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A B S T R A C T   

Inspite of exerting independent cellular functions, the endoplasmic-reticulum (ER) and the mitochondria also 
physically connect at specific sites termed mitochondria-associated ER membranes (MAMs) and these sites 
consist of several tethering proteins that play varied roles in diverse cellular processes. However, the regulation 
of these tethering proteins within the cell is relatively less studied. Here, we show that several MAM proteins are 
significantly altered in the liver during diabetes and among these, the lncRNA, H19 regulates the levels of 
VDAC1. Inhibition of H19 expression using H19 specific siRNA altered VDAC1, mitochondrial Ca2+ and oxygen 
consumption rate, ATP and ROS levels and enhanced ER and mitochondria coupling in Hepa 1–6 cells. While 
H19 inhibition did not impact lipid accumulation, levels of gluconeogenic genes were significantly increased. 
JNK-phosphorylation and IRS1-Ser307-phosphorylation were increased by H19 inhibition and this was associ-
ated with abrogation of insulin-stimulated AKT (Ser-473) phosphorylation and glucose uptake in Hepa 1–6 cells. 
While inhibition of VDAC1 expression using siRNAs and with metformin significantly rescued the effects of H19 
inhibition, VDAC1 overexpression alone exerted effects similar to H19 inhibition, suggesting that VDAC1 in-
crease mediates the adverse effects of H19. In-vivo H19 inhibition using specific siRNAs increased hepatic 
VDAC1, pJNK and pIRS1 (Ser307) levels and decreased AKT (Ser-473) phosphorylation in mice. These suggest an 
important role of the H19-VDAC1 axis in ER-mitochondria coupling and regulation of gluconeogenesis in the 
liver during diabetes.   

1. Introduction 

Cellular homeostasis depends on the appropriate functioning of the 
endoplasmic reticulum (ER) and mitochondria, and functional aber-
rancies at either location is frequently associated with various diseases 
[1,2]. Despite being independent organelles with discrete functions, 
they interact at specific sites where the membrane of ER and mito-
chondria are physically tethered to each other and are able to regulate 
mutual functions. These sites of communication termed as 
Mitochondria-associated ER membranes (MAMs) have been extensively 
studied for their roles in exchange of lipids, calcium and other cellular 
components, autophagy and cell death [3,4]. The distance between ER 
and mitochondria varies from 10 to 25 nm [4,5] although some studies 
report distances in the range of 10–80 nm [6], depending on whether the 
interaction is with the smooth ER or rough ER. Several proteins with 

varied roles constitute the MAM fraction that are conserved structures 
across eukaryotes. Prominent among these are the IP3R-GRP75-VDAC1 
complex that form an oligomeric subunit involved in calcium transfer 
from ER to mitochondria, homo or heterodimeric tethers formed be-
tween MFN2 on the ER and either MFN1 or MFN2 on the mitochondria 
and important in cell signalling and MAM stability, FACL4 involved in 
the conversion of fatty acids to acyl CoA which is then transferred to 
mitochondria and other proteins like CyclophilinD (CYPD), Sigma-1 
receptor (Sig-1R), PACS2, DJ1, etc that are involved in maintaining 
the structure and function of MAMs [4,6–10]. 

The relevance of MAMs in cellular pathways and function make them 
significant determinants of aberrations as seen in Alzheimer’s disease, 
Parkinson’s disease, Non-alcoholic fatty liver disease (NAFLD), diabetes 
and cancers [6,7]. However, there are conflicting reports on the roles of 
several MAM proteins and ER-mitochondria communication within the 
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liver during obesity. Some reports demonstrate that increased MAM 
formation and augmented ER-mitochondrial interaction precede the 
development of hepatic insulin resistance [11] and PACS2, a MAM 
tethering protein-knockout mice on a HFD (high-fat diet) diet have 
reduced hepatic lipid deposition, triglycerides and cholesterol levels 
together with decreased blood glucose levels [12,13]. On the other 
hand, MAMs are disrupted in ob/ob mice and HFD and HFHSD (high-fat 
high-sucrose diet) -fed mice and decreased ER and mitochondria inter-
action leads to insulin resistance in the liver [14] and skeletal muscle 
[15]. Loss of CYPD decreases MAM integrity resulting in ER stress and 
impaired hepatic insulin signaling [16] and pharmacologically 
improving MAM integrity restores insulin sensitivity in these mice [14]. 
These inconsistencies might primarily be due to the dynamic and plastic 
nature of MAM formation and breakdown, that depends on age, meta-
bolic status, diet, stress and several other genetic and environmental 
cues. 

All these determining factors dictate regulatory elements that govern 
the status of MAMs within the cell. Specifically, non-coding RNAs like 
the lncRNA, Malat1 regulates MFN1 levels by sponging miR-26b-5p in 
endothelial cells and this decreases mitochondria dependent apoptosis 
and enhances resistance to hypoxia mediated injury and myocardial 
infarction in mice [17]. By regulating MFN2 levels, miR-761 affects 
mitochondrial function and cell proliferation in hepatocellular carci-
noma tissues [18]. The lncRNA H19 is widely studied and has been 
shown to regulate MAM proteins like VDAC1 and MFN2 in muscles 
during diabetes [19–21]. H19 and MFN2 mRNA levels are altered in the 
kidneys during diabetes and dysregulation of the lncRNA H19/MFN2 
axis might be crucial in the pathogenesis and/or the progression of renal 
complications during diabetes [19]. LncRNA H19 releases miR-675 and 
by targeting VDAC1, the H19/miR-675 axis is involved in the regulation 
of high glucose-induced apoptosis [21]. These studies account for the 
metabolic significance of deregulated levels of diverse non-coding RNAs 
including H19. 

The gene encoding H19 is maternally expressed and encodes a 2.3 kb 
transcript [22]. It is associated with genomic imprinting and develop-
ment [23] and implicated in various cellular processes, including cell 
proliferation and differentiation [24]. Dysregulation of H19 is linked to 
cancer and diabetes [25,26] and it functions as a molecular sponge for 
microRNAs, regulating their activity and influencing gene expression 
networks [27]. In the skeletal muscle of T2D patients, H19 interferes 
with glucose uptake by regulating the expression of vital target genes 
such the insulin receptor and lipoprotein lipase by sponging members of 
the let-7 family [28]. Previous studies from our laboratory have 
demonstrated decreased hepatic H19 levels during diabetes and its 
regulation of hepatic gluconeogenesis, insulin signaling and glucose 
output [29]. 

In this study, we explored the roles of H19 in determining the levels of 
MAM proteins within the liver and the consequences of this regulation on 
ER-mitochondria crosstalk, hepatic insulin signaling and gluconeogenesis. 

2. Materials and Methods 

2.1. Cell culture 

Hepa1-6 cells were cultured in DMEM high glucose media supple-
mented with 10 % FBS, antibiotic and antimycotic, at 37 ◦C and 5 % CO2. 
At around 30–40 % confluence, they were transfected with either the 
scramble or H19 siRNA (0.1–20 nM, R-173849-00-0010, Dharmacon, 
USA) [29] using Lipofectamine RNAiMax for 48 h. In another set of 
experiment Hepa1-6 cells were transfected with either the scramble or H19 
siRNA (5 nM) with or without VDAC1 SMARTpool siRNA (5 nM, sense: 
5′GAGUAUGGGCUGACGUUUA3′, 5′CGGAAUAGCAG CCAAGUAU3′, 
5′GCAGUUGGCUAUAAGACGG3′ and 5′GGACUGGAAUUUCAAGCAU3′, 
L-047345-00-0005, Dharmacon, USA) for 48h; on termination of incuba-
tion, cells were pelleted and lysed for western blotting as described below. 
For the overexpression experiments, Hepa1-6 cells were transfected with 

Table 1 
Primer sequences used in qRT-PCR.  

Gene name Primer sequence [5′–3′] 

H19 Forward: CCTCAAGATGAAAGAAATGGTGCTA 
Reverse: TCAGAACGAGACGGACTTAAAGAA 

Grp75 Forward: GCGTCTTATTGGACCACGAT 
Reverse: TGGCCCAAGTAATTTTCTGC 

Mfn1 Forward: GACAGACTGGCCTCGAATC 
Reverse: TGCAGTGATGGCTTTCTTTG 

Mfn2 Forward: GCCAGCTTCCTTGAAGACAC 
Reverse: GCAGAACTTTGTCCCAGAGC 

Facl4 Forward: CGCTGGTGGAATCCTACGTA 
Reverse: ATCAGCAACAGCAAGCAGAC 

Pacs2 Forward: GAACTCCTGTCCGTGGTGAT 
Reverse: AGAAGGTCAGAGCCAGGTCA 

Vdac1 Forward: TACAGCAGAAACCCCATTCC 
Reverse: TGCTTCCGAGCAGATAGGAT 

Sigma1R Forward: CATGGCCATTCGGGACGATA 
Reverse: GTGCTGAAGAAAGTGTCGGC 

Ip3r1 Forward: GTAGGAGCTGTCCCCTTAGGA 
Reverse: AAGCGAGACCCAGGTACAAA 

Fasn Forward: TGCACCTCACAGGCATCAAT 
Reverse: GTCCCACTTGATGTGAGGGG 

Dgat2 Forward: ACTGGAACACGCCCAAGAAA 
Reverse: GTAGTCTCGGAAGTAGCGCC 

Hmgcr Forward: TGCGTAAGCGCAGTTCCTT 
Reverse: CACAGTCCTTGGATCCTCCG 

Hmgcs Forward: GTCTGATCCCCTTTGGTGGCT 
Reverse: TGAAAGAGCTGTGTGAAGGACAGA 

Hadha Forward: CGGCTACGGAAGTACGAGT 
Reverse: CTGCCAGGTCTGGGTTAGTG 

Mcu Forward: CGCCGTTTCCAGTTGAGAGA 
Reverse: GAAGCCGGCCTCTGGTG 

Acadl Forward: TGCACACATACAGACGGTGC 
Reverse: CATGGAAGCAGAACCGGAGT 

G6pase Forward: GTCGTGGCTGGAGTCTTG 
Reverse: CGGAGGCTGGCATTGTAG 

Fbp1 Forward: CTGATATTCACCGCACTCTGG 
Reverse: CGGCCTTCTCCATGACATAAG 

Pck1 Forward: TGGGAACTCACTACTCGGGA 
Reverse: AGTTATGCCCAGGATCAGCAT 

Pcx Forward: GGACTCCTTTGGACACAGAG 
Reverse: AATCTCATTCTCATACACGTCGG 

18S rRNA Forward: AGAAACGGCTACCACATCCA 
Reverse: CCCTCCAATGGATCCTCGTT 

Vdac1 
Cloning 
primers 

Forward Xho1 site: CCGCTCGAGATGGCCGTGCCTCCCACATAC 
Reverse Xba1 site: 
CTAGTCTAGATTATGCTTGAAATTCCAGTCCTAGGCC 

ND4 Forward:CATCACTCCTATTCTGCCTAGCAA Reverse: 
CCTCGGGCCATGATTATAGTAC 

ND6 Forward:AGGTGAAGGCTTTAATGCTAACCC Reverse: 
GGTCGCAGTTGAATGCTGTGT 

Cyt.b Forward:GCCACCTTGACCCGATTCT Reverse: 
TTGCTAGGGCCGCGATAAT 

QCR1 Forward:GCTGGGCGCACACTTTGT Reverse: 
CACTGGCCTTGCAGGAAGAA 

Cox 1 Forward:TTTTCAGGCTTCACCCTAGATGA Reverse: 
GAAGAATGTTATGTTTACTCCTACGAATATG 

Cox2 Forward:CCATCCCAGGCCGACTAAA Reverse: 
TTTCAGAGCATTGGCCATAGAA 

Cox3 Forward:CGGAAGTATTTTTCTTTGCAGGAT Reverse: 
CAGCAGCCTCCTAGATCATGTG 

Cox4 Forward:TGCAGACCAAGCGAATGCT Reverse: 
TAGTCCCACTTGGCGGAGAA 

Cox5b Forward:CGTCCATCAGCAACAAGAGAATA 
Reverse:GCAGCCAAAACCAGATGACA 

ATPase6 Forward:GGCTCCCGACACAAACTAAAAAG Reverse: 
TGGAATTAGTGAAATTGGAGTTCCT 

ATP5a1 Forward:ATGTGTCCGCTTACATTCCAACAA Reverse: 
GATCCGACACGGGACACAGA 

ATP5b Forward:ACATGGGCACAATGCAGGAA Reverse: 
GTCAGGTCATCAGCAGGCACA 

ATP5c1 Forward:AAGTTCGAAACATGGCAACTCTGA Reverse: 
ACTTTGCAGCTGCCACCATC 

Short arm 
mito D-loop 

Forward: CCCAGCTACTACCATCATTCAAGT 
Reverse: RP- GATGGTTTGGGAGATTGGTTGATG 

Nuclear β2M Forward: GTGACCAAGACTCGTGAGGA 
Reverse: ATGCCACAGGTTCATCATGC  
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either the empty vector or the VDAC1 overexpression vector (0.5–1.0 μg); 
cells were lysed and lysates used for Western Blot. For evaluating the effects 
of H19 inhibition on insulin signaling, scramble and H19 siRNA (5 nM) 
transfected Hepa1-6 cells were serum starved for 6 h and incubated in 
absence or presence of insulin (10 nM, 30 min). On termination of incu-
bation, cells were lysed and the status of insulin stimulated AKT phos-
phorylation was assessed by Western blotting as described below. For 
experiments with metformin, Hepa 1–6 cells were incubated with met-
formin alone or transfected with either scramble or H19siRNA (5 nM) in 
the presence or absence of metformin (1000 μM) (RM10257-5G, HIMEDIA, 
Maharashtra, India) for 42h [30]; after competition of incubation, total 
RNA was isolated and subjected to qRT-PCR as mentioned below. 

2.2. Quantitative RT-PCR 

Total RNA was isolated from mice liver tissues or from Hepa 1–6 cells 
transfected as above using TRIzol, quantified using TECAN Infinite 
M200 Pro (Maennedorf, Switzerland) and 1 μg RNA was reverse tran-
scribed using random hexamers and the transcript levels of H19, MAM 
proteins (Grp75, Facl4, Mfn1, Mfn2, Vdac1, Pacs2, Sigma1R, Ip3r1), Mcu, 
a protein involved in Ca2+ passage to mitochondria, genes of fatty acid 
and cholesterol metabolism (Fasn, Dgat2, Hmgcr, Hmgcs, Hadha, Acadl), 
gluconeogenesis ((G6pase (Glucose-6-phosphatase), Fbp1 (Fructose 1–6, 
bisphosphatase), Pck1 (Phosphoenolpyruvate carboxykinase), Pcx (Pyru-
vate carboxylase)) and mitochondrial electron transport chain ((Nd 4 
(NADH dehydrogenase 4), Nd 6 (NADH dehydrogenase 6), Cyt B (Cyto-
chrome B), Qcr (ubiqunol cytochrome C reductase core protein1), Cox 1-5b 
(Cytochrome c Oxidase subunit 1-5b), Atpase 6 (ATP synthase subunit 6), 
Atp5a1 (ATP synthase F1 subunit alpha), Atp5b (ATP synthase F1 subunit 
beta), Atp5c1 (ATP synthase F1 subunit gamma)) were evaluated by Real- 
Time-PCR using specific primers (Table 1) and SYBR green master mix in 
a Step One Plus RT-PCR system (Applied Biosystems, Singapore). All 
experiments were done in triplicates and 18S rRNA was used as the 
normalizing control. Data was analyzed by the 2− ΔΔCt method and re-
sults are represented as fold change or relative gene expression. 

2.3. Western blotting 

Transfected Hepa 1–6 cells were lysed or mice liver tissues were 
homogenised in RIPA lysis buffer containing protease and phosphatase 
inhibitors. Lysates (20–40 μg) were separated using SDS-PAGE (6 %–12 
%), transferred on nitrocellulose or PVDF membranes and blocked with 
5 % BSA followed by incubation overnight at 4 ◦C with primary anti-
bodies against GRP75 (Cat no. 2799), FACL4 (Cat no. 155282), MFN1 
(Cat no. 57602), MFN2 (Cat no. 56889), SIGMA1R (Cat no. 53852), 
VDAC1 (Cat no. 14734), G6Pase (Cat no. 83690), p-IRS1(S307) (Cat no. 
5599), MCU (Cat no. 121499): Abcam, Cambridge, UK; IP3R1/2/3 (Cat 
no. 85685), PCK1 (Cat no. 12740), FBP1 (Cat no. 59172), p-JNK1/2 (Cat 
no. 9255), ERK1/2 (Cat no. 4695), p-ERK1/2 (Cat no. 4377), p38 (Cat 
no. 9228), p-P38 (Cat no. 9216), IRS1 (Cat no. 2390), p-AKT (Ser473, 
Cat no. 4060) and AKT (Cat no. 4685): Cell Signaling Technology, MA, 
USA; JNK (Cat no. sc7435), HSC 70 (Cat no. sc7298), β-actin (Cat No. 
sc81178), vinculin (Cat no. sc73614): SantaCruz Biotechnology, Texas, 
USA); Pcx (SAB2500845, Sigma, St. Louis, USA) and PACS2 (PA5- 
72866, Thermo, MA, USA) using specific antibodies. Immunoreactive 
bands were detected using ECL Chemiluminescence kit (Gbiosciences, 
USA) Vinculin, β-actin or HSC70 were used as loading controls. 

2.4. Mitochondrial DNA 

Total DNA was isolated from Hepa 1–6 cells transfected with either 
the scramble or H19 siRNA (5 nM, for 48h) and mitochondrial DNA 
content was quantified using mitochondrial short D-loop primers 
(Table 1) by RT-PCR as described above. β 2 microglobulin (β2M) was 
used as a normalization control. 

2.5. VDAC1 cloning 

The full length mouse VDAC1 gene was cloned in an inducible 
pcDNA4/TO/HisA vector (Invitrogen, USA) using specific primers 
(Table 1). Hepa 1–6 cells were co-transfected with either the empty 

Fig. 1. Expression levels of MAM proteins in livers of db/ + and db/db mice. (A) Total RNA was isolated from the livers of normal (db/+) and diabetic (db/db) 
mice and 1 μg RNA was reverse transcribed and subjected to qRT-PCR to assess the transcript levels of MAM proteins. 18S rRNA was used as the normalization 
control. Hepatic tissues of normal (db/+) and diabetic (db/db) mice were lysed and 20–40 μg lysates were run on SDS-PAGE and the levels of MFN2 (B), PACS2 (C), 
SIGMA1R (D), VDAC1 (E), MCU (F), FACL4 (G), GRP75 (H), MFN1 (I) and IP3R1/2/3 (J) were evaluated by Western Blot analysis. β-actin or Vinculin were used as 
the loading controls. Densitometric analyses of the blots are shown in the panels below. Data are means of at least four animals in each group and are presented as 
mean ± SEM. **p < 0.01, *p < 0.05, ns: non-significant. 
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vector (pcDNA4-TR4) or the VDAC1 Clone (0.5 or 1 μg) and TR6 
inducible plasmid (3 or 6 μg) using Lipofectamine 2000. After 24h, cells 
were induced with tetracyclin (1 μg/ml) for 48h and on termination of 
incubation, cells were lysed and subjected to Western blotting, apoptosis 
assays, intracellular Ca2+ and mitochondrial oxygen consumption 
measurements. 

2.6. Intracellular Ca2+ measurement 

Fluo-3AM and Rhod-2AM (Invitrogen, Oregon, USA) were used to 
determine calcium concentrations within the cytoplasm and mitochon-
dria, respectively. Hepa 1–6 cells were grown in twelve well plates and 
transfected with either the scramble or H19 siRNA (5 nM). After 48h, 
cells were trypsinized, washed with 1X PBS and loaded with either Flou- 
3AM (1 μM) or Rhod-2 AM (1 μM) and incubated for 15 min at 37 ◦C. 
Cells were washed and fluorescence was measured in a flow cytometer 
(BD FACS Accuri C6 Plus, NJ, USA). Hepa 1–6 cells transfected with 
either empty vector or the VDAC1 clone (0.5 μg or 1 μg) were similarly 
analyzed for cytosolic and mitochondrial Ca2+ levels after 48h. Data are 
expressed as mean fluorescence per 10,000 cells. 

2.7. Mitochondrial ROS measurement 

The Mitosox fluorescent reagent (Invitrogen, Oregon, USA) was used 
to measure mitochondrial ROS production in Hepa1-6 cells transfected 
with either the scramble or H19 siRNA (5 nM, 48h) or with the either 
empty vector or VDAC1 clone (0.5 μg or 1 μg, 48h). On termination of 
incubation, cells were trypsinized, washed with 1X PBS and incubated 
for 15 min at 37 ◦C with 5 μM mitosox dye and the fluorescence was 

measured by flow cytometry (BD FACS Accuri C6 Plus, NJ, USA). Data 
are expressed as mean fluorescence per 10,000 cells. 

2.8. Mitochondrial membrane potential 

Mitochondrial membrane potential was determined according to 
manufacturer’s protocol (Invitrogen, Oregon, USA). Briefly, Hepa 1–6 
cells were grown in twelve well plates and transfected with either the 
scramble or H19 siRNA (5 nM). After 48h, cells were trypsinized, 
washed with 1X PBS and loaded with JC-1 dye (5 nM) (Invitrogen, 
Oregon, USA) and incubated for 15 min at 37 ◦C. Cells were washed and 
fluorescence was measured in a flow cytometer (BD FACS Accuri C6 
Plus, NJ, USA). Results are expressed as the ratio of red and green 
fluorescence per 10,000 cells. 

2.9. Bodipy staining 

Hepa 1–6 cells were grown in twelve well plates and transfected with 
either the scramble or H19 siRNA (5 nM). After 48h, cells were trypsi-
nized, washed with 1X PBS and loaded with Bodipy dye 493/503 
(Invitrogen, Oregon, USA) at a concentration of 2.5 μM and incubated 
for 15 min at 37 ◦C. Cells were washed with 1X PBS and fluorescence 
was measured in a flow cytometer (BD FACS Accuri C6 Plus, NJ, USA). 
Data are expressed as mean fluorescence per 10,000 cells. 

2.10. Mitochondrial oxygen consumption 

The Seahorse Bioscience XFe24 extracellular flux analyzer (Agilent, 
CA, USA) was used to quantify the real-time mitochondrial oxygen 

Fig. 2. H19 inhibition this alters levels of MAM proteins in Hepa 1–6 cells. (A) Total RNA was isolated from normal (db/+) and diabetic (db/db) mice (n = 5) 
livers and 1 μg RNA was reverse transcribed and subjected to qRT-PCR to assess the transcript levels of the lncRNA H19. 18S rRNA was used as the normalization 
control. (B) Hepa 1–6 cells were transfected with either the scramble or H19 siRNA (0.1–20 nM) and at 48h, the relative expression level of H19 was measured by 
Real time PCR as in “A”. (C) Total RNA was isolated from Hepa 1–6 cells transfected with either the scramble or H19 siRNA (5 nM) and the transcript levels of Facl4, 
Mfn2, Pacs2, Vdac1, Sigma1R and Mcu were evaluated by qRT-PCR. Hepa 1–6 cells transfected as in “C” were lysed and lysates (20–40 μg) were assessed for the 
protein levels of VDAC1 (D), MFN2 (E), FACL4 (F), PACS2 (G) SIGMA1R (H) and MCU (I) by Western Blot analysis. β-actin or Vinculin were used as the loading 
controls and densitometric analyses are given in the panels below. Data are presented as mean ± SEM of at least three independent replicates. ***p < 0.0001, **p <
0.01, *p < 0.05, ns: non-significant. 
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consumption rate (OCR) according to manufacturer’s protocol. Hepa1-6 
cells were seeded in Poly-D-lysine coated XFe24 plates (Gibco, Montana, 
USA) at 2500 cells/well and kept at 37 ◦C and 5 % CO2 overnight. Cells 
were transfected with either scramble or H19 siRNA (5 nM, 48h) alone 
or with VDAC siRNA (5 nM) or with the empty vector or VDAC1 clone (1 
μg). On termination of incubation, cells were washed three times with 
XF base medium DMEM without phenol red containing 2 mM glutamine, 
1 mM sodium pyruvate and 10 mM of glucose and pH was set to 7.4 ±
0.2. Concentration of inhibitors used were 2 μM oligomycin, 1.25 μM 
FCCP, 2 μM of rotenone and antimycinA. All experiments were per-
formed in triplicate and normalized to the total protein. 

2.11. Mitochondria isolation and OCR determination 

Mitochondria were isolated from scramble or H19 siRNA (5 nM, 48h) 
transfected cells using the mitochondria isolation kit (Sigma, St Louis, 
USA) according to manufacturer’s protocol. On termination of incuba-
tion, cells were trypsinized, subjected to detergent lysis for 5 min on ice, 
centrifuged at 1000g for 10 min at 4 ◦C and the supernatant was further 
centrifuged at 3500g for 10 min at 4 ◦C. The pellet containing 

mitochondria was taken for OCR determination as described by Rogers 
et al. [31] using Seahorse Bioscience XFe24 extracellular flux analyzer 
(Agilent, CA, USA). For analysing mitochondrial respiratory coupling, 
isolated mitochondria (5 μg) was diluted in mitochondria assay solution 
(MAS, pH 7.2) and 50 μl of mitochondrial suspension was added to each 
well of the XFe24 plate containing 450 μl of pre-warmed (37 ◦C) MAS, 
succinate (10 mM) and rotenone (2 μM) as substrates. OCR was per-
formed by sequentially measuring STATE2 (basal respiration in the 
presence of substrate but no ADP), STATE3 (in the presence of ADP (4 
mM)), STATE4o (in the presence of oligomycin (2.5 μg/ml)) and 
STATE3u (in the presence of FCCP (4 μM)) respiration and finally sus-
pended with addition of antimycin A (4 μM). All experiments were 
performed in triplicate. 

2.12. Glucose output assay 

Hepa 1–6 cells were grown in six well plates and transfected with 
either the vector or VDAC1 clone (1 μg). After 42h, the cells were 
washed with 1X PBS and incubated in no-glucose media containing so-
dium lactate (20 mM), sodium pyruvate (2 mM) and 0.5 % BSA for 6h, 

Fig. 3. Inhibition of H19 induces mitochondrial dysfunction in Hepa 1–6 cells. (A) Hepa 1–6 cells transfected with either the scramble or H19 siRNA (5 nM, 
48h) were subjected to in-situ proximity ligation assay using anti-VDAC1 and anti-IP3R antibodies. Representative confocal images of the cells are shown and the 
interaction between IP3R and VDAC1 is indicated by red dots. Nuclei are indicated by blue staining using DAPI. Quantification of IP3R-VDAC1 interactions is 
represented by red blobs per nucleus. Scale: 20 μm; Magnification: 60X. At least five images were captured per incubation. (B) Hepa 1–6 cells transfected with either 
the scramble or H19 siRNA (5 nM, 48h) were evaluated for total mitochondrial (B) and cytosolic (C) Ca2+ levels using Rhod-2 AM (1 μM) and Fluo-3 AM (1 μM), 
respectively, by FACS analysis. Mitochondrial ROS levels as detected by Mitosox (5 μM) (D) and total ATP (normalized to total protein) content (E) in Hepa 1–6 cells 
transfected with either the scramble or H19 siRNA (5 nM, 48h) are presented. (F) OCR of Hepa 1–6 cells transfected with either the scramble or H19 siRNA (5 nM) for 
48 h in the presence of 2 μM oligomycin (ATP synthase inhibitor), 1.25 μM FCCP (uncoupling agent) and 2 μM rotenone and 2 μM antimycin (complex I and III 
inhibitors, respectively). Basal respiration, maximal respiration, proton leak, spare respiratory capacity and ATP production were determined as described in the 
“Methods” section. (G) Mitochondria was isolated from scramble and H19 siRNA transfected cells as described in the “Methods” section. OCR in isolated mito-
chondria (5 μg) from scramble and H19 siRNA transfected cells was performed in the presence of ADP (4 mM), oligomycin (2.5 μg/ml), FCCP (4 μM) and antimycin A 
(4 μM). (H) Total RNA was isolated from Hepa 1–6 cells transfected with either the scramble or H19 siRNA as in “A”, reverse transcribed and the transcript levels of 
genes specific to Complexes I, III, IV and V of the mitochondrial electron transport chain were evaluated by RT-PCR. 18S rRNA was taken as the normalization 
control. Scramble and H19 siRNA (5 nM, 48h) transfected cells were evaluated for mitochondrial membrane potential and integrity using JCI (I) and for mito-
chondrial number using mitochondrial short d-loop specific primers by qRT-PCR. β-2 microglobulin was used as normalization control (J). (K) Glycolytic rates in 
scramble and H19 siRNA transfected cells were assessed in the presence of glucose (10 mM), oligomycin (2 μM) and 2-Deoxy-D-glucose (100 mM). Glycolysis, 
glycolytic capacity and glycolytic reserve as determined are presented. All experiments were done thrice and data are presented are means ± SEM.**p < 0.01, *p <
0.05, ns: non-significant. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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after completion of incubation the media was collected and glucose 
concentration was measured using glucose colorimetric/flourometric kit 
(Sigma, St. Louis, USA). Data was normalized to the total protein 
content. 

2.13. Glucose uptake assay 

Hepa 1–6 cells were grown in six-well plates and transfected with 
either the vector or VDAC1 clone (1 μg). After 42h, cells were washed 
with 1X PBS and incubated in glucose-free media for 6h and then 
incubated in absence or presence of insulin (10 nM, 30 min). On 
completion of incubation, cells were treated with 100 μM 2-NBDG 
(Invitrogen, Oregon, USA) for 1h. Uptake of 2-NBDG was stopped by 
washing twice with 1X PBS. Cells were then trypsinized, washed with 1X 
PBS and fluorescence was measured in a flow cytometer (BD FACS 
Accuri C6 Plus, NJ, USA). Data is presented as fluorescence intensity per 
10,000 cells. 

2.14. Glycolysis measurement 

For real-time measurement of glycolytic rates, the Seahorse Biosci-
ence XFe24 extracellular flux analyzer (CA, USA) was used according to 
manufacturer’s protocol. Hepa1-6 cells were seeded in Poly-D-lysine 
coated XFe24 plates (Gibco, Montana, USA) at 2500 cells/well and kept 
at 37 ◦C and 5 % CO2 overnight. Cells were transfected with either 
scramble or H19 siRNA (5 nM, 48h). On termination of incubation, cells 
were washed with XF base medium DMEM without phenol red con-
taining 2 mM glutamine, and pH was set to 7.4 ± 0.2. Concentration of 
inhibitors used were 10 mM glucose, 2 μM oligomycin, 100 mM 2- 

Deoxy-D-glucose. All experiments were performed in triplicate and 
normalized by total protein. 

2.15. Total ATP measurement 

ATP concentration was determined using the ATP determination kit 
(Invitrogen, Oregon, USA). Scramble or H19 siRNA transfected cells 
were lysed in 0.1 % Triton X-100 and ATP concentration was determined 
according to the manufacturer’s protocol. Luminescence was measured 
in a TECAN Infinite M200 Pro plate reader and normalized to the total 
protein content. 

2.16. Proximity ligation assay 

In-situ proximity ligation assay using the Duolink kit (Sigma, St. 
Louis, USA) was used to assess the proximity between the mitochondria 
and ER. Specific probes against the mitochondrial protein, VDAC1 and 
the ER protein, IP3R were used. PLA was performed using by following 
the manufacturer’s protocol. Hepa1-6 cells were cultured on chambered 
glass slides (Merck, Darmstadt, Germany) and transfected with either 
the scramble or H19 siRNA (5 nM) alone or together with VDAC1 siRNA 
(5 nM) or metformin (1000 μM) for 48h. On termination of incubation, 
cells were fixed, permeablized, blocked and incubated overnight with 
primary antibodies against VDAC1 (1:200, Cat no. 14734, Abcam, 
Cambridge, UK) and IP3R (1:200, Cat no. 05–1210, Sigma, St. Louis, 
USA) at 4 ◦C followed by incubation with secondary antibodies linked to 
complementary oligonucleotides (anti-rabbit PLUS and anti-mouse 
MINUS), ligation and amplification. Samples were mounted in Duolink 
mounting media containing DAPI and imaged in a confocal microscope 

Fig. 4. Effects of H19 inhibition on genes of fatty acid and cholesterol metabolism and gluconeogenesis in Hepa 1–6 cells. (A) Hepa 1–6 cells were 
transfected with either the scramble or H19 siRNA (5 nM, 48 h) and total cellular lipid content was evaluated using Bodipy. Total RNA isolated from Hepa 1–6 cells 
transfected as in “A” was reverse transcribed and assessed for the relative transcript expression of genes of fatty acid and cholesterol metabolism, namely Fasn, Dgat2, 
Hmgcr, Hmgcs, Acadl, Hadha (B) and gluconeogenesis, namely G6Pase, Pcx, Fbp1 and Pck1 (C). Cells transfected as in “A” were lysed and lysates (20–40 μg) were 
resolved on SDS-PAGE, transferred to nitrocellulose membranes and probed with antibodies against G6Pase (D), FBP1 (E), PCK1 (F) and PCx (G). β-actin or Vinculin 
were used as the loading controls and densitometric analyses are given in the panels below. All experiments were done at least three times and data are presented as 
means ± SEM.**p < 0.01, *p < 0.05, ns: non-significant. 
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(Nikon eclipse Ti 2, NY, USA) at a magnification of 60×. Experiments 
were performed at least three times and five fields were taken per 
condition. Quantification of PLA signals was done using the Image J 
software (https://imagej.nih.gov/ij/). 

2.17. Apoptosis 

Hepa 1–6 cells transfected with either empty vector or VDAC1 
inducible vector (500 ng or 1 μg) and pcDNA6/TR6 (3 μg or 6 μg) were 
cultured in six-well plates. After completion of incubation, cells were 
trypsinized, washed with 1X PBS and apoptosis assay was performed 
according to manufacturer’s protocol (Sigma, St. Louis, USA). Briefly, 
cells were incubated for 10 min at room temperature with 5 μL of 
Annexin V-FITC Conjugate and 10 μL of Propidium Iodide. Fluorescence 
was determined using flow cytometer (BD FACS Accuri C6 Plus, NJ, 
USA). Data are expressed as mean fluorescence per 10,000 cells. 

2.18. Animal experiments 

Male C57BLKs-db/+ normal mice (weighing 20.16 ± 2.8 g with 
blood glucose levels: 96.5 ± 5.40 mg/dl) and C57BLKs-db/db diabetic 
mice (weighing 36.07 ± 2.69g and blood glucose: 288.57 ± 73.5 mg/dl) 
aged 10–12 weeks (n = 7) were obtained from the CSIR-CDRI, Lucknow, 

India. Mice were kept under a 12:12 h light-dark cycle and had unre-
stricted access to food and water. After acclimatization for a week, mice 
were euthanized and liver tissues were collected for RNA and protein 
isolation to detect the levels of H19 and MAM proteins as described 
above. To study the effect of H19 downregulation in-vivo, C57BL/6J 
male mice were injected with either scramble or H19 siRNA as described 
by Goyal et al. [32]. Total RNA and protein were isolated from the liver 
tissues and used to assess the levels of H19, VDAC1 and gluconeogenic 
genes. All experiments were carried out in accordance with the guide-
lines of the Committee for the Purpose of Control and Supervision of 
Experiments on Animals (CPCSEA), New Delhi, India and were approved 
by Institutional Animal Ethics Committee (IAEC) of CSIR-IGIB, New 
Delhi, India. 

2.19. Statistical analysis 

Data are represented as means ± SEM, statistical analysis was done 
using the Graphpad PRISM tool. For analysis of two groups, student’s t- 
test and for more than two groups, one way ANNOVA was used. p-value 
<0.05 was considered as statistically significant. 

Fig. 5. Overexpression of VDAC1 increases gluconeogenic genes and impairs mitochondrial function in Hepa 1–6 cells. Hepa 1–6 cells were transfected with 
either the empty vector or the VDAC1 overexpression clone (0.5 and 1 μg). At 48h, cells were lysed and lysates (20 μg) were probed for the levels of VDAC1 (A). (B) 
Hepa 1–6 cells were transfected as in “A” and on completion of incubation, cells were washed and labelled with annexin V and Propidium Iodide (PE) and analyzed 
for apoptosis by flow cytometry. Annexin V (FITC-A) positive cells are represented. Hepa 1–6 cells transfected with either the empty vector or the VDAC1 over-
expression clone (0.5 and 1 μg) were lysed and lysates (20–40 μg) were probed to evaluate G6Pase (C), PCx (D), PCK1 (E) and FBP1 (F) protein levels by Western Blot 
analysis. β-actin or Vinculin were used as loading controls. Representative blots are shown and densitometric analyses (n = 3) are given in the panels below. (G) Hepa 
1–6 cells transfected with either the empty vector or the VDAC1 clone (1 μg) were incubated in the presence of sodium lactate (20 mM) and sodium pyruvate (2 mM) 
and glucose output into the media was measured. Data was normalized to the protein content. Cells transfected as in “C” were analyzed for mitochondrial Ca2+ levels 
using Rhod-2 AM (1 μM) (H), cytosolic Ca2+ levels using Fluo-3 AM (1 μM) (I) and mitochondrial ROS (J). (K) Representative OCR of Hepa 1–6 cells after transfection 
with either the empty vector or the VDAC1 clone (1 μg) for 48h in the presence of 2 μM oligomycin, 1.25 μM FCCP and 2 μM rotenone and 2 μM antimycin and 
quantitative analysis of basal respiration, maximal respiration, proton leak, spare respiratory capacity and ATP production. Experiments were performed thrice and 
data are presented as means ± SEM. ***p < 0.001, **p < 0.01, *p < 0.05, ns: non-significant. 
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3. Results 

3.1. MAM proteins are altered in the livers of diabetic db/db mice 

We began the study by evaluating the levels of MAM proteins in the 
livers of diabetic db/db mice. As compared to normal db/+ mice, while 
there was a significant increase in the transcript and protein levels of 
MAM proteins namely MFN2, PACS2, SIGMA1R and VDAC1. Also, levels 
of MCU that is primarily involved in the passage of Ca2+ into mito-
chondria, was also significantly increased (Fig. 1A–F), FACL4 levels 
were significantly decreased (Fig. 1 A, G). There were no notable 
changes in the levels of GRP75, MFN1 and IP3R, either at the transcript 
or protein level (Fig. 1 A, H-J). 

3.2. LncRNA H19 inhibition increases VDAC1 levels in hepatic Hepa 1–6 
cells 

Since we observed changes in the hepatic levels of MAM proteins 
during diabetes, we explored the mediation of such changes by lncRNAs, 
if any. In a previous study from our laboratory, it was reported that the 
lncRNA, H19 is significantly downregulated in db/db mice liver [29] 
and we observed similar patterns of expression in the current experi-
mental set of animals (Fig. 2A). To explore if such reduced levels of H19 
can determine the differential status of MAM proteins, we 
down-regulated the levels of H19 in Hepa 1–6 cells using H19 siRNA 
(0.1–20 nM) and as compared to scramble, H19 siRNA caused a signif-
icant reduction of expression in endogenous H19 levels at 5 and 20 nM 

(Fig. 2B). Further, as compared to scramble, inhibition of H19 expres-
sion in Hepa 1–6 cells showed significant increase in the expression of 
transcript levels of only Vdac1 and Sigma1R (Fig. 2C); however, at the 
protein level, only VDAC1 expression was significantly increased in the 
presence of H19 siRNA (Fig. 2D). MCU and MAM proteins, namely 
MFN2, FACL4, PACS2 and SIGMA1R that are deregulated in the liver 
during diabetes (Fig. 1) did not show any change in expression by H19 
inhibition (Fig. 2C, E-I). 

3.3. H19 inhibition leads to mitochondrial dysfunction in Hepa 1–6 cells 

The above results suggest that decreased H19 levels, as seen in the 
liver during diabetes, results in increased VDAC1 levels, that possibly 
might mediate ER-mitochondria miscommunication and bring about 
cellular anomalies within the liver. VDAC1 is an approximately 32 kDa 
mitochondria-resident protein that interacts with IP3R on the ER 
through GRP75 at the MAM interface. It is involved in coupling energy 
demands to ATP generation and interacts with anti-apoptotic and 
apoptotic proteins and therefore plays a significant role in mitochondrial 
function and health and cell survival [33–35]. Since VDAC1 expression 
levels are increased by H19 inhibition, we sought to evaluate the effects 
of H19 inhibition on mitochondrial function and its interaction with the 
ER. H19 siRNA induced a significant increase in the interaction between 
the ER and mitochondria as assessed by increased IP3R-VDAC1 contacts 
represented by increased red blobs per nucleus in a proximity ligation 
assay (PLA) (Fig. 3A). As MAMs are involved in direct transfer of calcium 
from ER to mitochondria we probed mitochondrial calcium levels and as 

Fig. 6. H19 inhibition or upregulation of VDAC1 increases JNK phosphorylation and abrogates insulin signaling in Hepa 1–6 cells. Hepa 1–6 cells 
transfected with either the scramble or H19 siRNA (5 nM, 48h) were lysed and protein lysates were evaluated for the protein levels of p-JNK1/2/JNK1/2 (A), p-p38/ 
p38 (B), p-ERK1/2/ERK1/2 (C) and p-IRS1(Ser307)/IRS1 (D). (E) Cells transfected as “A” were incubated in the absence or presence of insulin (10 nM, 30 min). On 
termination of incubation, cells were lysed and probed for the levels of p-AKT and AKT by Western Blot analysis. Hepa 1–6 cells were transfected with either the 
empty vector or the VDAC1 overexpression clone (0.5 and 1 μg). At 48h, cells were lysed and lysates (20–40 μg) were probed for the protein levels p-JNK1/2/JNK1/2 
(F) and p-IRS1(Ser307)/IRS1(G). (H) Cells transfected as “F” were incubated in the absence or presence of insulin (10 nM, 30 min), lysed and probed for the protein 
levels of p-AKT and AKT. HSC70, β-actin or vinculin were used as loading controls. Representative densitometric blots are given and the densitometric analyses are 
given below. (I) Hepa 1–6 cells transfected with either the empty vector or the VDAC1 clone (1 μg) were incubated in the absence or presence of insulin (10 nM, 30 
min) and glucose levels were measured using 2-NBDG as described in the “Methods” section. Experiments were done three times and data are presented as means ±
SEM.***p < 0.001, **p < 0.01, *p < 0.05, ns: non-significant. 
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shown in Fig. 3B, there was significant increase in mitochondrial cal-
cium levels in the presence of H19 siRNA; however cytosolic calcium 
levels remained unchanged (Fig. 3C). All these were accompanied by 
increased mitochondrial ROS (Fig. 3D) and decreased total ATP levels 
(Fig. 3E), all indicating potentially impaired mitochondrial function. 
Mitochondrial electron transport chain is essential for energy produc-
tion in cells and sustained calcium exposure alters oxidative phosphor-
ylation. Evaluation of oxygen consumption Rate (OCR) demonstrated a 
prominent reduction in basal and maximal respiration, proton leak, 
spare respiratory capacity and ATP production during H19 inhibition 
(Fig. 3F). This was additionally validated by assessing respiratory 
coupling of isolated mitochondria where as compared to scramble 
transfected cells, mitochondria isolated from H19 siRNA transfected 
cells demonstrated significant decrease in state 2 (basal respiration), 
state 3 (phosphorylating respiration in the presence of ADP) and state 4o 
(resting respiration with oligomycin) mitochondrial respiration. As 
compared to scramble, State 3u (maximal uncoupling respiration in the 
presence of FCCP) and response to antimycin A depicted minor 
non-significant decrease in the presence of H19 siRNA (Fig. 3 G). 
Further, evaluation of the transcript levels of proteins that are specific to 
the mitochondrial electron chain complexes suggested that Nd4 and Nd6 
(complex I), Cox 1–3 (Complex IV) and Atpase 6, ATP5b and ATP5c1 
(Complex V) were significantly downregulated in the presence of H19 
siRNA (Fig. 3H), indicating that decreased levels of components of the 
mitochondrial electron transport chain possibly contribute to the 
observed decreased OCR. However, neither mitochondrial morphology 
and membrane integrity as evaluated by experiments with JC1 (Fig. 3I) 
nor mitochondrial number as evaluated by mitochondrial DNA content 

(Fig. 3J) was affected by H19 siRNA. Inspite of exerting significant 
changes in the mitochondrial electron transport chain, the glycolytic 
function was modestly (but not significant) impaired by H19 siRNA 
(Fig. 3K). All these suggest that decreased H19 levels promote increased 
contact between the ER and the mitochondria and this is associated with 
impaired mitochondrial function. 

3.4. Downregulation of H19 increases gluconeogenic genes’ levels in 
Hepa1-6 cells 

Results as above suggest that inhibition of H19 expression promotes 
mitochondrial dysfunction that might contribute to aberrant hepatic 
physiology. Two major hepatic hallmarks during diabetes, namely 
increased lipid accumulation and gluconeogenesis were evaluated to-
wards physiological relevance. As compared to scramble, H19 siRNA did 
not depict any change in either lipid accumulation as evaluated by 
Bodipy staining (Fig. 4A) or in the expression of transcript levels of lipid 
and cholesterol metabolism genes, namely Fasn, Hadha, Acadl, Hmgcs 
and Hmgcr, although Dgat2 transcript levels were modestly increased 
(Fig. 4B). Interestingly, as compared to scramble, expression levels of all 
the gluconeogenic genes, namely G6Pase, FBP1, PCK1 and PCx were 
significantly increased in the presence of H19 siRNA, both at the tran-
script and protein levels (Fig. 4C–G). 

3.5. Increasing VDAC1 levels alone lead to mitochondrial dysfunction 
and increase in the expresssion of gluconeogenic genes 

Having demonstrated a major role of H19 inhibition on VDAC1 

Fig. 7. VDAC1 inhibition rescues H19 siRNA mediated effects in Hepa1-6 cells. (A) Hepa 1–6 cells were transfected with either the scramble or VDAC1 siRNA 
(5–20 nM) for 48h, lysed and probed for the levels of VDAC1 by Western Blot analysis. Hepa 1–6 cells were co-transfected with H19 siRNA (5 nM) and VDAC1 siRNA 
(5 nM) and after 48h, the levels of PCK1 (B), G6Pase (C), FBP1 (D), p-JNK1/2/JNK1/2 (E) and p-IRS1(Ser307)/IRS1 (F) were evaluated by Western Blot analyses 
using specific antibodies. Vinculin or HSC70 was used as the loading control. Representative blots are shown and densitometric analyses of three blots are given in the 
panels below. (G) Hepa 1–6 cells transfected as in “A” were subjected to in-situ proximity ligation assay using anti-VDAC1 and anti-IP3R antibodies. Representative 
confocal images of the cells are shown and the interaction between IP3R and VDAC1 is indicated by red dots. Nuclei are indicated by blue staining using DAPI. 
Quantification of IP3R-VDAC1 interactions is depicted by red blobs per nucleus. Scale: 20 μm; Magnification: 60X. At least five images were captured per incubation. 
(H) OCR in the presence of 2 μM oligomycin (ATP synthase inhibitor), 1.25 μM FCCP (uncoupling agent) and 2 μM rotenone and 2 μM antimycin (complex I and III 
inhibitors, respectively) of Hepa 1–6 cells transfected as in “A”. Basal respiration, maximal respiration, proton leak, spare respiratory capacity and ATP production 
were determined as described in the “Materials and Methods” section. Experiments were done three times and data presented as means ± SEM. ***p < 0.001, **p <
0.01, *p < 0.05. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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increase and in promoting hepatic gluconeogenesis, we attempted to 
explore if overexpression of VDAC1 alone is sufficient to impair mito-
chondria function and promote gluconeogenesis. The full length mouse 
VDAC1 clone was overexpressed in Hepa 1–6 cells. Transfection of the 
VDAC1 at doses of 0.5–1 μg led to increased expression of VDAC1 levels 
as compared to the vector control (Fig. 5A). VDAC1 overexpression is 
associated with induction of apoptosis [36,37]; however, in our study 
while 0.5 μg did not show any apoptosis, there was a modest but sig-
nificant increase in apoptosis at a dose of 1 μg of VDAC1 clone (Fig. 5B). 
Increased VDAC1 expression was associated with significant increases in 
the expression of protein levels of gluconeogenic genes (G6Pase, PCK1, 
FBP1 and PCx) and hepatic glucose output at 1 μg concentration of the 
VDAC1 clone, although significant increase in FBP1 levels was also 
additionally observed at 0.5 μg of the VDAC1 clone (Fig. 5C–G). 
Concomitantly, there was increased mitochondrial calcium and ROS 
levels, although cytosolic calcium levels were not altered (Fig. 5H–J). As 
compared to vector control, overexpression of VDAC1 alone caused a 
significant reduction in basal and maximal respiration, proton leak, 
spare respiratory capacity and ATP production in Hepa 1–6 cells 
(Fig. 5K), all suggesting that VDAC1 overexpression alone is enough to 
impair mitochondrial function and increase hepatic gluconeogenesis. 

3.6. H19 inhibition or VDAC1 overexpression increases JNK 
phosphorylation and abrogates insulin signaling in Hepa1-6 cells 

To further investigate the effect of H19-VDAC1 axis on increased 
gluconeogenesis, we evaluated the activation of MAPKs in the presence 
of H19 siRNA and as compared to scramble transfected cells, there was a 
significant increase in the levels of p-JNK1/2; however, the total JNK1/2 

levels remained unchanged (Fig. 6A) and p-p38 and p-ERK1/2 levels did 
not depict any change in the presence of H19 siRNA (Fig. 6B and C). 
Increased JNK1/2 activation is reported to increase serine (Ser307) 
phosphorylation of IRS1 and subsequently impair insulin signaling 
[38–40]. Increased p-JNK1/2 levels in the presence of H19 siRNA was 
accompanied by increased IRS1(Ser307) phosphorylation (Fig. 6D) and 
abrogation of insulin-stimulated AKT phosphorylation (Ser473) 
(Fig. 6E). Concomitant with these, VDAC1 overexpression alone suffi-
ciently increased p-JNK1/2 (Fig. 6F) and p-IRS1(Ser307) levels (Fig. 6G) 
along with dampening of insulin-stimulated AKT phosphorylation 
(Ser473) (Fig. 6H) and glucose uptake (Fig. 6I) in Hepa1-6 cells. 

3.7. Effects of H19 inhibition are rescued by downregulation of VDAC1 

To explore if inhibition of H19 expression effects are mediated 
through VDAC1, Hepa 1–6 cells were cotransfected with H19 and 
VDAC1 siRNAs and with VDAC1 levels showing significant decreased 
expression in the presence of VDAC1 siRNA (5–20 nM) (Fig. 7A), the 
effects of H19 siRNA on PCK1, G6Pase, FBP1, p-JNK1/2 and p-IRS1 
(Ser307) were significantly rescued (Fig. 7B–F). Also, H19 siRNA 
induced increase in ER-mitochondrial contact and impairment in mito-
chondrial function as assessed by OCR were significantly recovered in 
the presence of VDAC1 siRNA (Fig. 7G and H). All these indicate that the 
H19-VDAC1 axis is important in altered mitochondrial function and 
elevated hepatic gluconeogenesis as seen during diabetes. These were 
additionally validated using metformin, a commonly used antidiabetic 
medication that acts by inhibiting VDAC1 levels [41]. As compared to 
control, Hepa 1–6 cells incubated with metformin showed a 
dose-dependent decrease in VDAC1 protein expression (Fig. 8A). 

Fig. 8. Metformin rescues H19 siRNA mediated effects in Hepa1-6 cells. (A) Hepa 1–6 cells were incubated either without (Control) or with metformin 
(20–1000 μM) for 42h; after competition of incubation, total RNA was isolated and subjected to qRT-PCR using VDAC1 (A) or H19 (B) specific primers. 18S rRNA was 
used as the normalization control. Hepa 1–6 cells were transfected with either scramble or H19 siRNA (5 nM) in the presence or absence of metformin (1000 μM) for 
42h; after competition of incubation, total RNA was isolated and subjected to qRT-PCR to determine the transcript levels of Fbp1 (C), G6Pase (D), Pcx (E) and Pck1 
(F). 18S rRNA was used as the normalization control. (G) Hepa 1–6 cells transfected as in “C” were subjected to in-situ proximity ligation assay using anti-VDAC1 and 
anti-IP3R antibodies. Representative confocal images of the cells are shown and the interaction between IP3R and VDAC1 is indicated by red dots. Nuclei are 
indicated by blue staining using DAPI. Quantification of IP3R-VDAC1 interactions is represented by red blobs per nucleus. Scale: 20 μm; Magnification: 60X. At least 
five images were captured per incubation. Each data point is the mean of three independent experiments and is presented as means ± SEM. ***p < 0.001, **p < 0.01, 
*p < 0.05. ns: non-significant (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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However, metformin had no effects on the transcript levels of H19 
(Fig. 8B), although H19 siRNA mediated increases in ER-mitochondria 
contact and in transcript expression of G6pase, Pck1, Fbp1 and Pcx 
were significantly prevented by metformin (Fig. 8C–G). These substan-
tiate the mediatory role of VDAC1 in the detrimental effects of H19 
inhibition. 

3.8. H19 inhibition in vivo increases hepatic VDAC1 and gluconeogenic 
genes’ levels in mice 

It was described previously from our laboratory that in-vivo admin-
istration of H19 siRNA induced hyperglycemia and impaired oral and 
insulin tolerance in mice [32]. While following results in Hepa 1–6 cells 
where H19 inhibition increased VDAC1 and gluconeogenic genes’ 
levels, similar patterns of expression were observed in H19 siRNA 
administered mice where as compared to scramble injected mice 
(C57BL/6J), H19 siRNA caused a significant inhibition of expression of 
hepatic H19 (Fig. 9A). This was accompanied by increased expression of 
VDAC1 (Fig. 9B and C) and an increase in the transcript levels of glu-
coneogenic genes, namely, G6pase, Pck1, Pcx and Fbp1 in H19 siRNA 
injected mice has already been reported in a previous report from our 
laboratory [32]. As compared to scramble injected mice, hepatic levels 
of p-JNK1/2 and p-IRS1 (Ser 307) were significantly increased in H19 
siRNA injected mice (Fig. 9D and E). Such elevated levels of IRS1 
phosphorylation at Ser 307 in H19 siRNA administered mice were 
associated with decreased p-Akt levels (Ser473) (Fig. 9F) that are sug-
gestive of impaired basal insulin sensitivity within the livers of these 
mice. These data suggest a critical role of the H19-VDAC1 axis in 
increased JNK1/2 phosphorylation, IRS1 (Ser307) phosphorylation, 
impaired insulin signaling and increased gluconeogenic genes’ expres-
sion in the liver. 

4. Discussion 

In the present study we sought to explore the effects of the lncRNA, 

H19 inhibition on ER-mitochondria communication and the potential 
consequent implications in manifesting hepatic insulin resistance. Close 
contacts between the ER and the mitochondria maintained by MAM 
proteins regulate diverse cellular processes including calcium homeo-
stasis, lipid metabolism, unfolded protein response, mitochondrial dy-
namics, etc [6,42]. Our data show that levels of several MAM proteins 
are altered in the livers of diabetic mice, suggesting of a possible cor-
relation to hepatic insulin resistance. Such altered levels of MAM pro-
teins within the livers of several diabetic mice models have been 
reported [11,14] and impaired ER-mitochondria contact is believed to 
be a causal trigger for hepatic insulin resistance [43]. Several regulatory 
events may underlie such patterns of impaired ER-mitochondria in-
teractions due to altered levels of MAM proteins. Here, we show that 
levels of H19 that are significantly down-regulated in the livers of dia-
betic db/db mice [29], majorly increases VDAC1, both at the transcript 
and protein levels. VDAC1 activities are known to be modulated by 
varied proteins, Ca2+, ATP, glutamate, and NADH [44–47]. VDAC1 is an 
approximately 32 kDa protein and primarily expressed on the outer 
mitochondrial membrane. It acts as a gatekeeper for the mitochondrial 
passage of Ca2+, metabolites, ions and is significant in regulating 
apoptosis by virtue of its interaction with apoptotic and anti-apoptotic 
proteins [48,49] together with being a necessary component of the 
cholesterol transport multi-protein complex that also comprises of the 
translocator protein (TSPO), and the steroidogenic acute regulatory 
protein (STAR) [50,51]. In addition, by being physically connected to 
IP3R on the ER through GRP75, it contributes in maintenance of 
ER-mitochondria communication. VDAC1 being an essential component 
of the mitochondria and important for diverse aspects of mitochondria 
function, has been implicated in cancer [52,53], Alzheimer’s disease 
[54–56], T2D [41,57,58], autoimmune diseases such as lupus [59], 
non-alcoholic fatty liver disease [50] and cardiovascular diseases [60]. 
Corroborating these deleterious effects, our data show that increased 
VDAC1 due to H19 inhibition increases ER-mitochondria contact, ele-
vates mitochondrial Ca2+ and ROS levels, while impairing total ATP 
production and mitochondrial respiration in Hepa 1–6 cells. Similar 

Fig. 9. In-vivo H19 antagonism upregulates VDAC1 and promotes JNK and IRS1 (Ser 307) phosphorylation. As described in a previous study, mice were 
injected (i.v) with either the scramble or H19 siRNA (3 mg/kg body weight). Total RNA was isolated from the liver tissues, reverse transcribed and the levels of H19 
(A) and Vdac1 (B) were analyzed by qRT-PCR. 18S rRNA was taken as the normalization control. (C) Mice liver tissues were homogenised and the levels of VDAC1 
(C), pJNK1/2/JNK1/2 (D), pIRS1(Ser307)/IRS1(E) and pAKT/AKT (F) were assessed by Western Blot analysis using specific antibodies. Vinculin, HSC70 or β-actin 
were used as loading controls. Each data point is the mean of values from at least three animals and are presented as means ± SEM.***p < 0.001, *p < 0.05. 
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increases in ER-mitochondria contact along with impaired mitochon-
drial parameters in the livers of HFD and ob/ob mice has been reported 
[11]. 

Abnormal ER-mitochondria interactions within the liver are 
frequently associated with aberrant lipid and glucose metabolic path-
ways [61]. These interactions can interfere with several cellular 
signaling pathways and consequently affect glucose homeostasis or do 
so by independently regulating ER and mitochondria function [62]. 
Phospholipids, for example, phosphatidylserine synthesized in the ER is 
transferred into mitochondria and such phosphatidylserine transfer at 
the MAM interface is mediated by proteins localized at MAMs. MAMs 
contain enzymes required for cholesterol and ceramide biosynthesis, 
making MAMs enriched in cholesterol and sphingolipids [8]. All these 
are suggestive of MAMs being significant in cellular lipid homeostasis 
and aberrant ER-mitochondria contacts being one of the underlying 
causes of deregulated lipid metabolism. However, we did not observe 
any effect of H19 inhibition on either lipid deposition or the transcript 
levels of lipid and cholesterol metabolism genes, suggesting that H19 
inhibition alone even with affecting VDAC1 levels, possibly does not 
exert effects on lipid metabolism. On the other hand, Liu et al. [63] 
demonstrated attenuation of free-fatty acid mediated lipid accumulation 
by H19 inhibition in liver cells and silencing endogenous H19 exerted 
differential effects on genes involved in lipid synthesis, storage and 
breakdown at 36h versus 72h of transfection in hepatocytes [64]. All 
these suggest debatable effects of H19 on lipid metabolism depending on 
the extent and duration of H19 inhibition within cells. 

Along with aberrant hepatic lipid metabolism, impaired hepatic 
glucose metabolism is also a significant feature associated during dia-
betes. Both, the ER and mitochondria independently and also together 
are important in the maintenance of intracellular Ca2+ homeostasis, 
Ca2+ signaling and in the control of hepatic glucose metabolism, spe-
cifically glucose production and glycogenolysis [61,65]. Our results 
show that both, H19 inhibition and VDAC1 overexpression significantly 
elevated the levels of gluconeogenic genes in Hepa 1–6 cells. Addi-
tionally, VDAC1 upregulation alone also increased mitochondrial Ca2+

and ROS levels and reduced mitochondrial respiration in Hepa 1–6 cells. 
In-vivo knockdown of H19 in mice led to increased hepatic VDAC1 
expression, increased pJNK and pIRS1(Ser 307) levels; increased 
expression of hepatic gluconeogenic genes in such mice together with 
increased levels of FoxO1, possibly due to increased occupancy of p53 
on the FoxO1 promoter has been reported [32]. H19 acts as a sponge for 
let-7b and increases the expression of FoxO1 together with FoxO1 
phosphorylation [66]. On the other hand, Wu et al. have demonstrated 
that H19 overexpression increased the expression of PCK and gluco-
neogenesis by promoting nuclear retention of FoxO1 [67] and increasing 
HNF4α levels [68,69]. H19 is highly expressed in the skeletal muscle and 
H19 knockdown increases the myoblast-inhibitory genes Sirt1/FoxO1 
during myogenesis and differentiation of bovine skeletal muscle satellite 
cells [70]. In C2C12 cells, H19 inhibition has been shown to dampen 
insulin-stimulated IRS1 and Akt phosphorylation [71] and by targeting 
hnRNPA, H19 promotes fatty acids oxidation and ameliorates skeletal 
muscle insulin resistance [72]. H19 expression is decreased in the 
muscles of insulin-resistant human subjects and high-fat diet fed rodents 
and mice with genetic H19 ablation exhibit muscle insulin resistance. 
The dual-specificity phosphatase DUSP27/DUPD1 was identified as a 
potential important downstream effector of H19 and by activating 
AMPK, H19 was shown to enhance insulin sensitivity [20]. These sug-
gest that H19 levels are critical in diverse aspects of metabolism and 
with increased hepatic glucose production being a major pathophysio-
logical event in type 2 diabetic subjects [73], our study implicates an 
important role of the H19-VDAC1 axis mediated ER-mitochondria 
miscommunication in modulating hepatic gluconeogenesis. 

At the molecular level, we observed that while H19 inhibition 
significantly increased the activation of JNK1/2, that of ERK1/2 and p38 
remained unchanged. Similar crosstalk between JNK and lncRNAs un-
derlie the pathogenesis of a wide spectrum of disorders like 

cardiovascular diseases, bone and kidney disorders, etc. [74]. MAPKs 
(Mitogen-activated protein kinases) are a group of ubiquitous family of 
proteins that are activated in response to cellular stress, development 
changes and cellular metabolism. They play major roles in regulating 
hepatic metabolic processes, increasing ROS production and altering 
Ca2+ levels and conditions like high fat diet, obesity and NASH have 
been shown to activate JNK and p38 MAPK pathways in the liver [38, 
75–78]. Increased JNK activation promotes Ser307 phosphorylation of 
IRS1 that dampens insulin signaling and decreases insulin sensitivity 
[38–40]. Our data show that H19 inhibition, in addition to increasing 
JNK1/2 phosphorylation also increases IRS1(Ser307) phosphorylation 
and this prevents insulin stimulated activation of the signaling cascade 
and abrogates insulin signaling in Hepa 1–6 cells. A previous study from 
our laboratory had also shown that while H19 inhibition impairs insulin 
action, its overexpression increases insulin sensitivity in HepG2 cells 
[29,32]. Interestingly, VDAC1 inhibition significantly rescued almost all 
deleterious effects of H19 inhibition, suggesting VDAC1 as a significant 
mediator. Similar beneficial effects of VDAC1 inhibition have been re-
ported where VDAC1 inhibitors such as VBIT-4 reduce neuro inflam-
mation and apoptosis in Alzheimer’s disease [79] and VBIT-4 alongwith 
other drugs such as AKOS-022 prevent VDAC1 oligomerization, mito-
chondrial dysfunction and apoptosis [80]. Inhibition of VDAC1 by 
metformin prevents mitochondrial dysfunction and apoptosis in T2D 
diabetic mice models [41] and R-Tf-D-LP4, a mitochondrial VDAC1 
interacting and inhibiting peptide increases fatty acid oxidation, which 
prevents steatosis and NASH, reduces hepatic lipid accumulation, 
inflammation and gluconeogenesis [50,81]. 

Taken together, our study reveals a significant role of the lncRNA, 
H19-VDAC1 axis in ER-mitochondria miscommunication in the liver 
during diabetes. Several controversies exist regarding the nature of the 
hepatic MAM complex, its content and status during diabetes and these 
possibly are due to the highly dynamic and plastic nature of the MAM 
complex that critically depends on the age, stress, diet, metabolic status, 
etc. Nonetheless, impaired hepatic ER-mitochondria contact is a signif-
icant hallmark during diabetes and therapeutic intervention at these 
contacts offers a potential approach in addressing the complicacies 
associated with metabolic diseases. 
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