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a b s t r a c t

Background: Accumulation of free fatty acids (FFAs) in hepatocytes is a hallmark of liver dysfunction and
non-alcoholic fatty liver disease (NAFLD). Excessive deposition of FFAs alters lipid metabolism pathways
increasing the oxidative stress and mitochondrial dysfunction. Attenuating hepatic lipid accumulation,
oxidative stress, and improving mitochondrial function could provide potential targets in preventing
progression of non-alcoholic fatty liver (NAFL) to non-alcoholic steatohepatitis (NASH). Earlier studies
with Picrorhiza kurroa extract have shown reduction in hepatic damage and fatty acid infiltration in
several experimental models and also clinically in viral hepatitis. Thus, the effect of P. kurroa's phy-
toactive, picroside II, needed mechanistic investigation in appropriate in vitro liver cell model.
Objective(s): To study the effect of picroside II on FFAs accumulation, oxidative stress and mitochondrial
function with silibinin as a positive control in in vitro NAFLD model.
Materials and methods: HepG2 cells were incubated with FFAs-1000mM in presence and absence of
Picroside II-10 mM for 20 hours.
Results: HepG2 cells incubated with FFAs-1000mM lead to increased lipid accumulation. Picroside II-
10mM attenuated FFAs-induced lipid accumulation (33%), loss of mitochondrial membrane potential
(DJm), ATP depletion, and production of reactive oxygen species (ROS). A concomitant increase in cy-
tochrome C at transcription and protein levels was observed. An increase in expression of MnSOD,
catalase, and higher levels of tGSH and GSH:GSSG ratios underlie the ROS salvaging activity of picroside
II.
Conclusion: Picroside II significantly attenuated FFAs-induced-lipotoxicity. The reduction in ROS,
increased antioxidant enzymes, and improvement in mitochondrial function underlie the mechanisms of
action of picroside II. These findings suggest a need to develop an investigational drug profile of picroside
II for NAFLD as a therapeutic strategy. This could be evaluated through the fast-track path of reverse
pharmacology.
© 2021 The Authors. Published by Elsevier B.V. on behalf of Institute of Transdisciplinary Health Sciences
and Technology and World Ayurveda Foundation. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Non-alcoholic fatty liver disease (NAFLD) is caused by the
accumulation of fat within the hepatocytes (>5.5%) in the absence
of significant alcohol intake [1]. NAFLD is primarily seen in patients
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having features of metabolic syndrome (MS) such as hypertension,
dyslipidemia, insulin resistance (IR) with or without impaired
glucose tolerance and visceral obesity [2]. It covers a spectrum of
disorders beginning with benign steatosis (NAFL) to non-alcoholic
steatohepatitis (NASH), which may progress to fibrosis, cirrhosis
and cancer in some patients [3]. Today, �30% of adults and 10% of
children are globally affected by NAFLD [4]. Delaying the progres-
sion of NAFL to NASH at an earlier stage with safe intervention via
natural drug therapies would therefore be worth exploring.
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In NAFL, the deposition of free fatty acids (FFAs) and tri-
glycerides (TGs) are caused by an increase in fatty acid uptake,
lipogenesis and a concomitant decrease in VLDL-TG secretion [5].
Elevation in inflammation and oxidative stress is seen during the
progression of NAFL to NASH [6]. Oxidative stress contributes to the
production of reactive oxygen species, lipid peroxidation products
and decreases the levels of antioxidants such as superoxide dis-
mutase, glutathione, and catalase. Impairment in mitochondrial
function and ATP generation is also observed. All these factors
aggravate inflammation and cell death [7,8].

Apart from lifestyle modifications, optimal control of risk factors
with antioxidants, anti-diabetic drugs and statins form an integral
part of the management of NAFLD until specific targeted therapies
are available to prevent the progression of NASH and fibrosis.
Currently, there is a need for safe and natural therapeutic in-
terventions in the early stages of NAFLD [9]. Over the past few years,
the therapeutic potential of medicinal plants used in traditional
systems has gained increased attention. Picrorhiza kurroa is one of
the medicinal plants known for its clinical and experimental hep-
atoprotective activity [10]. Our group has shown P. kurroa's, hep-
atoprotective efficacy in a placebo-controlled trial in patients with
viral hepatitis. The extracts of P. kurroa significantly reduced hepatic
fatty infiltration induced by CCl4, galactosamine, paracetamol, thio-
acetamide, and high-fat diet in rat models [11e17]. P. kurroa extract
contains high levels of phytoactives such as picroside I, II, III, and
apocynin. Recently, our group studied the effect of picroside I and II
on the fatty acid accumulation in an in vitro NAFLD model. Picroside
II effectively attenuated the fatty acid accumulation in HepG2 cells
via decreasing FFAs uptake and lipogenesis. Picroside I on the other
hand, did not show any effect on fatty acid accumulation in HepG2
cells. Since the study aimed at examining the inhibitory activity of
the phytoactives on lipid accumulation, picroside I was discontinued
from further analysis [18].

In the present study, the effect of FFAs on oxidative stress, ATP
production, and mitochondrial function was examined along with
the potential of picroside II in attenuating FFAs-induced-
lipotoxicity.

2. Materials and methods

2.1. Culturing of HepG2 cell line

HepG2 cells (AddexBio Technologies, USA) were cultured in
Dulbecco's Modified Eagle Medium (HiMeida, India) with 10% fetal
bovine serum (Gibco Life Technologies, USA) and 1% trypsineEDTA,
antibiotic-antimycotic solution (Himedia, India). Cells were main-
tained in a humidified incubator in 5% CO2 at 37 �C (Thermo Scien-
tific, USA). All experiments were performed when the cells reached
~75e80% confluence. The experiments were repeated four times.

2.2. Preparing FFA e bovine serum albumin (BSA) conjugate

Long-chain FFAs viz., palmitic acid (Sisco Research Laboratories
Pvt Ltd, India) and oleic acids (Sigma, India) were conjugated
individually with BSA (Sisco Research Laboratories Pvt Ltd, India).
FFAs-BSA conjugate was prepared as previously described in the
protocol [19]. Briefly, 100 mM stock of FFA was prepared in 0.1 N
NaOH at 70 �C in a thermomixer (Eppendorf, USA). A 5% (wt/vol)
BSA solution was prepared in double-distilled water. Since FFAs
were conjugated with 5% BSA, control cells were also treated with
5% BSA. A 10 mM FFAs-BSA conjugate was prepared by complexing
appropriate amount of FFA to 5% BSA solution in a water-bath at
55 �C and filtered using 0.45 mm pore size polyvinylidene fluoride
hydrophilic membrane filter. The conjugate was cooled to room
temperature and stored at�20 �C. At this temperature, it was found
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to be stable for 3e4 weeks. As FFAs were conjugated with 5% BSA,
the control cells were also treated with 5% BSA.

2.3. Cell cytotoxicity detection

HepG2 cells were treated with different concentrations of FFAs,
oleic and palmitic acid in a ratio 2:1 (250e2000 mM), picroside I and
II (3e300 mM) (Natural Remedies Pvt Ltd, India, HPLC purity 97.9%),
and silibinin (3e300 mM) (SigmaeAldrich, USA, HPLD purity 98%)
for 24 h. Post-treatment, the cells were incubated with 5 mg/mL of
methyl thiazolyl tetrazolium (MTT) (SigmaeAldrich, India) for 4 h.
The blue coloured formazan crystals formed were dissolved in
DMSO and absorbance was measured at 570 nm (Biorad Elisa
Reader 680) [20].

2.4. Colorimetric determination of lipid content with Oil Red O
(ORO) staining

HepG2 cells were incubated with FFAs for 20 h and pre-
incubated with phytoactives for 2 h prior to FFAs treatment. After
treatment, the cells were fixed (4% formaldehyde) and stained with
ORO solution (Sigma Aldrich e O0625, India) (3 mg/mL in 60%
isopropanol) for 5 min. The lipid accumulation was quantified by
measuring the absorbance of the extracted solution at 490 nm
(PerkinElmer Multimode Plate Reader, Enspire) [21].

2.5. Determination of reactive oxygen species (ROS)

Intracellular ROS was measured using 20, 70-dichlorofluorescein
(DCFH2-DA), (Sigma Aldrich, USA). Briefly, the treated cells were
incubated with 40 nM of DCFH2-DA for 10 min and later washed,
lysed, and centrifuged at 13,000 g for 5 min at 4 �C. The fluores-
cence intensity was measured in the supernatant of the samples
(Tecan infinite M200 pro, Switzerland) at excitation 488 nm and
emission 529 nm [22].

2.6. Estimation of total glutathione

The treated cells were washed and harvested in extraction
buffer (0.1 Trition-X 100 and 0.6% sulfosalicylic acid in 0.1 M po-
tassium phosphate buffer, pH 7.5), homogenized, and centrifuged
at 3000 g for 10 min at 4 �C. The supernatant of the samples was
incubated with Ellman's reagent (Sigma Aldrich, India) and
glutathione reductase (Sigma Aldrich, India) for 10 min to allow
for the conversion of glutathione disulfide to glutathione (GSSG to
GSH). The sample was later incubated with b-NADPH2 (Sigma
Aldrich, India) for 1 min. The absorbances of the samples were
read at 412 nm in a microplate reader using a kinetic program
which monitored the reaction at 1 min interval for 10 min [23].
The concentration of total glutathione (tGSH) was determined
from the samples using the standard curve of GSH (Sigma Aldrich,
India). The values were expressed as tGSH mM/mg of protein.

2.7. Estimation of GSH to GSSG ratio

The treated cells were harvested in extraction buffer, (0.1%
Trition-X 100 and 0.6% sulfosalicylic acid in 0.1 M potassium
phosphate buffer, pH 7.5) homogenized, and centrifuged at 3000 g
for 10 min at 4 �C. In order to measure GSSG (Sigma Aldrich, India)
in a sample containing both GSH and GSSG by enzymatic method,
free GSH was first masked. The cell extracts were treated with 2-
vinylpyridine which covalently reacts with GSH and not GSSG to
block it. The excess 2-vinylpyridine (Sigma Aldrich, India) was
neutralized with triethanolamine (Sigma Aldrich, India). Once
GSSG and tGSH levels were determined, GSH was calculated for
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determination of GSH to GSSG ratio. tGSH was measured as
described above. The concentration of GSH was calculated by the
following formula: total glutathione z GSH þ 2 GSSG [24]. The
ratio of GSHeGSSG was determined from values of GSH and GSSG
mM/mg of protein.

2.8. ATP measurement

The treated cells were analyzed for ATP levels using ATPlite
Detection Assay System (Molecular Probes, USA) as per the manu-
facturer's instructions [25]. Briefly, the cells were lysed, and the su-
pernatant was collected after centrifugation at 13,000 g for 10min at
4 �C. Luciferase activity was measured in a bioluminescence plate
with 10 mL of supernatant and 90 mL of ATP reaction solution.

2.9. Mitochondrial membrane potential (DJm)

DJm was measured using tetramethylrhodamine methyl ester
(TMRM), (Thermo scientific, India). The treated cells were incu-
bated with 10 nM of TMRM for 5 min at 37 �C, 5% CO2. Later, the
cells were trypsinized, collected, and washed once in 1 � PBS. The
cells were assayed for TMRM fluorescence using flow cytometry
(BD LSRFortessa cell analyzer, Belgium) [26].

2.10. Quantitative RT-PCR

The treated cells were lysed using 1 mL Trizol reagent (Thermo
scientific, India). Total RNA was isolated and complementary DNAs
(cDNAs) were synthesized using cDNA reverse transcription kit as
per manufacturer instructions using PCR thermal cycler (Applied
Biosystems, USA). Quantitative detection of Manganese superoxide
dismutase (MnSOD), Catalase, Cytochrome C, transcription factor A
mitochondrial (TFAM), Cytochrome c oxidase IV (COX IV), and b-
actin was undertaken. A primer sequence of each gene synthesized
by SigmaeAldrich, India was used as mentioned in Table 1. RT-PCR
amplification was performed in the total volume of 20 mL,
comprising 10 mL SYBR Green (2x), 1 mL each of forward and reverse
primer (10 mM), 4 ul nuclease-free water and 4 mL cDNA solution.
PCR was run for 35 cycles using ABI-7500 Fast RT-PCR system. The
conditions used were denaturation at 95 �C for 5 min, 35e40 cycles
of 95 �C for 15 s, annealing at 60 �C for 1 min, extension at 72 �C for
1 min, and a final extension at 72 �C for 5 min. The Ct value of each
gene was normalized with b-actin [27].

2.11. Western blot

HepG2 treated cells were harvested in RIPA buffer (50 mM Tris
pH8.0, 150 mM NaCl, 0.1%SDS, 0.02% Sodium azide, 1% NP40, 0.5%
Sodium deoxycholate) supplemented with protease and
Table 1
Primer sequence used in the study for HepG2 cell line.

Gene Pathway

Human MnSOD Antioxidant enzymes

Human Catalase Antioxidant enzymes

Human Cytochrome c Transcription factors affecting mitochondrial biogenes

Human TFAM

Human COX IV

Human b-actin Housekeeping gene
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phosphatase inhibitor cocktails (SigmaeAldrich, USA). Protein was
quantified using BCA protein assay kit (Thermo Fisher Scientific,
USA). SDS-PAGE was performed using 40 mg of protein sample on a
10% denaturing SDS gel and transferred on polyvinylidene fluoride
membrane (Bio-Rad, California, USA). Each blot was incubated with
specific anti-Cytochrome C (Abcam, USA) (dilution 1:1000), anti-
TFAM (Abcam USA) (dilution 1:1000), anti-COX IV (Santacruz
Biotechnology, USA) (1:200), and anti-tubulin (Sigma Aldrich, In-
dia) (dilution 1:1000) followed by a secondary. The blot images
were captured using ChemiDoc™ XRS (GE Amersham Imager, USA).
The blot intensity was quantified using Image J software and the
results were reported relative to tubulin band density used as a load
control [28].

2.12. Statistical analysis

The software package GraphPad (version 5.0, Prism, CA, USA)
was used for analysis. A minimum of four to six independent ex-
periments were carried out and the standard error of the mean
(SEM) was derived. Statistical significance was determined using
one and two way analysis of variance (ANOVA), where p
value < 0.05(*), <0.01(**), <0.001(***) was considered to be statis-
tically significant.

3. Results

3.1. FFAs induced hepatic steatosis cell model

As per the previous study, the cell culture model of hepatic
steatosis was established by loading HepG2 cells with FFAs mixture
of OA: PA/2:1 [18]. The concentration range selected for standard-
izing the model was 250e2000 mM. The microscopic examination
showed lipid accumulation within the cytoplasm of HepG2 cells
loaded with lipids. In order to determine the appropriate cell cul-
ture concentration for steatosis model, MTT was used to estimate
the number of viable cells. FFAs mixture did not affect the cell
viability in the concentration range of 250e500 mM as compared to
control cells. At FFAs concentration of 1000 mM, a 10% reductionwas
observed in cell viability. However, at FFAs mixture of 2000 mM,
there was a significant reduction in cell viability of about 35.73%,
p < 0.001 (Fig. 1A). Since the FFAs concentration of 2000 mM was
found to be cytotoxic, concentration of 1000 mM was used for
further studies. Also, the decrease in cell viability correlated with
increase in ROS production in a dose-dependent manner (Fig. 1B).

The lipid accumulation in HepG2 was quantified by treating the
cells with FFAs in a concentration range of 250e1000 mM. The lipid
accumulation was confirmed using ORO stain. Post-treatment, the
colorimetric quantification showed a doseedependent rise in lipid
accumulation. The percent accumulation of FFAs was found to be
Sequence (5 / 3 ) Gene Bank no./ref

Forward: CCTGGAACCTCACATCAACG NM_000636.4
Reverse: GCTATCTGGGCTGTAACATCTC
Forward: CAGATAGCCTTCGACCCAAG NM_001752.4
Reverse:GTAGGGACAGTTCACAGGTATATG

is Forward: GTGCCACACCGTTGAAAAG NM_018947.5
Reverse: AGTGTATCCTCTCCCCAGATG
Forward: TTTCTCCGAAGCATGTGGG NM_003201.3
Reverse: GCCAAGACAGATGAAAACCAC
Forward: GCACTGAAGGAGAAGGAGAAG NM_001861.5
Reverse: CCACAACCGTCTTCCACTC
Forward: GTCTTCCCCTCCATCGT NM_007393.5
Reverse: CGTCCCCACATGGAAT



Fig. 1. FFAs induced lipid accumulation and cytotoxicity in HepG2 cells: The cell viability of FFAs was measured using MTT. FFAs e 2000 mM shows toxicity vs control cells *p < 0.05
(A). FFAs-500 mМ and FFAs-1000 mМ induced ROS versus control cells, *p < 0.05 and **p < 0.001 (B). The colorimetric quantification of FFAs loaded cells using ORO stain, FFAs e
500 mM and FFAs e 1000 mM vs control cells ***p < 0.001 (C). The values are expressed as mean ± SEM, N ¼ 4, n ¼ 3.
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15%, 25.6%, and 32.3% at 250, 500 and 1000 mM respectively
(Fig. 1C). The concentration of FFAs showing the highest accumu-
lation i.e., 1000 mM, was chosen in the study for further analysis.
The effect of phytoactives, picroside II, and silibinin, on lipid accu-
mulation was examined at FFAs-1000 mM.

3.2. Picroside II reduces lipid accumulation in FFA treated HepG2
cells

Prior to investigating the effect of picroside II and silibinin on lipid
accumulation, its response was tested on cell proliferation and
cytotoxicity using MTT. Notably, picroside II did not affect the cell
viability in the concentration range of 3e100 mM (Fig. 2A). It was
interesting to observe that silibinin too, did not show toxicity in the
concentration range of 3e100 mM (Fig. 2B), as demonstrated earlier
Fig. 2. Picroside II attenuates lipid accumulation in FFAs loaded cells: The cytotoxic effect o
300 mM vs control cells *p < 0.05 (B). HepG2 cells were pre-treated with picroside II and s
another 20 h. Microscopic representation of the inhibitory effects of picroside II, and silibini
ORO colorimetric assay, picroside II vs FFAs e 1000 mM **p < 0.01 and silibinin vs FFAs �1
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[29]. For both the phytoactives, picroside II and silibinin, an optimal
concentration of 10 mM was selected for further analysis. The phy-
toactives were pre-treated 2 h prior to loading of FFAs on HepG2
cells. The microscopic examination of picroside II treated cells
showed a remarkable decrease in intracellular lipid accumulation.
The ORO colorimetric quantification supported the reduction in lipid
accumulation. A 33% decrease in lipid accumulationwith picroside II
treatment was observed in FFAs loaded cells, p < 0.01 (Fig. 2C and D).
Concomitantly, even silibinin showed 32% reduction in lipid accu-
mulation in FFAs-loaded HepG2 cells, p < 0.01.

3.3. Picroside II ameliorates oxidative stress

Oxidative stress is a key pathologenetic mechanism in NAFLD
contributing to hepatic injury [30]. To measure FFAseinduced
f picroside II at 300 mM vs control cells *p < 0.05 (A) and Silibinin (positive control) at
ilibinin at a concentration of 10 mM for 2 h, followed by FFAs - 1000 mM challenge for
n on FFAs accumulation using ORO stain (C). Quantification of lipid accumulation with
000 mM *p < 0.05 (D). The values are expressed as mean ± SEM, N ¼ 4, n ¼ 3.
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oxidative stress, we measured total ROS production within FFAs-
loaded HepG2 cells. The FFAs treatment of 1000 mM caused sig-
nificant production of ROS within the cells. On loading with FFAs,
the increase in ROS production was 97.9%, p < 0.05 (Fig. 3A) vs
control cells. The increase in ROS formation was attenuated
significantly by picroside II pre-treatment p < 0.05. Picroside II and
silibinin caused a 38.3% and 37.8% decrease in ROS formation
respectively. An increase in ROS formation was accompanied by
decrease in the levels of glutathione, MnSOD and Catalase [31]. The
antioxidant enzymes (MnSOD and Catalase) prevent oxidative
damage by quenching ROS and decreasing the production of
hydrogen peroxide. In the present study, there was a decrease in
total glutathione levels on FFAs-loading suggesting glutathione
depletion, p < 0.01. However, with FFAs-loading at 1000 mМ, there
was no change in themRNA expression ofMnSOD, Catalase, and the
GSH:GSSG ratio vs the control. Picroside II was found to signifi-
cantly rescue glutathione depletion in the FFAs loaded cells,
p < 0.05 (Fig. 3B and C). Picroside II was also found to significantly
increase the mRNA expression of MnSOD and Catalase by 1.5 fold,
p < 0.01 (Fig. 3D and E). Silibinin did not have any effect on
GSH:GSSG, MnSOD and Catalase.
3.4. Mitochondrial dysfunction is rescued by picroside II

Mitochondria are the major sites for ROS formation. Also, an in-
crease in ROS formation is indicative of mitochondrial dysfunction.
Mitochondrial dysfunction leads to a decrease in ATP production and
DJm [32]. In order to investigate the effect of FFAs loading in HepG2
cells on mitochondrial function, ATP levels were first determined.
Fig. 3. Picroside II decreases oxidative stress in FFAs treated cells: HepG2 cells were pre-trea
1000 mM challenge for another 20 h. The total ROS was measured using DCFDA stain, FFAs-1
FFAs - 1000 mM *p < 0.05 (A). Estimation of tGSH levels on FFAs-1000 mM vs control **p < 0.
(B). Estimation of GSH:GSSG ratio, picroside II vs FFAs e 1000 mM *p < 0.05 (C). RT-PCR analy
are expressed as mean ± SEM, N ¼ 4,n ¼ 3.
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They were found to be reduced with FFAs treatment. FFAs caused a
48.84% decrease in ATP levels, p < 0.01 (Fig. 4A). Further, the
reduction in ATP was prevented by picroside II and silibinin treat-
ment, p < 0.01. Following the ATP levels, theDJmwas assayed in the
FFAs-loaded HepG2 cells. FFAs caused a notable loss in DJm,
p < 0.001 (Fig. 4B). The loss in DJmwas reversed by picroside II and
silibinin, p < 0.05. Additionally, decrease in the expression of Cyto-
chrome C was seen on the FFAs-loading vs the control cells, p < 0.05
(Fig. 4C). No changes were observed in the protein expression of
Cytochrome C in FFAs loaded cells compared to the control cells
(Fig. 4D and E). Picroside II supplementation caused an increase in
the mRNA and protein expression of Cytochrome C, p < 0.05. On the
other hand, silibinin increased only the mRNA expression of Cyto-
chrome C, p < 0.05. The effect of the FFAs-loading was analyzed on
themRNA and protein expression of COX IV and TFAM. Though, there
were no changes observed in the mRNA and protein levels of COX IV
and TFAM in FFAs-loaded cells v/s the control cells (Fig. S1AeF),
picroside II and silibinin treatment led to an increase in the mRNA
expression of COX IV, p < 0.01 and p < 0.05 respectively.
4. Discussion

Oxidative stress and mitochondrial dysfunction play a significant
role in the progression of NAFL to NASH. The effects of FFAs-loading
were studied on ROS generation, antioxidant enzymes, and mito-
chondrial function in HepG2 cells. HepG2 cells were loaded with
FFAsmixture of oleic and palmitic acid in 2:1 ratio [18]. In the present
study, a dose-dependent rise in the lipid accumulation at
FFAs �1000 mМ caused a significant increase in the ROS production.
ted with picroside II and silibinin at a concentration of 10 mM for 2 h, followed by FFAs -
000 mM vs control **p < 0.01, picroside II vs FFAs e 1000 mM *p < 0.05 and silibinin vs
01, picroside II vs FFAs e 1000 mM, *p < 0.05 and silibinin vs FFAs e 1000 mM, *p < 0.05
sis of MnSOD (D) and Catalase (E), picroside II vs FFAs e 1000 mM, *p < 0.05. The values



Fig. 4. Picroside II improves mitochondrial function: HepG2 cells were pre-treated with picroside II and silibinin at a concentration of 10 mM for 2 h, followed by FFAs e 1000 mM
challenge for another 20 h. ATP determination using luciferase assay, FFAs e 1000 mM vs control **p < 0.01, picroside II vs FFAs e 1000 mM **p < 0.01 and silibinin vs control
**p < 0.01. DJМ was measured using TMRM, FFAs e 1000 mM vs control ***p < 0.001, picroside II vs FFAs e 1000 mM *p < 0.05 and silibinin vs FFAs e 1000 mM, *p < 0.05 (B). The
RT-PCR analysis of Cytochrome C, picroside II vs FFAs- 1000 mM *p < 0.05 (C) and Western blot analysis of Cytochrome C, picroside II vs FFAs �1000 mM, *p < 0.05 (D and E). The
values are expressed as mean ± SEM, N ¼ 4, n ¼ 3.
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Several in vitro and in vivo studies, including the present one, have
demonstrated an increase in the ROS production as a result of excess
lipid accumulation within the hepatocytes [9]. Clinical studies have
also reported an increase in lipid peroxidation in patients with NASH
[33].. An increase in ROS generation can cause depletion of antioxi-
dant enzymes (MnSOD, Catalase and glutathione peroxidase). This
leads to formation of lipid peroxides having detrimental effects on
hepatocytes [9]. In the present study, a significant decrease in the
tGSH levels and a trend towards decrease in the GSH/GSSG ratio as
well as antioxidant enzymesMnSOD and Catalase, was observed as a
result of increased ROS formation.

In patients with NASH, an increase in the ROS is associated with
impaired mitochondrial electron transport chain (ETC) and loss in
the DJm [34]. A decrease in ATP production, DJm, and expression
of Cytochrome C in FFAs-treated HepG2 cells suggest mitochondrial
dysfunction. Animal models of mitochondrial dysfunction in NASH
have shown alteration in the ETC complexes I, III, and IV [35]. In the
present study, no effect of FFAs-loading was observed on the mRNA
and protein expression of complex IV even though we observed a
decrease in the ATP production. This suggests a need to explore the
expression of complexes I and III since they are the major sites for
superoxide formation [36e41]. Disruption in the complexes I and III
has shown to increase formation of ROS, diminish tGSH, and
deplete ATP generation [42]. Also, increase in the ROS is shown to
damage mitochondrial DNA [43]. There were no changes observed
in mRNA and protein expression of TFAMwith FFAs treatment. This
indicates that the degree of ROS did not damage the mitochondria
to an extent to cause mitochondrial DNA damage.

Preventing the development of NASH with suitable safe phyto-
molecules would be hereby beneficial [44]. In the present study, the
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effects of picroside II, a phytoactive from P. kurroa, vis-�a-vis silibinin,
from Silymarin marianum, were examined on FFAs-induced lip-
otoxicity. Earlier, it was shown that picroside II significantly reduced
fatty acid accumulation in HepG2 cells by decreasing the FFAs uptake
and synthesis [18]. In the present study, besides attenuating lipid
accumulation, picroside II also significantly decreased the ROS for-
mation in FFAs-loaded HepG2 cells. This decrease in ROS formation
was parallel to an increased expression of MnSOD and Catalase with
picroside II pre-treatment. Picroside II also increased the levels of
tGSH and GSH:GSSG. The decrease in ROS formation and increase in
tGSH levels were comparable with silibinin pre-treatment. However,
silibinin did not show any effect on the MnSOD and Catalase levels.
Preeclinical and clinical studies have shown anti-oxidant properties
of silibinin [45]. Silibinin has shown to inhibit the formation of ROS
by increasing tGSH, MnSOD, Catalase, and glutathione peroxidase
levels in rat Kupffer cells, hepatocytes, HepG2 cells, and isolated rat
hepatic mitochondria [46].

The present investigation also showed an improvement in
mitochondrial function with picroside II. There was an increase in
expression of Cytochrome C following picroside II pre-treatment.
An increase in expression of Cytochrome C implies activation of its
function as a single electron carrier in the electron transport chain
catalyzing the reduction of oxygenmolecule to water, thus leading
to more ATP [34]. Picroside II was found to increase DJm and ATP
generation (Fig. 5A and B). Similarly, silibinin pre-treated group
showed an increase in DJm and ATP generation compared to
FFAs-treated group.

The aforesaid evidence is significant so as to gain a deeper un-
derstanding of the mechanism of picroside II's activity in improving
mitochondrial function. Excess of hepatic FFAs overload alters the



Fig. 5. Proposed model for picroside II's activity on FFAs-induced-lipotoxicity: Picroside II attenuates FFAs accumulation, decreases the production of ROS, and increases the levels of
antioxidants (glutathione, MnSOD and Catalase). Picroside II also improves the mitochondrial functions by increasing the ATP production, decreasing the DJM, and Cytochrome C
expression (A and B).
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process of b-oxidation, increasing the flow of reducing equivalents
NADH and FADH2 across ETC [38]. In the present study, picroside II
significantly increased the DJm and ATP levels. Also, in our study
picroside II was found to increase the mRNA levels of COX IV in
FFAs-loaded cells. Besides complex IV, there is a need to study the
effect of picroside II on complexes I and III for its activity on ETC.

5. Conclusion

The current in vitro fatty liver model has explored the activity of
picroside II on fatty acid accumulation, oxidative stress, and mito-
chondrial function. Besides picroside II, there are many other active
compounds present in P. kurroa. These include picroside I and
apocynin whose activities have not been explored on other targets
471
involved in pathogenesis of NAFLD such as insulin resistance,
altered lipid metabolism, lipotoxicity, oxidative stress and inflam-
mation, activation of immune cells, apoptosis, necrosis, fibro-
genesis, and collagen turnover [46]. Hence, in addition to studying
picroside II, it will be desirable to study P. kurroa or fortify it
with picroside II for its activity in NAFLD.

The pathogenesis of NAFLD also comprises of several other dy-
namic pathways and cross-talks between two or more cell types in
liver [47]. Primary hepatocytes have been proposed as a standard
model for studying mechanisms of molecular activity of a com-
pound. But in view of the earlier clinical and in vitro activities
shown by P. kurroa and picroside II, these results in HepG2 cells gain
relevance [48]. The effect of FFAs-induced-lipotoxicity in hepato-
cytes can be followed up in other models viz., hepatic spherules,
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dual cell cultures with Kupffer cells or primary hepatocytes, etc
[49]. Further pre-clinical and toxicity studies can be explored for
the enriched extract of P. kurroa as a phytopharmaceutical or
picroside II as a new chemical entity.
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