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IL-6 induces lipolysis and mitochondrial dysfunction,
but does not affect insulin-mediated glucose transport
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Abstract Interleukin-6 (IL-6) has emerged as an important
cytokine involved in the regulation of metabolism.
However, the role of IL-6 in the etiology of obesity
and insulin resistance is not fully understood. Mitochondria
are key organelles of energy metabolism, and there is growing
evidence that mitochondrial dysfunction plays a crucial role in
the pathogenesis of obesity-associated insulin resistance. In
this study, we determined the direct effect of IL-6 on lipolysis
in adipocytes, and the effects of IL-6 on mitochondrial
function were investigated. We found that cells treated with
IL-6 displayed fewer lipids and an elevated glycerol release
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rate. Further, IL-6 treatment led to decreased mitochondrial
membrane potential, decreased cellular ATP production, and
increased intracellular ROS levels. The mitochondria in IL-6-
treated cells became swollen and hollow with reduced or
missing cristac. However, insulin-stimulated glucose transport
was unaltered. PGC-1x, NRF1, and mtTFA mRNA levels
were markedly increased, and the mitochondrial contents
were also increased. Our results demonstrate that IL-6 can
exert a direct lipolytic effect and induce mitochondrial
dysfunction. However, IL-6 did not affect insulin sensitivity
in adipocytes in vitro. We deduce that in these cells, enhanced
mitochondrial biogenesis might play a compensatory role in
glucose transport.
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Introduction

Interleukin (IL)-6 is expressed in immune cells, endothelial
cells, and myocytes. Recently, it was shown that IL-6 is also
expressed in and released from adipocytes. Indeed, under
non-inflammatory conditions, it is thought that 15% to 30%
of circulating IL-6 is derived from adipose tissue
(Mohamed-Ali et al. 1997; Fried et al. 1998). Some studies
have suggested a link between IL-6 and impaired insulin
action based on the observation that circulating and adipose
tissue IL-6 levels are often increased in patients with
obesity and type 2 diabetes; these increased IL-6 levels
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correlate with BMI and adiposity (Roytblat et al. 2000;
Vozarova et al. 2001; Bastard et al. 2002). In contrast, there
is a strong body of literature suggesting that IL-6 does not
cause insulin resistance, and may in fact have beneficial
effects on the disease in some instances (Carey et al. 20006;
Wolsk et al. 2010). IL-6 can enhance both glucose uptake
and fat oxidation (Carey et al. 2006; Wolsk et al. 2010).
Overexpression of IL-6 in mice leads to hypoglycemia and
weight loss, whereas IL-6 knockout mice develop mature-
onset obesity (Wallenius et al. 2002; Franckhauser et al.
2008). Thus, the effect of IL-6 on glucose and lipid
metabolism is paradoxical, and therefore further studies
are warranted.

Mitochondria are energy-producing organelles and the
main sites of fat metabolism. Currently, there is growing
evidence that mitochondrial dysfunction plays a crucial
role in the pathogenesis of obesity-associated insulin
resistance (Kim et al. 2008; Bournat and Brown 2010).
Several studies have shown impaired mitochondria in
myocytes and adipocytes from obese diabetic rodents and
patients with obesity (Rong et al. 2007; Wilson-Fritch et
al. 2004; Chanseaume et al. 2010), which usually display
increased IL-6 levels. Interestingly, it is well known
that IL-6 is rapidly released into the -circulation
following exercise, whereas endurance exercise effec-
tively stimulates mitochondrial biogenesis and increases
muscle oxidative capacity (Pedersen and Fischer 2007;
Chow et al. 2007). Exercise has been thought to be a
key component of comprehensive treatment programs
for optimal weight loss and insulin sensitivity. There-
fore, it is necessary to clarify the effects of IL-6 on
mitochondrial function.

In this study, we observed the effects of IL-6 on
lipolysis, mitochondrial function, mitochondrial biogene-
sis, and mitochondrial contents in differentiated 3T3-L1
adipocytes. We also determined the changes in adipocyte
glucose uptake after treatment with IL-6. We show that
IL-6 induces lipolysis and mitochondrial dysfunction, but
does not affect insulin-stimulated glucose transport in
3T3-L1 adipocytes

Materials and methods
Cell culture and treatment

3T3-L1 cells were cultured and maintained and differ-
entiated by using a previously described method
(Student et al. 1980). Briefly, the cells were grown in
DMEM/high-glucose medium (Gibco, Carlsbad, CA,
USA) supplemented with 10% fetal bovine serum
(FBS; Gibco) in a 5% CO2 environment. Medium
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was changed every 2 days. Two days after the cells
became confluent, differentiation into adipocytes was
initiated as follows: medium was supplemented with
0.5 mmol/L 3-isobuty-1-methylxanthine (MIX; Sigma,
St. Louis, MO, USA), 1 wumol/L dexamethasone
(Sigma), and 10 pg/mL insulin (Sigma) for 2 days.
The medium was then changed and supplemented with
insulin only for an additional 2 days. Thereafter, the
cells were maintained in DMEM medium containing
only 10% FBS.

On the 8th day after induction of differentiation, when
more than 90% of the cells showed morphological and
biochemical properties of adipocytes, the cells were used
for experiments. After overnight incubation in serum-free
DMEM, the 3T3-L1 adipocytes were treated with 20 ng/mL
IL-6 (Sigma) for 24 h (Sopasakis et al. 2004).

Measurement of lipolysis

Glycerol release into the culture medium was used to
assess changes in lipolysis levels (Green et al. 2004).
Media were collected and glycerol release was deter-
mined using free glycerol reagent (Sigma) in a spectro-
photometer (Jingke, Shanghai, China) with the wavelength set
at 540 nm.

Oil red O staining

Cells were fixed with 4% formalin in phosphate buffer
for 30 min at room temperature. After fixation, cells
were stained with 0.6% (w/v) filtered oil red O solution
(60% isopropanol, 40% water) for 30 min then counter-
stained with hematoxylin for 1 min at room tempera-
ture. Cells were then washed with water to remove
unbound dye, visualized by light microscopy, and
photographed.

ATP production

ATP content was measured using a luciferase-based
luminescence assay kit (Biyuntian, Nantong, China).
The cells were homogenized in ice-cold ATP-releasing
buffer. Using an ATP standard, the concentration of ATP
was determined using a single-tube luminometer (Turner
Biosystems, CA, USA) and was normalized to protein
concentration.

Confocal laser microscopy and flow cytometry
MitoTracker, a red mitochondria-specific cationic fluo-

rescent dye (Molecular Probes, Invitrogen, Carlsbad,
CA, USA), was used to evaluate mitochondrial membrane
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potential. A H2-DCFDA probe (Sigma) was used to
estimate intracellular ROS levels. The cells were incu-
bated with 150 nM of MitoTracker and 5 uM of H2-
DCFDA for 30 min at 37 °C, washed 3 times with pre-
warmed PBS, and then imaged using a confocal laser
scanning microscope (excitation at 579 nm and 488 nm,
emission at 644 nm and 525 nm, respectively, x400
magnification). For flow cytometry, the cells were
trypsinized and centrifuged at 300 rpm at 4 °C for
5 min, and then resuspended in KRP-HEPES buffer
(pH 7.4, with 0.5% BSA). The cells were analyzed with
a FACScan flow cytometer using CellQuest software (BD
Biosciences, San Jose, CA, USA).

Electron microscopy

The cells were collected after trypsin digestion, washed
with fresh PBS, and fixed in 2.5% glutaraldehyde/4%
paraformaldehyde in the same buffer. The cells were
then washed with 0.1 M cacodylate buffer, post-fixed
with 1% osmium tetroxide/1.5% potassium ferrocyanide
for 1 h, stained with 1% aqueous uranyl acetate for
30 min, and then dehydrated through a graded series of
ethanol to 100%. The samples were then infiltrated and
embedded in TAAB Epon (Marivac Canada Inc., St.
Laurent, Canada). Ultrathin sections (60 nm) were cut
on a Reichert Ultracut-S microtome, placed onto copper
grids, stained with uranyl acetate and lead citrate, and
examined using a transmission electron microscope
(JEOL JEM-1010, Tokyo, Japan) at an accelerating
voltage of 80 kV (x50,000 magnification).

Glucose uptake

2-Deoxy-D-[*H] glucose (Amersham Biosciences, Piscataway,
NJ, USA) uptake was assayed as previously described
with some modifications (Ceddia et al. 2005). Briefly,
prior to the assay, the cells were deprived of serum for
4 h. The cells were then incubated in KRP-HEPES
buffer (pH 7.4, 0.1% BSA) in the presence or absence
of 100 nmol/L insulin for 30 min at 37 °C. Subse-
quently, 2-deoxy-p-[’H]glucose was added to a final
concentration of 1 pCi/mL. The reaction was terminated
by 3 washes of ice-cold phosphate-buffered saline (PBS)
supplemented with 10 mmol/LD-glucose. The cells were
solubilized in 1 mol/L NaOH, and aliquots of the cell
lysate were transferred to scintillation vials for radioac-
tivity counting. The remainder of the lysate was used to
measure the protein content with a bicinchoninic acid
(BCA) protein assay kit (Pierce, Rockford, IL, USA).
Radioactivity measurements were normalized to protein
concentration.

Real-time quantitative reverse transcription polymerase
chain reaction (QRT-PCR)

Total RNA was extracted using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA), and quantified spectrophotometrically at
260 nm. cDNAwas synthesized from 1 pg of total RNA using
an AMV Reverse Transcriptase Kit (Promega A3500;
Promega, Madison, WI, USA) according to the manufac-
turer’s instructions. Real-time qPCR was performed using the
SYBR Green PCR Master Mix (Applied Biosystems, Foster
City, CA, USA) in an Applied Biosystems 7300 Sequence
Detection System (ABI 7300 SDS; Foster City, CA, USA). 3-
Actin was used as a reference for the comparative CT method
to determine the relative changes in the samples. Sequences of
the primers for each gene are shown in Table 1.

Real-time qPCR for mtDNA

Relative amounts of mtDNA were determined by real-time
qPCR, and 2 primer sets were used for PCR analysis.
Amplification of a 110-bp long fragment within the CY7B
gene was used to quantify mtDNA. The PCR product was
previously cloned into a pMD-T18 plasmid and was verified
by DNA sequencing. Plasmid standards of known copy
number were used to generate a log-linear standard curve,
from which the CYTB copy number of the samples could be
determined by real-time qPCR. Real-time qPCR was
performed using an Applied Biosystems 7300 Sequence
Detection System. A 291-bp region of the 28S rRNA gene
was used to normalize the results. A standard curve of the
plasmid containing the 28S fragment was used to determine
the copy number of the samples. The ratio of mtDNA to
nuclear DNA reflects the number of mitochondria per cell.
The sequence of the primers and Tagman probes (Shenggong,
Shanghai, China) are shown in Table 1.

Statistical analysis

Each experiment was performed at least 3 times. All values
are presented as the means + standard deviation (SD).
Statistical analyses were performed using the Student’s #-test.
A P value <0.05 was considered statistically significant.
Results

IL-6 increased lipolysis in 3T3-L1 adipocytes

To assess the possibility that IL-6 increases lipolysis in
adipocytes, glycerol accumulation in culture medium

was measured. Fully differentiated 3T3-L1 adipocytes
were incubated with IL-6 for 24 h. The results show
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Table 1 Oligonucleotide sequences for primer/probe sets used in gPCR

Gene. Forward prime r(5'-3") Reverse primer(5'-3') Probe

CytB TTTTATCTGCATCTGA CCACTTCATCTTACCATTTATTATCGC AGCAATCGTTCACCT
GTTTAATCCTGT CCTCTTCCTCCAC

28 s GGCGGCCAAGCGTTCATAG AGGCGTTCAGTCATAATCCCACAG TGGTAGCTTCGCCCC

ATTGGCTCCT

PGC-1a CGGAAATCATATCCAACCAG TGAGGACCGCTAGCAAGTTTG

NRF1 TGGTCCAGAGAGTGCTTGTG TTCCTGGGAAGGGAGAAGAT

mtTFA GGAATGTGGAGCGTGCTAAAA TGCTGGAAAAACACTTCGGAATA

{3-actin CCTGAGGCTCTTTTCCAGCC TAGAGGTCTTTACGGATGTCAACGT

that the cells displayed significantly fewer lipids as
judged by the reduced level of oil red O staining
(Fig. la), and the rate of glycerol release was significantly
elevated (Fig. 1b).

IL-6 decreased cellular ATP production and mitochondrial
membrane potential in 3T3-L1 adipocytes

Mitochondria are intracellular organelles that generate
ATP through the process of oxidative phosphorylation
(OXPHOS). To probe for the effect of IL-6 on
mitochondrial function, we determined total cellular
ATP production in IL-6-treated and control (untreated)
adipocytes. As shown in Fig. 2a, cellular ATP production in

Fig. 1 Effect of IL-6 on lipoly-
sis. Fully differentiated 3T3-L1
adipocytes were incubated in
serum-free DMEM overnight
then treated with 20 ng/mL IL-6
for 24 h. Media were collected
to measure glycerol release.
Data are presented as the mean
+ SD (n=6). *, P<0.001
compared to the control cells.
Cells were stained with oil red O
solution, visualized by light
microscopy, and photographed

Glycerol release (pmol/L)

adipocytes incubated with IL-6 was markedly lower than in
the control cells. Mitochondrial membrane potential is
fundamental for the conversion of ADP to ATP via ATP
synthase. Consistent with the decreased ATP content in
adipocytes treated with 1L-6, we found that mitochondrial
membrane potential was also greatly decreased (Fig. 2b).

IL-6 increased intracellular ROS levels in 3T3-L1 adipocytes

Intracellular ROS, a byproduct of the electron transport chain, is
mainly produced in the mitochondria. We next examined ROS
levels in IL-6-treated and control adipocytes. As shown in
Fig. 3, IL-6 dramatically increased ROS levels in 3T3-L1
adipocytes.
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Fig. 2 Effect of IL-6 on cellular
ATP production and mitochon-
drial membrane potential in
3T3-L1 adipocytes. Cellular
ATP production was measured
using a luciferase-based
luminescence assay and normal-
ized to protein concentration
(n=06) (a). *, P<0.001 compared
to the control cells. IL-6-treated
adipocytes and control cells
were stained with MitoTracker
Red, analyzed using a FACScan
flow cytometer (n=6) (b), and
then imaged using a confocal
laser-scanning microscope
(x400 magnification) (c¢). *,
P<0.001 compared to the
control cells

Fig. 3 Effect of IL-6 on intra-
cellular ROS levels in 3T3-L1
adipocytes. ROS levels were
determined by detection of a
H2-DCFDA probe using a
FACScan flow cytometer (n=6)
(a) and a confocal laser-
scanning microscope (x400
magnification) (b). *, P<0.001
compared to the control cells
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IL-6 caused abnormal mitochondrial morphology
in 3T3-L1 adipocytes

We further observed the morphology of mitochondria in IL-6-
treated adipocytes using electron microscopy. As shown in
Fig. 4, mitochondria in adipocytes incubated with IL-6
appeared swollen and hollow with reduced and missing cristae.

Effects of IL-6 on glucose transport in 3T3-L1 adipocytes

Effects of IL-6 on glucose transport were assessed by
measuring 2-Deoxy-p-[H] glucose uptake rate in adipo-
cytes. The results show that basal glucose uptake in IL-6-
treated adipocytes was increased compared to that in
untreated control cells. However, 1L-6 did not affect
insulin-stimulated glucose uptake in adipocytes (Fig. 5).

Effect of IL-6 on mitochondrial biogenesis in 3T3-L1
adipocytes

It is known that most mitochondrial proteins are encoded by
the nuclear genome, and that the translated proteins are
transported into the mitochondria. Substantial evidence
indicates that extracellular stimuli induce mitochondrial
biogenesis by increasing gene expression of peroxisome
proliferator-activated receptor gamma coactivator-1 (PGC-1),
nuclear respiratory factor-1 (NRF-1), and mitochondrial
transcription factor A (mtTFA) (Spiegelman 2007). In order
to determine the effect of IL-6 treatment on mitochondrial
biogenesis in adipocytes, we assessed PGC-1«, NRF1, and
mtTFA mRNA expression. As shown in Fig. 6a, the levels of
PGC-1x, NRF1, and mtTFA mRNA were considerably
increased in IL-6-treated adipocytes.

Effect of IL-6 on mitochondrial content in 3T3-L1 adipocytes

To confirm whether the augmented mitochondrial biogenesis
causes changes in mitochondrial content within IL-6-

Fig. 4 Effect of IL-6 on
mitochondrial morphology.
Mitochondrial ultrastructure in
IL-6-treated adipocytes and
control cells was visualized
using transmission electron
microscopy (x50,000
magnification). The scale bar in
the bottom right corner is 1 pm
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Fig. 5 Rate of glucose transport in IL-6-treated cells. Fully differentiated
3T3-L1 adipocytes were incubated with 20 ng/mL recombinant mouse IL-
6 for 24 h. Basal glucose transport and insulin-stimulated glucose transport
are shown. Basal rate refers to the rate of glucose transport in the absence of
insulin. *, significantly increased glucose uptake in IL-6-treated 3T3-L1
cells compared to untreated control cells (n=6). (P<0.05, #-test)
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treated adipocytes, we measured mitochondrial and
genomic DNA in IL-6-treated and control adipocytes
using real-time qPCR. Cytochrome b was used as a
marker for mtDNA and 18S was used as a marker for
nuclear DNA. As expected, the mtDNA copy number in
IL-6-treated adipocytes was significantly increased compared
to the control cells (Fig. 6b).

Discussion

Several studies have reported that administration of IL-6 in
healthy humans increased systemic lipolysis (van Hall et al.
2003; Lyngse et al. 2002). Here, we showed the direct
lipolytic effect of IL-6 in differentiated adipocytes, which
might be involved in obesity-related high lipolytic capacity
and exercise-induced lipolysis. Enhanced fatty acid metabo-
lism may lead to an increase in ATP production. However, in
the current study, we found that the ATP content in IL-6-
treated adipocytes was markedly decreased. Concomitantly,
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Fig. 6 Effect of IL-6 on mitochondrial biogenesis and mtDNA copy
number in 3T3-L1 adipocytes. The mRNA levels of PGC-1, NRE
and mtTFA were analyzed using real-time quantitative RT-PCR and
normalized to f-actin levels (n=6) (a). *, P<0.05. The cellular

mitochondrial membrane potential also observably declined.
Normally, fatty acids in the cell are maintained at a
constant level depending on the balance of fatty acid
availability and utilization. A recent study demonstrated
that exposure to fatty acids disrupted mitochondrial fuel
homeostasis in cultured myotubes (Koves et al. 2008).
The lipid surplus resulted in a disproportionate increase in
the rate of incomplete oxidation relative to complete
oxidation of fatty acids, and caused the accumulation of
even-chain acylcarnitines of short, medium, and long
chain length. Obesity, diabetes, and high-fat feeding are
also accompanied by high rates of fatty acid catabolism,
principally “incomplete” fat oxidation, in which a large
proportion of fatty acids entering the mitochondria are
only partially degraded (Koves et al. 2008; Muoio and
Koves 2007). Additionally, it has been reported that long-
chain fatty acids are natural uncouplers of oxidative
phosphorylation in mitochondria, which would become
apparent under particular physiological or pathological
conditions characterized by unusual fatty acid accumulation
(Wojtczak and Schonfeld 1993). It is not surprising that
treatment of adipocytes with IL-6 may result in excess fatty
acids due to increased lipolysis, which might induce the
decreased membrane potential and incomplete oxidation of
fatty acids; thus reducing ATP production.

Adipocytes treated with IL-6 also displayed increased
ROS levels. ROS production is an unavoidable byproduct
of oxidative phosphorylation. Accumulation of fatty acids
in the vicinity of the mitochondrial matrix, where oxidative
processes take place, makes them prone to lipid peroxidation.
Uncontrolled increase of these oxidants is detrimental to
mitochondria, and damages mitochondrial proteins,
DNA, and lipids in membrane components, resulting in
mitochondrial morphological abnormalities and reduced
oxidative capacity (Schrauwen and Hesselink 2004). As
expected, we found that mitochondria in adipocytes

o
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mtDNA content was assessed by real-time qPCR analysis with
primers designed to target the CYTB and 28S rRNA genes (n=6)
(b). The ratio of the CYTB gene to the 28S rRNA gene reflects the
number of mitochondria per cell

incubated with IL-6 appeared swollen and hollow with
reduced density and missing cristae. As the mitochondrial
matrix and cristae are the main sites of metabolism, it is
conceivable that these mitochondria do not contain
sufficient space to maintain normal or excessive metabolic
needs. Interestingly, the changes in mitochondrial mor-
phology and function in IL-6-treated adipocytes are very
similar to those observed in obese rodents and human,
which also have chronically elevated IL-6 (Choo et al.
2006; Hojlund et al. 2008).

It has been reported that the development of mitochondrial
dysfunction contributes to the pathogenesis of insulin resis-
tance in adipocytes (Patti and Corvera 2010). However, the
effects of IL-6 on glucose transport appear to be equivocal.
Some studies have demonstrated an increase in insulin-
stimulated glucose transport in IL-6-treated adipocytes
(Carey et al. 2006; Stouthard et al. 1996), but others have
found the opposite effect (Rotter et al. 2003; Bastard et al.
2002). In the current study, we found that IL-6-treated
adipocytes exhibit a reduced mitochondrial function. How-
ever, insulin-stimulated glucose uptake was unaltered.
Meanwhile, IL-6 significantly increased basal glucose
uptake in adipocytes. This result seems to be consistent
with the finding that overexpression of IL-6 in mice
leads to hypoglycemia, whereas IL-6"" mice display
impaired glucose tolerance (Wallenius et al. 2002; Franck-
hauser et al. 2008), the underlying mechanism of which is
not fully clear. Interestingly, we found that IL-6 simulta-
neously increased PGC-1a, NRF1, and mtTFA expression
in 3T3-L1 adipocytes. PGC-1«x is known to regulate the
transcription of genes involved in mitochondrial biogen-
esis and fatty acid oxidation. Increased PGC-1a protein
expression leads to an increase in target genes, including
NRF-1, which is an intermediate transcription factor that
stimulates many nuclear-encoded mitochondrial genes
such as mtTFA and activates the duplication of mitochon-
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drial DNA molecules (Kelly and Scarpulla 2004). Consis-
tently, we also found that mitochondrial content was
significantly elevated in adipocytes treated with IL-6.
Therefore, we deduced that enhanced mitochondrial
biogenesis in these cells might serve a compensatory role
in glucose transport.

In summary, our results demonstrated that IL-6 could
exert a direct lipolytic effect and induce mitochondrial
dysfunction in adipocytes in vitro. During IL-6 treatment,
cellular ATP production was decreased and ROS levels
were elevated. However, insulin-stimulated glucose transport
was unaltered, and mitochondrial biogenesis was enhanced.
Although the exact relationship among IL-6, mitochondrial
function, and insulin sensitivity requires further investigation,
our data provide new insights into the mechanism underlying
IL-6 regulation of fat and glucose metabolism.
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