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Bioactive compounds reported to stimulate mitochondrial
biogenesis are linked to many health benefits such increased
longevity, improved energy utilization, and protection from
reactive oxygen species. Previously studies have shown that
mice and rats fed diets lacking in pyrroloquinoline quinone
(PQQ) have reduced mitochondrial content. Therefore, we
hypothesized that PQQ can induce mitochondrial biogenesis in
mouse hepatocytes. Exposure ofmouseHepa1–6 cells to 10–30
�M PQQ for 24–48 h resulted in increased citrate synthase and
cytochrome c oxidase activity, Mitotracker staining, mitochon-
drial DNA content, and cellular oxygen respiration. The induc-
tion of this process occurred through the activation of cAMP
response element-binding protein (CREB) and peroxisome pro-
liferator-activated receptor-� coactivator-1� (PGC-1�), a path-
way known to regulate mitochondrial biogenesis. PQQ expo-
sure stimulated phosphorylation of CREB at serine 133,
activated the promoter of PGC-1�, and increased PGC-1�
mRNA and protein expression. PQQ did not stimulate mito-
chondrial biogenesis after small interfering RNA-mediated
reduction in either PGC-1� or CREB expression. Consistent
with activation of the PGC-1� pathway, PQQ increased nuclear
respiratory factor activation (NRF-1 and NRF-2) and Tfam,
TFB1M, and TFB2M mRNA expression. Moreover, PQQ pro-
tected cells frommitochondrial inhibition by rotenone, 3-nitro-
propionic acid, antimycin A, and sodium azide. The ability of
PQQ to stimulatemitochondrial biogenesis accounts in part for
action of this compound and suggests that PQQmay be benefi-
cial in diseases associated with mitochondrial dysfunction.

Bioactive compounds, such as pyrroloquinoline quinone
(PQQ),2 resveratrol, genistein, hydroxy-tyrosol, and quercetin

have been reported to improve mitochondrial respiratory con-
trol or stimulate mitochondrial biogenesis (1–5), which is
potentially important to a number of health-related issues
ranging from increased longevity, improved energy utilization,
and protection from reactive oxygen species (6–8). Further-
more, mitochondrial DNA depletion andmutations are associ-
atedwith cardiomyopathy, lactic acidosis, developmental delay,
failure to thrive, and impaired neurological function (9). The
response to most biofactors is observed after pharmacological
intervention or dietary supplementation, although often near-
gram amounts per kg of diet, or millimolar quantities, are
needed for such responses in vivo. PQQ stimulates mitochon-
driogenesis with the addition of only milligram quantities of
PQQ per kg of diet, or micromolar concentrations, in vivo. For
example, PQQ deprivation depresses mitochondrial function,
which is reversed when as little as 200–300 �g of PQQ/kg of
diet are added (1, 10). PQQ also remains detectable in tissues
when there is no or little dietary exposure (11), which has not
been observed for other dietary polyphenolic compounds
known to promote mitochondriogenesis.
Recently, PQQ produced by rhizobacterium has been iden-

tified as an important plant growth factor (12) and is a possible
source of PQQ in plant-derived food. In this regard, the ubiq-
uitous presence of PQQ in a broad range of plants leads to a
relatively constant exposure in animal diets. More importantly,
levels of PQQ from dietary intake from plants are sufficient to
maintain the concentration of PQQ typical of tissues (13). From
a chemical perspective, assays that measure redox cycling indi-
cate that PQQ is also 100–1000 timesmore efficient than other
quinones and enediols, such as ascorbic acid (14). PQQ can
undergo thousands of reductive or oxidative cycles without
degradation or polymerization (14).
Peroxisome proliferator-activated receptor-� coactivator-1

� (PGC-1�) is a transcriptional coactivator that induces mito-
chondrial biogenesis by binding to nuclear respiratory factors
and enhancing their activity (15). Nuclear respiratory factors
are transcription factors that bind to cis-acting response ele-
ments in the promoter regions ofmany genes that controlmito-
chondrial gene transcription and mitochondrial DNA replica-
tion (15). PGC-1� is also associated with a reduction in reactive
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oxygen species (ROS) (16, 17) and protection against various
mitochondrial toxins (16). Moreover, the phosphorylation of
CREB is known to be an important regulator of PGC-1� (18).
The function of PQQ in mammalian physiology remains

controversial. PQQ has been proposed as a vitamin (19), but it
has not been demonstrated that PQQ serves as an enzyme
cofactor inmammalian tissues (20, 21). Upon appreciation that
mitochondrial content can be influenced by PQQ nutritional
status and that reported beneficial effects of PQQ may be
directly related to mitochondrial function, we hypothesized
that PQQ may induce mitochondrial biogenesis through a
mitochondrial-related cell signaling mechanism. Given that
many mitochondrial-related events are regulated by PGC-1�
and nuclear respiratory factors (15), we hypothesized that PQQ
may interact with a PGC-1�-related pathway. We used the
mouse Hepa1–6 hepatocyte cell line as a model to investigate
these hypotheses. We also explored whether PQQmay protect
against the toxic effects of mitochondrial electron transport
chain inhibition.

EXPERIMENTAL PROCEDURES

Reagents—Mitsubishi Gas and Chemical provided PQQ as a
gift. Imidazopyrroloquinoline (IPQ) was produced by incu-
bating PQQ with glycine as described previously (22) fol-
lowed by separation using a PD-10 desalting column (Amer-
sham Biosciences) and lyophilization. Bovine catalase and
bovine copper/zinc superoxide dismutase were purchased
from Worthington Biochemical and Sigma, respectively.
The mitochondrial toxins (rotenone, 3-nitropropionic acid,
antimycin A, and sodium azide) that inhibit separate por-
tions of the electron transport chain (Complexes I-IV) and
carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone
(FCCP), used to uncouple oxidative phosphorylation, were
obtained from Sigma.
Cell Culture—Hepa1–6 cells were obtained from American

Type Culture Collection (Manassas, VA). Basal culturing
medium contained Dulbecco’s minimal essential medium
(DMEM) with 4.5 g of D-glucose/liter media (Invitrogen) sup-
plementedwith 10% fetal bovine serum and 100 units/liter pen-
icillin and streptomycin (Invitrogen).
NRF-1, NRF-2, and CREB Reporter Plasmids—The NRF-1

reporter plasmid (Panomics, Fremont, CA) contains four tan-
dem repeats of the NRF-1 response element (5�- TGCG-
CACGCGCG-3�) within the pTranslucent plasmid, which con-
tains a thymidine kinase minimal promoter and luciferase
reporter gene downstreamof theNRF-1 response element. The
NRF-2 and CREB reporter plasmids were created by first
digesting the NRF-1 reporter plasmid with KpnI and NheI to
excise the insert. The insert was replaced by ligating annealed
oligonucleotides (see supplemental Table 1; the response ele-
ment in the sense strand is underlined) containing three tan-
dem repeats of the NRF-2 response element from the mouse
Tfam promoter (23, 24) or four tandem repeats of the cAMP
response element present in the PGC-1� promoter (18) to the
modified reporter plasmid. The pTranslucent plasmid lacking
any enhancer sequence was used as a control plasmid
(Panomics).

PGC-1� Promoter Reporter Plasmids—The PGC-1� pro-
moter reporter plasmids (18), containing a 2.6-kb portion of
5�-flanking sequence of mouse PGC-1� gene between �2533
and�78 relative to the transcriptional start site, with and with-
out an intact CRE site was provided as a generous gift from Dr.
Bruce Spiegalman through the Addgene plasmid depository
(Addgene plasmids 8887 and 8888). A plasmid lacking the pro-
moter region (pGL3-Basic, Promega) was used as a control.
Reporter Assays—Cells (1 � 105 cells/well) were plated in

12-well plates and transfected the next day with 0.8 �g of
reporter plasmid DNA (NRF-1, NRF-2, CREB, or PGC-1�) and
0.8 �g of �-galactosidase expression vector (pCMV�, Clon-
tech) per well using Lipofectamine 2000 (Invitrogen). Cell
media containing DMEM plus fetal bovine serum were
replaced in all wells 5 h post-transfection. Cells were then incu-
bated for 24 hwith phenol red-free cell media containing either
unsupplemented media (control) or media containing 15 or 30
�M PQQ 12 h post-transfection. Cells were washed with phos-
phate buffer saline (PBS), and cells were lysed with reporter
lysis buffer (Promega) and a single freeze-thaw cycle. Luciferase
activity was determined using the Luciferase assay system (Pro-
mega) and analyzed using a luminometer (Turner 20/20,
Turner Biosystems). �-Galactosidase activity was determined
using the �-galactosidase enzyme assay system (Promega) and
analyzed using a spectrophotometric microplate reader
(PerkinElmer Life Sciences HTS 7000 Plus or LabsystemsMul-
tiskan Ascent). Response element or promoter activation was
determined as a ratio of luciferase activity to �-galactosidase
activity.
PGC-1� Protein Expression by Immunoblotting—Cells (3 �

106 cells/plate) were plated into 10-cm plates. Twenty-four
hours later cells were incubated with either control DMEM or
media supplemented with PQQ for 24 h. Cells were washed
with ice-cold PBS and scraped into ice-cold lysis buffer (20 mM

HEPES, pH 7.4, 1 mM EDTA. 250 mM sucrose) containing pro-
tease inhibitors (Sigma) and sonicated twice for 10 s on ice. SDS
was added after sonication to a final concentration of 0.025%,
and protein concentration in the resulting cell lysate was deter-
mined by Bradford assay. The resulting protein lysate was
resuspended in SDS sample buffer containing �-mercaptoeth-
anol. Total cell lysate (10 �g/well) was separated by SDS-PAGE
(Bio-Rad Ready Gels) under reducing conditions and trans-
ferred to nitrocellulose membrane. Membranes were blocked
overnight at 4 °C in 5% nonfat milk in PBST (PBS containing
0.1% Tween 20) and incubated with PBST with rabbit anti-
PGC-1� (0.2 �g/ml; Santa Cruz) for 1 h followed by donkey
anti-rabbit IgG conjugated to horseradish peroxidase (1:20,000
in PBST; Amersham Biosciences) for 1 h or mouse anti-�-actin
conjugated to horseradish peroxidase (3.3 ng/ml; Santa Cruz)
antibodies for 1 h at room temperature. Bands were visualized
by chemiluminescence (SuperSignal Femto, Pierce; Western
blotting Luminol reagent, Santa Cruz) followed by autoradiog-
raphy and quantified by densitometry (QuantityOne, Bio-Rad).
CREBPhosphorylation by Immunoblotting—Cell proteinwas

isolated as described above but in the presence of both phos-
phatase inhibitors (Phosphatase inhibitor mixture P2850,
Sigma) and protease inhibitors (Protease inhibitor mixture
P2714, Sigma). CREB phosphorylation at serine 133 and total
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CREB protein were detected by immunoblotting using phos-
phoserine-133-CREB and total CREB antibodies, respectively
(Cell Signaling), as described above, except that Tris-buffered
saline replaced phosphate-buffered saline, and bovine serum
albumin (Fraction V, Sigma) replaced nonfat milk. The amount
of phosphorylated CREB was determined by the amount of
CREB detected by the phosphoserine-specific antibody and
quantified by densitometry divided by the amount of CREB
detected by the total CREB antibody.
Cytochrome cOxidaseAssay—Cells (1� 106 cells/plate)were

plated in 10-cmplates. Twenty-four hours later cells were incu-
bated in PQQ supplemented media for 48 h, and cell protein
was isolated as described above, except that cells were homog-
enized with 12 strokes of a Dounce homogenizer, and SDS was
omitted. Cytochrome c oxidase activity was assessed as
described previously (10).
Citrate SynthaseAssay—Cells (5�105 cells/well)wereplated in

24-well plates. Twenty-four hours later cells were incubated in
PQQ-supplemented media for 24 or 48 h, and cell protein was
isolated using CelLytic M cell lysis reagent (Sigma) and frozen at
�80 °C until assayed. Citrate synthase activity in 10�g of cell pro-
tein (measured by Bradford assay) was assessed using the citrate
synthaseassaykit (Sigma) according tomanufacturer instructions,
and changes in absorbance were measured using a microplate
reader. Activity was expressed relative to control condition.
Mitotracker Assay—Mitochondria were detected by Mito-

tracker Green FM staining (Invitrogen). Cells were plated in
96-well plates (1 � 104 cells/well) for the microplate assay or
6-well plates (2 � 105 cells/well) for flow cytometry. After 24 h
cells were incubated with PQQ-supplemented media (or con-
trol) for 24 or 48 h (only 48 h for flow cytometry). Cells were
washed with serum-free DMEM and stained with 100 nM (for
flow cytometry) or 200 nM (for the microplate assay) Mito-
tracker Green FM for 30 min. The unstained control samples
were incubated with serum-free DMEM containing no dye but
an equivalent concentration of DMSO as the stained sample.
After staining, cells were washed three times with serum-free
DMEM. For microplate assay, staining was detected on a fluo-
rescence microplate reader (PerkinElmer Life Sciences Wallac
Victor2, excitation 485 nm, emission 520 nm), and fluorescence
was subtracted from the unstained control and expressed rela-
tive to cell number. Stained (and unstained control) cells were
analyzed by flow cytometry (BD Biosciences) followed by anal-
ysis of median fluorescence intensity of 20,000 events by
Cellquest software (BD Biosciences).
Mitochondrial/Nuclear DNA Ratios by Quantitative Real-

time PCR—Cells (2 � 105 cells/well) were plated in 6-well
plates. Twenty-four hours later cells were incubated in control
or PQQ-supplemented media for 48 h. Genomic DNA (con-
taining both mitochondrial and nuclear DNA) was isolated
from cells (QIAamp DNAmini kit, Qiagen) according to man-
ufacturer’s instructions. Mitochondrial DNA (0.1 ng) and
nuclear DNA (10 ng) were amplified by quantitative real-time
PCR as described previously (1).
Gene Expression by Quantitative Real-time Reverse

Transcription-PCR—Cells (4 � 105 cells/well) were plated in
6-well plates. Twenty-four hours later cells were incubated in
control or PQQ-supplemented media for 24 h, and total RNA

was isolated from cells using TRIzol (Invitrogen) according to
the manufacturer’s instructions and diluted to 1 �g/�l in
RNase-free water. cDNA was generated from 1 �g of RNA by
reverse transcription (Applied Biosystems, Foster City, CA)
performed at 48 °C for 30 min followed by 95 °C for 5 min.
Primers for mouse PGC-1�, Tfam, TFB1M, TFB2M, and �-ac-
tin (see supplemental Table 2) were designed by Primer Express
(AppliedBiosystems). Relative gene expressionwas determined
by quantitative real-time reverse transcription-PCR as
described previously (10) but expressed relative to �-actin.
Oxygen Consumption Assay—Cellular oxygen consumption

wasmeasured using the BDOxygen Biosensor system (BD Bio-
sciences). Cells were plated in 6-well plates at 30% confluency,
and after 24 h cells incubated in control media or media sup-
plemented with 30�MPQQ for 24 h or 48 h. Oxygen consump-
tion was then measured as described below, or cells were then
exposed to control media containing 0.004% DMSO or media
containing 0.2�M rotenone (dissolved inDMSO) for 24 h. Cells
were dissociated from the plates with trypsin-EDTA (Invitro-
gen). Cells (5 � 105) were then pipetted into each well. Cells
were incubated at 37 °C and 5% CO2 for 1 h, then changes in
oxygen concentration in the media was measured using a fluo-
rescence microplate reader (excitation 485 nm, emission 620
nm, heated to 37 °C). Cells were incubated with 1 �M rotenone
immediately after plating or 5 �M FCCP just before reading on
themicroplate reader. DMSO (0.05% diluted in cell media) was
included as a control immediately after plating cells into assay
plate because both rotenone and FCCP are dissolved in DMSO.
Oxygen consumption was expressed as the difference in rela-
tive fluorescence units at 10 and 20 min after the start of the
assay, relative to the control condition.
Mitochondrial Superoxide Assay—Cells (1 � 104 cells/well)

were plated in 96-well plates and 24 h later incubated in 30 �M

PQQ-supplemented or control media for 24 h, then incubated
in Hanks’ balanced salt solution (HBSS) containing 20 �M rote-
none (dissolved in 0.25% DMSO) or control HBSS (containing
DMSO) for 1 h at 37 °C. Cells were washed 3 times with HBSS
and incubated with 10 �M MitoSOX (Invitrogen) for 30 min at
37 °C. Cells werewashed 3 timeswithHBSS, andmitochondrial
superoxide was detected using a fluorescence microplate
reader (excitation 485 nm, emission 590 nm, heated to 37 °C).
CREB and PGC-1� siRNA-mediated Gene Knockdown—

Cells were transfected with Lipofectamine 2000 and PGC-1�-
specific siRNA (sense, 5�-AAGACGGAUUGCCCUCAUUU-
Gtt-3�; antisense, 5�-CAAAUGAGGGCAAUCCGUCUUtt-3�)
or control siRNA (sense, 5�-AAGCUUCAUAAGGCGCAUA-
GCtt-3�; antisense, 5�-GCUAUGCGCCUUAUGAAGCUUtt-
3�), as previously designed by Zhang et al. (25), or CREB-spe-
cific siRNA (sense, 5�-UACAGCUGGCUAACAAUGGtt-3�;
antisense, 5�-CCAUUGUUAGCCAGCUGUAtt-3�), as previ-
ously designed by Vankoningsloo et al. (26), or control scram-
bled siRNA (sense, 5�-UAGUGCACGCUAAGAAUCGtt-3�;
antisense, 5�-CGAUUCUUAGCGUGCACUAtt-3�). This
region of the PGC-1� nucleotide sequence is conserved in both
mice and rats. Transfection and efficacy of siRNA was con-
firmed by immunoblotting after transfection of PGC-1�-spe-
cific or CREB specific and control siRNA as described above.
After transfection (24 h post-transfection), cells were incubated
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with control or PQQ-supplementedmedia for 48 h, then citrate
synthase activity, Mitotracker staining, and mitochondrial
DNA content were assessed as described above.
Superoxide andHydrogen Peroxide Assays—PQQ (2–250�M

for superoxide, 2–50 �M for hydrogen peroxide) was added to
control cell media containing 10% fetal bovine serum (without
cells) and incubated for 0–24 h (0–6 h for hydrogen peroxide).
Superoxide generated by PQQwasmeasured by luminol oxida-
tion assay (Sigma) on a microplate reader. Hydrogen peroxide
generated by PQQ was measured by a xylenol orange-iron oxi-
dation assay (Pierce) on a microplate reader.
Statistics—The effects of PQQ on citrate synthase activity,

Mitotracker microplate staining, cellular oxygen consumption,
NRF-1, NRF-2, CREB, and PGC-1� promoter activation and
cell viability after toxin exposure were analyzed by one-way
ANOVA followed by a Tukey post-test. The effects of PQQ on
mitochondrial DNA content, cytochrome c oxidase activity,
Tfam, TFB1M, and TFB2M mRNA expression and PGC-1�
mRNA and protein expression were analyzed by Student’s t
test. The effects of PQQ and rotenone on cellular oxygen con-
sumption and superoxide generationwere analyzed by one-way
ANOVA followed by a Tukey post-test. The effect of PGC-1�
andCREB siRNA knockdown on PGC-1� andCREB (for CREB

siRNA only) protein expression was analyzed by Student’s t
test. The effects of PQQafter PGC-1� andCREB siRNAknock-
down on citrate synthase activity, Mitotracker staining, and
mitochondrial DNA content were analyzed by one-way
ANOVA followed by a Tukey post-test (and two-way ANOVA
where indicated). The effect of PQQ on superoxide and hydro-
gen peroxide generation (and catalase) in media was analyzed
by one-way ANOVA followed by a Tukey post-test. The effect
of PQQ and catalase or superoxide dismutase and IPQ on cit-
rate synthase activity, Mitotracker staining, and mitochondrial
DNA content was analyzed by one-way ANOVA followed by a
Tukey post-test. Significant differences of mean values were
established atp� 0.05.Unless noted otherwise, statistics reflect
intraexperimental variability. The succinate dehydrogenase
activity assay is described in the supplemental methods.

RESULTS

PQQ Stimulates Mitochondrial Biogenesis—Citrate synthase
activity was increased in Hepa1–6 cells exposed to PQQ for 24
or 48 h (Fig. 1A). Cytochrome coxidase activitywas increased in
cells exposed to PQQ for 48 h (Fig. 1B). PQQ treatment
increased mitochondrial content, as assessed by Mitotracker
microplate assay (Fig. 1C) and confirmed by flow cytometry

FIGURE 1. PQQ induces mitochondrial biogenesis. Increases in cellular mitochondrial content after PQQ exposure were detected by citrate synthase assay
(A), cytochrome c oxidase assay (B), Mitotracker staining microplate assay (C), Mitotracker flow cytometry assay (D–H), mitochondrial to nuclear DNA ratios (I),
and cellular oxygen consumption (J). Citrate synthase activity at 24 or 48 h was determined by MTT reduction assay (n � 8) and expressed relative to respective
control conditions (without PQQ at 24 or 48 h). Cytochrome c oxidase activity at 48 h (n � 6) was expressed relative to control condition (without PQQ). A
Mitotracker-staining microplate assay after 24 and 48 h (n � 8) was expressed relative to respective control conditions (without PQQ at 24 or 48 h). Mitotracker
staining flow cytometry assay after 48 h (n � 5) was expressed relative to control conditions (without PQQ). Representative histograms (cell counts at each
fluorescence intensity, 100-104, for Mitotracker staining) for unstained (D), control (E), or 30 �M PQQ medium (F) for 48 h are shown, and a control histogram G;
from E, black) is overlaid on top of a PQQ histogram (from F, gray) to show an increase in fluorescence intensity. The graph (H) represents median fluorescence
of Mitotracker staining detected by flow cytometry, expressed relative to control condition (without PQQ). Mitochondrial-to-nuclear DNA ratios were deter-
mined by quantitative real-time PCR (n � 8) and are expressed relative to control conditions (without PQQ at 48 h). Columns and error bars indicate the means �
S.D., respectively. Asterisks denote significant difference from control condition: *, p, � 0.05; **, p, � 0.01; ***, p, � 0.001. An oxygen assay (n � 8) was
determined by increased fluorescence and is expressed as the difference in relative fluorescence units from 10 to 20 min after the assay start relative to control
conditions (without PQQ for 24 or 48 h or DMSO 1 h for rotenone (rot, contains 0.004% DMSO)). FCCP and rotenone (dissolved in DMSO, added immediately or
1 h before measuring fluorescence, respectively) were used as positive and negative controls, respectively, for oxygen consumption. Columns and error bars
indicate the means � S.D., respectively. Asterisks denote significant difference from control condition (without DMSO) (**, p � 0.01; ***, p � 0.001), and pound
signs indicate significant difference from control condition (with DMSO); ###, p � 0.001. Results are representative data from experiments performed at least
twice.
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(Fig. 1, D–H). Consistent with an increase in mitochondrial
enzyme content, mitochondrial DNA relative to nuclear DNA
was also increased in cells after PQQ exposure (Fig. 1I). As
additional validation, PQQ exposure for 24 or 48 h leads to
increased cellular oxygen consumption (Fig. 1J).
PQQ Induces Nuclear Respiratory Factor Activation—Be-

cause nuclear respiratory factors are known to be key regulators
of mitochondrial function (27), we investigated whether PQQ
exposure leads to increased activation of these transcription
factors. Cells transfected with a reporter plasmid containing
response elements for either NRF-1 or NRF-2 displayed
increased activation after PQQ exposure (Fig. 2A), which sug-
gests that PQQ induces the activation of these transcription
factors. PQQ also led to increased Tfam, TFB1M, and TFB2M
mRNA expression (Fig. 2B). These genes contain response ele-
ments for both NRF-1 and NRF-2 (15) and are linked to mito-
chondrial transcription and replication (27), which suggests
that PQQ can activate NRF-1 and NRF-2 activity and related
genes and may induce mitochondrial biogenesis.
PQQ Stimulates PGC-1� Promoter Activation and Expres-

sion—PGC-1� binding can directly regulate NRF-1 and NRF-2
activity (28). Accordingly, we investigated whether PQQ can
regulate PGC-1�. PQQ exposure for 24 h led to an increase in
bothPGC-1�mRNA(Fig. 3A) andprotein (Fig. 3B). PQQexpo-
sure also led to increased PGC-1� promoter activation but only
if a CRE site is retained. No activation of the promoter by PQQ
was observed in transfected cells when the CRE site has been
mutated (Fig. 3C), which suggested that the CRE site in impor-
tant for PQQ-induced PGC-1� activation, possibly due to
CREB (CRE-binding protein).
PGC-1� Is Required for PQQ-mediated Mitochondrial

Biogenesis—PGC-1� is required for the induction ofmitochon-
drial biogenesis by PQQ. Transfection with PGC-1�-specific
siRNA reduced PGC-1� protein expression (Fig. 4, A and B)
and concomitantly failed to inducemitochondrial biogenesis by
PQQ, as measured by citrate synthase activity (Fig. 4C), Mito-
tracker staining (Fig. 4D) andmitochondrial DNA content (Fig.
4E) compared with the PQQ-induced mitochondrial genesis in
cells transfectedwith the control siRNA.Citrate synthase activ-
ity (Fig. 4C) and Mitotracker staining (Fig. 4D) of cells trans-

fected with PGC-1� siRNA was lower when compared with
cells transfected with control siRNA and exposed to control
media. Cells transfected with PGC-1� siRNA also showed a
trend toward lower mitochondrial DNA content (Fig. 4E).
Although this result was not statistically significant, significant
effects of PGC-1� siRNA and interaction between siRNA and
PQQ treatments were observed when analyzed by two-way
ANOVA.
PQQ Stimulates the Phosphorylation of CREB at Serine 133—

CREB is known to be an important regulator of PGC-1� (18)
that facilitates PGC-1� activation (18). Because the CRE site is
critical for PGC-1� activation, we determinedwhether CREB is
activated by PQQ. PQQ activates cells transfected with CREB
reporter plasmid (Fig. 5A), which suggests that CREB is acti-
vated by PQQ. Moreover, CREB activity is known to be regu-
lated by phosphorylation (29); therefore, we investigated
whether PQQ can induce CREB phosphorylation. PQQ
induced CREB phosphorylation at serine 133, which was
detectable within minutes of exposure (Fig. 5, B and C), fol-
lowed by an eventually decrease in phosphorylation after sev-
eral hours.
CREB Is Required for PQQ-mediated Mitochondrial Bio-

genesis—CREB stimulates the expression of PGC-1� expres-
sion and is required for the induction of mitochondrial biogen-
esis by PQQ. Transfection with CREB-specific siRNA reduced
both CREB and PGC-1� protein expression (Fig. 5, D–F) and

FIGURE 2. PQQ activates nuclear respiratory factor activity and expres-
sion of associated genes. Cells were incubated in media supplemented with
15 or 30 �M PQQ or control media for 24 h. Activation of NRF-1 and NRF-2 was
detected by activation of NRF-1 or NRF-2 response element reporter plasmid
(A) after PQQ exposure. Activation of Tfam, TFB1M, and TFB2M (B), genes that
contain response elements for both NRF-1 and NRF-2, was measured by real-
time quantitative reverse transcription-PCR. Columns and error bars indicate
the means � S.D., respectively. Asterisks denote significant difference from
control condition: *, p � 0.05; **, p � 0.01; ***, p � 0.001. Results are repre-
sentative data from experiments performed at least twice.

FIGURE 3. PQQ induces PGC-1� promoter activation and increases
PGC-1� mRNA and protein expression. Cells were incubated in media sup-
plemented with 30 �M PQQ or control media for 24 h. PQQ exposure leads to
increased levels of PGC-1� mRNA, detected by quantitative real-time reverse
transcription-PCR, and increased PGC-1� protein (A), determined by immu-
noblotting and analyzed by densitometry (B). Activation of PGC-1� promoter
(C), detected by transfection of PGC-1� promoter reporter plasmids, by PQQ
requires the presence of a CRE element within the PGC-1� promoter. Columns
and error bars indicate the means � S.D., respectively. Asterisks denote signif-
icant difference from control condition, * p � 0.05, ** p � 0.01, *** p � 0.001.
Results are representative data from experiments performed at least twice.
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concomitantly failed to induce mitochondrial biogenesis by
PQQ, as measured by citrate synthase activity (Fig. 5G), Mito-
tracker staining (Fig. 5H), and mitochondrial DNA content
(Fig. 5I), compared with the PQQ-induced mitochondrial gen-
esis in cells transfected with the control siRNA. Citrate syn-
thase activity andMitotracker staining of cells transfected with
CREB siRNA and exposed to control media were significantly
lower compared with cells transfected with control siRNA and
exposed to control media (Fig. 5, G and H). Cells transfected
with CREB siRNA also showed a trend toward lowermitochon-
drial DNA content (Fig. 5I). Although this result was not statis-
tically significant, significant effects of CREB siRNA and inter-
action between siRNA and PQQ treatments were observed
when analyzed by two-way ANOVA.
PQQ-mediatedMitochondrial Biogenesis Is Not Due to Auto-

oxidation or IPQ Addition—PQQ has been reported to gener-
ate superoxide or hydrogen peroxide in media through auto-
oxidation (30, 31). To ensure that the effects of PQQ were not
due to this generation of reactive oxygen species,mitochondrial
biogenesis and stimulation of NRF-1 and NRF-2 by PQQ were
determined in the presence of superoxide dismutase and cata-
lase, similar to methods described by Aizenman et al. (32). No
differences were observed in the ability of PQQ to stimulate
mitochondrial biogenesis or up-regulate NRF-1 and NRF-2
expression when either enzyme was added (Fig. 6, A–C). To
ensure that superoxide dismutase and catalase were sufficient
to metabolize all reactive oxygen species generate by PQQ,
superoxide and hydrogen peroxide generated by PQQ was
assayed. Similar to data reported by He et al. (31), PQQ was
found to generate hydrogen peroxide in cell media (Fig. 6D).

The inclusion of catalase in cell
media was sufficient to eliminate
hydrogen peroxide generated by
PQQ below the level of detection
(Fig. 6E). No detectable superoxide
was generated in cellmedia by PQQ,
as determined by luminol oxidation
(data not shown). Because IPQ can
be generated from reactions with
PQQand amino acidswithout bulky
side chains (22), cells were incu-
batedwith IPQ instead of PQQ. IPQ
failed to stimulate mitochondrial
biogenesis and did not activate
NRF-1 and NRF-2 (Fig. 6, A–C),
which suggests that the effects
observed are due to PQQ, not the
PQQ metabolite, IPQ.
PQQ-mediated Induction of Suc-

cinate Dehydrogenase Activity Is
Dependent on CREB and PGC-1�
and Not Due to Auto-oxidation or
IPQAddition—PQQ for 24 and 48 h
induced an increase in succinate
dehydrogenase activity, as deter-
mined by reduction to MTT-form-
azan (supplemental Fig. 1A). Reduc-
tion of CREB and PGC-1�

expression by siRNA inhibits PQQ-induced increases in MTT
reduction (supplemental Fig. 1, B and C). PQQ stimulated
increases in MTT reduction in the presence of superoxide dis-
mutase and catalase. IPQ failed to stimulate an increase inMTT
reduction (supplemental Fig. 1D). These results are consistent
with our other data demonstrating that PQQ induces mito-
chondrial biogenesis.
PQQ and Cell Viability, Restoration of Oxygen Consumption,

and Reduction of Superoxide Formation Associated with Respi-
ratory Inhibition—We investigated whether PQQ can reduce
cell death caused by mitochondrial inhibition because of
observations that PGC-1� can prevent effects due to mito-
chondrial inhibition (16, 33). Exposure to rotenone (Fig. 7A),
3-nitropropionic acid (Fig. 7B), antimycin A (Fig. 7C), or
sodium azide (Fig. 7D) resulted in reduced cell viability com-
pared with cells exposed to media without a mitochondrial
toxin. Cells exposed to 10, 20, and 30 �M PQQ supplemented
in media for 24 h before exposure to mitochondrial inhibi-
tors displayed increased cell viability compared with corre-
sponding cell cultures without PQQ supplementation (also
see supplemental Fig. 2). Moreover, cells exposed to PQQ
before rotenone addition also had greater levels of oxygen
consumption and reductions in detectable mitochondrial
superoxide than cells exposed to rotenone but not PQQ (Fig.
7, E and F).

DISCUSSION

Previous studies (1, 10) have shown that mitochondrial bio-
genesis in vivo is responsive to dietary PQQ status, but no
mechanisms have been established. We show that PQQ influ-

FIGURE 4. PGC-1� is required for induction of mitochondrial biogenesis by PQQ. Transfection of PGC-1�-
specific siRNA results in reduction of PGC-1� protein expression, detected by immunoblotting (A) and analyzed
by densitometry (n � 3) (B). At 24 h post-transfection, cells were incubated in media supplemented with 30 �M

PQQ or control media for 24 h. Transfection of PGC-1�-specific siRNA results in loss of PQQ-induced increases
in citrate synthase activity, assessed by MTT reduction (n � 8) and Mitotracker staining (C), assessed by micro-
plate assay (n � 8) and mitochondrial DNA content (D), and assessed by quantitative real-time PCR (n � 8) (E).
Columns and error bars indicate the means � S.D., respectively. Asterisks denote significant difference from
control condition: *, p � 0.05; **, p � 0.01; ***, p � 0.001. Results are representative data from experiments
performed at least twice.
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ences PGC-1� activity, which is a major mechanism for the
regulation of mitochondrial biogenesis (15). A part of the proc-
ess involves CREB, which has been identified as an activator of
PGC-1� transcription by binding to the PGC-1� promoter.
The induction of PGC-1� by CREB activation is responsive to
numerous physiological stimuli, such as catecholamines (34,
35), glucagon (35), and exercise (18). The ability of PQQ to
stimulate CREB phosphorylation and activation appears
important. PQQ elicited a transient, stimulatory increase in
CREB activity. Although the effect lasted less than 8 h, it is
similar to the serum stimulation of CREB phosphorylation
observed in fibroblasts, which occurs within 1 h of serum expo-
sure and declines after 6 h (36). This response is followed by
increases in cytochrome c and cytochrome oxidase expression
after 12 h (36). The increase in mitochondrial biogenesis and
PGC-1� expression was present after 24–48 h after the start of
PQQ exposure, which suggests that the increase in PGC-1�

activity lasts longer than the increase in CREB activity. One
possibility is that the transitory stimulation of PGC-1� expres-
sion by CREB leads to a stable increase in PGC-1� activity
through a positive autoregulatory feedback pathway. For exam-
ple, a positive autoregulatory loop for PGC-1 expression for the
determination of muscle fiber type from type II to type I
involves the binding of MEF2 to the PGC-1� promoter, which
is enhancedwithMEF2 andPGC-1� coactivation (18). Another
positive autoregulatory loop involves the binding of peroxi-
some proliferator-activated receptor -�, a co-activation target
of PGC-1�, to the distal region of the PGC-1� promoter (37).
Thus, it is possible that the activation of PGC-1� by PQQ can
induce further lasting increases in either PGC-1� activity or
expression by influencing an autoregulatory feedback pathway.
Reduction ofCREB expression by siRNA-mediated knockdown
resulted in a reduction in both CREB and PGC-1� expression.
This observation is similar to the reduction in PGC-1� mRNA

FIGURE 5. PQQ activates CREB and induces CREB phosphorylation at serine 133, and CREB is required for PQQ-induced mitochondrial biogenesis.
Shown is activation of PGC-1� promoter, detected by transfection of CREB reporter plasmid after PQQ exposure (n � 6) (A). Phosphorylation of CREB at serine
133 is shown after exposure to 30 �M PQQ (B) for times ranging from 15 min to 8 h, detected by immunoblotting using an anti-phosphoserine133-CREB
antibody. Phosphorylated CREB was determined by the amount of phosphorylated CREB relative to total CREB (C), detected by immunoblotting and deter-
mined by densitometry. Columns and error bars indicate the means � S.D., respectively. Transfection of CREB-specific siRNA results in a reduction of CREB and
PGC-1� protein expression, detected by immunoblotting (D) and analyzed by densitometry (n � 3) (E and F). At 24 h post-transfection, cells were incubated in
media supplemented with 30 �M PQQ or control media for 24 h. Transfection of CREB-specific siRNA led to a loss of PQQ-induced increases in citrate synthase
activity, assessed by MTT reduction (n � 8) and Mitotracker staining (G), assessed by microplate assay (n � 8) and mitochondrial DNA content (H), and assessed
by quantitative real-time PCR (n � 8) (I). Asterisks denote significant difference from control conditions: *, p � 0.05; **, p � 0.01; ***, p � 0.001. Results are
representative data from experiments performed at least twice.
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expression found in livers of mice infected with an adenoviral-
based CREB inhibitor (38). Although siRNA-mediated knock-
down of either CREB or PGC-1� was sufficient to eliminate
PQQ-mediated mitochondrial biogenesis and the reduction of
CREB by siRNA reduced PGC-1� expression, it is also possible
that part of the PQQ-inducedmitochondrial biogenesis may be
due to CREB activation without the role of PGC-1�. CREB has
been reported to bind to the D-loop of mitochondria in rodent
brain tissue and primary neurons (39, 40). Although functions
of the activation remain unresolved, the downstream conse-
quences are consistent with the PGC-1� pathway. For example,

the functional increases in citrate synthase and cytochrome
activity, Mitotracker staining, mitochondrial DNA content,
and cellular oxygen consumption occurred with increases in
NRF-1 and NRF-2 activation and Tfam, TFB1M, and TFB2M
mRNA expression. Although other nuclear co-activators
related to PGC-1� exist, such as PGC-1� and PGC-1-related
co-activator, evidence showing that siRNA-mediated PGC-1�
knockdown is sufficient to reduce induction of mitochondrial
biogenesis by PQQ suggests that the other co-activators are not
involved, although this possibility cannot be excluded. CREB
has been shown to regulate PGC-1�, and data shown here sug-

FIGURE 6. PQQ-induced mitochondrial biogenesis and nuclear respiratory factor activation is not caused by generation of either hydrogen peroxide,
superoxide, or IPQ in the media by PQQ. Increases in mitochondrial content after PQQ exposure were detected by citrate synthase activity (A) and a
Mitotracker staining microplate assay (B), and activation of NRF-1 and NRF-2 was detected by NRF-1 or NRF-2 response element reporter plasmid (C) after PQQ
exposure. As specified in the figure, cells were incubated in either control media (C) or media supplemented with 30 �M PQQ along with either 20 units of
catalase/ml of media or 20 units of superoxide dismutase (SOD)/ml of media or 40 �M IPQ. The control plasmid (B, Control) contains the luciferase gene and
thymidine kinase promoter but lacks a response element to either NRF-1 or NRF-2. Columns and error bars indicate the means � S.D., respectively. Asterisks
denote significant difference of experimental treatment from respective control condition (indicated with brackets): *, p � 0.05; **, p � 0.01; ***, p � 0.001.
Hydrogen peroxide (�M concentration) was generated by varying the concentrations of PQQ at 0, 1, 3, and 6 h (D) and in the presence or absence of 30 �M PQQ
and 20 units of catalase/ml media after 3 h (E). Columns and error bars indicate the means � S.D., respectively. Asterisks denote the significant difference of
experimental treatment from control condition; ***, p � 0.001. Results are representative data from experiments performed at least twice.
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gest that PQQ acts through CREB to regulate PGC-1�, but reg-
ulation of the PGC-1� and PGC-1-related co-activator by
CREBhas not yet been demonstrated. Also, it is recognized that

the PGC-1 family of co-activators likely act and respond to dif-
fering physiological stimuli and processes (41).
The observed increase in cell viability after PQQ incubation

and mitochondrial inhibition by rotenone is greater than the
observed increase in mitochondrial function by PQQ supple-
mentation compared with basal culturing conditions. For
example, the increases in mitochondrial parameters after PQQ
incubation (30 �M for 24 h) range from 14% for Mitotracker
staining to 23% for cellular oxygen respiration. For comparison,
the same concentration and duration of PQQ leads to a 39%
increase in cell viability and 134% increase in cellular oxygen
respiration after rotenone exposure. Adipocyte cell lines estab-
lished from PGC-1�-deficient mice showmodest reductions in
mitochondrial genes without significant impairment of brown
adipocyte differentiation (42). Adenoviralmediated-expression
of PGC-1� in vascular endothelial cells, resulting in a multiple-
fold increase in PGC-1� protein expression, leads to a 50%
increase in mitochondrial biogenesis (43). Overexpression of
PGC-1� in C2C12 muscle cells results in a higher respiration
rate compared with overexpression of PGC-1� (44). These
studies show that alterations in PGC-1� expression have com-
paratively modest changes in mitochondrial biogenesis and are
consistentwith our observations linking PQQ to PGC-1� activ-
ity. It is likely that the rather modest reductions in mitochon-
drial biogenesis may be due to compensation by PGC-1�. The
greater ability of PQQ to maintain and protect mitochondrial
function against mitochondrial inhibition compared with
increased mitochondrial activity relative to basal conditions
may be because of a number of reasons. One possibility is that
the stimulation of the mitochondrial biogenesis pathway facil-
itates recovery of mitochondria from damage induced bymito-
chondrial inhibition. Overexpression of PGC-1� in primary
renal cells after oxidant exposure accelerates recovery of mito-
chondrial function (45). Another possibility is that PQQ pro-
tects against reactive oxygen species, which can also be related
to PGC-1� activation and protection from the action of mito-
chondrial inhibitors and reactive oxygen species (16, 43, 46).
PQQ has been shown to protect neuroblastoma cells from
6-hydroxydopamine toxicity (47, 48), possibly by preserving
DJ-1 activity by preventing the oxidation of cysteines important
for DJ-1 function (48). Consequently, it is likely that several
mechanisms are responsible for the cytoprotective property of
PQQ. Protection from respiratory inhibitors by PQQ occurred
by exposing cells to PQQ before the addition of the toxins, and
PQQwas removed from themedia before the application of the
respiratory inhibitors. Unlike when oxygen consumption is
measured immediately after PQQ incubation, we did not
observe an increase in oxygen consumption after PQQ-supple-
mented media was replaced with control media for 24 h when
determining the effects of PQQ and rotenone on oxygen con-
sumption. This observation suggests that stimulation of mito-
chondrial biogenesis by PQQ can be transient and reversible.
PQQ reverses inhibition alongmany parts of themitochondrial
oxidation phosphorylation complex, and many mitochondrial
disorders show decreased mitochondrial function and
increased reactive oxygen species production (49, 50). Previ-
ously we showed that PQQ-deficient animals are sensitive to
diphenylene iodonium,which is aComplex I inhibitor and anti-

FIGURE 7. PQQ improves cell viability and preserves mitochondrial func-
tion due to mitochondrial inhibitors. Cell viability was detected by trypan
blue dye exclusion after rotenone (A), 3-nitropropionic acid (3NPA) (B), anti-
mycin (AMA) (C), or sodium azide (Azide) (D) exposure. Cells were incubated in
control media or media supplemented with 10, 20, or 30 �M PQQ for 24 h
followed by exposure to control media or media containing 2 �M rotenone,
40 mM 3-nitropropionic acid, 1 �M antimycin A, or 5 mM sodium azide for 24 h.
Columns and error bars indicate the means � S.D., respectively. Asterisks
denote significant difference from control conditions: *, p � 0.05; **, p � 0.01;
***, p � 0.001. Oxygen consumption (E) after PQQ and rotenone exposure
was measured by microplate oxygen assay. Cells were incubated in control
media or media supplemented with 30 �M PQQ for 24 h, then incubated in
control media (with 0.004% DMSO) or media containing 0.2 �M rotenone for
24 h. Oxygen assay was determined by increased fluorescence and is
expressed as the difference in relative fluorescence units from 10 to 20 min
after the assay start relative to the control conditions (without PQQ or rote-
none (contains 0.004% DMSO)). Columns and error bars indicate the means �
S.D., respectively. Asterisks denote significant difference from control condi-
tions (without PQQ or rotenone); ***, p � 0.001. Pound signs denote signifi-
cant difference from rotenone without PQQ; ###, p � 0.001. Reduction in
mitochondrial superoxide by rotenone after PQQ incubation (F) was deter-
mined by microplate MitoSOX assay. Cells were incubated in control media
or media supplemented with 30 �M PQQ for 24 h, then incubated in control
media (with 0.25% DMSO) or media containing 20 �M rotenone for 1 h. Mito-
chondrial superoxide increased fluorescence and was expressed relative to
the control conditions (without PQQ or rotenone, contains 0.25% DMSO).
Columns and error bars indicate the means � S.D., respectively. Asterisks
denote significant difference from control conditions (without PQQ or rote-
none); ***, p � 0.001. Pound signs denote significant difference from rote-
none without PQQ; ## p � 0.01. Results are representative data from experi-
ments performed at least twice.
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glycemic agent (1). Complex I and III are known to generate
superoxide in the mitochondria (51), and inhibition of Com-
plex I, II, III, or IV of themitochondrial respiratory chain results
in an increase in mitochondrial reactive oxygen species and
oxidative damage (16, 52–54). An improvement in oxygen uti-
lization and flux (55) may explain how PQQ can prevent an
increase in mitochondrial superoxide, which may be a mecha-
nism by which PQQ can protect cells against respiratory
inhibition.
The induction of mitochondrial biogenesis by PQQ has a

number of health implications. PGC-1� elevation, particularly
in muscle and adipose tissue, may also be helpful in that
PGC-1� expression is decreased in obesity (56, 57). CREB null
and PGC-1� null mice have hepatic steatosis and impaired glu-
coneogenesis and �-oxidation (38, 58, 59). PQQ-deficient mice
have elevated serum triglycerides, which is reversed upon PQQ
repletion (1). In addition, mice with deletion of all CREB iso-
forms have reduced commissural structure formation and
impaired fetal T cell development (60), and other mouse mod-
els of CREB-targeted deletion show impairedmemory and neu-
rodegeneration (61, 62). Likewise, dietary PQQ deprivation
results in immune dysfunction (63). PQQ is also neuroprotec-
tive when administered by intraperitoneal injection (64, 65) or
diet supplementation (66).
Although other phytochemicals are associated with the acti-

vation of cell signaling pathways important to mitochondrial
function, PQQ has properties that set it apart from other com-
pounds. As an example, resveratrol and genisten have been
demonstrated to affect cell-signaling pathways, including those
important for mitochondrial biogenesis. Resveratrol can
induce deacetylation of PGC-1� (2) andAMP-activated protein
kinase activation (2), which are potential mechanisms for
PGC-1� activation. Both resveratrol and genistein are relatively
insoluble in water, and increasing its water solubility does not
increase resveratrol absorption (67), although genistein bio-
availability can be increased by complexing genistein with
cyclodextrins (68). In contrast, PQQ is relatively water-soluble
(�1 g of PQQ/liter of water) and is easily absorbed at low die-
tary concentrations intakes (69). Although genistein can induce
PGC-1� protein expression and mitochondrial biogenesis (3),
genistein may also have phytoestrogenic properties because of
its ability to activate the estrogen receptor (70).
The observed effects of PQQ are also observed at concentra-

tions lower than those for resveratrol and genistein, particularly
in vivo. In cell cultures in vitro, PQQ causes changes in mito-
chondriogenesis and function at concentrations similar to
those reported recently for small molecule activators of SIRT1
(71), which are being explored for their therapeutic potential
(72). These observations suggest that further study related to
PQQ is warranted. One important note is that PQQ can
increase PGC-1� mRNA transcription, which is different from
the post-translation regulation of PGC-1� by resveratrol and
raises the likelihood that a combination of various compounds,
such as are often present in fruits and vegetables, can stimulate
mitochondrial biogenesis through different modes of action.
Because mitochondria function as the principal energy source
of the cell, compromised function of this key organelle is linked
to numerous diseases and metabolic disorders (9, 41). In this

regard, PQQwould appear to have therapeutic potential similar
to resveratrol, genistein, hydroxytyrosol, quercetin, or other
compounds that can induce mitochondrial biogenesis.
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schin, C., Zheng, K., Lin, J., Yang, W., Simon, D. K., Bachoo, R., and
Spiegelman, B. M. (2006) Cell 127, 397–408

17. Borniquel, S., Valle, I., Cadenas, S., Lamas, S., and Monsalve, M. (2006)
FASEB J. 20, 1889–1891

18. Handschin, C., Rhee, J., Lin, J., Tarr, P. T., and Spiegelman, B. M. (2003)
Proc. Natl. Acad. Sci. U.S.A. 100, 7111–7116

19. Kasahara, T., and Kato, T. (2003) Nature 422, 832
20. Felton, L. M., and Anthony, C. (2005) Nature 433, E10—E12
21. Rucker, R., Storms, D., Sheets, A., Tchaparian, E., and Fascetti, A. (2005)

Nature 433, E10–E12
22. Mitchell, A. E., Jones, A. D., Mercer, R. S., and Rucker, R. B. (1999) Anal.

Biochem. 269, 317–325
23. Rantanen, A., Jansson, M., Oldfors, A., and Larsson, N. G. (2001)Mamm.

Genome 12, 787–792
24. Choi, Y. S., Lee, H. K., and Pak, Y. K. (2002) Biochim. Biophys. Acta 1574,

200–204

PQQ Stimulates Mitochondrial Biogenesis

JANUARY 1, 2010 • VOLUME 285 • NUMBER 1 JOURNAL OF BIOLOGICAL CHEMISTRY 151



25. Zhang, P., Liu, C., Zhang, C., Zhang, Y., Shen, P., Zhang, J., and Zhang,
C. Y. (2005) FEBS Lett. 579, 1446–1452

26. Vankoningsloo, S., De Pauw, A., Houbion, A., Tejerina, S., Demazy, C., de
Longueville, F., Bertholet, V., Renard, P., Remacle, J., Holvoet, P., Raes,M.,
and Arnould, T. (2006) J. Cell Sci. 119, 1266–1282

27. Scarpulla, R. C. (2006) J. Cell. Biochem. 97, 673–683
28. Wu, Z., Puigserver, P., Andersson, U., Zhang, C., Adelmant, G., Mootha,

V., Troy, A., Cinti, S., Lowell, B., Scarpulla, R. C., and Spiegelman, B. M.
(1999) Cell 98, 115–124

29. Johannessen, M., Delghandi, M. P., and Moens, U. (2004) Cell. Signal. 16,
1211–1227

30. Gallop, P. M., Paz, M. A., Flückiger, R., and Kagan, H. M. (1989) Trends
Biochem. Sci. 14, 343–346

31. He, K., Nukada, H., Urakami, T., and Murphy, M. P. (2003) Biochem.
Pharmacol. 65, 67–74

32. Aizenman, E., Hartnett, K. A., Zhong, C., Gallop, P. M., and Rosenberg,
P. A. (1992) J. Neurosci. 12, 2362–2369

33. Weydt, P., Pineda, V. V., Torrence, A. E., Libby, R. T., Satterfield, T. F.,
Lazarowski, E. R., Gilbert, M. L., Morton, G. J., Bammler, T. K., Strand,
A. D., Cui, L., Beyer, R. P., Easley, C. N., Smith, A. C., Krainc, D., Luquet, S.,
Sweet, I. R., Schwartz, M. W., and La Spada, A. R. (2006) Cell Metab. 4,
349–362

34. Cao, W., Daniel, K. W., Robidoux, J., Puigserver, P., Medvedev, A. V., Bai,
X., Floering, L.M., Spiegelman, B.M., andCollins, S. (2004)Mol. Cell. Biol.
24, 3057–3067

35. Yoon, J. C., Puigserver, P., Chen, G., Donovan, J., Wu, Z., Rhee, J., Adelm-
ant, G., Stafford, J., Kahn, C. R., Granner, D. K., Newgard, C. B., and
Spiegelman, B. M. (2001) Nature 413, 131–138

36. Herzig, R. P., Scacco, S., and Scarpulla, R. C. (2000) J. Biol. Chem. 275,
13134–13141

37. Hondares, E., Mora, O., Yubero, P., Rodriguez de la Concepción, M., Igle-
sias, R., Giralt, M., and Villarroya, F. (2006) Endocrinology 147,
2829–2838

38. Herzig, S., Long, F., Jhala, U. S., Hedrick, S., Quinn, R., Bauer, A., Rudolph,
D., Schutz, G., Yoon, C., Puigserver, P., Spiegelman, B., andMontminy,M.
(2001) Nature 413, 179–183

39. Ryu, H., Lee, J., Impey, S., Ratan, R. R., and Ferrante, R. J. (2005) Proc. Natl.
Acad. Sci. U.S.A. 102, 13915–13920

40. Lee, J., Kim, C. H., Simon, D. K., Aminova, L. R., Andreyev, A. Y.,
Kushnareva, Y. E., Murphy, A. N., Lonze, B. E., Kim, K. S., Ginty, D. D.,
Ferrante, R. J., Ryu, H., and Ratan, R. R. (2005) J. Biol. Chem. 280,
40398–40401

41. Lin, J., Handschin, C., and Spiegelman, B. M. (2005) Cell Metab. 1,
361–370

42. Uldry, M., Yang, W., St-Pierre, J., Lin, J., Seale, P., and Spiegelman, B. M.
(2006) Cell Metab. 3, 333–341

43. Valle, I., Alvarez-Barrientos, A., Arza, E., Lamas, S., and Monsalve, M.
(2005) Cardiovasc. Res. 66, 562–573

44. St.-Pierre, J., Lin, J., Krauss, S., Tarr, P. T., Yang, R., Newgard, C. B., and
Spiegelman, B. M. (2003) J. Biol. Chem. 278, 26597–26603

45. Rasbach, K. A., and Schnellmann, R. G. (2007) Biochem. Biophys. Res.
Commun. 355, 734–739

46. Liang, H., Bai, Y., Li, Y., Richardson, A., andWard, W. F. (2007) Ann. N.Y.
Acad. Sci. 1100, 264–279

47. Hara, H., Hiramatsu, H., and Adachi, T. (2007) Neurochem. Res. 32,
489–495

48. Nunome, K., Miyazaki, S., Nakano, M., Iguchi-Ariga, S., and Ariga, H.

(2008) Biol. Pharm. Bull. 31, 1321–1326
49. Pitkanen, S., and Robinson, B. H. (1996) J. Clin. Invest. 98, 345–351
50. Wong, A., Yang, J., Cavadini, P., Gellera, C., Lonnerdal, B., Taroni, F., and

Cortopassi, G. (1999) Hum. Mol. Genet. 8, 425–430
51. Kudin, A. P., Bimpong-Buta, N. Y., Vielhaber, S., Elger, C. E., and Kunz,

W. S. (2004) J. Biol. Chem. 279, 4127–4135
52. Smith, T. S., and Bennett, J. P., Jr. (1997) Brain Res. 765, 183–188
53. Chen, Q., Vazquez, E. J., Moghaddas, S., Hoppel, C. L., and Lesnefsky, E. J.

(2003) J. Biol. Chem. 278, 36027–36031
54. Schulz, J. B., Henshaw, D. R., MacGarvey, U., and Beal, M. F. (1996) Neu-

rochem. Int. 29, 167–171
55. Murphy, M. P. (2009) Biochem. J. 417, 1–13
56. Semple, R. K., Crowley, V. C., Sewter, C. P., Laudes, M., Christodoulides,

C., Considine, R. V., Vidal-Puig, A., and O’Rahilly, S. (2004) Int. J. Obes.
Relat. Metab. Disord. 28, 176–179

57. Crunkhorn, S., Dearie, F., Mantzoros, C., Gami, H., da Silva, W. S., Espi-
noza, D., Faucette, R., Barry, K., Bianco, A. C., and Patti,M. E. (2007) J. Biol.
Chem. 282, 15439–15450

58. Herzig, S., Hedrick, S., Morantte, I., Koo, S. H., Galimi, F., andMontminy,
M. (2003) Nature 426, 190–193

59. Leone, T. C., Lehman, J. J., Finck, B. N., Schaeffer, P. J., Wende, A. R.,
Boudina, S., Courtois, M.,Wozniak, D. F., Sambandam, N., Bernal-Mizra-
chi, C., Chen, Z., Holloszy, J. O., Medeiros, D. M., Schmidt, R. E., Saffitz,
J. E., Abel, E. D., Semenkovich, C. F., and Kelly, D. P. (2005) PLoS Biol. 3,
e101

60. Rudolph, D., Tafuri, A., Gass, P., Hämmerling, G. J., Arnold, B., and
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