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ABSTRACT Previous work showed that the activation of protein kinase A (PKA) sig-
naling promoted mitochondrial fusion and prevented podocyte apoptosis. The cAMP
response element binding protein (CREB) is the main downstream transcription fac-
tor of PKA signaling. Here we show that the PKA agonist 8-(4-chlorophenylthio)
adenosine 3=,5=-cyclic monophosphate–cyclic AMP (pCPT-cAMP) prevented the pro-
duction of adriamycin (ADR)-induced reactive oxygen species and apoptosis in
podocytes, which were inhibited by CREB RNA interference (RNAi). The activation of
PKA enhanced mitochondrial function and prevented the ADR-induced decrease of
mitochondrial respiratory chain complex I subunits, NADH-ubiquinone oxidoreduc-
tase complex (ND) 1/3/4 genes, and protein expression. Inhibition of CREB expres-
sion alleviated pCPT-cAMP-induced ND3, but not the recovery of ND1/4 protein, in
ADR-treated podocytes. In addition, CREB RNAi blocked the pCPT-cAMP-induced in-
crease in ATP and the expression of peroxisome proliferator-activated receptor
gamma coactivator 1 alpha (PGC1-�). The chromatin immunoprecipitation assay
showed enrichment of CREB on PGC1-� and ND3 promoters, suggesting that these
promoters are CREB targets. In vivo, both an endogenous cAMP activator (isoprotere-
nol) and pCPT-cAMP decreased the albumin/creatinine ratio in mice with ADR ne-
phropathy, reduced glomerular oxidative stress, and retained Wilm’s tumor sup-
pressor gene 1 (WT-1)-positive cells in glomeruli. We conclude that the upregulation
of mitochondrial respiratory chain proteins played a partial role in the protection of
PKA/CREB signaling.
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Podocytes are highly terminally differentiated cells and extend foot processes to the
glomerular basement membrane (GBM), which forms a slit diaphragm between

two adjacent podocytes (1, 2). A body of literature has documented that podocyte
injury is a key factor in focal segmental glomerular sclerosis, which occurs in many
glomerular diseases and leads to end-stage renal disease (ESRD) (3–5). Various physical
and chemical factors can cause cellular injury and may lead to podocyte loss. The
mechanism of decline of the podocyte population is not yet fully understood. However,
some studies have indicated that apoptosis is the primary contributor (6, 7).

The results of our previous study suggest that the activation of cyclic AMP (cAMP)
signaling can prevent puromycin aminonucleoside (PAN)- or adriamycin (ADR)-induced
podocyte apoptosis in a mouse nephropathy model (8). Other studies have shown that
the activation of cAMP signaling protects podocytes by regulating cell morphology,
cytoskeleton rearrangement, cell matrix production, and cell cycle regulation, thereby
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reducing podocyte loss and proteinuria (9–11). Protein kinase A (PKA), but not the
exchange protein directly activated by cAMP (Epac), mediates the protective effect of
cAMP in podocytes (12). However, little is known about the key downstream protective
molecules of cAMP/PKA signaling in podocytes. Intracellular PKA phosphorylates and
modulates the activity of ion channels, cellular motor proteins, and many regulatory
proteins, including phospholipase C, protein kinase C (PKC), phosphoinositide 3-kinase,
and inositol trisphosphate receptors (13). The canonical PKA signaling performs its
function via downstream transcription factor response element binding protein (CREB),
which plays a vital role in cell proliferation, survival, and differentiation (14, 15).

Some studies reported that mitochondrial dysfunction is involved in podocyte injury
(16, 17). The results of our previous study revealed that PKA signaling prevented
PAN-induced mitochondrial fission and apoptosis in podocytes, suggesting that mito-
chondrial function may be important in this process (12). In fact, the primary function
of mitochondria is oxidative phosphorylation for the supply of energy to cells (18). As
previously demonstrated, a high level of ATP is required for the maintenance of
podocyte structure and function (19). Therefore, the role of PKA signaling in podocyte
mitochondrial oxidative phosphorylation and production of ATP needs to be eluci-
dated.

RESULTS
pCPT-cAMP prevented ADR-induced podocyte apoptosis. Our previous studies

found that cAMP signaling prevented ADR-induced podocyte apoptosis (8), and we
further validated whether it is mediated by downstream PKA signaling. Caspase 3 is a
key enzyme involved in cell apoptosis, and the increased expression of cleaved caspase
3 is considered an important marker of apoptosis (20). After 72 h of incubation with
ADR, the expression of cleaved caspase 3 was increased in podocytes and was blocked
by 8-(4-chlorophenylthio)adenosine 3=,5=-cyclic monophosphate– cAMP (pCPT-cAMP)
pretreatment (Fig. 1A and B). Annexin V-propidium iodide (PI) staining showed that the
number of apoptotic podocytes was increased by 13.400% � 1.010% compared with
that in the control group (P � 0.05). In contrast, pCPT-cAMP pretreatment decreased
the number of apoptotic podocytes by 10.400% � 1.104% compared with that in the
ADR group (P � 0.05) (Fig. 1C and D). Consistent with the results of cell apoptosis, the
viability of podocytes was decreased significantly after ADR treatment and was par-
tially restored in podocytes pretreated with pCPT-cAMP. Cell viability was 40.45% �

6.78% and 69.80% � 5.48% in the ADR and pCPT-cAMP groups, respectively, compared
with that in the control group (Fig. 1E). The decrease of mitochondrial membrane
potential (Δ�m) is an important event in the early stage of apoptosis (21). The change
in fluorescence from red to green after 5,5=,6,6=-tetrachloro-1,1=,3,3=-tetraethyl-
benzimidazolocarbocyanine iodide (JC-1) staining indicated that pCPT-cAMP pre-
vented the reduction of the ADR-induced Δ�m (Fig. 1F). Carbonyl cyanide
3-chlorophenylhydrazone (CCCP) is a kind of efflux pump inhibitor which is usually
used as a positive control to induce mitochondrial membrane potential decrease (22).

CREB partially mediated the protective effect of PKA signaling in podocytes.
CREB is the main downstream transcription factor of PKA signaling; an increase in the
level of phosphorylated CREB means that the PKA signaling is activated (12). As shown
in Fig. 2A and B, the expression of phosphorylated CREB started to increase in both
whole-cell lysates and nuclei after 5 min of incubation of podocytes with pCPT-cAMP
and remained elevated until 15 min of incubation. CREB was also expressed in mito-
chondria and affects the transcription of mitochondrial genes (23). Mitochondrial
proteins were isolated, and the expression of phosphorylated CREB (p-CREB) was
increased in mitochondria and after 15 min of cell treatment with pCPT-cAMP (Fig. 2C).
These results indicate that CREB may function as a transcription factor in mitochondria.
Immunofluorescence staining showed that p-CREB was expressed primarily in the
nuclei (Fig. 2D). In order to assess whether the protection conferred by PKA signaling
depended on the activation of CREB, we used RNA interference (RNAi) to knock down
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FIG 1 PKA signaling prevented ADR-induced podocyte apoptosis. (A and B) Representative immunoblot and
corresponding graph of podocytes treated with ADR (0.25 �g/ml) in the presence or absence of pCPT-cAMP (50

(Continued on next page)
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the expression of CREB (Fig. 2E). As shown in Fig. 2F, the silencing of CREB prevented
PKA signaling and induced decreased levels of cleaved caspase 3.

PKA signaling increased mitochondrial O2 consumption and ATP generation.
As reactive oxygen species (ROS) generation can induce podocyte apoptosis (24), we
then explored whether PKA signaling protects against podocyte injury by reducing
oxidative stress. After 24 h of cell treatment with ADR, both mitochondrial superoxide
and the ROS index were strongly increased, and this increase was prevented by pCPT-cAMP
pretreatment (Fig. 3A). Considering that ADR can cause mitochondrial oxidative damage,
the oxygen consumption rate (OCR) was measured in podocytes treated with ADR or ADR
plus pCPT-cAMP using the Seahorse Bioscience (Billerica, MA) XF24 extracellular flux
analyzer after incubation with four mitochondrial inhibitors: oligomycin (ATP synthase
inhibitor), carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP; uncoupler), ro-
tenone (complex I inhibitor), and antimycin A (complex III inhibitor). There was no
significant difference in the baseline OCRs between the control group and the ADR
group. However, the ATP-linked OCR was lower in the ADR group (61.83% � 1.58%
versus 33.44% � 0.76%; P � 0.05). FCCP increased OCR in the control and ADR-plus-
pCPT-cAMP groups but not in the ADR group. The bioenergetic profile of the ADR-
plus-pCPT-cAMP group was distinct from that of the ADR group, with higher baseline
OCR, higher ATP-linked OCR, and maximum respiration (Fig. 3B to E). These results
suggested the occurrence of mitochondrial dysfunction in ADR-treated podocytes.
Therefore, the intracellular ATP concentration was measured. ADR administration re-
duced the ATP levels by 12.04% � 2.10%, and these levels were restored to 108.0% �

2.8% after pretreatment with pCPT-cAMP (Fig. 3F). However, pCPT-cAMP failed to
restore the decrease in ATP if CREB expression was inhibited. Peroxisome proliferator-
activated receptor gamma coactivator 1 alpha (PGC1-�) serves as a potent stimulator
of mitochondrial biogenesis and respiration (25) and can bind to several transcription
factors and directly affect the expression of respiratory chain components (26). The
potential participation of PGC1-� in PKA signaling via upregulation of mitochondrial
function was determined by immunoblot analysis, and this analysis indicated that
pCPT-cAMP pretreatment increased the expression of PGC1-� significantly in podocytes
compared with that in the control group (P � 0.05). However, CREB small interfering
RNA (siRNA) significantly inhibited this effect (Fig. 3G and H). Similar to the results of a
previous study, wherein CREB bound to the CRE region of the PGC1-� promoter (27),
the chromatin immunoprecipitation (ChIP) assay performed in the present study indi-
cated that PKA signaling might stimulate the transcription of the PGC1-� gene primarily
via CREB (Fig. 3I and J).

PKA signaling prevented ADR-induced downregulation of gene expression of
mitochondrial respiratory chain complex subunit I. In order to explore the key
factors of PKA signaling for podocyte protection, the main downstream genes of PKA
signaling involved in the protection of podocytes were explored by performing a
genome-wide transcriptome profile analysis. Considering that mitochondrial com-
plexes contribute to the formation of ROS and are involved in many disorders (28), we
focused on the change in the gene expression levels of mitochondrial complexes in the
control, ADR, and ADR-plus-pCPT-cAMP groups. Thirteen mitochondrial DNA (mtDNA)-
expressed genes were selected for cluster mapping on the Multiple Experiment Viewer
(MeV) microarray analysis platform (Fig. 4A). Our results indicated that ADR significantly
decreased the mRNA expression of mtDNA-encoded respiratory chain complex I sub-
units ND1, ND2, ND3, ND4, ND4L, and ND5, and this decrease was prevented by

FIG 1 Legend (Continued)
�mol/liter) for the indicated periods. Each bar represents data obtained from five independent experiments. (C and
D) Detection of cell apoptosis by annexin V-PI staining. Data were obtained from at least three independent assays.
(E) Evaluation of cell viability using the CCK-8 assay. (F) JC-1 staining of podocytes (original magnification, �200).
Carbonyl cyanide 3-chlorophenylhydrazone (CCCP) was used as a positive control of mitochondrial membrane
potential decrease. *, P � 0.05 compared with the control group; **, P � 0.05 compared with the ADR group. pCPT,
pCPT-cAMP.
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pretreatment with pCPT-cAMP. In contrast, there were no significant differences in the
expression of other mtDNA-expressed genes, including those for cytochrome c oxidase
(COX) I to III, ATP 6/8, and CytB. Real-time PCR was used to confirm the microarray
findings (Fig. 4B to D).

CREB silencing blocked the pCPT-cAMP-induced increase in the protein expres-
sion of mitochondrial respiratory chain complex I subunit ND3. Based on the role

FIG 2 CREB silencing weakened the protective effect of PKA signaling in podocytes. (A to C) Western blots of
podocytes treated with pCPT (50 �mol/liter) for the indicated periods. Each bar represents data obtained from five
independent experiments. (D) Detection of p-CREB expression in podocytes by immunofluorescence staining
(original magnification, �400). DAPI, 4,6-diamidino-2-phenylindole; COX, cytochrome c oxidase IV (used as a
reference mitochondrial protein). (E) Representative immunoblots and corresponding graph of CREB in podocytes
treated with CREB RNAi or a negative-control siRNA. (F) Representative immunoblots and corresponding graph of
cleaved caspase 3 in podocytes. *, P � 0.05 compared with the control group; **, P � 0.05 compared with the ADR
group; ***, P � 0.05 compared with the ADR-plus-pCPT-plus-ng group. ng, negative-control siRNA.
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FIG 3 PKA signaling enhanced mitochondrial function. (A) Podocytes were pretreated or not with pCPT
(50 �mol/liter) for 48 h and then incubated with ADR (0.25 �g/ml) for another 24 h. Fluorescence
microscopy showed the generation of mitochondrial ROS using DCF fluorescence or the mitochondrial
superoxide indicator MitoSOX red. (B) Oxygen consumption rate (OCR) in podocytes from three
groups. Each error bar represents data from three wells. Oligomycin (arrow A), carbonyl cyanide
p-trifluoromethoxyphenylhydrazone (FCCP) (arrow B), and a combination of rotenone and antimycin A
(arrow C) were added sequentially to the podocyte culture. (C) The baseline OCR was defined as the OCR
before the application of oligomycin. (D) ATP-linked OCR was calculated as the baseline OCR minus the
nadir following oligomycin. (E) Maximum respiration was defined as the peak OCR following the

(Continued on next page)
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of PKA signaling in mitochondrial gene expression, we further validated our results
at the protein level. After 72 h of incubation with ADR, the protein expression of
mitochondrial respiratory chain complex I subunits ND1, ND3, and ND4 was decreased to
52.1% � 1.7%, 34.6% � 2.35%, 54.7% � 3.06%, respectively (P � 0.05) (Fig. 5A and B).
However, the expression of these proteins was restored to 128.1% � 12.87%, 105.6% �

13.5%, and 101.29% � 6.38%, respectively, after pCPT-cAMP pretreatment compared
with that in the ADR group (P � 0.05). RNA interference inhibited CREB expression and
blocked the protein expression of pCPT-cAMP-induced ND3 but not the expression of
ND1 and ND4 (Fig. 5C to F), suggesting that ND3 may be a potential downstream target
gene for CREB. Chromatin immunoprecipitation with anti-CREB antibody followed by
qPCR (qPCR) analysis was conducted to assess whether ND3 might be a direct CREB
target in podocytes. ChIP-qPCR primers were designed within a 3-kb-long region
upstream to the transcription start sites of ND3 genes containing the CREB-binding site.
ChIP-qPCR analysis revealed that CREB bound to ND3 within the predicted regions,
suggesting that the ND3 gene is a direct target gene for CREB in mouse podocytes (Fig.
5G and H).

FIG 3 Legend (Continued)
application of FCCP. (F) Effects of CREB RNAi on ATP; each bar represents data obtained from five
independent experiments. (G and H) CREB silencing blocked the pCPT-cAMP-induced expression of
peroxisome PGC1-�. (I) The regions within the PGC1-� promoter were analyzed by ChIP-qPCR. (J)
Enrichment of CREB at the PGC1-� promoter. *, P � 0.05 compared with the control group; **, P � 0.05
compared with the ADR group; ***, P � 0.05 compared with the ADR-plus-pCPT-plus-ng group.

FIG 4 PKA signaling upregulated the mRNA expression of respiratory chain complex I. (A) Heat map of 13 mitochondrial DNA-
expressed genes. The red color indicates a high relative expression and the green color indicates a low relative expression. (B to D)
Real-time PCR analysis of the expression of mRNAs in ADR-treated podocytes in the absence or presence of pCPT. Each bar represents
data obtained from five independent experiments. *, P � 0.05 compared with the control group; **, P � 0.05 compared with the ADR
group.
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FIG 5 CREB silencing blocked the pCPT-cAMP-induced increase in the protein expression of mitochondrial respiratory chain complexes. (A and B)
Representative immunoblots and corresponding graph of mitochondrial respiratory chain complex proteins in podocytes treated with ADR in the absence
or presence of pCPT for the indicated periods. (C to F) Representative immunoblots and corresponding graph of mitochondrial respiratory chain complex
proteins in podocytes treated with CREB siRNA or a negative-control siRNA. Each bar represents data obtained from five independent experiments. (G)
The regions within the ND3 promoter were analyzed by ChIP-qPCR. (H) Enrichment of CREB at the ND3 promoter. *, P � 0.05 compared with the control
group; **, P � 0.05 compared with the ADR group; ***, P � 0.05 compared with the ADR-plus-pCPT-plus-ng group.
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pCPT-cAMP alleviated ADR-induced ROS generation in injured podocytes. In
animal experiments, isoproterenol was used as an endogenous cAMP agonist, and
p-CREB staining was increased in mice treated with ADR plus pCPT-cAMP and ADR plus
isoproterenol (Fig. 6A). ADR significantly increased the excretion of urinary albumin.
However, albumin excretion was decreased in mice treated with ADR plus pCPT-cAMP
and ADR plus isoproterenol at the second week (Fig. 6B and C). The average number
of podocytes per glomerulus was calculated by WT-1 staining. The numbers of WT-1-
positive cells per glomerulus were 10.26 � 2.79, 3.64 � 1.86, 10.35 � 3.62, and 9.86 �

2.91 (P � 0.05) in the control, ADR, ADR-plus-pCPT-cAMP, and ADR-plus-isoproterenol
groups, respectively, in the second week (Fig. 6D), which suggested that the activation
of PKA signaling prevented the loss of podocytes. The results of the in vitro study
indicated that PKA signaling could prevent ADR-induced podocyte injury by upregu-
lating mitochondrial respiratory chain proteins, thus reducing the production of ROS.
For this reason, mouse glomeruli were isolated and analyzed by real-time PCR. The
mRNA expression of ND1, -2, -3, and -5 in ADR-treated mice was significantly lower than
that of the control group, and pCPT and isoproterenol prevented the downregulation
of the mRNA expression of ND1, -2, and -3 but not of ND5 (Fig. 6E). In addition,
3-nitrotyrosine has been reported to be an important marker of oxidative stress (29),
consistent with the upregulation of mitochondrial oxidative phosphorylation complex
genes; pCPT-cAMP and isoproterenol were also associated with the lower expression of
3-nitrotyrosine than in ADR-treated mice (Fig. 6F).

DISCUSSION

Podocytes play an essential role in the maintenance of the integrity of the glomer-
ular filtration membrane, and injury to this membrane occurs in many glomerular
diseases (30). Increasing evidence indicates that intracellular signaling pathways are
involved in changes in the biological function of podocytes under different stimuli (31,
32). Our results indicated that PKA signaling might increase mitochondrial oxidative
phosphorylation and reduce ROS generation, thus preventing podocyte injury. CREB
activation partly mediated the protection conferred by PKA signaling.

Although some studies demonstrated the protective effect of cAMP signaling in
podocytes (33, 34), no direct evidence indicates that cAMP/PKA signaling can reduce
proteinuria and protect podocytes in vivo. In the present study, we showed that
pCPT-cAMP treatment prevented the ADR-induced increase in the albumin/creatinine
ratio and loss of podocytes. Apoptosis is the primary contributor to the loss of
podocytes in mice with ADR nephropathy (8). The mechanism of ADR-induced apop-
tosis in podocytes is unclear. The results of our previous study indicated that mito-
chondrial function was associated with ADR-induced apoptosis (12). It is well known
that mitochondria are essential for oxidative phosphorylation and generation of reac-
tive oxygen species during ATP production (35). Zhu et al. reported that the strong
apoptotic response in ADR-treated cells is associated with increased mitochondrial
damage and ROS production (36). Therefore, we hypothesized that PKA signaling might
prevent ADR-induced apoptosis in podocytes at least in part via protection of mito-
chondria and inhibition of ROS generation.

CREB is an important transcription factor. Some extracellular stimuli, including
peptide hormones and growth factors, can activate protein kinases such as PKA,
mitogen-activated protein kinases (MAPKs), and Ca2� calmodulin-dependent protein
kinases (CaMKs), which, in turn, catalyze the phosphorylation of serine 133 of CREB.
CREB plays an indispensable role in almost all life activities by binding to transcriptional
coactivators and then to the cAMP response element, consequently regulating the
transcription of target genes (37, 38). Similar to the results of Lee et al., in whose study
CREB directly regulated gene transcription in the mitochondrial genome (39), our
results indicated that after PKA signaling activation, the expression of p-CREB was
increased in nuclei and mitochondria. Therefore, CREB may regulate both nuclear and
mitochondrial gene transcription in podocytes. Lu et al. found that CREB mediated
all-trans retinoic acid-induced cell differentiation in HIV-infected podocytes (40). In the
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FIG 6 pCPT-cAMP alleviated ADR-induced proteinuria, renal oxidative stress, and loss of podocytes. (A) pCPT-cAMP increased p-CREB expression in mouse
glomeruli (original magnification, �400). (B) Albuminuria was expressed as the albumin-to-creatinine ratio (ACR) in four groups. Data are expressed as means �
SEM. (C) Urine proteins were stained with Coomassie brilliant blue and were resolved by gel electrophoresis. BSA, bovine serum albumin. (D) Immunohisto-

(Continued on next page)
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present study, the silencing of CREB only partially blocked the protection conferred by
PKA signaling, and this may be due to the following. First, RNAi did not fully suppress
CREB expression. Second, CREB is the primary but not the only downstream element of
PKA signaling, and the protective effect of PKA signaling may occur by other mecha-
nisms.

Mitochondria are the center of cellular oxidative phosphorylation and ROS gener-
ation, and these processes play a key role in cell death and differentiation, congenital
immune systems, and metabolic regulation of calcium (41). The mitochondrial respira-
tory chain is composed of five complexes, and four of them are located in the
mitochondrial membrane and are coupled to ADP phosphorylation, providing energy
for living cells (42). The primary component in PKA responsible for the protection of
podocytes was explored by screening the genome-wide transcriptome and performing
cluster analysis. Since mitochondrial dysfunction may be an early event and an impor-
tant pathogenic factor for podocyte injury (43, 44), we focused on the gene expression
of mitochondrial complexes I to V. Our results revealed that the expression of respira-
tory chain complex I subunits ND1 to -5 was significantly increased in the ADR-plus-
pCPT-cAMP group compared with that in the ADR group. Accordingly, Cela et al.
demonstrated that the depression of cellular respiration was due to the specific
inhibition of complexes I and III and was accompanied by the production of reactive
oxygen species (45). Our results suggest that the activation of PKA may upregulate the
expression of mitochondrial respiratory chain proteins, promote oxidative phosphory-
lation, and inhibit ROS generation in injured podocytes. What is more, ADR can damage
mtDNA directly, by intercalating into mtDNA during transcription and replication, or
indirectly, by generating ROS, thus inducing mtDNA damage (46, 47). In our present
study, the impressive reversal in podocytes pretreated with pCPT-cAMP should suggest
that activation of PKA signaling may prevent doxorubicin-mediated mtDNA damage as
well.

Proteins ND1, -3, and -4 are components of mitochondrial respiratory chain complex
1 (28). Although the activation of PKA reversed the downregulation of ADR-induced
NDs, it is of note that the silencing of CREB blocked the pCPT-cAMP-induced increase
in the protein expression of ND3 but not ND1 or -4, suggesting that other factors may
be involved in the PKA signaling-induced increase in the expression of mitochondrial
respiratory chain proteins. The results of the ChIP assay demonstrated that ND3 is a
downstream target gene regulated by CREB. Several studies suggest that subunit ND3
may play a key role in mitochondrial function. Mutations in the ND3 gene had a
significant impact on mitochondrial respiratory chain complex I enzymes and led to
neonatal mitochondrial encephalopathy (48–50). Therefore, the CREB-induced down-
regulation of ND3 may be important in injured podocytes. In addition to the generation
of ROS, a major function of mitochondria is ATP production (18). A large energy supply
ensures protein stability and signal transduction in podocytes (51). PGC1-� is a tran-
scriptional coactivator essential for mitochondrial gene transcription (52). Zhu et al.
reported that the dysfunction of the PGC-1�–mitochondrion axis is a primary contrib-
utor to ADR-induced podocyte injury (36), and endogenous PGC-1� may be necessary
for the maintenance of mitochondrial function in podocytes under standard conditions
(53). Previous studies have shown that CREB can activate PGC-1� (54). Similarly, our
results revealed that CREB RNAi blocked the pCPT-cAMP-induced increase in ATP and
the expression of PGC-1�, suggesting that CREB RNAi may decrease the expression of
PGC-1� and to some extent affect the expression of oxidative respiratory chain proteins
and ATP production. Signorile et al. reported that serum starvation impaired oxidative
phosphorylation in cultured fibroblasts and reduced the expression of phosphorylated

FIG 6 Legend (Continued)
chemical staining was performed to detect WT-1-positive cells in glomeruli (original magnification, �400). WT-1-positive cells were counted by a single renal
pathologist using a blinded method. At least 50 glomeruli per kidney were found. (E) Real-time PCR analysis of the expression of mitochondrial complex mRNAs
in isolated glomeruli. (F) Immunofluorescence staining of 3-nitrotyrosine in mouse kidney (original magnification, �400). Nestin is a marker protein of mature
podocytes. *, P � 0.05 compared with the control group; **, P � 0.05 compared with the ADR group.
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CREB, NrF-1, PGC-1�, and TFAM, suggesting that the normal oxidative function of the
respiratory chain depends on these transcription activation factors (55).

As adriamycin causes mitochondrial dysfunction that should be universal, some
strains (such as C57BL/6 mice) are resistant to ADR-induced renal damage (56). How-
ever, there is research demonstrating that endothelial nitric oxide synthase (eNOS)-
deficient C57BL/6 mice developed overt proteinuria and progressive glomerular endo-
thelial cell and podocyte injury when treated with ADR, implying that differences in
eNOS production by endothelial cells may account for its resistance to adriamycin of
C57BL/6 mice (57). In addition, Papeta et al. demonstrated that a mutation in the
protein kinase, DNA-activated, catalytic polypeptide gene (Prkdc) is the underlying
cause of susceptibility to ADR nephropathy, a novel role for Prkdc in maintenance of
the mitochondrial genome. An 80% to 90% reduction in protein abundance of Prkdc
was detected in the kidneys of BALB/c strain mice compared with that in C57BL/6 mice
(58).

Glucose is the major energy substrate for most mammalian cells. However, other
molecules, including amino acids, nucleosides, and fatty acids, are also metabolized to
produce energy in the form of ATP (51). Therefore, the energy metabolism pathways
affected by PKA signaling in podocyte protection need to be further investigated.

In conclusion, our results indicated that PKA signaling might upregulate the expres-
sion of mitochondrial respiratory chain complexes, reduce ROS production, and in-
crease ATP generation, thus preventing ADR-induced podocyte apoptosis. Moreover,
the prevention of podocyte apoptosis was at least in part dependent on CREB activa-
tion.

MATERIALS AND METHODS
Experimental drugs. pCPT-cAMP and adriamycin (ADR) were purchased from Sigma Chemical (St.

Louis, MO). Isoproterenol was purchased from Tocris Bioscience (Avonmouth, Bristol, UK).
Urine albumin-creatinine ratio. Urine protein was determined using Coomassie stain (Beyotime,

Jiangsu, China). The urine samples were diluted 20 times with deionized water before degeneration.
Proteins were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
Urine albumin and creatinine concentrations were determined using an albumin and creatinine assay kit
(Jiancheng, Nanjing, China). The absorbance was determined at 510 nm using a microplate reader.

Podocyte culture and treatment. Conditionally immortalized mouse podocytes were kindly pro-
vided by Peter Mundel and were cultured as described previously (59). Most of the analyzed cells had an
arborous shape and expressed synaptopodin. Differentiated podocytes were pretreated with pCPT-cAMP
for 48 h and treated with ADR for distinct periods. After an additional 24 h of ADR incubation, the treated
cells were harvested, stained with annexin V-fluorescein isothiocyanate (FITC)–propidium iodide (PI), and
used for evaluation of mitochondrial membrane potential and reactive oxygen species (ROS). The treated
cells were incubated with ADR for 48 or 72 h for detection of mRNA or protein, respectively. All
experiments were repeated at least four times for each indicated condition. Podocytes between passages
9 and 20 were used in all experiments.

Cell component extraction. Podocyte nuclear extracts were prepared using a nuclear protein
extraction kit (Beyotime, Jiangsu, China). Mitochondria were extracted according to the procedure
recommended in the Minute mitochondrion isolation kit (Invent Biotechnology, Plymouth, MN).

Quantification of ROS generation. Total ROS levels were quantitated by seeding podocytes into a
six-well plate. Cells were incubated for 30 min with 10 �mol/liter of dichlorofluorescin diacetate (DCFDA).
Changes in intracellular ROS levels were determined by measuring the oxidative conversion of cell-
permeative 2,7-dichlorodihydrofluorescein diacetate (DCFH-DA) to highly fluorescent dichlorofluorescin
(DCF). Fluorescence was measured using a fluorescence microscope (Leica, Bensheim, Germany). Mi-
toSOX red mitochondrial superoxide indicator (Thermo Scientific, Rockford, IL) was used to detect
mitochondrial ROS. Briefly, 1 ml of MitoSOX red reagent working solution (5 �mol/liter) was incubated
with podocytes at 37°C in the dark for 10 min, and fluorescence was measured as described previously.

Annexin V-FITC–PI staining. Podocytes were harvested, incubated with 100 �l of 1� binding buffer
containing 5 �l of annexin V-FITC and 5 �l of PI (Becton Dickinson, Franklin Lakes, NJ), and analyzed
using flow cytometry (Becton Dickinson FACS Vantage SE).

Determination of mitochondrial membrane potential. Mitochondrial membrane potential
(Δ�m) was determined using the dual-emission mitochondrial dye 5,5=,6,6=-tetrachloro-1,1=,3,3=-
tetraethylbenzimidazolocarbocyanine iodide (JC-1) (Beyotime). At low Δ�m, the fluorescence of the
monomeric form of JC-1 is green (emission at 529 nm). At high Δ�m in the mitochondrial matrix, JC-1
forms aggregates and the fluorescence is red (emission at 590 nm).

Quantification of cell viability. Cell viability was quantified using Cell Counting Kit 8 (Beyotime)
according to the manufacturer’s instructions. The absorbance was measured at 450 nm using a
microplate reader.
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ChIP-qPCR assay. A chromatin immunoprecipitation (ChIP) assay was performed using differentiated
podocytes with a CREB antibody or immunoglobulin G (IgG) control. Briefly, after sonication, cross-linked
DNA was precipitated with anti-CREB antibody (1:50; Cell Signaling Technology, Beverly, MA) or IgG
overnight at 4°C. Purified chromatin immunoprecipitated DNA was amplified with primers specific for the
following: ND3 (forward, 5=-CCTGCTCACCAATATCCTCACAAT-3=; reverse, 5=-GAATACTTCCGAGACGATGA
ATAGG-3=) and PGC1-� (5=-forward, GCGTTACTTCACTGAGGCAGAG-3=; reverse, 5=-AGTAGGCTGGGCTGT
CACTCA-3=). Quantitative real-time PCR data were analyzed using an RT2 Profiler PCR array data analysis
system (Qiagen, Germantown, TN).

Immunofluorescence and immunohistochemical staining. Cryosections with a thickness of 4 �m
were prepared using a cryostat and were fixed in 4% paraformaldehyde for 15 min. After blocking, the
cryosections were incubated with primary antibodies and then with a fluorescein Cy3-FITC-labeled
secondary antibody (1:100; Proteintech, Wuhan, China). Fluorescence images were recorded using a Leica
TCS SP5II confocal microscope (Leica, Bensheim, Germany). The following primary antibodies were used:
mouse anti-3-nitrotyrosine (1:100; Abcam, Cambridge, UK), p57 antibody (1:50; Santa Cruz Biotechnology,
Inc., Dallas, TX), p-CREB antibody (1:50; Santa Cruz Biotechnology, Inc.), and rabbit antinestin antibody
(1:100; Proteintech). Podocytes were seeded onto clean glass coverslips, fixed with 4% paraformalde-
hyde, and permeabilized with 0.2% Triton X-100. The slides were incubated with rabbit anti-p-CREB
antibody (1:50; Santa Cruz Biotechnology, Inc.), mouse anti-COX IV antibody (1:100; Proteintech), and
fluorescein Cy3/FITC-labeled secondary antibody (1:100; Proteintech). Fluorescence images were re-
corded as described above.

For immunohistochemistry, after deparaffinization, rehydration, antigen retrieval, and blocking, the
sections were incubated with a primary antibody to WT-1 (1:50; Santa Cruz Biotechnology, Inc.) and then
with horseradish peroxidase-labeled secondary antibody (Beyotime).

RNA extraction, real-time PCR, and microarray hybridization. Total RNA was extracted with TRIzol
(Thermo Scientific, Rockford, IL) according to the manufacturer’s instructions. After reverse transcription,
the RNA samples were denatured and amplified using a LightCycler 480 real-time PCR system (Roche
Applied Science, Mannheim, Germany). Amplification conditions were as follows: 45 cycles at 95°C for 30
s, 95°C for 10 s, and 60°C for 20 s. The primers used are shown in Table 1. For microarray hybridization,
RNA samples were amplified, labeled with Cy3-UTP using the Agilent Quick Amp labeling kit (Agilent
Technologies, Santa Clara, CA), and hybridized with the Agilent mouse whole-genome oligonucleotide
microarray in Agilent’s SureHyb hybridization chambers. The mouse whole-genome oligonucleotide
microarray contained all known genes and transcripts of the mouse genome. After hybridization and
washing, the hybridized slides were scanned using a DNA microarray scanner (Agilent; product no.
G2565BA). The results were processed with Agilent Feature Extraction Analytics software (v11.0.0.1) and
were imported into Agilent GeneSpring GX software (v12.0) for further analysis. Differentially expressed
genes were identified by calculating the fold change (FC) and P values using the t test. Genes with an
FC of �2 and a P value of �0.05 between two groups were considered differentially expressed. The
procedure described above was performed by KangChen Bio-Tech (Shanghai, China).

RNA interference (RNAi). CREB small interfering RNA (siRNA) and a negative-control siRNA were
purchased from Thermo. siRNA (100 nmol/liter) was transiently transfected using Lipofectamine RNAiMax
(Thermo Scientific) according to the instructions of the manufacturer.

Measurement of the oxygen consumption rate. Mouse podocytes were seeded into 96-well plates
for differentiation. After the administration of pCPT-cAMP and ADR, cells were digested, transferred to a
V7 cell culture plate (Seahorse Bioscience, Billerica, MA) at 2.0 � 104/well, and incubated for 24 h at 37°C
with 5% CO2. Then the cells were incubated in bicarbonate-free low-glucose buffered Dulbecco modified
Eagle medium (DMEM) at 37°C without CO2 for 1 h and loaded into an XF24 extracellular analyzer
(Seahorse Bioscience). Different mitochondrial respiratory chain complex inhibitors were loaded into
three probes and then injected from the reagent ports automatically to the wells at the desired times
(60).

TABLE 1 Oligonucleotides used in real-time PCR for the selected genes

Gene
product Upstream sequence (5=–3=) Downstream sequence (5=–3=) Length (bp)

GAPDH CCAATGTGTCCGTCGTGGATCT GTTGAAGTCGCAGGAGACAACC 149
ND1 TCTAATCGCCATAGCCTTCC GCGTCTGCAAATGGTTGTAA 117
ND2 CCCTTGCCATCATCTACTTCA GCTGTTGCTTGTGTGACGA 184
ND3 TTCGACCCTACAAGCTCTGC TGAATTGCTCATGGTAGTGGA 119
ND4 GGCCTCACATCATCACTCCT TGGCTATAAGTGGGAAGACCA 112
ND4L TGCCATCTACCTTCTTCAACC CCTTCCAGGCATAGTAATGTGG 103
ND5 CCCATGACTACCATCAGCAA GTGGAATCGGACCAGTAGGA 103
ND6 AATACCCGCAAACAAAGATCAC TGTTGGAGTTATGTTGGAAGGA 100
Cytb CAAACCTCCTATCAGCCATCC AAGTGGAAAGCGAAGAATCG 109
ATP6 CTCACTTGCCCACTTCCTTC GTAAGCCGGACTGCTAATGC 114
ATP8 ACATTCCCACTGGCACCTT GGGTAATGAATGAGGCAAATAG 102
COXI CAATGGGAGCAGTGTTTGC CCAGGAAATGTTGAGGGAAG 150
COXII CCTGGTGAACTACGACTGCTA TCGGTTTGATGTTACTGTTGC 177
COXIII CTACCAAGGCCACCACACTC CGCTCAGAAGAATCCTGCAA 103
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Detection of ATP. The ATP levels in podocytes were determined by using the luciferin-luciferase
method following the protocol of the ATP assay kit (Beyotime). Briefly, cultured cells were harvested and
lysed. The supernatant was transferred to a new test tube for an ATP test. The relative ATP level was
calculated according to the following formula: relative ATP level � ATP level/protein level.

Immunoblot analysis. The fractionated cells were extracted and the protein concentration was
determined using bicinchoninic acid reagent (Thermo Scientific). Protein samples were resolved by
SDS-PAGE and transferred to a nitrocellulose membrane. Immunoblotting bands were visualized using
an Odyssey infrared imaging system. The antibodies used were rabbit anti-caspase 3 antibody (1:1,000;
Cell Signaling Technology), rabbit anti-cleaved caspase 3 antibody (1:1,000; Cell Signaling Technology),
mouse anti-�-actin antibody (1:5,000, Proteintech), mouse anti-glyceraldehyde-3-phosphate dehydroge-
nase (anti-GAPDH) antibody (1:5,000; Proteintech), rabbit anti-p-CREB antibody (1:200; Santa Cruz
Biotechnology, Inc.), rabbit anti-CREB antibody (1:200; Santa Cruz Biotechnology, Inc.), rabbit anti-H2A
antibody (1:2,000; Abcam, Cambridge, UK), rabbit anti-NADH1 antibody (1:1,000; Proteintech), goat
anti-NADH2 antibody (1:200; Santa Cruz Biotechnology, Inc.), rabbit anti-NADH3 antibody (1:200; Bio-
world, Nanjing, China), rabbit anti-NADH4 antibody (1:200; Santa Cruz Biotechnology, Inc.), rabbit
anti-NADH4L antibody (1:200; Santa Cruz Biotechnology, Inc.), rabbit anti-NADH5 antibody (1:200;
Bioworld), and rabbit anti-PGC1-� antibody (1:1,000; Abcam).

Animal experiments. All animal experiments were performed using a protocol approved by Renji
Hospital, Shanghai Jiaotong University School of Medicine. Male specific-pathogen-free BALB/c mice
(Shanghai SLAC Laboratory Animal, China) aged 6 to 8 weeks were divided into four groups: a control
group, an ADR group, a pCPT-cAMP-treated ADR group, and an isoproterenol-treated ADR group.
Nephropathy was induced by a single intravenous injection of 10 mg/kg (of body weight) of ADR.
pCPT-cAMP and isoproterenol were administered by intraperitoneal injection at doses of 50 mg/kg and
5 mg/kg 1 h before ADR administration, respectively, followed by daily injections of pCPT-cAMP or
isoproterenol until day 14. Urine was collected for 24 h using a metabolic cage on day 13. At day 14, mice
were sacrificed under chloral hydrate anesthesia and the kidneys were removed for analyses. Glomeruli
were isolated by a sieving method as detailed previously (61).

Statistical analyses. Quantitative data were representative of those from at least three experiments.
The results are expressed as means � standard deviations (SDs). Statistical analyses were conducted
using software SPSS v19.0 (IBM SPSS, Chicago, IL). Analysis of variance followed by Duncan’s test and
Dunnett’s test was used to assess differences between multiple groups. P values smaller than 0.05 were
considered statistically significant.
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