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ards 3T3-L1 adipocytes from
hypoxia through protecting mitochondrial
bioenergetics, biogenesis and dynamics

Priyanka A., Anupama Nair, Anusree S. S., Nisha V. M. and Raghu K. G.*

Natural products are the cornerstone of modern therapeutics. Bilobalide was found to be effective against

hypoxia induced alterations in innate antioxidant status in our earlier study. Adipose tissue hypoxia in obesity

contributes to insulin resistance viamitochondrial dysfunctions. Mitochondria are a central control point of

many metabolic pathways and various pathophysiological conditions. In the present investigation, we

evaluated the effect of hypoxia on crucial mitochondrial functions in 3T3-L1 adipocytes and possible

protection with bilobalide. Hypoxia for 24 hours substantially increased (P # 0.05) HIF-1a expression

(5.3 fold) as well as PDK-1 expression (2.3 fold) at the protein level in 3T3-L1 adipocytes. The aconitase

enzyme activity was significantly (P # 0.05) reduced (4.5 fold) in the hypoxic group indicating an

elevated level of mitochondria-generated ROS production. It also affected mitochondrial bioenergetics

like oxygen consumption (2.23 fold), ATP synthesis (4.32 fold), and the activities of respiratory chain

complexes such as complexes I, III and IV (2.05, 2.35 & 2.9 fold) in hypoxic adipocytes. Hypoxia also

impaired (P # 0.05) mitochondrial dynamics such as mitochondrial biogenesis and fusion/fission balance

in 3T3-L1 adipocytes. Bilobalide protected the 3T3-L1 adipocytes from adverse effects of hypoxia by

safeguarding mitochondrial bioenergetics and dynamics, via downregulating HIF-1a expression. These

findings suggest that bilobalide could be used as a therapeutic agent for adipocyte hypoxia-mediated

mitochondrial dysfunctions in obesity.
1. Introduction

Natural products exhibit an extensive effect on mitochondria.
Data concerning differential effects on cells from different
disease samples are particularly interesting for possible, ther-
apeutic application of these compounds as bioactives.
Furthermore, most of the lifestyle related diseases is connected
with mitochondrial oxidative stress in virtually every tissue.1

The use of these compounds, particularly as prophylactic
agents, is very promising. However, detailed pharmacological
evaluations are needed before considering a wide, systematic
use of these compounds in clinical practice. Quercetin, resver-
atrol, and curcumin have been evaluated in detail for their
effects on mitochondria to elucidate the mechanisms of their
medicinal properties.2 Bilobalide from Gingko biloba was found
to be effective against hypoxia induced alteration in mito-
chondrial integrity and associated generation of oxidative stress
and inammation3 from previous data. We also found signi-
cant up-regulation of HIF-1a expression.3 It also caused deple-
tion of innate antioxidant content. Mitochondrial dysfunctions
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are closely associated with a large variety of disorders.4 This is
because of central role of mitochondria in energy metabolism
and associated cellular physiology. These processes are very
conspicuous during various stress conditions like hypoxia and
ER stress.5 Cells under hypoxia adjust with surrounding physi-
ology via regulation of various metabolic pathways. If low
oxygen levels are lengthened, cells undergo adapting process,
through hypoxia-inducible factor 1 (HIF-1). Function of this
factor is strictly related to the mitochondrial function, which in
turn is dependent with the oxygen level.

Mitochondrial abnormalities have been reported in obesity.6

The mitochondria are dynamic organelles that consistently fuse
and divide. Equilibrium between fusion and ssion is required
for proper functioning of mitochondria.7 Characterization of
the participants of the ssion and fusion process has pro-
gressed considerably, and we are now anxious to know the exact
role of mitochondrial dynamics in mitochondrial and cellular
functions. Its importance has been highlighted by the discovery
of human diseases caused by alterations in dynamics.4 Likewise
mitochondrial biogenesis and OXPHOS have been reported to
play signicant role in genesis as well as amplication of
various disorders.6

There is substantial evidence that hypoxia develops in
adipose tissue as the tissue mass expands, and the secretion of
a number of inammation-related adipokines is upregulated by
RSC Adv., 2016, 6, 114969–114979 | 114969
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hypoxia.3 There is a switch from oxidative metabolism to
anaerobic glycolysis.5 Overall, hypoxia has pervasive effects on
the function of adipocytes and appears to be a key factor in
adipose tissue dysfunction in obesity.

On the basis of our preliminary study, a detailed investigation
is planned with bilobalide exclusively on mitochondrial bioener-
getics, biogenesis and dynamics to check whether mitochondrial
dysfunction can be taken as druggable target for development of
lead for hypoxia mediated disorders especially obesity.

2. Materials and methods
2.1. Chemicals and cell culture reagents

Bilobalide, acriavine, 3-isobutyl-1-methylxanthine (IBMX),
dexamethasone, insulin, dimethyl sulfoxide (DMSO), and Dul-
becco's Modied Eagle's Medium (DMEM) were purchased
from Sigma Aldrich (St. Louis, MO, USA). Fetal bovine serum
(FBS), fetal calf serum (FCS) and penicillin–streptomycin anti-
biotics were fromHimedia (Himedia Pvt. Ltd, India). Antibodies
were from Santacruz (Santa Cruz, CA, USA). All other chemicals
used were of analytical grade.

2.2. Cell culture

3T3-L1 preadipocytes (ATCC) were maintained in DMEM (4.5 g
L�1 high glucose) supplemented with 10% FBS, antibiotic (100
U penicillin per ml, and 100 mg streptomycin per ml) and
incubated at 5% CO2 and 37 �C. To induce differentiation, 2
days post conuent 3T3-L1 preadipocytes were stimulated for
48 h with 0.5 mM isobutyl methyl xanthine, 0.25 mM dexa-
methasone, and 10 mg ml�1 insulin in DMEM. Then differen-
tiated adipocytes were maintained in and refed every 2 days with
DMEM containing 10 mg ml�1 insulin.

2.3. Hypoxia induction and treatment

In order to induce hypoxia, differentiated 3T3-L1 adipocytes at 9th

day were incubated in a hypoxic chamber (Galaxy 48R, New
Brunswick, Eppendorf, Germany) at an atmosphere of 1% O2,
94% N2, 5% CO2, and at 37 �C for 24 h. The control cells were
incubated in an atmosphere of 21% O2 and 5% CO2 at 37 �C. The
cells were treated with different concentrations (10, 20 & 50 mM)
of bilobalide or acriavine (5 mM) during hypoxic period (24 h).
For mRNA and protein expression studies, only higher doses of
test materials were used. Acriavine was used as positive control.

2.4. Determination of aconitase activity

Aconitase activity was assayed using kit purchased from Cayman
chemicals (USA) as per manufacturer's instructions. Aer respec-
tive treatments, cells were washed with cold PBS (pH 7.4). Then
fresh PBS was added to cover the cells and centrifuged the cells at
800 � g for 10 minutes (min) at 4 �C. Then supernatant was dis-
carded and resuspended the cell pellet in 1 ml of homogenization
buffer. The cell suspension was sonicated for 5 seconds and
centrifuged the cell suspension at 20 000 � g for 10 min at 4 �C.
This supernatant was used for the assay of aconitase. 50 ml of the
sample was added to 5 ml of assay buffer, 50 ml of NADP+ reagent,
50 ml of isocitric dehydrogenase and 50 ml of aconitase substrate
114970 | RSC Adv., 2016, 6, 114969–114979
solution and incubated for 15 min at 37 �C. The absorbance was
taken once in every min at 340 nm for 10 min.

2.5. Determination of the activity of mitochondrial
respiratory complexes

For determining the activity of mitochondrial respiratory
complexes aer normoxic and hypoxic treatments, mitochon-
dria were isolated using mitochondria isolation kit (Sigma-
Aldrich, USA). The isolated mitochondria were then dissolved
in CelLytic M, cell lysis reagent with protease inhibitor cocktail
[1 : 100 (v/v)] for further analysis.

The effect of hypoxia on complex I mediated electron transfer
(NADH dehydrogenase) was studied using NADH as the substrate
and menadione as electron acceptor as described previously by
Paul et al. (2008). The reaction mixture containing 200 mM
menadione and 150 mMNADHwas prepared in phosphate buffer
(0.1 M, pH 8.0). To this, mitochondria (100 mg) was added, mixed
immediately and observed quickly for change in the absorbance
at 340 nm for 8 min (UV-2450 PC; Shimadzu, Kyoto, Japan).
Rotenone (10 mM) was used to inhibit the complex I.

Complex II mediated activity (succinate dehydrogenase) was
measured spectrophotometrically at 600 nm using dichlor-
ophenolindophenol (DCPIP) as an articial electron acceptor and
succinate as substrate. The extent of decrease of absorbance
(DOD) was considered as the measure of the electron transfer
activity of complex II as described previously by Paul et al. (2008).
The reaction mixture was prepared in 0.1 M phosphate buffer
(pH 7.4) containing 10 mM EDTA, 50 mM DCPIP, 20 mM succi-
nate and mitochondria (50 mg). The change in absorbance was
observed immediately for 8 min at 30 �C. Malonate (25 mM) was
used to inhibit the complex II.

Complex III (ubiquinol–cytochrome c reductase) activity was
determined as previously described by Sudheesh et al. (2009). In
brief, mitochondrial protein (50 mg) was mixed with 100 mM of
EDTA, 2 mg of BSA, 3 mM of sodium azide, 60 mM of ferricy-
tochrome c, decylubiquinol (1.3 mM) and phosphate buffer
(50 mM, pH 8.0) in a nal volume of 1 ml. The reaction was
started by the addition of decylubiquinol and monitored for
2 min at 550 nm and again aer the addition of 1 mmol l�1 of
antimycin A. The activity was calculated from the linear part of
absorption–time curve, which was not less than 30 seconds.
Activity of complex III was expressed as mmoles of ferricyto-
chrome c reduced per min per mg protein. Antimycin A (10 mM)
was used as standard inhibitor of complex III.

Complex IV activity of mitochondria was assayed using kit
from Sigma Aldrich chemicals (USA) as per manufacturer's
instructions. Briey, 950 ml of 1� assay buffer was added to
a cuvette and then 10 mg of mitochondrial suspension was
added and brought the reaction volume to 1.05 ml with 1�
enzyme dilution buffer. The reaction was initiated by the
addition of 50 ml of ferrocytochrome c substrate solution.
Absorbance was read at 550 min�1.

2.6. Oxygen consumption rate assay

The rate of oxygen consumption in the cells was determined
using oxygen consumption rate (OCR) assay kit from Cayman in
This journal is © The Royal Society of Chemistry 2016
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Table 1 Nucleotide sequences of qRT primers

mRNA Primer sequence

Tfam Forward 50-GGAATGTGGAGCGTCCTAAAA-30

Reverse 50-TGCTGGAAAAACACTTCGGAATA-30

Pgc1a Forward 50-CGGAAATCATATCCAACCAG-30

Reverse 50-TGAGGACCGCTAGCAAGTTTG-30

Nrf1 Forward 50-TGGTCCAGAGAGTGCTTGTG-30

Reverse 50-TTCCTGGGAAGGGAGAAGAT-30

MtDNA Forward 50-CCACTTCATCTTACCATTTA-30

Reverse 50-ATCTGCATCTGAGTTTAATC-30

Cyt b Forward 50-TTTTATCTGCATCTGAGTTTAATCCTG-30

Reverse 50-CCACTTCATCTTACCATTTATTATCGC-30

b-Actin Forward 50-AGTACCCCATTGAACGC-30

Reverse 50-TGTCAGCAATGCCTGGGTAC-30
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accordance with the manufacturer's protocol. The phospho-
rescence of MitoXpress-Xtra, a phosphorescent oxygen probe, is
quenched by oxygen and the phosphorescent signal is inversely
proportional to the amount of oxygen present. The OCR was
calculated from the change in MitoXpress probe signal over
time (excitation: 380 nm; emission: 650 nm).

2.7. ATP determination assay

The ATP content was measured using a luciferase-based biolu-
minescence assay kit (ATP Determination Kit, Molecular
Probes, Invitrogen). The cells, aer treatment were homoge-
nized in an ice-cold ATP releasing buffer (100 mM potassium
phosphate pH-7.8, 2 mM EDTA, 1 mM DDT, 1% Triton X 100).
Then 90 ml of standard reaction mixture (8.9 ml distilled water,
0.5 ml 20� reaction buffer, 0.1 ml 0.1 MDTT, 0.5 ml of 10mM D-
luciferin, 2.5 ml of 5 mg ml�1

rey luciferase) and 10 ml of
samples were gently mixed and the luminescence was read at
560 nm in a multiplate reader (Tecan Innite 200PRO, Austria).
Using ATP standard provided with kit, ATP concentrations were
determined and then normalized to protein concentrations.

2.8. Determination of mitochondrial biogenesis

Mitochondrial biogenesis was analysed by using Abcam Mito-
Biogenesis In-CellElisa kit according to the manufacturer's
protocol. Briey, 3T3-L1 preadipocytes were seeded in 96 well
plate and were allowed to differentiate. Aer respective treat-
ments, cells were xed in 4% paraformaldehyde. The levels of
two mitochondrial proteins were measured in each well, one
protein being subunit I of complex IV (COX-I), which is mito-
chondrial DNA-encoded, and the other being the 70 kDa
subunit of complex II (SDH-A), which is nuclear DNA encoded.
The expression level of COX-I is an indication of mitochondrial
biogenesis.

2.9. Quantitative real-time PCR

Total RNA from 3T3-L1 adipocytes was extracted using Trizol
reagent (Invitrogen, Carlsbad, CA). 2 mg of total RNA was
reverse transcribed using SuperScript III reverse transcrip-
tase and random hexamers (Life technologies, Invitrogen,
USA). The gene expression levels were analysed by quantita-
tive real-time RT-PCR, conducted using the CFX96 Real Time
PCR system (Bio-Rad, USA) using the following conditions: an
initial denaturation for 10 min at 95 �C, followed by 39
cycles of 15 s denaturation at 95 �C, 30 s annealing at the
optimal primer temperature and 10 s extension at 72 �C. Each
sample was assayed in triplicate in a 20 ml reaction volume
containing 1 ml of cDNA, 10 ml of SYBR Green master mix
(Power SYBR® Green PCR Master Mix, Life Technologies,
Invitrogen, USA), 5.81 ml of DEPC water and 1.6 ml of appro-
priate primer. Negative controls (no template) were run as
well to ensure the absence of contamination. Analysis was
performed according to the DDCt method using b-actin as the
housekeeping gene. The nucleotide sequence of primers is
given in Table 1.

We selected Tfam, Pgc1a (master regulator of biogenesis),
Nrf1, MtDNA, Cyt b genes due to their relevance in the
This journal is © The Royal Society of Chemistry 2016
functional features of mitochondria like mitochondrial genome
replication, mitochondrial biogenesis, mitochondrial DNA
transcription, respiration and replication, mitochondrial DNA
and electron transport chain respectively.
2.10. Western blot analysis

Treated cells were washed with ice-cold PBS and lysed in RIPA
buffer containing protease inhibitors. The cell suspensions
were centrifuged at 12 000 rpm for 15 min at 4 �C, and the
supernatants was collected. Proteins were quantied using
the bicinchoninic acid protein assay kit (BCA kit; Pierce,
Rockford, IL, USA) in accordance with the manufacturer's
instructions. Equal amount of proteins (50 mg) were separated
by 10% SDS-PAGE and transferred to PVDF membranes using
turbo transblot apparatus (BD Bioscience). The membranes
were blocked with 5% BSA in TBST (50 mM Tris, pH 7.5,
150 mM NaCl, 0.01% Tween-20) for 1 h at room temperature.
The membrane was washed 3 times with TBST for 10 min
each. The membrane was incubated at 4 �C overnight in 5%
BSA in TBST containing primary antibodies to one of the
following: HIF-1a (biomarker of hypoxia), PDK-1 (biomarker
of hypoxia from TCA cycle), OPA1 (mitochondrial fusion
protein) 1 : 500, MFN2 (mitochondrial fusion protein) 1 : 500,
DRP (mitochondrial ssion protein) 1 : 500, FIS (mitochon-
drial ssion protein) 1 : 500 or b-actin 1 : 1000. Aer washing
with TBST, the membrane was incubated with peroxidase-
conjugated corresponding secondary antibodies for 1 h at
room temperature. Aer washing, membranes were devel-
oped using 3,30-diaminobenzidine tablets (DAB; Sigma
Aldrich, St Louis, MO, USA) and H2O2. The immunoblot
results were analysed using quantity one soware in Gel doc
(BD Bioscience, USA).
2.11. Statistical analysis

All the experiments were repeated thrice with duplicate (n ¼ 6).
Results are expressed as means � standard deviations. Data
were subjected to one-way ANOVA and the signicance of
differences between means were calculated by Duncan's
multiple range tests using SPSS for Windows, standard version
7.5.1 (SPSS), and signicance was accepted at P # 0.05.
RSC Adv., 2016, 6, 114969–114979 | 114971
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3. Results
3.1. HIF-1a expression in normoxic and hypoxic adipocytes

The expression of HIF-1a was determined in normoxic and
hypoxic groups of 3T3-LI adipocytes at mRNA and protein level.
The expression was signicantly increased in hypoxia-treated cells
compared with normal cells (Fig. 1A and B). This conrmed the
induction of hypoxia in cells. The mRNA and protein level
Fig. 1 Expression of HIF-1a transcription factor in normoxic and hypoxic
level normalized to b-actin. (C) mRNA expression of HIF-1a normalised to
of acriflavine treated hypoxic groups. Values are means with standard d
icantly different from the control cells (P # 0.05). # Mean values are sig

Fig. 2 Expression of pyruvate dehydrogenase kinase 1 in normoxic and h
of protein level normalized to b-actin. (C) mRNA expression of Pdk-1 norm
AF-5 mM of acriflavine treated hypoxic groups. Values are means with sta
significantly different from the control cells (P # 0.05). # Mean values a

114972 | RSC Adv., 2016, 6, 114969–114979
expression of HIF-1a were checked in normoxic and hypoxic
groups. The HIF-1a mRNA level was signicantly (P # 0.05)
increased aer 24 h of hypoxic treatment compared to normoxia.
The treatment with bilobalide (50 mM), signicantly (P # 0.05)
inhibited hypoxia induced upregulation of HIF-1a mRNA level
(Fig. 1A). In this study, acriavine, which is an HIF-1a inhibitor
and prevents transcriptional activities of HIF-1, is used as positive
control. This compound also prevented hypoxia induced
groups: (A) immunoblot analysis of HIF-1a. (B) Quantification of protein
b-actin. N-normoxia, H-hypoxia, B3-50 mM of bilobalide, and AF-5 mM
eviations represented by vertical bars (n ¼ 3).* Mean values are signif-
nificantly different from hypoxia treated cells (P # 0.05).

ypoxic adipocytes: (A) immunoblot analysis of PDK-1. (B) Quantification
alised to b-actin. N-normoxia, H-hypoxia, B3-50 mMof bilobalide, and
ndard deviations represented by vertical bars (n ¼ 3).* Mean values are
re significantly different from hypoxia treated cells (P # 0.05).

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Aconitase activity in normoxic and hypoxic groups: hypoxia
treatment significantly reduced the aconitase activity. Co-treatment of
bilobalide restored aconitase activity in a dose dependent manner. N-
normoxia, H-hypoxia, B1-10 mM, B2-20 mM, B3-50 mM of bilobalide,
AF-5 mM of acriflavine treated hypoxic groups. Values are means with
standard deviations represented by vertical bars (n ¼ 6).* Mean values
are significantly different from the control cells (P # 0.05). # Mean
values are significantly different from hypoxia treated cells (P # 0.05).
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upregulation HIF-1a mRNA level in 3T3-L1 adipocytes. Similar
results were obtained with western blot analysis. Hypoxic group
showed a signicant (P# 0.05) increase in protein level of HIF-1a
(5.34 fold) compared to normoxia. Bilobalide or acriavine
signicantly reduced the protein level of HIF-1a (Fig. 1B and C).
3.2. Pyruvate dehydrogenase kinase 1 expression and
aconitase activity in normoxic and hypoxic adipocytes

We analysed the expression of pyruvate dehydrogenase kinase 1
(PDK1) by qRT-PCR and immunoblot analysis. PDK1 is the
protein that maintains mitochondrial function in hypoxic
condition. Results showed an increased expression of PDK1 at
protein level as well as mRNA level in hypoxia treated cells
compared with normoxic cells. The treatment with bilobalide
Table 2 Activities of mitochondrial respiratory chain complexesa

NADH:ubiquinone
oxidoreductase
(complex I)
(DOD 340 nm)

Succinate-CoQ reductase
(complex II) (DOD 600 nm)

Cyto
(com
c red

N 0.391 � 0.006 0.245 � 0.008 5.14
H 0.191 � 0.003* 0.239 � 0.01 2.19
B3 0.251 � 0.015# 0.237 � 0.016 3.95
AF 0.245 � 0.011# 0.249 � 0.012 3.18
Rotenone 0.101 � 0.008*
Malonate 0.072 � 0.021*
Antimycin A 2.11
KCN

a N – normoxia, H – hypoxia, B3 – 50 mM of bilobalide and AF – 5 mM o
deviations (n ¼ 6).* Mean values are signicantly different from the c
hypoxia treated cells (P < 0.05).

This journal is © The Royal Society of Chemistry 2016
(50 mM) or acriavine (5 mM) signicantly (P # 0.05) reduced
PDK 1 expression in hypoxic 3T3-L1 adipocytes (Fig. 2A and B).

Aconitase activity was signicantly (P # 0.05) reduced in
hypoxic group (4.54 fold) when compared with control cells.
Bilobalide (10, 20, 50 mM) treatment dose dependently
improved (1.47, 1.99, 3.69 fold) the activity signicantly (P #

0.05) and brought back the activity near to normal. Acriavine
also improved aconitase activity (3.24 fold; Fig. 3). Thus, inhi-
bition of aconitase activity in hypoxia indicates elevated level of
mitochondria generated ROS.

3.3. Activities of mitochondrial respiratory chain complexes
in normoxic and hypoxic adipocytes

Table 2 shows the activities of mitochondrial respiratory
complexes in normoxic and hypoxic groups. The activities of
respiratory chain complexes such as complexes I, III and IV were
signicantly decreased (2.05, 2.35 & 2.9 fold; Table 2) in hypoxic
adipocytes (P# 0.05) compared to normal cells. Bilobalide (50 mM)
or acriavine (10 mM) treatment prevented the reduction (1.31,
1.36, 1.28 fold; 1.4, 1.6, 1.3 folds respectively; Table 2) of respira-
tory chain complexes activities in hypoxic 3T3-L1 adipocytes (P #

0.05). Typical inhibitors of the various steps of respiratory chain
complexes like rotenone, inhibited complex I activity by 3.87 fold,
malonate inhibited complex II activity by 3.40 fold, antimycin A
inhibited complex III activity by 2.44 fold and KCN inhibited
complex IV activity by 7.45 fold. There were no signicant changes
in complex II activity in normoxic and hypoxic groups.

3.4. Oxygen consumption rate and ATP content in normoxic
and hypoxic adipocytes

The oxygen consumption rate (OCR) was analysed using Cay-
man's O2 consumption assay kit. The kit utilizes a phosphores-
cent probe MitoXpress®, signal of which is quenched by oxygen
and resulting in a signal that is inversely proportional to the
amount of oxygen present. Adipocytes under hypoxia showed
a signicant (P # 0.05) decrease in OCR (2.23 fold) compared
with the normoxic cells (Fig. 4). There was also a signicant
decrease in oxygen consumption rate in antimycin A treated
chrome c reductase
plex III) (mM of ferricytochrome
uced per min per mg protein)

Cytochrome c oxidase (complex IV)
(mM of ferrocytochrome c
oxidized per min
per mg protein)

� 1.015 6.11 � 0.18
� 0.16* 2.90 � 0.25*
� 0.41# 4.11 � 0.29#

� 0.52# 3.88 � 0.41#

� 0.24*
0.82 � 0.52*

f acriavine treated hypoxic groups. Values are means, with standard
ontrol cells (P < 0.05). # Mean values are signicantly different from

RSC Adv., 2016, 6, 114969–114979 | 114973
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Fig. 4 Changes in oxygen consumption in normoxic and hypoxic groups: hypoxia significantly reduced the oxygen consumption rate compared
with the control group. Bilobalide and acriflavine co-treatment partly restored the oxygen consumption rate. N-normoxia, H-hypoxia, B1-10 mM,
B2-20 mM, B3-50 mM of bilobalide, AF-5 mM of acriflavine treated hypoxic groups, and AA-antimycin A treated group. Values are means with
standard deviations represented by vertical bars (n ¼ 6).* Mean values are significantly different from the control cells (P # 0.05). # Mean values
are significantly different from hypoxia treated cells (P # 0.05).
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cells. Antimycin A is a typical electron transport chain inhibitor.
It inhibits mitochondrial electron transport between cyto-
chromes b and c, and causes an inhibitory response on cellular
oxygen consumption. However, treatment with bilobalide or
acriavine dose dependently promoted oxygen consumption
rate. 10, 20, 50 mM of bilobalide signicantly accelerated 1.11,
1.37, & 1.67 fold oxygen consumption rate respectively in
hypoxic adipocytes (P # 0.05; Fig. 4A and B). Acriavine (5 mM)
also increased (P# 0.05) oxygen consumption rate (2.09 fold) in
hypoxic adipocytes, indicating protection against the defect in
oxygen consumption.

ATP content in hypoxic group was signicantly (P # 0.05)
reduced (4.32 fold) when compared to normoxia (Fig. 5).
Treatment with bilobalide or acriavine restored (2, 2.34, & 3.08;
3.55 fold respectively; P # 0.05; Fig. 5) ATP content, further
conrming the protective effect of these compounds against
alterations in mitochondrial function.
Fig. 5 Determination of ATP content in normoxic and hypoxic group:
hypoxia significantly reduced ATP content compared with the nor-
moxic group. Bilobalide and acriflavine co-treatment partly restored
ATP content in hypoxic groups. N-normoxia, H-hypoxia, B1-10 mM,
B2-20 mM, B3-50 mM of bilobalide, and AF-5 mM of acriflavine treated
hypoxic groups. Values are means with standard deviations repre-
sented by vertical bars (n ¼ 6).* Mean values are significantly different
from the control cells (P # 0.05). # Mean values are significantly
different from hypoxia treated cells (P # 0.05).
3.5. Mitochondrial biogenesis in normoxic and hypoxic
adipocytes

The mitobiogenesis in cell ELISA assay measures the specic
activities of two mitochondrial proteins, the subunit I of
complex IV (cytochrome c oxidase-1, COX-1), which is mtDNA
encoded, and a subunit of complex II (succinate
dehydrogenase-A, SDH-A), which is nuclear DNA-encoded. The
specic activity of mtDNA encoded COX-1 was signicantly (P#

0.05) depleted (1.45 fold) in hypoxic group compared with
normoxia indicating, loss of mitochondrial biogenesis. The
treatment with bilobalide (10, 20, 50 mM), or acriavine (5 mM)
signicantly (P # 0.05) restored COX-1 activity (1.07, 1.10, 1.26
fold; 1.22, 1.38, 1.41 fold; 1.23 fold; Fig. 6A) in a dose dependent
manner, showing protection from loss of mitochondrial
biogenesis. But there was no signicant changes in the activity
of SDH-A, the nuclear DNA encoded protein in normoxic and
114974 | RSC Adv., 2016, 6, 114969–114979
hypoxic groups. These results strongly support hypoxia induced
mitochondrial dysfunctions in adipocytes.
3.6. Mitochondrial biogenesis marker expression, mtDNA
copy number and alterations in proteins involved in
mitochondrial structural dynamics in normoxic and hypoxic
adipocytes

Next, we examined the mRNA level expression of the mito-
chondrial biogenesis related factors, Pgc1a, Nrf1, mtTFA and
Cyt b in normoxic and hypoxic adipocytes. The results showed
This journal is © The Royal Society of Chemistry 2016
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Fig. 6 Studies onmitochondrial biogenesis in normoxic and hypoxic groups: (A) mitochondrial biogenesis in normoxic and hypoxic group based
on the specific activities of subunit I of complex IV (COX-1), which is mtDNA encoded, and subunit of complex II (SDH-A), which is encoded in
nuclear DNA. (B) The relative expression of genes involved in mitochondrial biogenesis in normoxic and hypoxic groups. (C) Mitochondrial DNA
copy number in normoxic and hypoxic groups determined by qRT PCR. N-normoxia, H-hypoxia, B1-10 mM, B2-20 mM, B3-50 mM of bilobalide,
and AF-5 mM of acriflavine treated hypoxic groups. Values are means with standard deviations represented by vertical bars (n ¼ 6).*Mean values
are significantly different from the control cells (P # 0.05). # Mean values are significantly different from hypoxia treated cells (P # 0.05).

Fig. 7 Studies on mitochondrial structural dynamics in normoxic and hypoxic groups: (A) immunoblot analysis of proteins involved in mito-
chondrial fusion (MFN2 & OPA-1) and fission (DRP1 & FIS1). (B) Quantification of protein level of OPA-1 and MFN-2 normalized to b-actin. (C)
Quantification of protein level of FIS-1 and DRP-1 normalized to b actin. N-normoxia, H-hypoxia, B3-50 mM of bilobalide and AF-5 mM of
acriflavine treated hypoxic groups. Values are means with standard deviations represented by vertical bars (n ¼ 3).*Mean values are significantly
different from the control cells (P # 0.05). # Mean values are significantly different from hypoxia treated cells (P # 0.05).
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that the gene level expression of Pgc1a, Nrf1, mtTFA and Cyt
b were signicantly (P# 0.05) decreased aer hypoxia treatment
with respect to normoxia (Fig. 6B). Similarly qRT PCR analysis
of mtDNA copy number was also found to be signicantly
decreased in hypoxic group (Fig. 6C). The treatment with bilo-
balide (50 mM), or acriavine (5 mM) signicantly (P # 0.05)
restored mitochondrial biogenesis related proteins and mtDNA
copy number almost to normal level in hypoxia treated groups
(Fig. 6B and C). The results showed a signicant (P # 0.05)
decrease in MFN2 & OPA1 (fusion proteins) expression and
signicant increase in DRP1 & FIS1 (ssion proteins) in hypoxic
adipocytes indicating impaired mitochondrial function. The
treatment with bilobalide (50 mM), or acriavine (5 mM) restored
the fusion and ssion proteins in normal range (Fig. 7A–C).

4. Discussion

The investigations on the effects of biologically active natural
compounds of vegetal origin on cell physiology is now centre of
attraction for having better prospects in the development of
nutraceuticals and phytoceuticals. Many of these compounds
are found to exert their functions via mitochondrial functions.8

Mitochondria are “powerhouse” of the cell, where tricarboxylic
acid cycle (TCA) and b-oxidation take place and chemical energy
is converted into ATP.9 Its dysfunction is a causing factor to
obesity.10 It is involved in many pathways in the adipocyte,
including differentiation and maturation.11 So any defect in
mitochondrial biology may lead to alterations in adipocytes.
HIF-1a is a major biochemical agent of the hypoxia in the
inhibition of mitochondrial function.12,13 Mitochondria, which
are crucial oxygen sensors are getting affected with adipocyte
hypoxia.3 Therefore, in present study, detailed investigations on
the effect of bilobalide on mitochondrial dynamics, biogenesis
and OXPHOS functions during hypoxia were conducted.

The induction of hypoxia was conrmed by evaluating the
expression of HIF-1a. The treatment with bilobalide inhibited
the expression of HIF-1a in 3T3-L1 adipocytes showing protec-
tion from hypoxia. Studies by various authors have already
established PDK-1 as a hypoxia responsive protein that regu-
lates the function of the mitochondria under hypoxia, by
reducing pyruvate conversion to acetyl-CoA, resulting in a drop
in mitochondrial oxygen consumption.14,15 In another study by
Wigeld et al., (2008),16 it was conrmed that hypoxic upregu-
lation of PDK-1 is under the control of the HIF-1. In our study
also, the PDK-1 expression is substantially increased showing
impairment in mitochondrial functions with hypoxia. Biloba-
lide restored its expression to normal level via downregulating
HIF-1a.

The mitochondrial ETC is a major site of ROS production.
ROS has been described in WAT of many mouse models of
obesity, such as the KKAy, diet-induced obesity, and db/db
mice.17–19 In our previous study, we reported, an increased
level of ROS along with surplus generation of mitochondrial
superoxide in hypoxic adipocytes.3 Mitochondrial ROS gener-
ated at complex III, causes stabilization of HIF-1a during
hypoxia.20,21 Mitochondrial aconitase is an enzyme that plays
a central role in carbohydrate and energy metabolism and is
114976 | RSC Adv., 2016, 6, 114969–114979
responsible for the interconversion of citrate to isocitrate.22 The
activity of this enzyme is sensitive to oxidative stress and
superoxide radicals.23,24 Thus, the assay for aconitase activity is
a marker of mitochondrial-generated ROS level.25 In agreement
with several other reports,26,27 the present study conrmed the
paradoxical phenomenon of hypoxia-induced oxidative stress
and damage in 3T3-L1 adipocytes. This leads to a reduction in
aconitase activity. Bilobalide protected mitochondria from ROS
as well as superoxide production in hypoxic cells which is
evident from increased aconitase enzyme activity. Bilobalide
could attenuate ROS in different cells and act as a free radical
scavenger.28

Hypoxia is associated with disturbances of ATP synthesis
resulting from depressed functions of ETC and oxidative phos-
phorylation in the respiratory chain.29 The mitochondrial
membrane potential provides the driving force for ATP
synthesis. We have already reported a dissipation of Djm in
hypoxia30 which ultimately leads to disruption of ETC, ATP
synthesis, and oxygen consumption. Mitochondrial oxygen
consumption and ATP synthesis can also be regulated by PDK1
expression.15 It is a direct target of HIF-1, which phosphorylates
and inactivates pyruvate dehydrogenase enzyme that converts
pyruvate to acetyl-coenzyme A. Thereby it inhibits pyruvate
metabolism via TCA cycle.30 Since TCA cycle is coupled to elec-
tron transport, regulation of the PDH complex by PDK-1 is crit-
ical for mitochondrial respiration and ROS production.14 We
found an increased PDK-1 expression in hypoxia and treatment
with bilobalide restored its expression to normal. So by regu-
lating HIF-1a and PDK-1 expression, bilobalide maintained ATP
synthesis and oxygen consumption rates to normal during
hypoxia. Many factors including age, obesity, and T2DM could
reduce the mitochondrial content in white adipocytes.31,32

Recent studies also reported that transgenic, as well as high-fat
diet obese mice, have less mitochondrial density compared to
lean control. This is an indication of less mitochondrial
biogenesis33 in obese condition. Obesity induced alterations in
mitochondrial biogenesis substantially impair white adipocyte
metabolism. Herein we analysed, how hypoxia affects the major
factors involved in mitochondrial biogenesis. Of several regula-
tory factors involved in biogenesis, peroxisome proliferator-
activated receptor gamma coactivator-1 (PGC-1a) and nuclear
respiratory factors (NRF1 and NRF2) are master regulators.34,35

We found a reduction in the expression of PGC-1a in hypoxia-
treated 3T3-L1 adipocytes. NRF1 and mtTFA are essential tran-
scription factors for mitochondrial biogenesis and PGC-1a.
NRF1 can stimulate the transcription of many nuclear-encoded
mitochondrial genes, such as OXPHOS genes and respiratory
complexes. There were signicant reductions in NRF1, mtTFA
expression and mtDNA copy number aer hypoxia, which was
consistent with the decreased expression of PGC-1a. Our study
also showed that bilobalide prevented downregulation of mito-
chondrial biogenesis inuencing factors under hypoxic condi-
tion. Bilobalide improved the expression of PGC-1a and all other
PGC-1a regulated downstream factors of biogenesis. The
previous study by Krishnan et al., (2012),36 reported that HIF-1a
inactivation promotes mitochondrial biogenesis specically in
white adipocytes. We have already found bilobalide inhibits HIF-
This journal is © The Royal Society of Chemistry 2016
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1a at mRNA and proteins level and thus protects hypoxic cells
from mitochondrial biogenesis impairment.

Mitochondria are dynamic organelles, continuously under-
going ssion/fusion and biogenesis to form a network that
spans the entire area of cells to meet the demands of cellular
function.7 These processes are essential for proper maintenance
of the structure as well as every aspect of mitochondrial func-
tion of cells including the formation of reactive oxygen species
(ROS), ATP production, and respiration.7 It is also associated
with cell death mechanisms.37 The dysfunction of mitochon-
drial ssion/fusion and biogenesis is associated with many
diseases, in particular, metabolic syndromes. No detailed
informations are available on the effect of hypoxia in adipocyte
on mitochondrial ssion/fusion. Herein we explored whether
adipocyte hypoxia was associated with imbalance in mito-
chondrial ssion/fusion and benecial properties of bilobalide
on mitochondrial dynamics during hypoxia.38 We, therefore,
investigated the expression of the fusion proteins, MFN2 and
OPA1, and ssion proteins, DRP1 and FIS1 in hypoxic and
normoxic cells by immunoblot analysis. Although opposing, the
fusion and ssion processes work in concert to maintain
mitochondrial morphology, size, and number.39 Key mediators
of mitochondrial ssion/fusion include the DRP1 and FIS1
which are essential for ssion, and OPA1, MFN1 and MFN2
whichmediate fusion. A recent study by Liu et al., (2014)40 found
that proteins controlling mitochondrial fusion MFN1 and
MFN2 but not OPA1 were decreased and proteins governing
mitochondrial ssion FIS1 and DRP1 were increased in skeletal
muscle of HFD-fed mice when compared to normal. Our study
has exhibited signicantly lower expression of MFN2 and OPA1
in hypoxic condition when compared with the normoxic group.
The previous report described PGC-1a acts as a mediator of
mitochondrial biogenesis and transcriptional co-activator of
MFN2, a protein involved in fusion.41 Hence this lower expres-
sion of MFN2 could be attributed to reduced expression of PGC-
1a in hypoxic condition. We also observed an increased
expression of ssion proteins DRP1 and FIS1 in hypoxia. It is
already reported in cancer studies that HIF-1a promotes mito-
chondrial ssion by upregulation of DRP1 and FIS proteins.42

From this, we conclude that obesity-related hypoxia in adipo-
cytes promotes mitochondrial ssion by overexpression of
proteins DRP1 and FIS which downregulate mitochondrial
biogenesis, oxygen consumption, OXPHOS, and ATP synthesis.
Bilobalide restored the expression of proteins DRP1 and FIS1 to
a normal level and protected the cells from enhanced mito-
chondrial ssion by inhibiting HIF-1 activation as well as by
improving PGC-1a expression.

Bilobalide, a sesquiterpene trilactone from Ginkgo biloba has
been proposed to have protective effects on mitochondrial
function. Most of the effect of EGb761 containing high content
of bilobalide on energy metabolism and protection against
hypoxia are explained by a stabilization of mitochondrial
function.43 The benecial effects on complex I, IV and V of the
mitochondrial respiratory chain against NO-induced damage
was observed aer treating young and old mice with EGF761.44

Direct evidence for an improvement of mitochondrial function
by bilobalide was provided by Janssens et al., 1995.45 It protects
This journal is © The Royal Society of Chemistry 2016
endothelial cells against hypoxia induced ATP decrease. In
addition, it increases the respiratory control ratio of mito-
chondria isolated from liver of orally treated rats.45 The
protection of ATP content and the delay in glycolysis activation
are explained by a protection of mitochondrial respiratory
activity. It appears to improve the ability to form ATP and
reduced the requirement for cellular glycolysis by preservation
of ATP generation in mitochondria.45 Further investigations
provided evidence that bilobalide allows mitochondria to
maintain their respiratory activity in ischemic condition by
protecting complex 1 and probably complex 3 activities.46

EGb761 was found to prevent mitochondrial dysfunction at low
concentrations as determined by measurement of ATP levels
and mitochondrial membrane potential.47

In conclusion, overall results of this study provide a new
insight into hypoxia induced impairment of mitochondrial
function in 3T3-L1 adipocytes and possible recovery with
bilobalide.
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