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Adipocyte function is crucial for the control of whole body
energy homeostasis. Pathway analysis of differentiating 3T3-L1
adipocytes reveals that major metabolic pathways induced dur-
ing differentiation involve mitochondrial function. However, it
is not clear why differentiated white adipocytes require
enhanced respiratory chain activity relative to pre-adipocytes.
To address this question, we used small interference RNA to
interfere with the induction of the transcription factor Tfam,
which is highly induced between days 2 and 4 of differentiation
and is crucial for replication of mitochondrial DNA. Interfer-
ence with Tfam resulted in cells with decreased respiratory
chain capacity, reflected by decreased basal oxygen consump-
tion, and decreasedmitochondrial ATP synthesis, but no differ-
ence in many other adipocyte functions or expression levels of
adipose-specific genes. However, insulin-stimulated GLUT4
translocation to the cell surface and subsequent glucose trans-
port are impaired inTfamknockdown cells. Paradoxically, insu-
lin-stimulated Akt phosphorylation is significantly enhanced in
these cells. These studies reveal independent links between
mitochondrial function, insulin signaling, and glucose trans-
port, in which impaired respiratory chain activity enhances
insulin signaling to Akt phosphorylation, but impairs GLUT4
translocation. These results indicate that mitochondrial respi-
ratory chain dysfunction in adipocytes can cause impaired insu-
lin responsiveness of GLUT4 translocation by a mechanism
downstream of the Akt protein kinase.

A large body of evidence has pointed to a close relationship
between ectopic fat accumulation in tissues such asmuscle and
liver and the development of insulin resistance (1–3). The pri-
mary defense against such ectopic lipid accumulation is a well
functioning adipose tissue, capable of sequestering excess cal-
ories in the form of stored triglycerides (4). In addition to this
crucial role, adipose tissue is an endocrine organ that controls
whole body energy homeostasis by secretingmultiple cytokines

that signal to other tissues (5, 6). The central role of adipose
tissue in energy homeostasis is underscored by recent findings
indicating that adipose tissue is a primary locus for the alter-
ations induced by caloric restriction that accompany longevity
(7, 8). Thus, the cell biological mechanism involved in optimal
adipose tissue development and function are crucial for the
control of whole organism energy homeostasis and the deter-
mination of life span.
Adipocyte differentiation is accompanied by an expansion of

mitochondrial mass (9, 10), but the functional role of the rela-
tively high levels of mitochondria in white adipocytes com-
pared with those in adipose stroma and other tissues is not
clear. Highmitochondria levelsmay be required for the support
of adipocyte-specific ATP-requiring processes (11), or to sup-
port metabolic functions such as glyceroneogenesis, which is
required for triglyceride deposition (12, 13). White adipocyte
mitochondria levels in rodents and humans change markedly
under different physiological conditions, including obesity,
weight loss, aging, treatment with anti-diabetic agents, and in
response to genetic alterations in insulin receptor number (9,
10, 14–23). Mitochondrial levels correlate with insulin sensi-
tivity, where decreased mitochondrial content correlates with
diminished insulin responsiveness, and enhanced mitochon-
drial mass associates with increased insulin sensitivity. How-
ever, given the complexity of whole animal models, a cause-
effect relationship between mitochondrial mass and insulin
sensitivity in adipocytes has not been established.
Mitochondrial biogenesis depends on a coordinated interac-

tion betweennuclear andmitochondrial genomes (24–26). The
vast majority of mitochondrial proteins are produced from
�1500 different nuclear localized genes. In contrast, the mito-
chondrial genome produces only 13 proteins, but among these
are key components of the respiratory chain. The replication
and transcription of the mitochondrial genome is absolutely
dependent on Tfam, a transcription factor encoded in nuclear
DNA (27, 28). Tfam is critical formitochondrial biogenesis dur-
ing development and for the maintenance of mitochondrial
DNA copy number in mature tissues.
To directly determine the functional role of mitochondrial

biogenesis in differentiated adipocytes, we have used siRNA2 to
silence of Tfam during the differentiation process. This manip-
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ulation results in the generation of adipocytes that contain only
double the mitochondrial levels of pre-adipocytes. Analysis of
these cells reveals a specific impairment in insulin-stimulated
glucose transport, which occurs distal to early insulin signal
transduction events. These results point to a previously
unknown interaction between the mitochondrial respiratory
chain and insulin sensitivity of the glucose transport pathway
and provides evidence thatmitochondrial dysfunction could be
a primary cause of insulin resistance in adipose cells.

EXPERIMENTAL PROCEDURES

Materials—Real-time PCR primers were designed using the
Primer Bank (pga.mgh.harvard.edu/primerbank/index.html).
All the PCR primers were synthesized by Operon. Primer
sequences are available upon request. Rabbit anti-Tfam anti-
body was purchased from Aviva Systems Biology; goat anti-
Glut4 antibody was from Santa Cruz Biotechnology (Santa
Cruz, CA); rabbit anti-Acrp30/adiponectin antibody was from
Affinity Bioreagents, Inc.; mouse anti-phospho-Akt and anti-
Akt antibodies, and rabbit PAS antibodies (cat # 9611 and
#9614, mixed 1:1 and used as a 1:1000 dilution) were from Cell
Signaling; mouse anti-phosphotyrosine antibody was from
Upstate; and mouse anti-�-Actin antibody was from Sigma.
Cells—3T3-L1 preadipocytes were maintained in Dulbecco’s

modified Eagle’s medium supplemented with 10% fetal bovine
serum, 100 units/ml penicillin, and 100 �g/ml streptomycin in
an atmosphere of 10% CO2 at 37 °C (complete medium). Three
days post-confluence (day 0), cells were induced to differentiate
by adding a hormonemixture (0.5mM3-isobutyl-1-methylxan-
thine, 1�Mdexamethasone, and 5�g/ml insulin). 72 h later, the
differentiation medium was replaced by complete medium,
which was replaced every 48 h until analysis.
Transfection—siRNA against mouse Tfam mRNA was pur-

chased from Dharmacon in a duplex form with 3�-dTdT pro-
tective overhangs (sense sequence is 5�-GAAUGUGGAUCG-
UGCUAAAdTdT-3�). At day 2 of differentiation, medium was
collected and cells were trypsinized and transfected with Tfam
or scrambled siRNA by electroporation. Briefly, 5 nmol of
siRNA was used for each 150-mm plate of cells in a 0.4-cm
GenePulser� cuvette. After electroporation (180 V, 950 micro-
farads), cells were resuspended in the collected day 2 medium
and re-plated to 6-, 12-, or 24-well plates according to the
experiment. 24 h later, the differentiationmediumwas replaced
by complete medium and the medium was refreshed every 2
days afterward.
qRT-PCR—Total RNAwere extractedwithTRIzol�Reagent.

After RNase-free DNase I digestion, RNA was purified with a
Qiagen RNeasy� MinEluteTM cleanup kit. The purified RNA
was then used to synthesize cDNA (iScriptTM cDNA Synthesis
Kit). Real-time PCR was performed with iQTM SYBR� Green
Supermix on MyiQ single-color real-time PCR detection sys-
tem fromBio-Rad. The 2���CT method was used to analyze the
relative mRNA level. Ferritin heavy chain mRNA was used as
the internal control.
Western Blotting—Cells were lysed in a buffer composed of

300 mMNaCl, 20 mMNaF, 1 mMNaPPi, 10 mMHEPES, pH 7.4,
1% SDS, and protease inhibitors. 20 �g of cell lysate was
resolved on 10% or 15% SDS-PAGE and transferred to nitrocel-

lulose membrane. The blots were blocked with 5% fat-free milk
in TBST and incubated with primary antibodies at 4 °C over
night. After three washes with TBST and incubation with sec-
ondary antibody, the blot was detected by enhanced chemilu-
minescence (PerkinElmer Life Sciences) and exposure to film.
2-Deoxyglucose Uptake and 3-O-Methylglucose Uptake—

Glucose transport was determined by measuring 2-deoxyglu-
cose uptake in a 24-well plate. After 2-h serum starvation in
Krebs-Ringer HEPES (KRH) buffer (130 mM NaCl, 5 mM KCl,
1.3 mM CaCl2, 1.3 mM MgSO4, and 25 mM HEPES, pH 7.4,
supplemented with 0.5% BSA, and 2 mM sodium pyruvate), the
adipocytes were stimulated by insulin for 30 min. Glucose
uptake was initiated by addition of [1,2-3H]2-deoxy-D-glucose
to a final assay concentration of 100�M for 5min at 37 °C. After
three washes with ice-cold phosphate-buffered saline (PBS), the
cells were lysed with 0.4 ml of 1% Triton X-100. The 3H was
then determined by scintillation counting. Nonspecific 2-de-
oxyglucose uptake was measured in the presence of 20 �M
cytochalasin B and subtracted from each determination. 3-O-
Methylglucose uptake was carried out in a similar way with the
following differences: instead of 2-deoxyglucose, the 3-O-
[methyl-14C]-D-glucose was added to the cells to 35.4 �M and
allowed to be incubated for 60 s. Cells were then washed three
times with cold PBS plus 1 mM HgCl2.
Flow Cytometry—Cells were trypsinized and incubated in

KRH buffer without or with 100 nMMitoTracker�GreenFM for
30 min at 37 °C. 1 � 106 cells were then resuspended in 1 ml of
ice-cold phosphate-buffered salinewith 0.5%BSA and analyzed
on an LSR II cytometer analyzer (BD Biosciences). Data were
gated using non-stained cells to represent MitoTracker�
GreenFM staining.
Mitochondrial DNA Measurement—Total DNA was ex-

tracted by DNeasy� tissue kit. Primer pairs corresponding to
Nd1 (mitochondrial) and Actb (nuclear) were used to amplify a
mitochondrial and nuclear DNA fragment, respectively. The
2���CT method was used to analyze the relative mtDNA level.
Oxygen Consumption Assay—The oxygen consumption was

measuredusing live intact cellswithBDTMOxygenBiosensor Sys-
tem. Cells (500,000 cells/ml) were suspended in KRH buffer sup-
plemented with 0.5% BSA and 2 mM pyruvate. 150 �l of cell sus-
pension was added to triplicate wells in an Oxygen Biosensor
System 96-well plate. Fluorescence signal was read using a
TECAN Safire2 microplate reader continuously every 2 min at
37 °C. Oxygen concentration was calculated from the fluores-
cence intensity according to the manufacturer’s instructions.
ATP Measurement—ATP level was measured using a Cell-

Titer-Glo� Luminescent Cell Viability Assay (Promega, Madi-
son, WI). Equal numbers of control or knockdown cells were
trypsinized and incubated in an opaque 96-well plate in six
replicates for 1 h. 100 �l of the reaction reagent was directly
added to each well, and after 10 min the luminescence signal
was detected using a microplate reader. To measure ATP syn-
thesis dynamically, cells were first suspended in respiration
buffer (0.1% BSA, 75mMmannitol, 25mM sucrose 100mMKCl,
10 mM KH2PO4, 5 mM MgCl2, 20 mM, Tris, pH 7.5, 106 cells/
ml), and 10�g/ml digitonin was added for 5min. Digitonin was
removed by resuspending the permeabilized cell in the same
volume of respiration buffer. Vehicle or 10 �g/ml oligomycin
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was added and mixed well by gentle inverting. 100 �l of cell
suspension were then transferred to wells of a 96-well plate,
which contained substrates (1 mM ADP and 10 mM succinate
final concentration) for different time periods. ATP synthesis
was stopped by adding 100 �l of CellTiter-Glo� reagent and
luminescence was read using a Safire2 microplate reader. ATP
synthesized from mitochondria was derived by subtracting the
oligomycin-treated reading from those untreated.
Reactive Oxygen SpeciesMeasurement—Cells were seeded to

a 24-well plate in medium without phenol red, and incubated
without or with 50 ng/ml TNF� for 3 h. Following two washes
with PBS, cells were incubated with 10 �M 5-(and 6-)chloro-
methyl-2�,7�-dichlorodihydroflioresceindiacetate, acetyl ester
(CM-H2DCFDA) (Invitrogen) in Krebs-Ringer bicarbonate
buffer for 15 min at 37 °C. The fluorescent signal was read at
excitation of 485 nm and emission of 530 nm in a microplate
reader.
Triglyceride Content Measurement—Cells in 6-well multi-

well dishes were scrapped into 200 �l of PBS and sonicated for
20 s on ice. The lysate was subject to total glycerol determina-
tion using a Serum Triglyceride Determination Kit (Sigma,
TR0100). Briefly, 10 �l of lysate or standard was mixed with 1
ml of Triglyceride Working Reagent and incubated for 30 min
at 37 °C. The absorbance was read at 540 nM, and glycerol con-
centration was then calculated from the standard curve.
Oil Red O Staining—Cells were washed with PBS twice and

fixed in 4% formaldehyde for 1 h at room temperature. After
three washes with water, the cells were incubated with 5mg/ml
Oil RedO in 60% triethyl phosphate for 30min. Cells were then
washed with water at least six times before imaging.
Total Internal Reflection Fluorescence Microscopy—Cells

seeded on coverslips were serum-starved for 2 h in KRH buffer
supplemented with 0.5% BSA and 2 mM pyruvate and were then
stimulated by 0, 0.1, or 1�M insulin for 30min. Cells were fixed in
4%paraformaldehyde for 15min at room temperature, permeabi-
lized with 0.5% Triton X-100 plus 1% fetal bovine serum in PBS,
and stained with goat anti-Glut4 (1:200) antibodies overnight at
4 °C. Alexa Fluor� 488 donkey anti-goat secondary antibodies
were used to detect bound primary antibody. TIRF images were
taken for 10 random fields from each coverslip. Background areas
containingnocellswereused to threshold the images, and the total
fluorescence intensity of the whole area was then obtained.
Affymetrix GeneChip Expression Analysis—Total RNA was

prepared from three 150-mmdishes of 3T3-L1 cells at each day of

differentiation. Affymetrix protocols were followed for the prepa-
ration of cRNA from total RNA, which was hybridized according
toAffymetrix instructions to aMOE430-2 Chips. TheGeneChips
were washed with a GeneChip Fluidics Station 400 and were
scannedwithanHPGeneArrayScanner (Affymetrix).Rawexpres-
sion datawere analyzedwith theBioconductor statistical environ-
ment using RMA and MAS5, a Bioconductor implementation of
the MAS 5.0 algorithm (Affymetrix). The “-fold change” for each
gene was determined by dividing the mean of the average differ-
ence from three independent experiments.

RESULTS

Previously we have found that differentiation of 3T3-L1 adi-
pocytes is accompanied by increasedmitochondrial biogenesis,
assessed primarily by mass spectrometry of peptides increased
during adipogenesis (9). Amore in-depth analysis ofAffymetrix
databases obtained from 3T3-L1 cells at different days during
differentiation reveals that a marked increase in expression of
mitochondrial genes occurs between days 2 and 4 of differenti-
ation. This is the period at which themost pronounced changes
in gene expression occur, evidenced by the many changes in
both non-mitochondrial and mitochondrial transcripts (Table
1). Of all transcripts changed between days 2 and 4 of differen-
tiation, approximately half were increased and half decreased
(2229 increased, 1888 decreased by �1.25-fold between days 0
and 6 of differentiation). In contrast, of the transcripts identi-
fied by the gene ontology term “mitochondrion,” many more
were increased than decreased in the same interval (435
increased, 37 decreased by �1.25-fold). The overrepresenta-
tion of mitochondrial genes in the pool of genes that increased
during differentiation was also seen when only high abundance
(i.e. signals � 1500) genes undergoing changes of �1.5-fold
were counted (Table 1, lower half). Their high representation is
also reflected when the numerical averages of all observed
changes are plotted (Fig. 1A). The predominant increase in
mitochondrial gene expression occurs between days 2 and 4 of
differentiation and is stable thereafter (Fig. 1A). The relevance
of mitochondrial gene expression during adipocyte differentia-
tion is underscored by pathway analysis using the Kyoto Ency-
clopedia of Genes and Genomes (29). The top 20 pathways that
are highly enriched in genes that increase during adipocyte dif-
ferentiation are shown in Table 2; 14 of these pathways, includ-
ing the top 5, are mitochondrial metabolic pathways.

TABLE 1
Number of probes displaying changes at specific intervals during differentiation

Probe signal > 50 on any day

Interval Probes
increased > 1.25

Probes
decreased > 1.25

Probes
unchanged

Mito Probes
increased > 1.25

Mito Probes
decreased > 1.25

Mito
Probes unchanged

Days 0–6 2,834 3,374 32,265 530 70 985
Days 0–2 19 20 38,967 0 2 1,711
Days 2–4 2,229 1,888 35,148 435 37 1,126
Days 4–6 342 496 36,976 37 13 1,529
Probe signal > 1500 on any day

Interval Probes
increased > 1.5

Probes
decreased > 1.5

Probes
unchanged

Mito Probes
increased > 1.5

Mito Probes
decreased > 1.5

Mito
Probes unchanged

Days 0–6 807 677 2,541 294 15 254
Days 0–2 1 0 3,549 0 0 412
Days 2–4 631 327 3,202 233 11 322
Days 4–6 35 34 3,552 7 1 564
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The pronounced changes in expression of mitochondrial
proteins could produce mitochondrial remodeling, without
necessarily requiring mitochondrial biogenesis, understood
here as a process of expansion ofmitochondrial mass andmito-
chondrial DNA copy number. Nevertheless, a significant
increase inmitochondrial DNA did occur between days 2 and 4

of differentiation (Fig. 1B). Importantly, this increase coincided
with the differentiation-dependent induction of insulin respon-
siveness, as seen by themagnitude of the effect of insulin on the
stimulation of glucose transport at different days of differenti-
ation (Fig. 1C). Mitochondrial DNA replication requires the
transcription factor Tfam, and indeed Tfam mRNA increased
significantly between days 2 and 4 of differentiation (Fig. 1D).
Interestingly, although the levels of mitochondrial DNA
remained high after day 4 of differentiation, Tfam levels
decreased, suggesting that the maintenance of mitochondrial
DNA in these cells is not sensitive to Tfam levels over this
short time period. These results also suggest that interfer-
ence with Tfam induction prior to day 4 of differentiation
could produce cells harboring a selective impairment in
those mitochondrial functions dependent on mitochondrial
DNA-encoded transcripts.
The effectiveness of Tfam knockdown by siRNA oligonu-

cleotides, introduced on day 2 of differentiation, was evaluated
by measuring both mRNA and protein levels at day 5 of differ-
entiation. Compared with cells electroporated with scrambled
control oligonucleotides, Tfam knockdown cells displayed an
80% reduction in Tfam mRNA (Fig. 2A). Tfam protein levels,
evaluated byWestern blotting, were concomitantly reduced by
�70% (Fig. 2B). Tfam knockdown led to a 30% decrease in
mtDNA copy number compared with cells electroporated with
scrambled control oligonucleotides (Fig. 2C). Thus, whereas in

FIGURE 1. Changes in mitochondrial gene expression during 3T3-L1 adi-
pocyte differentiation. A, “All probes” refers to those detected with the
MOE430-2 Affymetrix GeneChip, with a signal � 50. “Mito Probes” refers to
probes annotated with gene ontology cellular component term “mitochon-
drion” retrieved directly from the Affymetrix website. Plotted are the average
of all -fold increases and decreases in probe signal between the days of dif-
ferentiation indicated on the abscissa. B, total DNA was extracted at the days
indicated on the abscissa. Mitochondrial DNA (mtDNA) copy number was
determined by qRT-PCR taking nuclear DNA as internal control and expressed
as -fold change over day 0 of differentiation. C, the uptake of 2-deoxyglucose
was measured after 30 min of incubation with the indicated concentrations of
insulin at the times of differentiation indicated. Points represent means, and
lines �S.E. of two independent experiments performed in triplicate. D, Tfam
mRNA expression determined by qRT-PCR, using ferritin mRNA as internal
control and expressed as -fold change over day 0 of differentiation.

FIGURE 2. Inhibition of Tfam induction and mtDNA amplification by
siRNA against Tfam. Cells were transfected with scrambled (Scr) or Tfam-
directed (siTfam) siRNA oligonucleotides at day 2 of differentiation. 72 h later:
A, Tfam mRNA levels were determined by qRT-PCR. B, Tfam protein levels
were analyzed by Western blotting and densitometry. Actin levels are
included as a loading control. C, mtDNA copy number was assessed relative to
nuclear DNA. D, comparison of mtDNA increase from the time of transfection
(day 2) to day 5, in cells transfected with scrambled or Tfam-directed siRNA
oligonucleotides. *, p � 0.05 relative to Scr, using two-tailed paired Student t
tests with a minimum of three independent experiments.

TABLE 2
Top 20 Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways
enriched for genes that increase between days 0 and 6 of
differentiation

M KEGG pathway p value
*a Oxidative phosphorylation �2.22e�16
* Valine, leucine, and isoleucine degradation �2.22e�16
* Citrate cycle (trichloroacetic acid cycle) �2.22e�16
* Glycolysis/gluconeogenesis �2.22e�16
* Pyruvate metabolism �2.22e�16

Carbon fixation �2.22e�16
Pentose phosphate pathway �2.22e�16

* Fatty acid metabolism �2.22e�16
* Butanoate metabolism �2.22e�16
* Fatty acid elongation in mitochondria �2.22e�16
* Propanoate metabolism �2.22e�16

Glycerophospholipid metabolism �2.22e�16
* ATP synthesis �2.22e�16
* Lysine degradation �2.22e�16
* Benzoate degradation via CoA ligation �2.22e�16

Insulin signaling pathway �2.22e�16
* Reductive carboxylate cycle (CO2 fixation) 4.29E�16
* Glyoxylate and dicarboxylate metabolism 4.80E�16

Biosynthesis of steroids 9.69E�15
Starch and sucrose metabolism 2.01E�14

a * indicates a mitochondrial metabolic pathway (M).

Tfam and Insulin Action in Adipocytes

NOVEMBER 7, 2008 • VOLUME 283 • NUMBER 45 JOURNAL OF BIOLOGICAL CHEMISTRY 30661

 at U
N

IV
 O

F N
E

W
 H

A
M

PSH
IR

E
 on M

arch 4, 2015
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


control cells mtDNA increased by �2-fold from days 2 to 5, in
theTfamknockdown cellmtDNA increased by only�33% (Fig.
2D). Consistent with our observation that Tfam does not
appear to be absolutely required for maintenance of mtDNA in
these cells over the period of time studied, mtDNA was not
reduced when Tfam siRNAwas introduced at day 6 of differen-
tiation and mtDNA copy number measured at day 9 (data not
shown).
Because transcripts frommtDNAmight be expected to have

different lifetimes than mtDNA itself, we tested the effect of
siRNA against Tfam on genes encoded by mtDNA. Nd1, Cytb,
Cox1, and Atp6 encode for polypeptides that form part of res-
piratory chain complexes I, III, IV, and V, respectively. The
levels of all four of these transcripts were reduced by �30% in
cells transfected with siRNA against Tfam compared with
scrambled control (Fig. 3A). We then investigated if the
reduced mtDNA expression of these subunits had a functional
effect on electron transport. Oxygen is consumed in the end
step of the respiratory chain. Thus, the rate of oxygen consump-
tion provides a global estimate of the functionality of the entire
respiratory chain. Oxygen consumption can be measured in
96-wellmultiwell plates using theBDTMOxygenBiosensor Sys-

tem, in which the quenching by ambient oxygen of a fluoro-
phore embedded on the bottom of the well is measured contin-
uously in a fluorescence microplate reader. Fig. 3B illustrates
the typical readout from this assay, where quenching occurs in
a non-linear fashion, which depends on the number of cells
plated, and is responsive to changes in respiratory rate, as seen
in the accelerated response in cells pre-treated with carbonyl
cyanide-4-(trifluoromethoxy)-phenylhydrazone (FCCP), and
the impaired response in cells pretreated with rotenone, an
inhibitor of complex I. The activity of the electron transport
chain was significantly impaired as estimated by the decrease in
oxygen consumption seen in Tfam knockdown cells compared
with controls (Fig. 3C). This impairment persisted in the pres-
ence of FCCP, which by uncoupling the proton gradient maxi-
mizes electron transport and thereby oxygen consumption.
Thus, the maximal capacity of the electron transport chain was
diminished in adipocytes in which Tfam induction was
impaired during differentiation.
As an alternative way to monitor the activity of the electron

transport chain, the capacity of mitochondria to synthesize
ATP was measured. Digitonin-permeabilized adipocytes were
incubated in the presence or absence of oligomycin-A, to
inhibit the activity of themitochondrial ATPase. ATP synthesis
driven by ADP and succinate was then measured dynamically
using a luciferase-based ATP assay. Mitochondrial ATP syn-
thesis was obtained by subtracting the values obtained in the
presence from those in the absence of oligomycin-A. A signifi-
cant impairment inmitochondrial ATP production was seen in
Tfam knockdown cells compared with controls (Fig. 3E),
whereas no difference was seen in non-mitochondrial ATP lev-
els, which remained unchanged during the incubation (not
illustrated).
The vast majority of mitochondrial proteins is encoded by

nuclear DNA. To determine whether siRNA to Tfam might
indirectly affect the expression of nuclear-encoded mitochon-
drial genes, we examined the levels of mRNA for enzymes
involved in the tricarboxylic acid cycle, fatty acid oxidation, and
oxidative phosphorylation. No significant changes in these
mRNAs were seen in response to Tfam knockdown (Fig. 4A).
Moreover, functional assessment of fatty acid oxidation using
exogenous palmitate revealed no significant changes in
response to Tfam knockdown (not illustrated). We also deter-
mined the expression of a group of nuclear encoded regulators
of mitochondrial biogenesis, which were also unchanged in
Tfam knockdown cells (Fig. 4B). Consistent with a lack of effect
of Tfam depletion on non-mtDNA encoded mitochondrial
genes, the overall cellular abundance of mitochondria assessed
by staining with specific fluorescence marker MitoTracker�
GreenFMwas found to be unchanged in Tfam knockdown cells;
neither fluorescence-activated cell sorting analysis of live cells
stained with MitoTracker� GreenFM (Fig. 4C) nor visual
inspection of individual cells (Fig. 4D) revealed any detectable
difference in density or mitochondrial morphology.
Alterations in adipose tissue mitochondrial gene expression

correlated with insulin sensitivity in animal models, but this
correlation may be spurious, or perhaps even secondary to
altered insulin sensitivity. 3T3-L1 adipocytes depleted of Tfam
provide a straightforward model system to determine whether

FIGURE 3. Decreased levels of mitochondrial DNA-encoded genes and
respiratory chain function in Tfam knockdown cells. A, mRNA levels of
four mtDNA encoded genes determined at day 5 in cells transfected at day 2
with scrambled (Scr) or Tfam-directed (siTfam) siRNA oligonucleotides. Bars
represent values in siTfam cells relative to Scr. Statistical significance was
calculated using two-tailed paired Student t tests; *, p � 0.05. B, adipocytes at
day 6 were aliquoted into a BD Oxygen Biosensor System 96-well plate. FCCP
or rotenone was added, and recording of fluorescence was immediately ini-
tiated. C and D, control and Tfam knockdown cells at day 5 were aliquoted
into a BD Oxygen Biosensor System 96-well plate and fluorescence was
recorded in the absence (C) or presence (D) of FCCP. Fluorescence was mon-
itored every 2 min at 37 °C and is expressed as fluorescence units relative to
time 0 values. Plotted are the means, and vertical lines represent �S.E. of three
independent experiments preformed in triplicate. p values obtained from
paired two-tailed Student t tests of the means were: 3.1E�17 for Scr versus
siTfam; 5.2E�32 for Scr versus Scr	FCCP; 9.9E�34 for Scr	FCCP versus
siTfam	FCCP; and 1.7E�35 for siTfam versus siTfam	FCCP. E, mitochondrial
ATP production in digitonin-permeabilized cells. Shown is a representative
example of three independent experiments performed in triplicate. p value
obtained from paired two-tailed Student t tests from the means of three
experiments was 0.0025 for Scr versus siTfam.
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impairment of adipose respiratory chain function can affect
insulin sensitivity. To this end, we examined the effects of insu-
lin on glucose uptake in Tfam-depleted cells. Preadipocytes
were transfected with Scr or Tfam-directed siRNA oligonu-
cleotides at day 2 of differentiation, and glucose transport was
measured at day 6. A clear response to insulin to stimulate 2-de-
oxyglucose uptake could be observed at day 6 (Fig. 5A).
AlthoughTfamdepletion did not significantly affect basal 2-de-
oxyglucose uptake, the stimulatory effect of insulin was signif-
icantly impaired in Tfam knockdown cells (Fig. 5A). To rule out
the possibility that impaired insulin responsiveness could be
due to off-target effects of the silencing oligonucleotides, cells
were electroporated on day 6 of differentiation, and glucose
uptake was measured on day 8, a period during which Tfam-
directed siRNAhas no effect onTfam levels, as described above.
No differences in basal or insulin-stimulated glucose uptake
were seen between cells transfected with Scr or Tfam-directed
siRNA at day 6 (4508 � 212 versus 4433 � 298 cpm Scr or
Tfam-directed siRNA in response to 0.1 �M insulin). Thus,
impairment of insulin-stimulated glucose uptake correlates
specifically with suppression of Tfam induction.
Impaired 2-deoxyglucose uptake can result from a decreased

rate of glucose transport across the plasmamembrane, or from
a decreased rate of phosphorylation of 2-deoxyglucose by hex-
okinase. To distinguish between these possibilities, we meas-
ured the uptake of 3-O-methylglucose in response to insulin,
which specifically reflects transport, and found that it was
also impaired by Tfam depletion (Fig. 5B). Thus impairment
in respiratory chain function results in impaired insulin
action to stimulate glucose transport, independently of glu-
cose metabolism.

To determine whether decreased insulin-stimulated glucose
transport was due to alterations in GLUT4 translocation to the
cell surface, we analyzed GLUT4 trafficking using total internal
reflection fluorescence (TIRF). This imaging technique allows
the specific visualization of fluorophores residing �100 nm
from the plasma membrane (30). Because insulin stimulates
translocation of GLUT4 to the TIRF zone as well as fusion with
the plasma membrane (31), TIRF imaging of endogenous
GLUT4 provides a direct estimation of insulin action on
GLUT4 trafficking. Insulin-stimulated recruitment of endoge-
nous GLUT4 to the TIRF zone was significantly impaired in
Tfam knockdown cells (Fig. 5, C and D). This decrease did not
result from decreased protein levels of GLUT4, assessed by

FIGURE 4. Nuclear encoded mitochondrial gene expression and mito-
chondrial mass in Tfam knockdown cells. The relative mRNA level of vari-
ous nuclear-encoded mitochondrial genes (A) and nuclear encoded mito-
chondrial related regulators (B) was determined by qRT-PCR at day 5 in cells
transfected at day 2 with scrambled or Tfam-directed siRNA oligonucleotides.
Results are expressed relative to scrambled control values. Cells were stained
with MitoTracker Green and subjected to fluorescence-activated cell sorting
analysis (C) or visualized by fluorescence microscopy (D).

FIGURE 5. Glucose transport and GLUT4 trafficking in Tfam knockdown
cells. Cells were transfected with scrambled (Scr) or Tfam-directed (siTfam)
siRNA oligonucleotides at day 2 of differentiation. At day 6, cells were serum-
starved for 2 h; A, the uptake of 2-deoxyglucose was measured after 30 min of
incubation with the indicated concentrations of insulin. Points represent
means, and lines are �S.E. of three independent experiments performed in
triplicate. p values obtained by two-tailed paired Student t tests were 0.0039
and 0.0057 for Scr versus siTfam at 0.1 and 1 �M insulin, respectively. B, meas-
urement of 3-O-methylglucose under the same conditions as in A. p values
obtained by two-tailed paired Student t tests were 0.07 and 0.0025 for Scr
versus siTfam at 0.1 and 1 �M insulin, respectively. Cells treated with the indi-
cated concentrations of insulin were fixed and stained with antibodies to
endogenous GLUT4 and imaged by TIRF. C, representative images of random
fields; D, quantification of average intensity of random fields. Points represent
means of four independent experiments from which 10 random fields from
each coverslip were averaged. Lines represent � S.E. p values obtained by
two-tailed paired Student t tests were 0.008 and 0.006 for Scr versus siTfam at
0.1 and 1 �M insulin, respectively. E, representative Western blot of GLUT4 in
cells transfected with scrambled (Scr) or Tfam-directed (siTfam) siRNA oligo-
nucleotides at day 2 of differentiation and lysed at day 6. Similar results were
obtained in three independent experiments.
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Western blot analysis of total cell extracts (Fig. 5E). Thus, insu-
lin stimulation ofGLUT4 translocation and subsequent glucose
transport are impaired in adipocyteswith decreased respiratory
chain function.
One possiblemechanismbywhich insulin-simulated glucose

uptake might be impaired in Tfam knockdown cells would be
through decreased ATP levels, which would in these cells lead
to impairment in insulin signal transduction (11). Steady-state
ATP levels in Tfam knockdown cells were indeed decreased,
albeit only by a small (�10%) amount (Fig. 6A). This decrease
did not result in impaired insulin signaling, as assessed by the
levels of tyrosine phosphorylation and Akt phosphorylation in
response to insulin (Fig. 6B). Indeed, a highly reproducible
increase in Akt phosphorylation was consistently observed in
Tfam knockdown cells (Fig. 6C). This effect contrasted mark-
edly with that seen in response to rotenone, an acute inhibitor
of Complex 1. After 60 min, rotenone decreased ATP levels by
an amount only slightly greater than that produced by Tfam
knockdown (Fig. 6A). However, rotenone treatment markedly
impaired insulin-stimulated Akt phosphorylation (Fig. 6D) and
adiponectin secretion (data not shown). These results point to
important differences in cellular response to acute versus pro-
gressive impairment of electron transport. A large, transient
decrease in ATP levels and stimulation of glucose uptake are
known to occur within minutes after rotenone exposure (32).
These changes are not observed in Tfam knockdown cells,
where Complex I dysfunction is probably less severe than that

elicited by direct chemical inhibition, and in which compensa-
tory changes can occur during several days of differentiation.
The observed small decrease in ATP levels and impaired res-

piratory chain function inTfamknockdown cells was alsowith-
out a detectable effect on numerous parameters that reflect
basic functional characteristics of differentiated adipocytes,
including mRNA levels of adipogenic genes (Fig. 7A), triglycer-
ide accumulation (Fig. 7, B andC), and basal adiponectin secre-
tion (Fig. 7D). This later lack of effect is also indicative of the
differences between acute versus chronic impairment in respira-
tory chain function, as adiponectin secretion has been shown to
decrease in response to acute inhibition of mitochondrial ATP
synthesis, and is not inconsistent with prior studies where Tfam
depletion mitigates the enhancement of adiponectin secretion
seen in response toenhancedmitochondrialbiogenesis (33).Thus,
the results shown here indicate that progressive impairment of
respiratory chain function through Tfam knockdown in adipo-
cytes leads to impaired insulin-stimulated glucose uptake, by a
mechanism probably unrelated to changes in ATP levels. More-
over, insulin signaling to Akt is in fact significantly increased in
cells with impaired respiratory chain function.
Other signaling pathways in adipocytes that involve mito-

chondrial function include those elicited by inflammatory
cytokines. The effects of TNF�, for example, involve changes
in mitochondrial reactive oxygen species (ROS) production
(34, 35). To explore whether this pathway would be affected
in cells depleted of mtDNA, control and Tfam knockdown
adipocytes were treated with 50 ng/ml TNF�, and ROS was
then measured in live cells. Basal ROS production was indis-
tinguishable between control and Tfam knockdown cells, as

FIGURE 6. ATP levels and insulin signaling in Tfam knockdown cells.
A, cells were transfected with scrambled (Scr) or Tfam-directed (siTfam) siRNA
oligonucleotides at day 2 of differentiation, and at day 6 ATP levels were
determined by luminescence. Where indicated, rotenone (5 �M) was added
to control cells for 60 min prior to measurement. Bars are means, and lines are
�S.E. of three experiments performed in triplicate. p values obtained by one-
tailed paired Student t tests were 0.048 and 0.00018 Scr versus siTfam and
control versus rotenone, respectively. B, cells prepared as above were stimu-
lated with 10 nM insulin for 15 min and then harvested in lysis buffer with
phosphatase and protease inhibitors. Western blots were performed using
antibodies to phospho-Akt (serine 473) and phosphotyrosine antibody
(4G10), respectively. Shown is the area of the gel (�180 molecular weight)
showing maximal stimulation in phosphotyrosine signal. Antibodies to total
Akt and actin were used to control for loading. C, quantification of Akt phos-
phorylation from four independent experiments. *, p value obtained by one-
tailed Student t tests was 0.031 for Scr versus siTfam in the presence of insulin.
D, adipocytes at day 6 of differentiation were treated without (Control) or with
500 nM rotenone for 60 min, and then with the indicated concentrations of
insulin for 15 min prior to lysis and Western blotting with anti-phospho Akt
antibody. The values from the densitometry scan of this representative exper-
iment are shown below each band.

FIGURE 7. Adipocyte functions in Tfam knockdown cells. A, the relative
mRNA level of various transcription factors and adipocyte-specific proteins
was determined by qRT-PCR at day 5 in cells transfected at day 2 with scram-
bled or Tfam-directed siRNA oligonucleotides. Results are expressed relative
to scrambled values. B and C, Oil red O staining and triglyceride content of
cells at day 5. D, cells were washed in PBS and placed in fresh medium. An
aliquot of the medium was collected at the time points indicated and ana-
lyzed by Western blotting with an antibody to adiponectin (Acrp30). E, cells
were incubated without or with 50 ng/ml TNF� for 3 h, and reactive oxygen
species were measured by 5-(and 6-)chloromethyl-2’,7’-dichlorodihydroflio-
resceindiacetate, acetyl ester fluorescence, detected directly in cells grown
on 24-well multiwell plates using a TECAN Safire2 microplate reader.
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was the 40% increase in ROS production elicited by TNF�
(Fig. 7E). Thus, chronic impairment in respiratory chain
function results in a specific impairment of glucose trans-
port stimulation by insulin, without detectable effects on
multiple other adipocyte-specific functions or signal trans-
duction events.
To better understand the mechanism by which insulin sig-

naling to glucose transport might be affected by Tfam knock-
down, additional pathways downstream of insulin receptor
activation were analyzed. Neither the stimulation of ERK1 and
-2 phosphorylation (Fig. 8A), nor the phosphorylation of the S6
protein (Fig. 8B) by insulin were significantly affected by Tfam
knockdown. To analyze whether the observed enhancement of
Akt phosphorylation seen in Tfam knockdown cells was
accompanied by changes in the phosphorylation of Akt sub-
strates, we utilized phospho-specific antibodies directed to Akt
substrates (PAS, Fig. 8, C and D) (36, 37). Several insulin-stim-
ulated phosphoproteins could be observed, including bands at
�75, 105, 160, and 250 kDa that have been previously reported
in 3T3-L1 adipocytes (36). Several of these were increased in
intensity in Tfam knockdown cells in response to insulin (Fig.
8C, arrowheads), consistent with the increased phosphoryla-
tion of Akt (Fig. 6). However, one phosphoprotein, at �49 kDa,
seen at higher exposures, was significantly decreased in

response to Tfam knockdown (Fig. 8D, arrow). Preliminary
experiments using antibodies and siRNA to a previously iden-
tified 47-kDaAkt substrate (38) suggest that the Tfam-sensitive
phosphoprotein is different and has not been previously iden-
tified. These results indicate that, whereas most signal trans-
duction events downstream of insulin receptor activation and
Akt phosphorylation are not impaired by Tfam knockdown, at
least one specific protein is impaired under these conditions.
This impairment correlates with the observed inhibition of
insulin-stimulated glucose uptake, but more experiments,
including the positive identification of this protein, will be
required to establish a causal correlation between these two
events.

DISCUSSION

A possible relationship between mitochondrial levels and
adipose tissue function has been inferred from results in ani-
mals and humans indicating that alterations in mitochondrial
levels correlate with changes in insulin sensitivity (9, 10,
15–23). In this reportwehave turned to a simplemodel, 3T3-L1
adipocytes, to determine whether a direct relationship between
mitochondrial function and insulin sensitivity might indeed
exist. Our results indicate that impaired induction of Tfamdur-
ing differentiation results in cells with a relative deficiency in
respiratory chain function but that still display many of the
phenotypic characteristics of normal adipocytes. However,
these cells have a reduced responsiveness to the stimulatory
action of insulin on glucose transport. These results strongly
suggest a specific link between respiratory chain function and
glucose transport in adipose cells.
An unexpected finding in this study is that insulin stimula-

tion of Akt phosphorylation is significantly increased in the
Tfam-depleted cells. Thus, impairment of insulin action on glu-
cose transport in cells depleted of Tfam is not due to defects in
the early steps of the insulin-signaling pathway. This finding
reveals a direct link between mitochondrial function and insu-
lin action, where the activity of the respiratory chain impacts
negatively upon insulin signaling to Akt. Importantly, these
results are consistent with those seen in mice lacking apopto-
sis-inducing factor inmuscle and liver, which display a progres-
sive decrease in mitochondrial respiratory chain function (39),
but have increased insulin sensitivity assessed by Akt phospho-
rylation and insulin tolerance. These findings as well as ours are
also consistent with the finding that muscle-specific Tfam
knockout mice have enhanced glucose tolerance (40), possibly
resulting from improved insulin signaling. Thus, in muscle,
liver, and 3T3-L1 adipocytes, a progressive defect in respiratory
chain function results in enhanced insulin stimulation of Akt
phosphorylation.
However, in contrast to that observed in vivo in muscle or

liver of mice, glucose transport is clearly impaired in 3T3-L1
cells with respiratory chain deficiency. One potential cause for
this difference is that the levels of GLUT4 and GLUT1 trans-
porters are increased in muscle and liver of respiratory chain-
deficientmice (39), yet no increase in expression of these trans-
porters is seen in Tfam-depleted 3T3-L1 adipocytes.Moreover,
compensatory mechanisms involving other tissues and longer
adaptation times may resolve an initial impairment in insulin-

FIGURE 8. Effect of Tfam knockdown on insulin signaling pathways. Cells
were transfected with scrambled (Scr) or Tfam-directed (siTfam) siRNA oligo-
nucleotides at day 2 of differentiation, and at day 6 were stimulated with the
indicated concentrations of insulin for 15 min prior to harvest in lysis buffer
with phosphatase and protease inhibitors. Western blots were performed
using antibodies to ERK1 and -2 (A), Phospho S6 protein (B), and PAS antibod-
ies (C and D). Shown are representative blots at lower (C) or higher (D) expo-
sures. Arrowheads point to substrates that were increased, and the arrow
points to one substrate detected that was decreased by Tfam knockdown.
Similar results were obtained in three independent experiments.
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stimulated glucose transport in muscle of respiratory chain-
deficient mice. It also remains possible that the response of
muscle and adipose tissue to respiratory chain dysfunctionmay
differ in vivo. Further work to determine the effect of adipose-
tissue-specific impairment of mitochondrial function on glu-
cose homeostasis in whole animals will be required to answer
these questions. Nevertheless, the results presented here pro-
vide evidence that, in adipose cells, impaired respiratory chain
function results in impaired insulin-stimulated glucose trans-
port under conditions where compensatory adaptative mecha-
nisms are minimized.
The results shown here point to independent links between

mitochondrial function, insulin signaling, and glucose trans-
porter trafficking. The mechanisms by which a relative defi-
ciency in respiratory chain activity could lead to enhanced insu-
lin signaling toAkt are not knownbut are areas of great interest.
Mitochondrial products that are known to enhance Akt phos-
phorylation include H2O2 and perhaps other ROS (41, 42).
However, we do not see any increase in ROS in Tfam KO cells
(Fig. 7), and elevated ROS was not seen in tissues from apopto-
sis-inducing factor knockout mice (39), perhaps reflecting the
requirement for integrity of the electron transport chain for
ROSproduction (43–45). Elucidating themechanisms that link
mitochondrial respiratory chain deficiency to enhanced insulin
signaling will require identification of the potential compensa-
tory pathways elicited in by Tfam depletion in adipose cells.
With respect to the mechanisms by which Tfam knockdown

might lead to impaired glucose transport despite enhanced
insulin signaling toAkt, the results shownhere using antibodies
directed to phospho-Akt substrates suggest the possibility that
mitochondrial dysfunction might affect specific substrates
potentially involved in GLUT4 translocation. A clear defect in
the insulin-stimulated phosphorylation of a substrate of �49
kDa is seen in Tfam knockdown cells, which correlates with the
impairment in insulin-stimulated glucose transport. Although
Akt substrates such as AS160 have been shown to be important
in insulin-stimulated GLUT4 translocation (46–48), addi-
tional factors are clearly necessary to mediate the full effect of
insulin, and Tfam-sensitive pp 49 may be one of them. Further
efforts to identify this substrate are ongoing.
In summary, two distinct functional relationships are revealed

in these studies; first, a link between mitochondrial function and
insulin signaling, in which impaired respiratory chain activity
enhances insulin signaling to Akt phosphorylation, and second, a
link betweenmitochondrial function and glucose transporter traf-
ficking, where impairment of respiratory chain function leads to
impaired GLUT4 translocation, perhaps through specific defects
in phosphorylation of one or more Akt downstream substrates.
The net result of these effects is impairment in insulin-stimulated
glucose transport in adipocytes. Although further work is neces-
sary to assess the effects of impaired adipocyte mitochondrial
function on whole body glucose homeostasis, our results indicate
that such impairment can be a primary cause of insulin-resistant
glucose transport at a cellular level.
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