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Insulin is the central regulator of metabolism and is necessary
for storing energy as fat efficiently. Mitochondria are primary
sites of energy consumption of most cells. Increased plasma
insulin level and mitochondrial dysfunction are features of insu-
lin resistance. The exact role of insulin in regulation of mito-
chondrial production and function remains unestablished. In
this study, we observed that mitochondrial production in liver
and skeletal muscle gastrocnemius was increased in mice with
insulin deficiency (streptozotocin-induced type 1 diabetes). In
contrast, prolonged exposure (24 h) of isolated hepatocytes to
insulin decreased mitochondrial mass, mitochondrial DNA
(mtDNA), intracellular ATP content, and cellular O, consump-
tion. Transcript levels of genes associated with mitochondrial
production and 8 oxidation were decreased, whereas those of
lipogenic genes were increased by the prolonged exposure to
insulin. Insulin-induced changes in mtDNA, mitochondrial
mass, intracellular ATP content, and transcripts of mitochon-
drion-associated genes were prevented by blockade of Akt acti-
vation with the phosphatidylinositol 3-kinase inhibitor
LY294002. Conversely, levels of mtDNA, intracellular ATP con-
tent, and expression of mitochondrion-associated genes were
decreased by overexpression of the constitutively active Akt.
Finally, insulin suppression of mtDNA, ATP production, and
expression of mitochondrion-related genes was largely pre-
vented by inhibition of cyclic nucleotide phosphodiesterase
with isobutylmethylxanthine. Together, our results show pro-
longed exposure of isolated hepatocytes to insulin suppresses
mitochondrial production and function through the classical
Akt-dependent insulin signaling pathway.

Insulin is a central regulator of metabolism of glucose, fat,
and proteins. It promotes anabolism while inhibiting catabo-
lism of all nutrients, i.e. insulin converts ingested nutrients into
glycogen, fat, and proteins while preventing breakdown of
stored glycogen, fat, and protein into glucose, free fatty acids,
and amino acids to be consumed. Therefore, the primary func-
tion of insulin in metabolism is to store energy and prevent
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energy consumption. This is evidenced by the fact that, in the
absence of insulin signaling, ingested calories cannot be stored
efficiently (1).

Evolutionarily, the extremely high efficiency of insulin in
storing energy was essential for survival because food was not
always available. However, food has become abundant due to
modern technologies; and people tend to intake more calories
than they spend. Insulin converts every excess calorie into stor-
age primarily as fat initially in adipose tissue and eventually in
non-adipose tissues. When fat accumulation, in particular
ectopic fat accumulation in liver and skeletal muscles, reaches a
certain level, insulin signaling will be desensitized (2—4). As a
result, hyperinsulinemia ensues to overcome insulin resistance
and drive excess nutrients away from blood into storage pri-
marily as fat, whereas maintaining blood glucose level normal
via the Akt-dependent insulin signaling pathway. This perni-
cious cycle among fat accumulation (in particular ectopic fat
accumulation), hyperinsulinemia, and insulin resistance may
cause a variety of health problems associated with the life style
thatis featured by overeating and/or sedentary, including type 2
diabetes, cardiovascular diseases, degenerative neurological
disorders, such as Alzheimer disease, cancers, and accelerated
aging (2, 5-8).

To efficiently store energy, insulin not only promotes anab-
olism and inhibit catabolism, but may also suppress energy con-
sumption. The primary site of energy consumption is mito-
chondria. Many previous studies in vivo have implied that
insulin may directly suppress mitochondrial function (9-19).
For example, it has been shown that whole body oxygen con-
sumption is increased in subjects with TIDM,? which is caused
by insulin deficiency, and administration of insulin reverses the
increased oxygen consumption, implying that insulin sup-
presses mitochondrial function (9). Mitochondrial biogenesis is
always increased when levels of plasma insulin and Akt-
dependent insulin signaling are decreased (10—14). Insulin has
long been known as an antagonist of the cAMP/PKA-depend-
ent signaling pathway, which stimulates mitochondrial biogen-
esis (15). Insulin is known to inhibit transcription of the
PGC-1a gene and activity of PGC-1a protein (16, 17), which is
a key stimulator of mitochondrial biogenesis (18). Mitochon-

2The abbreviations used are: TIDM, type 1 diabetes mellitus; CREB, cCAMP-
response element-binding protein; PKA, protein kinase A; PGC-1q, perox-
isome proliferator-activated receptor «; STZ, streptozotocin; COX,
cyclooxygenase; IBMX, isobutylmethylxanthine; mtDNA, mitochondrial
DNA; SREBP, sterol regulatory element-binding protein; PDE,
phosphodiesterase.
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drial biogenesis is increased in adipose tissue when the insulin
receptor is fat-specifically knocked out of mice (14). Although
so much evidence from different levels has suggested an inhib-
itory role for insulin in mitochondrial production and func-
tion, it is currently unclear whether or not insulin directly
regulates mitochondrial production and function. Besides,
some studies have implied that insulin may promote mito-
chondrial production and function in human subjects
acutely (19, 20). In this study, we have investigated the direct
effect of insulin on mitochondrial production and function
in isolated mouse hepatocytes.

MATERIALS AND METHODS

Reagents—The ATP bioluminescent somatic cell assay kit
(Sigma), recombinant human insulin, monoclonal antibody
against ATP synthase 3, antisera against 8-actin, and N°®2'-0O-
dibutyryladenosine 3’,5'-cyclic monophosphate sodium salt
(cAMP) were from Sigma. Antibodies against total/phospho-
Akt or total/phospho-CREB were from Cell Signaling Technol-
ogy (Danvers, MA). LY294002 was from Calbiochem. Antibod-
ies against NRF-1, cytochrome ¢, TFAM, or PGC-la were
purchased from Santa Cruz Biotechnology, Inc. Blood glucose
concentrations were measured using a Breese® 2 glucose meter
(Bayer HealthCare). Protein assay kits were from Bio-Rad.
Other materials were all obtained commercially and are of ana-
lytical quality.

Animal Experiments—Animals were housed under the usual
day (12-h day light) and night (12-h darkness) circadian and fed
ad libitum. To induce T1DM, C57BL/6 (B6) mice were admin-
istered streptozotocin (STZ, 60 mg/kg/once a day) for 7 days via
intraperitoneal injection as previously described (21). All ani-
mal studies were approved by the Institutional Animal Care and
Use Committee of the Hamner Institutes for Health Sciences
and fully complied with the guidelines from the National Insti-
tutes for Health.

Cells—Mouse primary hepatocytes were isolated from
C57BL/6 mice that were fed with the regular chow diet and
cultured in Williams’ medium E supplemented with 10% fetal
bovine serum as previously described (22-28).

Measurement of ATP Content—Tissues and cultured cells
were homogenized in an ice-cold ATP releasing buffer (catalog
number FLSAR, Sigma). Using an ATP standard provided by
Sigma, ATP concentrations were then determined with the
ATP bioluminescent somatic cell assay kit (Sigma), and nor-
malized to protein concentrations.

Measurement of Mitochondrial Mass—Mitochondrial mass
was measured using Green Fluorescent MitoTracker Green FM
(M7514, molecular probe from Invitrogen), which becomes flu-
orescent once it specifically accumulates in mitochondria (29).
Twelve hours after isolation, hepatocytes were treated with
insulin (10 or 100 nm) for 12—24 h. Cells were then incubated in
the dark with media containing 75 nm MitoTracker Green for
60 min at 37 °C. After staining, cells were trypsinized and col-
lected by centrifugation at 1600 X g for 2 min. Cell pellets were
washed once with 0.4 ml of phosphate-buffered saline. Fluores-
cence intensity of cells was quantified immediately by flow
cytometric scanning (fluorescence-activated cell sorter; FL-1
setting; 10,000 events/analysis) using CellQuest software (BD
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Biosciences, Mountain View, CA). No-dye (without adding
MitoTracker Green FM) negative control was used to remove
the background.

RNA Extraction and Real-time PCR—Total RNAs were
extracted from cells or tissues with an RNeasy Mini Kit (Qia-
gen), and reverse transcribed into cDNAs, which were quanti-
fied by TagMan® real-time PCR with specific probes and prim-
ers listed in supplemental Table S1, and normalized to levels of
B-actin.

Measurement of Mitochondrial DNA—Total DNA was
extracted from tissues or cultured cells using the Qiagen
DNA extraction kit. DNA concentrations were determined
by NanoDrop™ 1000 Spectrophotometer (Thermo Scien-
tific, Wilmington, DE). One ng of total DNA was used to
determine the ratio of mitochondrial cyclooxygenase
(COXII) to nuclear intron of B-globin by real-time PCR
using the oligos listed under supplemental Table S2 (30).
Data were verified by measuring the ratio of cytochrome b to
glucagon of the same sample.

Measurement of Oxygen Consumption—OXxygen consump-
tion was measured in primary hepatocytes using a Clark-type
oxygen electrode (Hansatech Instruments Ltd., Norfolk, Eng-
land) as previously described with modifications (31). Twelve
hours after their isolation, cells were treated with insulin (10
or100 nm) for 24 h. Cells were then trypsinized and collected by
centrifugation at 1600 X g for 2 min. Basal respiration of each
sample was analyzed by incubating 1 X 10° cells with 1 ml of
Wilson media containing 25 mm HEPES and 2% bovine serum
albumin-free fatty acids (pH 7.4) in a magnetically stirred
chamber at 37 °C.

Measurements of cAMP and ¢cGMP—Mouse hepalclc?
hepatoma cells were maintained in Dulbecco’s modified
Eagle’s medium with high glucose (4.5 g/liter) supplemented
with 10% fetal bovine serum. Cells were pre-treated with
0.25 mm IBMX for 30 min followed by a 24-h exposure to
insulin at concentrations noted in the continuous presence
or absence of IBMX. Intracellular levels of cAMP and cGMP
were measured with Biotrak Enzyme immunoassay systems
(Amersham).

Immunoblotting—Cells were lysed in Nonidet P-40 lysis
buffer (1% Nonidet P-40, 150 mm NaCl, 10% glycerol, 2 mm
EDTA, 20 mmM Tris (pH 8.0), 1 muM dithiothreitol, 1 mM sodium
orthovanadate, 1 mm phenylmethylsulfonyl fluoride, 2 ug/ml
leupeptin, and 10 ug/ml aprotinin). Cell lysates (15 ug/lane)
were resolved in 4-20% Tris glycine gels (Invitrogen) and
transferred to nitrocellulose membranes (Bio-Rad). Target pro-
teins were detected by immunoblotting with primary antibod-
ies as indicated and alkaline phosphatase-conjugated second-
ary antisera. Fluorescent bands were visualized with a Typhoon
9410 variable mode Imager from GE Healthcare (Piscataway,
NJ), and then quantified by densitometry analysis using Image-
Quant 5.2 software from GE Healthcare.

Statistical Analysis—Data were analyzed by Student’s ¢
test with GraphPad Prism version 4.0 for Windows (San
Diego, CA). Differences at values of p < 0.05 were consid-
ered significant.
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RESULTS

Mitochondrial Production Is Increased in Mice with STZ-in-
duced TIDM—To determine the effect of insulin on mitochon-
drial production, insulin deficiency (T1DM) was induced in B6
mice, followed by evaluation of mitochondrial DNA (mtDNA),
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FIGURE 1. Mitochondrial production is increased in animals with TIDM
diabetes caused by STZ-induced insulin deficiency. TIDM in B6 was
induced by STZ (intraperitoneal, 60 mg/kg, daily, X 7 days). Animals in the
control group were administered saline (vehicle). A, blood glucose during the
fed state and after an overnight fast was measured. B, mtDNA was evaluated.
C and D, mitochondria were visualized by electron microscopy and quanti-
fied. Results represent mean * S.E. of 5 vehicle-treated or 4 STZ-treated mice.
** p < 0.01;*** p < 0.001 versus vehicle. EM, electron microscopy; bar, 1 um.
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FIGURE 2. Levels of proteins that are associated with mitochondrial production are increased in liver of
mice with STZ-induced insulin deficiency (T1DM). Protein levels of NRF1 (A), PGC-1« (B), and cytochrome ¢
(Q) in livers of mice described in the legend to Fig. 1 were measured by immunoblotting, quantified by densi-
tometry, and normalized to B-actin. Results represent mean = S.E. of 5 (Vehicle) and 4 STZ (STZ) mice. *,p < 0.05

versus vehicle.
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mitochondrial number, and expression levels (protein and
mRNA) of genes that are involved in mitochondrial production.
As shown in Fig. 1A, frank diabetes (hyperglycemia) was
induced in mice by administration of STZ. The mtDNA level
was significantly increased in the liver but not in the gastrocne-
mius of mice with T1DM (Fig. 1B). Mitochondrial number in
liver evaluated by electron microscopy was also significantly
elevated in T1IDM (Fig. 1, C and D). Protein levels of NRF1,
PGC-1a, and cytochrome ¢ were all increased in liver of mice
with T1DM (Fig. 2). Transcript levels of many mitochondrion-
associated genes were elevated in liver and gastrocnemius from
mice with T1IDM (Table. 1). Together, these results imply that
the mitochondrial production program is increased in the
absence of insulin. Because plasma levels of all nutrients includ-
ing glucose, amino acids, and free fatty acids are inevitably
increased in the absence of insulin; and all nutrients can influ-
ence mitochondrial biogenesis (30, 32—-36), these results imply
but do not prove that insulin directly inhibits mitochondrial
production.

Prolonged Exposure of Primary Hepatocytes to Insulin
Decreases Mitochondrial Mass, mtDNA, ATP Content, and Cel-
lular O, Consumption—To examine the direct effect of insulin
on mitochondrial production and function, hepatocytes iso-
lated from normal mice were incubated with insulin for either
12 or 24 h, followed by measurements of mitochondrial mass,
mtDNA, intracellular ATP content, and cellular O, consump-
tion. As shown in Fig. 3, A and B, incubation with insulin at
either 10 or 100 nm for 24 h significantly decreased the mito-
chondrial mass, whereas incubation with insulin for 12 h
decreased mitochondrial mass without reaching statistical sig-
nificance (also see supplemental Fig. 1). Incubation of hepato-
cytes with insulin for 24 h decreased the mitochondrial DNA
level (Fig. 3C). Similarly, intracellular ATP content was reduced
by incubation with insulin for 24 h (Fig. 3D). Cellular O, con-
sumption was reduced by exposure of hepatocytes to insulin at
100 nm for 24 h although similar exposure to insulin at 10 nm
did not alter cellular O, consumption (Fig. 3E). Together, these
results indicate that mitochondrial production and function
were decreased by prolonged exposure to insulin.

Prolonged Exposure of Primary Hepatocytes to Insulin
Decreases Expression Levels of Genes Associated with Mitochon-
drial Production and Fat (B) Oxidation while Increasing Tran-
script Levels of Lipogenic Genes—To
further determine the effect of insu-
lin on mitochondrial production,
primary hepatocytes were incu-
bated with insulin for 24 h, followed
by measurements of gene tran-
scripts with real-time PCR. As

2 3 4 Mouse
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15 —
shown in Table 2, many mitochon-
Ly /= drion-related genes including ATP
05 synthase (ATP5al), NADH dehy-
drogenase (NdufvI), postaglandin-
00 N enicte STZ endoperoxide synthase (COXI),

succinate dehydrogenase (Sdhc),
nuclear respiratory factor 1 (NRF-
1), and mitochondrial transcription
factor A (Tfam) were decreased by
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TABLE 1

Levels of gene transcripts in liver and gastrocnemius of mice
described in the legend to Fig. 1

Note: see supplemental Table I for abbreviations.

TABLE 2

Levels of gene transcripts in primary hepatocytes that were exposed
to insulin (100 nM) for 24 h

Note: see supplemental Table I for abbreviations.

STZ versus vehicle p value Insulin versus vehicle p value
Liver ATP5al 0.698 = 0.0407 » <0.0001*
ATP5al 1.012 £ 0.1341 0.9284 COXIV 0.941 = 0.0280 p <0.0001*
COXIV 1.417 £ 0.1214 0.0066“ Ndufvl 0.855 * 0.0558 p =00141°
Cyc 1.136 = 0.1109 0.3291 NRF1 0.746 * 0.0168 p = 0.0002*
ERR« 1.603 = 0.1384 0.0049* PGC-1la 0.958 = 0.0702 p = 0.4280
Ndufvl 1.055 £ 0.1084 0.6190 PGC-18 2.494 *+ 0.3528 » <0.0001*
NRF1 1.395 £ 0.1589 0.0357° COXI 0.630 = 0.0795 » <0.0001*
PGC-1la 2.988 * 0.4680 0.0061¢ Sdhe 0.884 * 0.0628 p = 0.0422°
PGC-13 1.096 * 0.2613 0.7569 Tfam 0.704 = 0.0548 p <0.0001*
COXI 1.177 £ 0.1231 0.2695 CPT-1a 0.324 + 0.0582 p = 0.0005*
Sdhe 1.193 £ 0.0728 0.0434% Acadm 0.796 = 0.0495 p = 0.0429°
Tfam 0.703 = 0.1444 0.0744 Acadl 0.833 = 0.0074 p = 0.0011°
Gastrocnemins Acadvl 0.759 * 0.0541 p= 0.01162
ATD5al 2.076 + 0.4083 0.0249" SREBP-1 2.444 * 0.4861 p = 0.0387b
COXIV 1.844. + 0.1555 0.0021¢ SREBP-2 2.062 = 0.3686 p = 0.0255
“ FAS 1.408 * 0.1338 p = 0.0180”
Cyc 1.727 £ 0.1679 0.0078 H 1971 + 0.4452 — 00878
ERRa 1.455 + 03312 0.2868 mger 2 =0 p=o
Ndufvl 2.339 = 0.1631 0.0009¢ “p < 0.001.
NRF1 1.706 = 0.1689 0.0044 Y p <0.05.
PGC-la 2.242 * 0.2658 0.0018* “p <0.0L
PGC-1B8 1.037 £0.1151 0.8683
COXI 1.738 + 0.1371 0.0111% A. NRF1 B. Tfam
Sdhe 1.874 £ 0.1710 0.0025“
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FIGURE 3. Prolonged exposure to insulin decreases mitochondrial pro-
duction and function in isolated hepatocytes. Mouse hepatocytes were
treated with insulin as indicated. A and B, mitochondrial mass was evaluated
by flow cytometry. C, mtDNA was evaluated and normalized. D, ATP content
was quantified. E, rate of cellular O, consumption was quantified. The mean
O, consumption rate of control cells was defined as 1.0. Results represent
mean = S.E. of two to four independent experiments, each in 6-10 replicates.
*,p < 0.05; **, p < 0.01; ***, p < 0.001 versus no insulin (0).

exposure to insulin. The PGC-la transcript level was not
altered, whereas the PGC-1p transcript level was increased by
incubation with insulin. Protein levels of NRF-1 and TFAM was
also decreased by prolonged exposure to insulin (Fig. 4). Tran-
script levels of key genes involved in B-oxidation were
decreased by incubation with insulin (Table 2). These genes
include carnitine palmitoyltransferase (CPT-la, Cptla),
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medium chain acyl-CoA dehydrogenase (Acadm), long chain
acyl-CoA dehydrogenase (Acadl), and very long chain acyl-
CoA dehydrogenase (Acadvl). Conversely, transcript levels of
some key lipogenic genes including sterol regulatory element-
binding protein-1 (SREBP-1), SREBP-2, and fatty acid synthase
(Fasn) were increased by incubation with insulin (Table 2).
Together, these results indicate that mitochondrial production
and fat oxidation programs are suppressed, whereas the hepatic
lipogenic program is increased by insulin.

Insulin Reduction of Mitochondrial Production and Function
Is Mediated by the Akt-dependent Classical Insulin Signaling
Pathway—To examine the mechanism by which insulin influ-
ences mitochondrial production and function, hepatocytes
were incubated with insulin for 24 h in the presence or absence
of the phosphatidylinositol 3-kinase inhibitor LY294002, fol-
lowed by evaluation of levels of Akt phosphorylation, mito-
chondrial mass, mtDNA, intracellular ATP content, ATP syn-
thase protein, and transcripts of mitochondrion-related genes.
Application of LY294002 prevented insulin-induced Akt phos-
phorylation as expected (Fig. 54). Insulin-mediated reductions
in mitochondrial mass, mtDNA, and intracellular ATP were all
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FIGURE 5. Prolonged exposure to insulin decreases mitochondrial mass,
mtDNA, intracellular ATP level, and ATP synthase through Akt-depend-
ent insulin signaling. Isolated mouse hepatocytes were pretreated with
LY294002 for 30 min, and then treated with insulin in the continuous pres-
ence of LY294002 for 24 h. A, levels of phospho and total proteins of Akt were
detected by immunoblotting. B, mitochondrial mass was evaluated. C, levels
of mtDNA were quantified by real-time PCR and normalized as detailed under
“Materials and Methods.” D, intracellular ATP content was measured as
described under “Materials and Methods.” E, levels of ATP synthase protein
were examined by immunoblotting. Results in B-D represent mean = S.E. of
three independent experiments. *, p < 0.05 versus all bars without asterisks in
B-D.
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FIGURE 6. Insulin decreases transcript levels of mitochondrion-related
genes through Akt-dependent insulin signaling. Isolated mouse hepato-
cytes were pretreated with LY294002 (1 um) for 30 min, and then treated with
insulin for 24 h for measurements of gene transcripts by TagMan real-time
PCR. Results represent mean = S.E. of three independent experiments. *, p <
0.05 versus all bars without a asterisk.

prevented by LY294002 (Fig. 5, B—D). Similarly, ATP synthase
protein level was decreased by prolonged exposure to insulin,
but the decrease was reversed by LY294002 (Fig. 5E). As shown
in Fig. 6, transcript levels of Ndufvl, Ptgsl, Atp5al, Ctpla,
Nrf-1, and Tfam were reduced by incubation with insulin; and
the reductions were reversed by pre-treatment with LY294002.
Together, these results suggest that insulin suppression of
mitochondrial mass, mtDNA, and intracellular ATP level is
mediated by the Akt-dependent classical insulin signaling.

To further examine the role of Akt-dependent insulin signal-
ing in insulin suppression of mitochondrial production and
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FIGURE 7. Overexpression of constitutively active Akt suppresses mito-
chondrial production and function. Constitutively active Akt (MyrAkt) was
introduced into primary mouse hepatocytes by recombinant adenoviruses
for 36 h, followed by measurements of mtDNA (A), intracellular ATP content
(B), and gene transcripts (C). Green fluorescent protein encoded by recombi-
nantadenoviruses were used as a negative control. Results represent mean *+
S.D. of two independent experiments, each in triplicate. MOI, multiplicity of
infection. *, p < 0.05; **, p < 0.01; ***, p < 0.001 versus control.

function, constitutively active Akt (MyrAkt) was overexpressed
in hepatocytes as noted via recombinant adenoviruses (27), fol-
lowed by measurements of mtDNA, intracellular ATP, tran-
scripts of some genes associated with mitochondrial produc-
tion. As shown in Fig. 7, A and B, levels of mtDNA and
intracellular ATP were decreased by overexpression of MyrAkt,
but unaffected by the negative control. Similarly, transcript lev-
els of some mitochondrion-related genes including PtgsI
(COXI), Cox4il (COXIV), Tfam, Nrf-1, and AtpSal were
reduced by MyrAkt (Fig. 7C). Level of the positive control, glu-
cose-6-phosphatase transcripts (Glc-6-phosphatase), was
decreased as anticipated. Together, these results support the
notion that Akt-dependent insulin signaling inhibits mitochon-
drial production and function.
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FIGURE 8. Insulin suppresses hepatic mitochondrial production and function through cyclic nucleotide phosphodiesterase (PDE). Primary hepatocytes
were pretreated with IBMX for 30 min, and then incubated with insulin for 24 h for measuring mRNAs or for 24 h for quantifying mDNA, proteins, and ATP
content. A, levels of mtDNA were evaluated as described under “Materials and Methods.” B, intracellular ATP was quantified as described under “Materials and
Methods.” C, ATP synthase protein was detected by immunoblotting. D, transcripts of mitochondrion-related genes were measured by TagMan real-time PCR.
Results of A, B, and D represent mean = S.E. of three independent experiments. *, p < 0.05; **, p < 0.01; ***, p < 0.001 versus vehicle treatment. #, p < 0.05; ##,
p < 0.01; ###, p < 0.001 versus insulin alone. £, IBMX did not affect insulin signaling. Hepatoma cells (1c1c7) were pre-treated with 0.25 mm IBMX for 30 min
followed by incubation with insulin for 5 min. Akt phosphorylation at Ser*”® was measured by immunoblotting and normalized to levels of total Akt. Results
shown represent two independent experiments. F and G, quantification of intracellular cAMP and cGMP. Hepatoma cells (1c1c¢7) were pre-treated with IBMX
for 30 min and then incubated with insulin for 24 h in the presence or absence of IBMX. Intracellular levels of CAMP and cGMP were measured by enzyme
immunoassays as described under “Materials and Methods.” Results represent mean * S.D. of two independent experiments, each in 46 replicates. *, #, p <
0.05 versus vehicle or insulin alone, respectively. H, insulin neutralizes cAMP activation of CREB via PDE. Hepalc1c7 cells were pre-treated with IBMX (0.1 and

0.25 mm) for 30 min followed by exposure to 10 nm cAMP in the presence and absence of 1 nm insulin for 30 min. CREB phosphorylation at Ser'*® and Akt
phosphorylation at Ser*”® were determined by immunoblotting, and normalized to levels of total Akt. Results shown are a set of typical immunoblots of two

independent experiments. *, p < 0.05; **, p < 0.01; ***, p < 0.001.

Insulin Suppression of Mitochondrial Production and Func-
tion Is Cyclic Nucleotide Phosphodiesterase (PDE)-depen-
dent—It is known that insulin decreases intracellular levels of
cAMP and cGMP via Akt-dependent activation of PDE (37),
and that cAMP and cGMP are known to promote mitochon-
drial production (38). To further examine the mechanism by
which insulin inhibits mitochondrial production and function,
we incubated hepatocytes with insulin in the presence or
absence of the PDE inhibitor IBMX, followed by evaluations of
mtDNA, intracellular ATP level, ATP synthase protein, and
transcript levels of several mitochondrion-related genes. As
shown in Fig. 8, A-C, insulin-induced decreases in mtDNA,
intracellular ATP level, and ATP synthase protein were pre-
vented by pretreatment with IBMX in a dose-dependent man-
ner. Similarly, insulin-mediated reductions in transcript levels
of COXI, ATP synthase, NRF1, and TFAM were also largely
reversed by IBMX (Fig. 8D). IBMX did not alter insulin activa-
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tion of Akt (Fig. 8E). Next, the effect of insulin on levels of
cAMP and ¢cGMP was evaluated. As shown in Fig. 8F, pro-
longed exposure to insulin decreased levels of cAMP, and the
decrease was prevented by IBMX. Levels of cGMP were not
affected by insulin (Fig. 8G). Finally, we evaluated the effect of
insulin on a downstream effector of cAMP, CREB activation. As
shown in Fig. 8H, cAMP-induced CREB phosphorylation was
prevented by treatment with insulin, and the effect of insulin
was blocked by the PDE inhibitor IBMX. Together, these
results show that insulin suppresses mitochondrial production
and function through PDE-dependent degradation of cAMP.

DISCUSSION

A primary role of insulin is to conserve energy whenever
nutrients are available. To efficiently store energy, insulin does
not only promote anabolism, whereas inhibiting catabolism of
all main nutrients including carbohydrates, fat, and proteins,
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but may also slow energy consumption. The primary site of
energy consumption is mitochondria. In this study, we have
observed that prolonged exposure of isolated hepatocytes to
insulin inhibits mitochondrial production and function.

It has been repeatedly shown that the plasma insulin level
and mitochondrial production/biogenesis usually go opposite
directions. Mitochondrial biogenesis is increased in liver
and/or skeletal muscles when levels of plasma insulin and basal
level of Akt phosphorylation in liver are decreased due to
caloric restriction, growth hormone deficiency, or growth hor-
mone receptor knock-out (10-14). Our results show that the
mitochondrial production program is increased in mice with
insulin deficiency (T1DM) induced by STZ. Moreover, mito-
chondrial biogenesis is increased in adipose tissue when insulin
receptor is fat-specifically knocked out from mice (14). These
observations strongly suggest that mitochondrial biogenesis is
increased when insulin is deficient. However, levels of all nutri-
ents including glucose, fatty acids, and amino acids are inevita-
bly increased in the blood in the absence of insulin and all these
nutrients have been shown to be able to influence mitochon-
drial biogenesis (30, 32-36). Although it is still inconclusive
whether or not the effect of insulin is direct or indirect in ani-
mals with TIDM or fat-specific insulin receptor knock-out, it is
clear mitochondrial biogenesis is always increased in the
absence of insulin.

The exact reason for increasing mitochondrial biogenesis
during caloric restriction, when fuel supplies and basal level of
insulin signaling are low, is unknown. One possibility is that the
removal of old mitochondria through autophagy is increased,
and thus, new mitochondria are produced to replace the old
ones. This possibility is based on the fact that autophagy is
normally suppressed by nutrients such as amino acids and insu-
lin after food intake, but is increased during starvation due to
decreased levels of nutrients and insulin in the blood (39, 40).
Increased autophagy provides alternative fuel for survival dur-
ing starvation by digesting large molecules and cellular
organelles such as mitochondrial and endoplasmic reticulum
(39, 40). This self-digestion is not only necessary for providing
fuel during starvation, but also plays a critical role in mainte-
nance of cellular health by eliminating old/dysfunctional cellu-
lar organelles such as old mitochondria. That is probably why
increased autophagy is associated with longevity (39, 40).

In contrast, increased plasma insulin level (hyperinsuline-
mia) and insulin resistance have been frequently found to be
associated with decreased mitochondrial mass/production
(41—44). Administration of insulin is associated with decreased
whole body oxygen consumption (9). These observations imply
that insulin inhibits mitochondrial production/biogenesis and
function. Because the acute response to insulin challenge is
blunted in the presence of insulin resistance, it is generally per-
ceived that the classical Akt-dependent insulin signaling is not
functional in the presence of insulin resistance. Thus, the
decreased mitochondrial mass has generally been attributed to
insulin resistance. However, our results from isolated hepato-
cytes in this study show that prolonged exposure to insulin
suppresses mitochondrial production and function through the
classical Akt-dependent insulin signaling pathway. In our par-
allel studies that will be published in a separate article, we have
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found that the basal level of Akt-dependent insulin signaling is
increased, and is responsible for decreased mitochondrial pro-
duction in mice with high fat diet-induced hyperinsulinemia
and insulin resistance.® Thus, it appears that insulin can indeed
suppress mitochondrial production if the exposure to insulin
lasts long enough. This is, perhaps, another reason why mito-
chondrial production is increased when basal levels of plasma
insulin and Akt-dependent insulin signaling are decreased by
caloric restriction.

The effect of insulin on mitochondrial production/biogene-
sis can be very complex due to roles of insulin in both gene
transcription and translation. Because insulin is a known stim-
ulator of protein syntheses, it can presumably promote mito-
chondrial production by stimulating translation of mitochon-
drial genes. Additionally, it is known that insulin is able to
promote mitochondrial ATP production via activation of pyru-
vate dehydrogenase (45, 46), and insulin activation of the pyru-
vate dehydrogenase complex is probably mediated by pyruvate
dehydrogenase phosphate phosphatase (47). In support, our
results show that acute treatment with insulin promotes ATP
production, whereas prolonged exposure to insulin does the
opposite (supplemental Fig. S2). Importantly, insulin has also
been shown to inhibit transcription of the PGC-1 gene and
activity of PGC-1a protein (17, 48). PGC-1a is a potent coacti-
vator of the central transcription factor NRF1 in regulating
transcription of the Tfam gene, which controls the sole mito-
chondrial DNA promoter and replication of mitochondrial
DNA (49). In this study, we show that transcript levels of both
NRF-1 and Tfam were decreased by insulin, whereas the
PGC-1a mRNA level was not altered and the PGC-18 mRNA
level was increased by insulin. Because Tfam is downstream of
NRF-1 and PGC-1s and is the direct regulator of the sole mito-
chondrial promoter and mitochondrial DNA replication (49),
our results indicate that (a) transcription of the Tfam gene can
be independent of levels of PGC-1 transcripts; (b) insulin can
inhibit mitochondrial production through Tfam. As a result,
prolonged exposure to insulin may lead to decreased mitochon-
drial production due to lack of transcripts of mitochondrion-
associated genes such as Tfam, and ultimately leads to
decreased overall mitochondrial capacity. However, the sup-
pressive effect of insulin on mitochondrial production may not
always be translated into decreased mitochondrial mass or
mtDNA in animals due to (a) the stimulatory effect of insulin in
protein synthesis as discussed above, and (b) the inhibitory role
of insulin in autophagy as described above, leading to delayed
removal of old mitochondria. Theoretically, an ideal method to
determine the effect of insulin on mitochondrial biogenesis/
production is to label all newly produced mitochondria and
quantify them in animals that are treated by insulin for a certain
amount of time (50-52). Again, prolonged treatment of ani-
mals with insulin may lead to insulin resistance and changes in
blood levels of nutrients, and cause difficulties in interpreting
results. Thus, it is basically impossible to achieve a pure effect of
insulin on mitochondrial production and function in any exper-
iments that modulate levels of insulin or insulin signaling in

3 H.-Y. Liu and W. Cao, unpublished data.
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animals. Results from isolated cells described in this study
become necessary for completely understanding the direct
effect of insulin on mitochondrial production and function. It is
also noteworthy that the chronic effect of insulin on mitochon-
drial production and function observed in this study may reflect
the situation of insulin resistance/hyperinsulinemia, whereas
the acute effect of insulin on ATP production may mirror the
physiological situation.

It has previously been shown that cGMP is a promoter of
mitochondrial production (38), insulin can theoretically regu-
late cGMP-mediated mitochondrial production via PDE. Nev-
ertheless, our results show that intracellular levels of cGMP in
hepatocytes are not altered by exposure to insulin. Importantly,
the cAMP/PKA/CREB-dependent signaling pathway has been
shown previously to promote the function of the mitochon-
drion production stimulator PGC-1a through PGC-1a gene
transcription and activation of PGC-1a protein (18, 53). It is
also well established that insulin is a strong antagonist of
cAMP/PKA signaling through activation of PDE (15). We show
here that prolonged exposure to insulin reduces the intracellu-
lar cAMP level, which is accompanied by decreased production
of mitochondria. Thus, insulin appears to influence cAMP/
PKA/CREB/PGC-1a-mediated mitochondrial production.
Because our results show that insulin does not obviously affect
levels of PGC-1a transcripts, it is likely that insulin regulates
PGC-1a function via its activity in hepatocytes.

In summary, we have found that prolonged exposure of iso-
lated hepatocytes to insulin decreases mitochondrial produc-
tion and function. This effect of insulin may be useful to pre-
serve energy for survival when food is not always available.
However, this effect may limit mitochondrial capacity when
food is always abundant in industrialized countries. The limited
mitochondrial capacity may lead to overloading of mitochon-
dria by nutrients, and eventually increased production of mito-
chondrion-derived reactive oxygen species (44), which is
known to play a critical/necessary role in the development of
insulin resistance (54—56). Moreover, limited mitochondrial
capacity may aggravate fat accumulation, in particular ectopic
fat accumulation, which promotes insulin resistance directly or
indirectly through reactive oxygen species (3, 4). Therefore,
insulin suppression of mitochondrial production and function
may be a major contributor to the development of insulin
resistance.
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