrations of HgCl2 (20, 30, and
40 µM) for 3 h and the cells were allowed to grow for further 24, 48, and 72 h. The cells
were then lysed in a lysis buffer appropriate for the requirements of each assay, as described
below. Total protein contents were estimated by the modified method of Lowry et al. (1951).
The results were expressed as enzyme activity per mg protein compared with corresponding
control cultures.

GSH Estimation
The cells were lysed at 4°C for 2 h using 5% w/v metaphosphoric acid (chilled) to extract
the cellular GSH. The suspension was then centrifuged at 13,000 rpm for 5 min and GSH
content was measured by the method of Moron et al. (1979). Briefly, proteins were
precipitated by 25% TCA, centrifuged, and the supernatant was collected. The supernatant
was mixed with 0.2 M sodium phosphate buffer pH 8.0 and 0.06 mM DTNB and incubated
for 10 min at room temperature. The absorbance was read at 412 nm and the GSH
concentration was calculated from the standard curve.

Gluthione-S-Transferase Activity
Gluthione-S-Transferase (GST) activity was determined according to the procedure of
Habig et al. (1974). Briefly, the reaction mixture containing 850 µL phosphate buffer and 50
µL CDNB was incubated for 10 min at 37°C. Then 50 µL of cell lysate with 50 µL of GSH
is added just before taking the reading. The absorbance was recorded against blank at 340
nm and the specific activity of GST was expressed as µmol of reduced CDNB conjugate
formed per minute per mg protein.

Superoxide Dismutase Activity
Superoxide dismutase (SOD) activity was assayed according to Misra and Fridovich (1972).
This method is based on the ability of SOD to inhibit the auto-oxidation of epinephrine at
alkaline pH (10.2) to pink-colored adrenochrome, which is markedly inhibited by the
presence of SOD. Epinephrine was added to the reaction mixture, containing cell lysate and
the increase in the absorbance which is proportional to the rate of auto-oxidation of
epinephrine to adrenochrome was read immediately at 480 nm using a spectrophotometer.
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Catalase Activity
The catalase activity was estimated by catalytic reduction of hydrogen peroxide using the
method of Aebi (1984). Briefly, the reaction mixture contained 12 µL 3% (v/v) H2O2 and
100 µL of cell lysate in 50 mm phosphate buffer (pH 7.0) at a final volume of 1.0 mL. The
samples were incubated for 2 min at 37°C. The decomposition of hydrogen peroxide was
monitored by recording the absorbance against the blank at 240 nm.

Statistical Analysis
The statistical significance between the treatments was evaluated by Student’s “t” test for
the biochemical studies and One-way ANOVA test was used to compare the results
whenever more than two experimental groups were compared. All the data are expressed as
Mean ± SEM (standard error of the mean).

RESULTS
Clonogenic Survival Assay

To investigate the cytoprotective potential of MGN to inhibit HgCl2 induced toxicity on
HepG2 cells, clonogenic survival assay was performed. In the present study, treatment of
HepG2 cells with different concentrations of HgCl2 for 3-h duration resulted in a
concentration dependent decrease in cell survival as indicated by the decline of surviving
fraction. Pretreatment with the MGN at a dose of 50 µM for 2 h before exposure to different
concentrations of HgCl2 resulted increased cell survival when compared with HgCl2 alone
treatment. The protective effect of MGN was seen at all concentrations of mercuric chloride
used (Fig. 1).

Intracellular ROS Estimation
To determine the role of ROS production in HgCl2 toxicity, DCFH-DA assay was
performed. HgCl2 (20 µM) treatment resulted in a significant (P < 0.01), time-dependent
increase in ROS generation in HepG2 cells beginning at 60 min (the earliest time point
measured), as compared with untreated cells (Fig. 2). At 90 and 120 min, HgCl2-induced
cellular ROS formation was increased by 2.55 and 2.75 folds, as compared with control
cells. Treatment with the best effective dose (50 µM) of MGN alone for 2 h did not induce
any ROS generation in HepG2 cells. However, MGN significantly (P < 0.01) inhibited the
HgCl2 induced ROS generation at all post incubation time periods when compared with the
respective HgCl2 alone groups.

Determination of Mitochondrial Membrane Potential (Ψm)
Rhodamine 123 is a lipophilic cationic dye and thus enters the mitochondria and gets
retained within the mitochondria due to its binding to the inner mitochondrial membrane in
proportion to the mitochondrial membrane potential. Figure 3 shows HgCl2 induced
reduction in the mitochondrial membrane potential with a shift in the peaks to the left. A
marker was set to identify the maximum number of cells falling within the control (normal
cells with fluorescent dye) and the number of cells in the treated groups was determined by
the shift in their peaks with respect to the control. A dose-dependent increase in the
percentage of cells with decreasing mitochondrial membrane potential was observed. On
pretreatment of cells with MGN, the membrane potential was seen to rise up almost to the
level of control as seen by the shift in the peaks towards the right (Fig. 3). Thus MGN
normalized the HgCl2 induced decrease in the mitochondrial potential.
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Effect of MGN on HgCl2 Induced Apoptosis
DNA Fragmentation Assay—To evaluate HgCl2 induced apoptosis by gel
electrophoresis, nucleosomal DNA fragmentation assay was performed. The results of DNA
fragmentation assay is shown in Figure 4(A). The results indicated a clearly visible ladder
pattern in 25 µM HgCl2 treated group when compared with HgCl2 alone treated groups [Fig.
4(A), Lane 5]. To assess the protective effect of MGN on HgCl2 induced apoptosis, cells
were treated with various doses of MGN (25 µM, 50 µM, and 75 µM) prior to an optimal
dose of HgCl2 (25 µM). The higher concentrations of MGN (50 µM and 75 µM) were
ineffective in inhibiting HgCl2 induced apoptosis and at 25 µM concentration inhibition of
apoptosis was clearly evident [Fig. 4(B), Lane 4]. The nontoxic nature of optimal
concentration (25 µM) of MGN was indicated in our earlier studies using HepG2 cells
demonstrated both in MTT and apoptosis assays (Satish Rao et al., 2009).

Morphological Analysis of Apoptosis—The morphological changes in HepG2 cells
after various treatments was observed by dual staining with AO/EtBr and the apoptotic
index was obtained as the percentage of the apoptotic cells. The microscopic analysis
demonstrated that the control cells possessed intact green nuclei, while the HgCl2 (25 µM)
treated cells with green fragmented nuclei (AI = 58.5), characteristic feature of early
apoptosis (cells with green cytoplasm and green fragmented nuclear bodies) or late apoptotic
stages (cells with orange cytoplasm and orange stained fragmented nuclear bodies).
However, when the cells were pretreated with 25 µM MGN resulted in a significant (P <
0.001) decrease in the nuclear fragmentation (AI = 27.0) when compared with HgCl2 alone
treated groups (Table I). Although, MGN at 50 µM (AI = 39.5) significantly inhibited the
induction of HgCl2 induced apoptosis, it was ineffective at a higher dose of 75 µM (Table I).

Flow Cytometric Analysis
Further, to confirm the apoptotic cell death observed by DNA fragmentation, we analyzed
the changes in DNA content by flow cytometry. The univariate cell cycle analysis after
staining the cells with PI indicated that the proportion of cells in the sub-G1 region increased
from 1.90% in control untreated cell to 67.84% with HgCl2 treatment and a maximum
decline 34.48% was observed at 25 µM of MGN pretreated group than that of others (Fig.
5).

Biochemical Assays—To assess the cytoprotective effect of MGN against HgCl2
induced toxicity, we analyzed the major antioxidants, GSH, GST, SOD, and catalase in
HepG2 cells. Treatment with 50 µM of MGN alone did not alter the GSH, GST, catalase and
SOD levels in HepG2 cells when compared with untreated control, while treatment of cells
with different concentrations of HgCl2 aloneshowed a significant (P < 0.01) decrease in
cellular GSH, GST, SOD, and catalase levels HgCl2 dose when compared with untreated at
24, 48, and 72 h of post-treatment time intervals. The depletion in antioxidant levels was in a
dose and time-dependent manner. Treatment of cells with MGN (50 µM) 2 h prior to HgCl2
treatment significantly (P < 0.01) increased the GSH, GST, SOD, and catalase levels when
compared with those of HgCl2 alone groups (Fig. 6).

DISCUSSION
Mercury, although naturally occurring element in the earth’s crust because of its
indiscriminate use as metallic, inorganic and organic forms in industry, agriculture etc.,
known to pose serious threats to human health owing to its toxic and hazardous nature.
Moreover, because of its profuseness in the environment, mercury enters the human body
directly or through food chain causing health problems such as pneumonitis, bronchitis,
nephrotoxicity, mental retardation, cerebral palsy, seizures, and ultimately death (Ratcliffe et
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al., 1996; Clarkson et al., 2003). Apart from this, mercury exposure, especially in the
organic form as methyl mercury through contaminated food has been largely associated with
neurotoxicity in the central and peripheral nervous system of children (Myers and Davidson,
1998; Castoldi et al., 2001). Besides some of the chemical metal chelating agents, natural
products, dietary constituents and minerals such as selenium, zinc etc., have shown their
potential to attenuate heavy metal induced toxicity both in vivo and in vitro (Blanusa et al.,
2005; Flora et al., 2008; Satish Rao et al., 2009).

The natural products in their crude forms as well as isolated constituents such as
polyphenols, flavonoids, and xanthones have various pharmacological properties like
antidepressant, antimicrobial, cardiotonic, diuretic, and antiviral activities (Pinto et al.,
2005). Many of these agents also form part of our daily dietary intake and known to lower
the toxic effects of many environmental pollutants (Flora, 2002; Furst, 2002). MGN, derived
primarily from Mangifera indica is a naturally occurring glucosylxanthone known to possess
iron-chelating and radical scavenging properties owing to which it may have its potential as
a dietary supplement. MGN was found to protect hepatocytes, lymphocytes, neutrophils, and
macrophages from oxidative stress (Muruganandan et al., 2005). Here we report for the first
time the cytoprotective potential of MGN against HgCl2 induced cytotoxicity and apoptosis
against HepG2 cells growing in vitro.

The use of hepatocyte culture as a model cells for pharmacological and toxicological studies
has been well established as these cells were well-characterized. We used HepG2 cells (from
human hepatoma), which has been considered as an excellent model to investigate
xenobiotic induced mitochondrial toxicity, membrane damage, genotoxicity as a whole cell
death (Sahu 2003). Further, this cell line is a suitable model for toxicological studies as
HepG2 cell line possesses differentiated parenchymal functions of normal hepatocytes,
particularly the expression of P450 isoenzymes (Medina-Díaz and Elizondo, 2005).

The most interesting observation is that MGN is non toxic per se against HepG2 cells even
at the highest concentration (75 µM) used in this study and rendered cytoprotective
potential. The cytotoxic effect of HgCl2 is well established phenomenon and therefore in our
earlier study the cells treated with HgCl2 at all the concentrations as well as for various
durations exhibited significant cell killing effect assessed by MTT assay, with an IC50 value
of 27 µM (unpublished observation). These findings were substantiated by the results of
clonogenic survival assay in the present study, a dose-dependent decline in the surviving
fraction of the cells was observed on treatment with the increasing doses of the HgCl2.
MGN pretreatment led to a significant increase in the surviving fraction. MGN with its
antioxidant potential scavenged the HgCl2 induced free radicals thereby protecting the cells
from oxidative stress and alleviated/attenuated the cellular damage. This could be one of the
plausible mechanism by which the surviving fraction of HepG2 cells increased with MGN
pretreatment. In an earlier study using MTT assay as well as clonogenic survival asssy we
demonstrated the beneficial effect of MGN pretreatment against CdCl2-induced cytotoxicity
(Satish Rao et al., 2009) and now the results of this study with clonogenic survival assay
clearly indicated the cytoprotective potential of MGN against another heavy metal i.e.,
HgCl2. Earlier studies demonstrated the protective potential of MGN against carbon
tetrachloride induced hepatotoxicity and t-butyl-hydroperoxide induced cytotoxicity in
HepG2 cells (Rodeiro et al., 2008). Similarly, our earlier investigations convincingly
demonstrated the cytoprotective effect of MGN in vitro on HepG2 cells and in vivo against
cadmium induced toxicity (Satish Rao et al., 2009; Kasi et al., 2010).

In our recent study the modulating effect of MGN on CdCl2 induced ROS generation was
convincingly demonstrated using DCFH-DA assay and also with HgCl2 alone (paper
communicated). These results are similar to what was seen by Belyaeva et al. (2008) where
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HgCl2 showed increased ROS production in AS-30D hepatoma cells only at low (10 µM)
concentrations and short incubation times of 1 h and 3 h, whereas a pronounced decrease of
free radical generation ensued at 50 µM, both within 60 min and after 2 h. This was
explained by an almost complete blockage of cell respiration at that Hg2+ concentration.
MGN due to its radical scavenging property reduced the ROS levels significantly on
pretreatment when compared with the only HgCl2 treated group of cells.

The dose-dependent reduction in the mitochondrial membrane potential by HgCl2 was
clearly evident and it suggested the involvement of mitochondria in cytotoxicity. This could
be due to the fact that mercury causes inhibition of respiration, uncoupling of oxidative
phosphorylation and increases mitochondrial membrane permeability. Also, these effects
have been ascribed to blockage of essential thiol groups in membrane proteins and depletion
of membrane-bound magnesium (Bogucka and Wojtczak, 1979). Interestingly, pretreatment
of MGN helped to restore the membrane potential to normal levels in each of the HgCl2
treated groups. Similarly, in an earlier in vivo study of myocardial infracted rats (induced by
isoproterenol) prior administration of MGN helped to overcome the mitochondrial
alterations with the inhibition of oxidative process during energy metabolism and thereby
protecting the TCA cycle enzyme activities to nearly normal values. Thus the protective
effect of MGN can be attributed to its reducing effect on oxidative damage and activation of
mitochondrial energy metabolism (Prabhu et al., 2006).

Earlier reports have shown that the HgCl2 resulted in the destabilization of mitochondrial
permiablity transition, resulting in calcium imbalance and the release of cytochrome-c
ultimately leading to apoptotic death in liver cells via caspase cascade (Andreu et al., 2005).
Induction of apoptosis by HgCl2 in HepG2 cells was evaluated by gel electrophoresis, flow
cytometry, and microscopic methods they give specific information’s such as fluorescence
microscopy using ethidium bromide and acridine orange dual staining technique is highly
useful to differentiate apoptotic and necrotic cells after various treatments. Whereas, flow
cytometric DNA analysis determines the apoptotic sub-G1 (hypodiploid) cells which gives a
quantitative measure of total apoptotic cells. Further, DNA ladder assay is considered as a
gold standard assay for apoptosis analysis as this gives qualitative information. MGN (25
µM) in combination with HgCl2 showed a significant decrease in apoptotic index, reduction
in apoptotic cells (sub-G1 cells) and lesser intensity of ladder formation when compared
with higher concentrations. Similar concentration dependent effect was also reported for
agents such as flavanoids and polyphenolic compounds and this was attributed the
antioxidant nature at lower concentration and prooxidant effect at their higher
concentrations. Their prooxidant activity may deplete the nuclear antioxidant defense and
lead to oxidative DNA damage, which may be responsible for their mutagenicity at their
higher doses. (Sahu et al., 1996; Shih et al., 2004). Although, the exact molecular
mechanism of inhibition of HgCl2 induced apoptosis needs to be explored further, the role
of mitochondrial damage and oxidative stress cannot be ruled out.

HgCl2 toxicity has been ascribed to the depletion of cellular glutathione (GSH) content
(Lash and Zalups, 1996; Becker and Soliman, 2009). In our study, the GSH content was
seen to decrease in a concentration and time-dependent manner on treatment of HepG2 cells
with HgCl2. This could be due to the binding of the reduced sulfhydryl groups on GSH to
mercury ions as explained by many others (Cookson and Pentreath, 1996; Lee et al., 2001).
Hg2+ on being absorbed into the cell has been shown to covalently binding to two GSH
molecules causing its excretion from the cells and thereby further aggravating the toxicity of
mercuric chloride (Lash and Zalups, 1996).

Further, glutathione-S-transferase has a pivotal role in eliminating or neutralizing
environmental xenobiotics by conjugating them with the thiol groups of cellular GSH. In
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this study, increasing doses of HgCl2 led to a decline in cellular GST levels in a dose-
dependent manner. These results are similar to that obtained by (El-Demerdash, 2001).
MGN due to its antioxidant activity increased the GST levels as well as its activity thereby
facilitating rapid elimination of a xenobiotic such as mercuric chloride from the HepG2
cells. Catalase catalyzes the conversion of the H2O2 generated in the cells normally or under
conditions of oxidative stress into water and oxygen thereby protecting the cells against
damage caused by peroxide radicals. HgCl2 was shown to decrease the cellular catalase
levels with increasing doses (Hussain et al., 1999). As a result, inorganic-Hg has been
suggested to increase H2O2 production by impairing the efficiency of oxidative
phosphorylation and the electron transport chain at the ubiquinone-cytochrome b5 step
(Chavez and Holguin, 1988). The cumulative effect of these activities could possibly lead to
cell death at high HgCl2 concentrations. MGN helped to elevate the catalase levels on
pretreatment with it. Further, SOD dismutase’s the O2− radicals generated as a result of
oxidative stress to yield water and oxygen. In this study, SOD levels were found to decrease
on treatment of HepG2 cells with mercuric chloride as also observed in an earlier study
(Mahboob et al., 2001). However, pretreatment with MGN significantly increased the SOD
levels.

Antioxidant property which normalized the levels of cellular defense enzymes has been
mainly ascribed to the catechol moiety possessed by MGN. This moiety is also present in
numerous flavonoids and other polyphenols which conferred antioxidative properties to
them (Sato et al., 1992). During protection against free radical production, the catechols are
oxidized, generating products like semiquinone radicals and quinones. These compounds
can arylate protein thiol groups and are therefore considered to be toxic (Andreu et al.,
2005).

This study demonstrated that MGN, an active component of Mangifera indica has the
potential to modulate cytotoxicity caused by HgCl2 and thus protects HepG2 cells. The
cytoprotective potential of MGN may be attributed to quenching of the ROS generated in
the cells due to oxidative stress induced by HgCl2, restoration of mitochondrial membrane
potential and normalization of cellular antioxidant levels. Therefore, a plant-derived dietary
compound, MGN may have its potential in counteracting the toxicity caused by
environmental heavy metal pollutants such as HgCl2 and others. Further, as MGN by itself
is nontoxic at lower concentrations which makes it a safe dietary component for human
consumption.
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Fig. 1.
Effect of mangiferin on the cell survival of HepG2 cells treated with different concentrations
of mercuric chloride. (Cells were treated with 50 µM mangiferin for 2 h followed by
treatment with different concentrations of mercuric chloride for 3 h).
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Fig. 2.
Effect of mangiferin on ROS generation in HepG2 cells treated with 20 µM of HgCl2 and
post incubation for different time periods. The significant levels *P < 0.05, **P < 0.01, and
No symbol = Nonsignificant, when compared with respective HgCl2 alone group. Each
experiment was performed at least three times and the data are expressed as mean ± SEM.
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Fig. 3.
Normalization of mitochondrial membrane potential by MGN in HgCl2 treated HepG2 cells.
(1) Control; (2) MGN (50 µM) + HgCl2 (10 µM); (3) HgCl2 (10 µM) alone; (4) MGN (50
µM) + HgCl2 (20 µM); (5) HgCl2 (20 µM) alone; (6) Cells without dye.
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Fig. 4.
(A) Detection of DNA fragmentation in HgCl2 treated cells by agar gel electrophoresis.
Lane 1, 3kb marker; Lane 2, Control; Lane 3, HgCl2 (20 µM); Lane 4, HgCl2 (22.5 µM);
Lane 5, HgCl2 (25 µM). (B) Effect of mangiferin on HgCl2 induced DNA fragmentation.
(Lane 1, 3 kb marker; Lane 2, Control; Lane 3, HgCl2 alone (25 µM); Lane 4, MGN (25
µM) + HgCl2; Lane 5, MGN (50 µM) + HgCl2; Lane 6, MGN (75 µM) + HgCl2).
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Fig. 5.
Protective effect of mangiferin against HgCl2 induced sub-G1 cell population at 24 h of post
treatment in HepG2 cells assessed by flow cytometry.

Agarwala et al. Page 18

Environ Toxicol. Author manuscript; available in PMC 2013 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 6.
Graphs showing toxic effect of HgCl2 and protective effect of MGN on GSH (A), GST (B),
SOD (C) and CAT (D) activities in HepG2 cells after 24, 48 and 72 h of post incubation.
The significant levels *P < 0.05; **P < 0.01; ***P < 0.001 and No symbol = Non
significant, when compared with respective HgCl2 alone group. Each experiment was
performed at least three times and the data are expressed as average enzyme units per mg of
protein.
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TABLE I

Apoptotic index assessed by ethidium bromide/acridine orange staining in HepG2 cells treated with different
concentrations of MGN before treatment with HgCl2

Treatment (%) Apoptotic Index

Control 2.50 ± 0.51

HgCl2 (25 µM) 58.5 ± 2.54*

25 µM MGN + HgCl2 (25 µM) 27.0 ± 1.86**

50 µM MGN + HgCl2 (25 µM) 39.5 ± 2.15**

75 µM MGN + HgCl2 (25 µM) 54.0 ± 2.61

*
P < 0.001 compared with control,

**
P < 0.001 compared with only HgCl2 group,

SEM, standard error of mean; MGN, mangiferin.
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