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Cytoprotective effect exerted by geraniin in HepG2 cells is 
through microRNA mediated regulation of BACH-1 and HO-1
Hoda Aayadi1, Smriti P.K. Mittal1,†, Anjali Deshpande2, Makarand Gore2 & Saroj S. Ghaskadbi1,*
1Department of Zoology, Savitribai Phule Pune University, 2AJ Organica Pvt. Ltd., Pune – 411007, India

Geraniin, a hydrolysable tannin, used in traditional medicine 
in Southeast Asia, is known to exhibit various biological 
activities. As an antioxidant it is known to up-regulate phase II 
enzyme Heme oxygenase-1 (HO-1). However its mechanism 
is not clearly understood. Nuclear factor erythroid-derived 2 
related factor 2 (Nrf-2) is transcriptionally up-regulated by 
Extracellular signal-regulated kinase (ERK) 1/2 and retained in 
nucleus due to inactivated Glycogen synthase kinase 3 beta 
(GSK-3). Geraniin additionally down-regulates expression of 
microRNA 217 and 377 (miR-217 and miR-377) which target 
HO-1 mRNA. Expression of BTB and CNC homolog 1 
(BACH-1), another regulator of HO-1, is also down-regulated 
by up-regulating microRNA 98 (miR-98), a negative regulator 
of BACH-1. Thus, geraniin up-regulates HO-1 expression both 
through activating its positive regulator Nrf-2 and by 
down-regulating its negative regulator BACH-1. Up-regulation 
of HO-1 also confers protection to HepG2 cells from tertiary 
butyl hydroperoxide (TBH) induced cytotoxicity. [BMB Reports 
2017; 50(11): 560-565]

INTRODUCTION

Reactive oxygen species (ROS) are generated as byproducts of 
metabolism or due to extracellular stress. Though, low levels 
of ROS are necessary for cells as activators of signal 
transduction pathways, excessive generation of ROS leads to 
oxidative stress (OS) where biological molecules such as 
proteins, lipids, and DNA are damaged ultimately resulting in 
cell death via apoptosis or necrosis (1). OS also plays an 
important role in the pathogenesis and progression of different 
diseases like cancer, diabetes, liver cirrhosis, etc. (2, 3). To 
overcome damaging effects of ROS, under normal conditions, 

cells activate their defense mechanisms through endogenous 
antioxidant enzymes and molecules. However, to ensure 
sufficient levels of antioxidants, very often natural antioxidant 
molecules are used as dietary supplements (4, 5). 

Geraniin is a hydrolyzable tannin which has a unique 
dehydrohexahydroxydiphenoyl moiety and is widely distributed 
amongst dicotyledonous plants. There have been several 
studies on geraniin, either as a plant extract or pure 
compound, where it has been shown to exhibit strong 
antioxidative potential (6, 7) as well as anticancer, antiviral, 
antihypertensive and antihyperglycaemic (8-12) activities. 

Cellular antioxidant defense system consists of first line 
enzymes such as superoxide dismutase (SOD), catalase (CAT) 
and phase II detoxification enzymes such as glutathione 
S-transferases, glutamate-cysteine ligase, NAD(P)H: quinine 
oxidoreductase, glutathione peroxidase (GPx) and HO-1. Most 
of the supplementary antioxidants used are known to activate 
HO-1. Induction of HO-1 requires Nrf-2 activation, its 
translocation to nucleus and binding to cis-acting enhancer 
element in promoter of HO-1, known as ARE (13). Among 
other regulatory factors binding to ARE motif is BACH-1 which 
is a transcriptional repressor competing with Nrf-2 for binding 
to ARE (14, 15). HO-1 and its negative regulator BACH-1 are 
also regulated by specific microRNAs (miRNAs). 

Geraniin is known to up-regulate the expression of HO-1 by 
activating PI3K/AKT and MAPK signaling pathways (16). In the 
present study, we demonstrate that up-regulation of HO-1 is 
by activation of upstream regulators of Nrf-2, namely, GSK-3 
and ERK, and on levels of miRNAs involved in regulation of 
both BACH-1 and HO-1. We have also shown that this 
up-regulation of HO-1 by geraniin confers cytoprotection to 
HepG2 cells against TBH induced toxicity by using tin 
protoporphyrin (SnPP), specific inhibitor of HO-1. 

RESULTS

Geraniin exhibits protective effect against TBH-induced 
cytotoxicity in HepG2 cells
Viability of HepG2 cells exposed to different concentrations of 
geraniin for 24 hrs was checked. It did not change significantly 
between 1-25 M whereas at 50 and 100 M concentration it 
was significantly reduced (Fig. 1A). Therefore, the concentration 
range of 1-25 M was used for further experiments. To check 
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Fig. 1. Geraniin exhibits protective effect against TBH-induced 
cytotoxicity in HepG2 cells. (A) HepG2 cells were treated with 
various concentrations of geraniin for 24 h, and the viability was 
measured by MTT assay. Data shown represent the mean values 
of three experiments ± SE. *P ＜ 0.05 vs. control. (B) Cells were 
pretreated with different concentrations of geraniin (0, 1, 10, and 
25 M) for 2 hrs, followed by exposure to TBH (2 mM). Cell 
viability was assessed by MTT assay. Data shown represent the 
mean values of three experiments ± SE. *P ＜ 0.05 vs. control. 
**P ＜ 0.05 vs. TBH (2 mM). (C) Cell morphology was observed 
under inverted microscope. (D) Cell cycle analysis was done in 
presence and absence of geraniin (25 M). (E) Inhibition of 
intracellular ROS generated and (F) lipid peroxidation on TBH 
treatment in presence of geraniin. Data shown represent the mean 
values of three experiments ± SE. *P ＜ 0.05 vs. control. **P ＜
0.05 vs. TBH (2 mM). 

Fig. 2. Altered antioxidant enzyme gene expression and GSH 
level in HepG2 cells treated with TBH is restored in presence of 
Geraniin. (A) Intracellular GSH level was determined in terms of 
nmol GSH/mg protein. (B) CAT (C) GPx and (D) SOD gene 
expression was measured in HepG2 cells pretreated with geraniin 
(0, 1, 10, and 25 M) for 2 hrs and exposed to TBH (2 mM) for 
3 hrs. Data shown represent the mean values of three 
experiments ± SE. *P ＜ 0.05 vs. control. **P ＜ 0.05 vs. TBH 
(2 mM). 

protective effect of geraniin against TBH-induced OS, cells 
were pre-treated with geraniin for 2 hrs and then exposed to 
TBH for 3 hrs. Pretreatment with 10 and 25 M geraniin 
significantly protected cells against TBH-induced cytotoxicity 
(Fig. 1B). Morphological studies also confirmed the same. TBH 
treated cells were shrunk, rounded and stressed whereas 
incubation with 10 and 25 M, but not 1 M geraniin for 2 hrs 
restored cell morphology effectively (Fig. 1C). To further 
confirm these results, cell cycle analysis was performed. As 
seen in Fig. 1D, in cells treated with geraniin alone, the cell 
cycle profile remained unaltered, whereas in cells treated with 
2 mM TBH for 3 hrs, 46% of cell population was apoptotic. In 
cells treated with geraniin followed by exposure to TBH, 
apoptosis was reduced significantly (P ＜ 0.05) to 17%.

TBH is known to produce ROS and induce lipid peroxida-
tion in cells. Therefore, amount of ROS generated in cells was 
evaluated by using non-fluorescent DCFH-DA dye. Significant 
increase in ROS in TBH treated cells was observed which in 
presence of geraniin was significantly reduced (Fig. 1E). 
Treatment of cells with TBH increased lipid peroxidation to 
7.79 ± 0.04 nmols MDA/mg protein (Fig. 1F) and in cells 
treated with geraniin this was significantly reduced. 

Altered antioxidant enzyme gene expression and GSH level 
in HepG2 cells treated with TBH is restored in presence of 
geraniin 
Glutathione, major antioxidant of the cell was found to be 
reduced significantly in cells exposed to TBH, which was 
effectively restored by up to 40% in presence of higher 
concentration of geraniin (Fig. 2A). 

Expression of antioxidant enzymes such as CAT, GPx and 
SOD was measured using quantitative real-time PCR (qRT-PCR) 
and by biochemical assays. Exposure to TBH, significantly 
increased CAT and SOD expression to 1.79 ± 0.09 and 3.32 
± 0.58 fold respectively and decreased GPx expression to 
0.48 ± 0.13 fold. Treatment with 25 M geraniin significantly 
restored the level of all antioxidant enzymes. Geraniin by itself 
did not alter level of antioxidant enzymes (Fig. 2B-D).

Geraniin increases HO-1 expression through Nrf-2 nuclear 
translocation 
Activation of HO-1, by geraniin, was checked both by western 
blot and qRT-PCR. Cells were treated with 25 M geraniin for 
different time intervals and expression of HO-1 was evaluated. 
HO-1 increased in a time-dependent manner with maximum 
expression observed at 90 min both by western blot analysis 
and qRT-PCR (Fig. 3A-C). To confirm that cytoprotective effect 
of geraniin against TBH is indeed due to HO-1 expression, 
cells were treated with SnPP which is a potent competitive 
inhibitor of HO-1. SnPP significantly suppressed cell protection 
exerted by geraniin indicating involvement of up-regulated 
HO-1 in conferring cytoprotection (Fig. 3D). Since Nrf-2 is a 
known potent regulator of HO-1, its localization was 
determined by immunostaining. We observed that treatment 
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Fig. 3. Geraniin increases HO-1 expression by Nrf-2 nuclear 
translocation in cells. Cells were treated with 25 M geraniin at 
different time points and HO-1 expression was determined by (A) 
Western blot analysis, (B) its densitogram analysis and (C) 
qRT-PCR. Data shown represent the mean values of three 
experiments ± SE. *P ＜ 0.05 vs. Control. Cells treated with 
Geraniin (D) To confirm involvement of HO-1 in protection 
caused by Geraniin, cells were treated with 1, 10 and 25 M of 
geraniin and 10 M SnPP, and were subsequently exposed to 
TBH (2 mM) for 3 hrs. Cell viability was determined by MTT. 
Data shown represent the mean values of three experiments ±
SE. *P ＜ 0.05. (E) Nrf-2 a positive regulator of HO-1 was 
detected by immunolocalisation in control and 25 M geraniin 
treated cells for 90 mins.

Fig. 4. Geraniin activates HO-1 by regulating upstream targets. (A) 
Western blot analysis of pERK, pJNK and pP38 MAPKs in HepG2 
cells subjected to 25 M geraniin at various time points. (B) To 
confirm the role of pERK MAPK in protection offered by geraniin, 
cells were treated with 0, 1, 10, 25 M geraniin and 50 M 
PD98059, an inhibitor of ERK1/2, and were subsequently exposed 
to TBH (2 mM) for 3 hrs. Cell viability was determined by MTT. 
Data shown represent the mean values of three experiments ±
SE. (C) Western blot analysis of pGSK-3 and (D) its densitogram 
analysis, in HepG2 cells subjected to 25 M geraniin at indicated 
time periods. (E) qRT-PCR analysis of BACH-1 and its negative 
regulator, miR-98 expression and (F) negative regulators of HO-1, 
miR-377 and miR-217 expression in HepG2 cells treated with 25 
M geraniin at indicated time periods. Data shown represent the 
mean values of three experiments ± SE. *P ＜ 0.05 vs. Control. 
(G) Proposed molecular mechanism of cytoprotective role of 
geraniin in HepG2 cells.with geraniin significantly up-regulates Nrf-2 which 

translocates to nucleus (Fig. 3E).

Geraniin phosphorylates upstream regulators of Nrf-2 namely 
ERK1/2 and GSK-3
MAPKs such as ERK1/2, JNK and P38 are known to be 
involved in activation of Nrf-2 pathway (17). Under OS, these 
get phosphorylated and activate Nrf-2 cascade. Treatment with 
geraniin led to time-dependent induction of only ERK phos-
phorylation (Fig. 4A). To confirm the involvement of activated 
ERK in protection exhibited by geraniin, an inhibitor against 
ERK (PD98059, 2’-amino-3’-methoxyflavone) was used and 
cell protection was checked. Inhibition of ERK effectively 
repressed cytoprotection caused by geraniin confirming its 
involvement in induction of HO-1 through Nrf-2 (Fig. 4B).

GSK-3 is known negative regulator of Nrf-2. In presence of 
geraniin, increase in pGSK-3 (ser9) was observed leading to 
its inactivation (Fig. 4C and D). Inactivation of GSK-3 leads to 
retention of Nrf-2 in the nucleus favouring induction of HO-1.

Geraniin regulates miRNA targets of HO-1 and BACH-1
Another important negative regulator of HO-1 is BACH-1 
which competes with Nrf-2 in binding to ARE motif. The 
expression of BACH-1 was significantly reduced at 90 min. 
Expression of miR-98 a known negative regulator of BACH-1 

was checked. We indeed observed, increase in miR-98 
expression at 90 mins, which led to decrease in BACH-1 
expression (Fig. 4E). 

miR-377 and miR-217 are negative regulators of HO-1 
which affect gene expression post-transcriptionally by 
interacting with HO-1 mRNA and inhibiting translation. 
Significant decrease in expression of both miR-377 and 
miR-217 was observed in presence of geraniin (Fig. 4F).

DISCUSSION

Geraniin is a dehydroellagitannin, present in many medicinal 
herbs known to exhibit different biological activities among 
which antioxidant activity has been widely studied (6). 
Cytoprotective effects of geraniin against OS has been shown 
previously in different cell types (16, 18, 19). In a recent study 
geraniin has shown to exhibit cytoprotective effect by reducing 
H2O2-induced cell death in vitro by activating PI3K/AKT and 
ERK1/2 pathways and Nrf-2 signaling (16). We initially 
confirmed radical scavenging property of geraniin using 
standard radical scavenging assays (Supplementary Fig. 1) and 
observed that it reduced formation of lipid peroxides, restored 
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protein sulphydryl groups and also inhibited formation of 
single/double strand breaks in plasmid DNA against OS in a 
concentration-dependent manner (Supplementary Fig. 2). 

In cells treated with geraniin, TBH induced cytotoxicity, 
ROS production and lipid peroxidation was significantly 
reduced. TBH treatment led to increase in antioxidant defense 
enzymes namely SOD and CAT, while GPx was decreased. 
Transcripts of all these enzymes were restored on geraniin 
treatment. Geraniin by itself did not activate any one of these 
enzymes. GSH, a major redox buffer of cell was observed to 
be decreased on TBH treatment and this was prevented 
significantly in presence of Geraniin. All these results, 
demonstrate a strong antioxidant potential of geraniin.

HO-1, an important phase II antioxidant enzyme was strongly 
up-regulated in presence of geraniin and its involvement in 
cytoprotective effect against TBH was confirmed by using 
SnPP, competitive inhibitor of HO-1 activity. Induction of 
HO-1 was due to up-regulation of Nrf-2, a known positive 
regulator of HO-1. Since, MAP kinases are known to be 
involved in activation of Nrf-2, the expression of p38, JNK and 
ERK was checked and only ERK was found to be phos-
phorylated in presence of geraniin similar to a previous report 
(16). This was further reconfirmed by using ERK inhibitor 
(PD98059), in whose presence cytoprotection offered by 
geraniin was significantly reduced. 

GSK-3 normally promotes degradation of Nrf-2. If GSK-3 is 
inactivated, Nrf-2 is not degraded and accumulates in the 
nucleus. We indeed observed increase in pGSK-3 (Ser 9) on 
geraniin treatment which inactivates the enzyme leading to 
retention of Nrf-2 in the nucleus which was confirmed by 
immunostaining. Thus, we have shown that both activation of 
ERK and inactivation of GSK-3 are important for up-regulation 
of Nrf-2 on geraniin treatment, which then leads to HO-1 
activation. 

miR-217 and miR-377 directly regulate HO-1 expression 
(20). Both these miRNAs were significantly reduced in 
presence of geraniin which helped in enhanced translation of 
HO-1 mRNA.

Another regulator of HO-1 is BACH-1, which competes with 
Nrf-2 in binding to ARE motif and represses downstream gene 
expression. On its release form ARE motif, it allows Nrf-2 to 
bind to its enhancer sequence and activate gene expression 
(15). We observed that in the cells treated with geraniin, 
BACH-1 expression was significantly reduced. BACH-1, itself 
is also known to be regulated negatively by a number of 
miRNAs namely, let-7b, Let-7c, miR-196, miR-98. Out of these 
we found only miR-98 to be significantly increased when 
BACH-1 expression was significantly reduced.

Present study thus confirms cytoprotective effect of geraniin 
against TBH induced cytotoxicity in HepG2 cells via HO-1 
induction. HO-1 activation by geraniin is brought about both by 
up-regulating its positive regulator Nrf-2 and down-regulating its 
negative regulator BACH-1 and HO-1 specific microRNAs 
(miR-217 and miR-377) (Fig. 4G).

MATERIALS AND METHODS

Chemicals
Dulbecco’s modified essential media (DMEM), Foetal Bovine 
Serum (FBS), trypsin and Penicillin-streptomycin were pur-
chased from Gibco. TBH, 2-thiobarbituric acid (TBA), 2’,7’- 
dichlorofluorescein diacetate (DCFH-DA) and 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were 
purchased from Sigma Aldrich, USA. Reduced glutathione, 
potassium phosphate, sodium carbonate, trichloroacetic Acid 
(TCA) and 5,5’-dithio-bis (2 nitrobenzoic acid) (DTNB) were 
obtained from Sisco Research Laboratory, India. Other 
common chemicals used in our studies were of the highest 
quality, commercially available from local suppliers. Geraniin 
(purity of ＞ 90%) was procured from AJ organic Pvt. Ltd., 
Pune, India.

Cell culture
HepG2 cell line was procured from National Centre for Cell 
Science, Pune, India. These cells were grown in DMEM 
supplemented with 10% (v/v) FBS, 100 U/ml penicillin and 
100 g/ml streptomycin, in humidified atmosphere with 5% 
CO2 at 37oC. 

Cell viability assay and morphology examination 
2 × 104 cells were seeded per well in 96 well plate and 
incubated at 37oC in CO2 incubator for 48 hrs. Cells were then 
exposed to different concentrations of geraniin (1, 10, 25, 50 
and 100 M) and TBH. Cell viability was determined using 
MTT assay (21). Morphological changes were observed under 
a microscope, and images were taken with an Olympus digital 
camera (Olympus, Japan).

Cell cycle analysis 
Control and treated cells were washed with 1X phosphate 
buffered saline (1X PBS) (137 mM NaCl, 2.7 mM KCl, 10 mM 
Na2HPO4, 2 mM KH2PO4) and fixed at 4oC for 2 hrs using 
70% ethanol. The single cell suspension was then treated with 
RNase A (100 mg/ml) at 37oC for 30 mins followed by staining 
with 50 mg/ml propidium iodide (22). Stained cells were 
analyzed with FACSCanto, using cell quest software (BD, 
USA). Cell cycle profile was obtained by analyzing 10,000 
cells per sample.

Measurement of TBARS 
Lipid peroxidation was performed following the protocol 
described by Ohkawa et al., (23) with slight modification. In 
brief, 1.5 × 106 cells were seeded in 60 mm plates and 
incubated at 37oC for 48 hrs. Cells were then treated with 
geraniin (1, 10 and 25 M) for 2 hrs, followed by TBH 
exposure for 3 hrs. These were washed with 1X PBS, collected 
and homogenized in 100 l protein extraction buffer. 600 l 
TBA reagent (0.8% (w/v) TBA in 20% TCA) was added to each 
tube and vortexed. The reaction mixture was incubated at 
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95oC for 20 mins and reaction was terminated by keeping 
tubes on ice. Reaction mixture was centrifuged at 10,000 rpm 
for 10 mins and the absorbance of the total thiobarbituric 
reactive substances (TBARS) in supernatant was measured 
fluorometerically at Ex/Em wave length of 535/585 nm and 
expressed as nmoles of malondialdehyde (MDA) equivalents 
formed/mg protein.

ROS measurement 
1 × 104 cells were seeded per well in 96 well plate and after 
48 hrs incubation, they were treated with geraniin (1, 10 and 
25 M) for 2 hrs. Cells were then stained with 10 mM 
DCFH-DA in serum free DMEM for 30 mins in the dark. Cells 
were washed twice with serum free DMEM and treated with 2 
mM TBH for 3hrs. Fluorescence was recorded at an Ex/Em 
wavelength of 485/530 nm (24).

Glutathione assay 
Glutathione assay was carried out using DTNB (25). 1.5 × 106 
cells were seeded in 60 mm plates, incubated at 37oC for 48 
hrs and treated with geraniin (1, 10 and 25 M) for 2 hrs 
followed by exposure to TBH for 3 hrs. Cells were then 
harvested and lysed. Proteins were transferred to fresh tubes 
followed by sulfosalicycilc acid addition. To each sample 
DTNB was added and the rate of its conversion to colored 
product was measured spectrophotometrically at 412 nm 
using ELISA reader. A standard curve was plotted using 
different concentrations of GSH.

RNA Isolation and qRT-PCR amplification 
1 × 106 cells were seeded in 6 well plate and incubated at 
37oC for 48 hrs. They were then treated with geraniin for 2 hrs 
followed by TBH exposure for 3 hrs. Cells were then washed 
with ice-cold PBS and RNA was isolated using TRIzol reagent. 
It was precipitated using isopropanol and dissolved in Diethyl 
pyrocarbonate (DEPC) treated water. After quantification, 2 g 
RNA was used for reverse transcription using cDNA synthesis 
kit (Thermo scientific, USA) according to manufacturers in-
struction. Resulting cDNA was used for qRT-PCR amplification 
(Step One Plus, Applied Biosystems, USA) using gene specific 
primers and actin was used as an internal control. From the 
same RNA using stem-loop primers, specific for microRNA, 
cDNA was synthesized and qRT-PCR was performed using 
miRNA-specific primers (26) (Supplementary Fig. 3).

Western blot analysis
HepG2 cells were harvested and washed with 1X PBS and 
lysed in 20 mM Tris-Cl buffer (pH 7.4) containing protease 
inhibitor cocktail and 1 mM phenylmethylsulfonyl fluoride 
(PMSF). Protein concentration was estimated using Lowry 
method and 40 g protein from each sample was resolved on 
12% SDS-PAGE, followed by transfer onto a polyvinylidene 
difluoride (PVDF) membrane. Membrane was blocked with 
5% (w/v) bovine serum albumin or non-fat dry milk for 90 

mins, incubated with the primary antibodies against p-JNK, 
p-p38, p-ERK and total ERK (Cell Signaling Technology, USA), 
total JNK, total p38 (Santa Cruz, USA), followed by incubation 
with peroxidase-conjugated secondary antibody for 1 hr and 
finally detection by Optiblot ECL detect kit (Abcam, UK) using 
ChemiDoc (BioRad, US).

Immunofluorescence assay 
5 × 105 cells were cultured on cover slips in 6 well plate for 
24 hrs and incubated in presence or absence of geraniin for 90 
mins. Cells were then washed with 1X PBS, fixed with 
Methanol:Acetone (3:1) and blocked with blocking buffer (3% 
BSA, 0.3% Triton X-100 in 1X PBS) over night. Cells were 
incubated with rabbit anti-Nrf-2 antibody for 1 hr followed by 
incubation with Alexa Fluor 488-labeled goat anti-rabbit IgG 
secondary antibody. Finally they were washed thoroughly, 
stained with 4’,6-diamidino-2-phenylindole (DAPI) and cover 
slips were mounted with Vectashield (Vector Laboratories, 
USA).

Statistical analysis 
Throughout the text, data are expressed as the mean ± SE of at 
least three independent experiments. To determine statistical 
significance among different groups, one-way analysis of 
variance (ANOVA), followed by post-hoc test was performed 
using SPSS 19.0 software. P ＜ 0.05 was considered as 
statistically significant.
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