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Abstract

Phosphodiesterase 5 inhibition (PDE5i) activates cGMP-dependent protein kinase (PKG) 

and ameliorates heart failure; however, its impact on cardiac mitochondrial regulation has 

not been fully determined. Here, we investigated the role of the mitochondrial regulator 

peroxisome proliferator-activated receptor γ co-activator-1α (PGC1α) in the PDE5i-conferred 

cardioprotection, utilizing PGC1α null mice. In PGC1α+/+ hearts exposed to 7 weeks of 

pressure overload by transverse aortic constriction, chronic treatment with the PDE5 inhibitor 

sildenafil improved cardiac function and remodeling, with improved mitochondrial respiration and 

upregulation of PGC1α mRNA in the myocardium. By contrast, PDE5i-elicited benefits were 

abrogated in PGC1α−/− hearts. In cultured cardiomyocytes, PKG overexpression induced PGC1α, 

while inhibition of the transcription factor CREB abrogated the PGC1α induction. Together, these 

results suggest that the PKG–PGC1α axis plays a pivotal role in the therapeutic efficacy of PDE5i 

in heart failure.
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Cyclic guanosine 3’,5’-monophosphate (cGMP) and its primary effector protein kinase 

G (PKG) mediate physiological actions of nitric oxide (NO) and natriuretic peptides 

(NPs), playing central roles in the maintenance of cardiovascular system [1,2]. Enhancing 

cGMP-PKG signaling has emerged as a potent therapeutic strategy to treat heart failure 

[1,3-6]. Phosphodiesterase type 5 (PDE5) inhibitors inhibit cGMP hydrolysis, and have 

shown cardioprotective effects in experimental models of heart failure [1,7]. Consistently, 

a single-center study of heart failure patients with reduced systolic function (HFrEF) 

revealed that one year of treatment with the PDE5 inhibitor sildenafil improved cardiac 

function, geometry, and clinical status [4]. On the other hand, a multi-center clinical trial 

of heart failure patients with preserved systolic function (HFpEF) failed to show benefits 

[8], which might be due to the heterogeneous pathology of HFpEF and to the complexity 

of cGMP-PKG regulation [9-11]. These highlight the need for better understanding of 

molecular mechanisms underlying the benefits of cGMP-PKG in heart failure. A recent 

study demonstrated cGMP-PKG-mediated autophagy is a significant contribution [12]; 

however, other mechanisms might also work.

The last decade of research provided convincing evidence that mitochondrial dysfunction 

could be a significant contributor to the pathogenesis of heart failure [13,14]. Cardiac 

mitochondria generate most of the ATP required to meet the demand of the high-energy-

consuming organ, and also regulate intracellular redox balance and intracellular Ca2+. 

Although a small defect of mitochondrial function could lead to a vicious feed-forward 

cycle resulting in cell death, enough cardiomyocytes are thought to remain viable 

to potentially rescue function in failing hearts [13]. Peroxisome proliferator-activated 

receptor γ co-activator-1α (PGC1α) is a transcriptional coactivator that critically regulates 

mitochondrial biology and ancillary programs relevant to mitochondrial biology, including 

ATP production, ROS detoxification, biogenesis, and angiogenesis [15]. While human 

data remain a matter of debate, PGC1α down-regulation has been well-documented in 

Zhu et al. Page 2

FEBS Lett. Author manuscript; available in PMC 2023 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



experimental heart failure and is suggested to contribute to its pathophysiology [16,17]. 

Mice genetically lacking PGC1α (PGC1α−/− show poor contractile reserve and accelerated 

transition to failure during pressure overload by transverse aortic constriction (TAC) [18]. 

Interestingly, prior studies have shown that cGMP-PKG activation induces PGC1α in non-

cardiac contexts. For example, an NO donor or PDE5 inhibition induces PGC1α mRNA and 

mitochondrial biogenesis in adipose tissues [19]. Moreover, ANP induces PGC1α in skeletal 

muscle, conferring metabolic adaptations to physiological exercise [20]. However, similar 

regulation in the heart remains underexplored. In the current study, we tested a hypothesis 

that cGMP/PKG-PGC1α axis plays a critical role in reversing the metabolic and contractile 

dysfunction in the treatment of heart failure with PDE5 inhibition.

Materials and methods

Animals

PGC1α−/− mice were previously described [18]; controls were littermate wild-type 

(PGC1α+/+) mice. Male mice were used for all experiments. The mice were allowed 

ad libitum access to water and normal chow diet. The mice were housed in cages with 

12-h light-dark cycle in a temperature-controlled laboratory. Experimental procedures were 

approved by the Institutional Animal Care and Use Committee at Johns Hopkins Medical 

Institutions and performed in accordance with the institutional guidelines and carried out in 

compliance with the ARRIVE guidelines.

TAC and Sildenafil treatment

Transverse aortic constriction (TAC) or sham surgery was performed on 3- to 4-month-old 

mice as described [21]. Briefly, animals were anesthetized with isoflurane (1–1.5%) and 

100 mg kg−1 etomidate, intubated, and mechanically ventilated. The transverse aorta was 

constricted with a 27-gauge needle using 7-0 prolene suture. After ensuring the lack of 

excessive bleeding, the chest was closed, and the animal was allowed to recover from 

anesthesia. Animals were euthanized at 1 week or 3 weeks after TAC. Total heart weights 

were measured and normalized to tibial length (TL), and the left ventricular tissues were 

harvested. Snap-frozen heart samples were stored at −80 °C until analysis. Sildenafil (200 

mg kg−1 day−1) was given orally as described [22].

Echocardiography

Transthoracic echocardiography (Acuson Sequoia C256, 13MHz transducer; Siemens) was 

performed in conscious mice. M-mode LV end-systolic and end-diastolic dimensions were 

measured and LVFS (%) was calculated as described previously [21,22]. These assessments 

were performed, on the day of TAC/sham surgery and at 1 and 3 weeks after TAC/sham 

surgery, by investigators blinded to the genotype and heart condition.

Hemodynamics

In vivo LV function was assessed by PV analysis in anesthetized mice as described 

previously [21,22]. The LV apex was exposed through an incision between the seventh 

and eighth ribs. 1.4-French PV catheter (SPR-839; Millar Instruments, Houston, Texas) was 

inserted from the LV apex and advanced into the LV lumen to lie along the longitudinal 
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axis. The absolute volume was calibrated, and PV data were assessed at the steady state 

and during preload reduction phase. Data were analyzed using the LabChart application (AD 

Instruments, Dunedin, New Zealand).

Mitochondrial function

Mitochondrial respiratory function was assessed in cultured cardiac myocytes and left 

ventricular fibers after saponin permeabilization, using a Clark-type oxygen probe (World 

Precision Instruments) in a sealed respiration system as described [23]. Buffers contained 

(mM): for myocytes 65 KCl, 20 HEPES, 1 MgCl2, 0.5 KH2PO4, 0.1 EGTA-Tris, and 1 mg 

mL−1 BSA; pH 7.1 at 37 °C; for fibers 125 KCl, 20 HEPES, 3 Mg(CH3COO)2, 5 KH2PO4, 

0.4 EGTA, 0.3 DTT and 2 mg mL−1 BSA; pH 7.1 at 25 °C. Additions were: 20 μM 

palmitoyl-L-carnitine (PC) and 5 mM malate for assessing PC respiration; 10 mM pyruvate 

and 5 mM malate for pyruvate respiration; 5 MM glutamate and 2 MM malate for glutamate 

respiration. Following measurement of basal respiration, maximal (State 3) respiration was 

determined by exposure to 1 mM ADP, and ATP was determined by sequential collection 

of 30μl of respiration buffer. Post-oligomycin respiration was evaluated after the addition 

of oligomycin (1 μg mL−1) to inhibit ATP synthase. Respiration rates were expressed as 

nanomoles O2/min/1 × 107 cells, or per milligram dry weight of fibers. Respiratory control 

ratio was calculated as maximal respiration divided by basal respiration.

Histology

Heart samples were fixed with 10% formalin and embedded in paraffin. Samples were 

sliced into 4–5-mm short-axis slices. The size of cardiomyocytes was analyzed as previously 

described [9].

RNA analysis

Total RNA was extracted from mouse LV heart samples using Trizol (Invitrogen, Waltham, 

MA, USA) [9]. The mRNA was reverse transcribed into cDNA using a High Capacity 

RNA-to-cDNA Kit (Applied Biosystems, Life Technologies, Rockville, Maryland). TaqMan 

primers and probes for PGC1α (Ppargc1a) and Sod2 were purchased from Applied 

Biosystems. The SYBR Green primers for Nppb are as described [9].

Cardiac myocyte culture and viral transfection

Primary cultures of neonatal rat ventricular myocytes were prepared [21]. Adenoviral 

expression vectors for PKGIα and PGC1α shRNA were prepared as described [24]. 10 

MOI of overexpressing or shRNA adenovirus was employed, resulting in threefold protein 

increase (PKGIα) or 70% mRNA knockdown (PGC1α). PGC1α shRNA was a generous gift 

from Dr. Montminy (Salk Institute) [25].

GSH/GSSG assay

Reduced and oxidized glutathione (GSH/GSSG) were determined using a commercially 

available kit (OXIS Health Products) according to the manufacturer’s protocol.
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Statistics

Each experiment was powered to detect putative effect size according to previous studies. 

Sample sizes were decided to provide 80% power to detect a change with putative SD 

difference when using a two-sided alpha value of 0.05. Results are reported as mean ± 

SD. Two groups were compared by unpaired Student’s t test. More than two groups were 

compared by 2- or 1-way ANOVA, followed by Tukey-Kramer post-hoc test comparison 

between groups. P < 0.05 was considered to denote statistical significance.

Results

Sildenafil fails to improve cardiac function in mice lacking PGC1α

To determine the role for cGMP-PGC1α axis in the cardio-protection by PDE5 inhibition 

against heart failure, we employed PGC1α null (PGC1α−/−) mice and tested the effects of 

sildenafil in heart failure induced by pressure overload (TAC) (Fig. 1A). PGC1α−/− hearts 

did not present baseline cardiac abnormality or exacerbated early hypertrophic response by 1 

week as assessed by echocardiographic fractional shortening (FS), left ventricular (LV) size 

(LV-EDD), and LV mass (Fig. 1B), but revealed accelerated transition to failure by 3 week 

TAC (Fig. 1C), consistent with the previous report by Arany et al [18]. Echocardiographic 

assessment revealed that chronic sildenafil treatment (200 mg kg−1 day−1 in rodent chow), 

initiated 1 week after TAC surgery, prevented development of heart failure in controls 

(PGC1α+/+), but failed to do so in PGC1α−/− TAC hearts (Fig. 1C). Histological assessment 

at 7 weeks after TAC revealed that sildenafil treatment blunted the increase in heart weight 

(Fig. 2A) and myocyte size (Fig. 2B) in PGC1α+/+ TAC hearts, which was associated 

with reduced levels of myocardial BNP mRNA (Fig. 2A) and oxidative stress (GSH/GSSG 

ratio) (Fig. 2A). By contrast, none of such beneficial effects were observed in PGC1α−/− 7 

week-TAC hearts.

In vivo pressure-volume analyses revealed that sildenafil improved both systolic and 

diastolic measures (dP/dtmax normalized to instantaneous pressure: dP/dtmaxIP; end-systolic 

elastance: Ees; dP/dtmin, and Tau) (Fig. 2C) in PGC1α+/+ TAC hearts, whereas none of these 

parameters was affected in hearts without PGC1α. Systolic blood pressure (SBP) defined by 

LV peak systolic pressure was not decreased by sildenafil treatment in TAC hearts of both 

genotypes (Fig. 2C).

Sildenafil improves cardiac mitochondrial function in a PGC1α-dependent manner

To determine the impact of sildenafil treatment on mitochondrial energy metabolism, we 

isolated left ventricular muscle fibers and assessed mitochondrial respiratory function using 

three substrates including palmitoyl-L-carnitine, glutamate, and pyruvate. Respiration was 

markedly reduced in PGC1α+/+ 7 week-TAC hearts with all the three substrates tested 

and was significantly improved by chronic sildenafil treatment (Fig. 3A). Importantly, such 

improvement with sildenafil treatment was accompanied by the recovery of myocardial 

PGC1α mRNA levels, whereas PGC1α was otherwise markedly down-regulated (Fig. 3B). 

By contrast, sildenafil treatment failed to improve state 3 respiration with any of the three 

substrates in PGC1α−/− 7 week-TAC hearts (Fig. 3A). These results indicate an essential 
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role for PGC1α to the mitochondrial functional recovery by sildenafil treatment that 

critically contributes to the improvement of cardiac performance and ventricular remodeling.

cGMP-PKG induces cardiac myocyte PGC1α, improving cellular mitochondrial function

We then utilized cultured rat neonatal cardiac myocytes (RNCMs) and examined whether 

cGMP-PKG directly induced PGC1α and improved mitochondrial function in cardiac 

myocytes. We first assessed the effect of sildenafil in RNCMs exposed to prolonged 

phenylephrine (PE, 20 μM for 96 h), a well-known condition to down-regulate PGC1α 
[26]. Sildenafil (10 μM) potently inhibited PGC1α repression (Fig. 4A) and respiratory 

dysfunction assessed by maximal oxygen consumption and respiratory control ratio 

(RCR) (Fig. 4B), indicating the regulation of PGC1α by sildenafil at the level of the 

cardiac myocyte. Next, we examined the effect of PKGIα, a kinase that is activated by 

cGMP. Forced expression of PKGIα in RNCMs induced PGC1α (Fig. 4C), enhancing 

mitochondrial respiratory control ratio (Fig. 4D) and ATP synthesis (Fig. 4E). Importantly, 

PKGIα-induced enhancement of mitochondrial function did not occur when PGC1α was 

genetically silenced (~ 70% knock-down) using adenoviral-shRNA (Fig. 4D). These support 

the important role for cGMP-PKG-PGC1α axis in mitochondrial functional regulation in 

cardiac myocytes.

Cyclic-nucleotide regulatory element binding protein (CREB) activation is required for 
PKG-induction of PGC1α

The regulation of PGC1α gene is complex, which involves several transcription factors, 

including activating transcription factor 2 (ATF2), myocyte enhance factor 2 (MEF2), and 

forkhead box class O (FoxO1) and cAMP-responsive element-binding protein (CREB). 

Given that PGC1α transcription is highly reactive to CREB activation [27], we tested the 

role for CREB in PKG-induction of PGC1α. Because of the low transfection efficacy of 

plasmids into cardiomyocytes, we instead utilized HEK cells. PGC1α induction elicited 

by PKGIα over-expression was completely abrogated by co-expression with A-CREB 

(a dominant-negative CREB containing a serine-to-alanine mutation at S133) (Fig. 4F), 

indicating an essential role for CREB activation in this regulation.

Discussion

The present study demonstrated an essential role for PGC1α in the therapeutic benefits 

of PKG activation elicited by the PDE5 inhibitor sildenafil in a rodent model of heart 

failure. Sildenafil replenished myocardial PGC1α expression, maintained mitochondrial 

ATP generating capacity, and reduced oxidative stress, leading to the amelioration of 

maladaptive remodeling in later stages of heart failure during pressure overload, whereas 

neither metabolic nor physiological benefits of sildenafil treatment were observed in hearts 

lacking PGC1α. Our data provide evidence for the cardio-protection conferred by cGMP-

PKG-PGC1α axis, and this might also underlie the therapeutic benefits from other cGMP-

activating interventions such as PDE9 inhibition, neprilysin inhibition, or sGC stimulation 

[3,5,28].
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PKG activation by PDE5 inhibition has been shown to target several pathways related 

to cardiac pathophysiology, including Gq-coupled signaling, calcium influx via transient 

receptor potential canonical (TRPC) and proteasome protein degradation [2,29]. Our results 

indicate that the maintenance of mitochondrial function via PGC1α replenishment is a key 

to the anti-failure remodeling from PKG activation by sildenafil in later stages of pressure 

overload-induced heart failure. Importantly, experimental studies have revealed excessive 

induction of PGC1α is harmful rather than beneficial to the heart. Transgenic mice with 

high-level cardiac overexpression of PGC1α develop spontaneous dilative cardiomyopathy 

[26], and even moderate overexpressors respond poorly to pressure overload [30]. Therefore, 

PGC1α levels need to be maintained within certain levels for proper mitochondrial function; 

sildenafil works as a mild inducer of PGC1α so that mitochondrial homeostasis might be 

appropriately maintained.

Our results suggest that CREB activation might be a significant contributor to the induction 

of PGC1α by cGMP-PKG. Our prior studies demonstrated that sildenafil treatment activates 

cGMP-PKG but not cAMP-PKA pathway in the hearts [21], and that sildenafil’s cardio-

protective effect was blocked by PKG inhibition [31]. Accordingly, the sildenfil’s impact 

on PGC1α in the current study might be reasonably attributed to the activation of PKG. 

However, we did not directly rule out the potential involvement of cAMP-PKA pathway, 

which is a limitation of the study.

The present data showed the critical role of CREB activation in PGC1α upregulation, 

consistently with previous studies using various cell types including vascular smooth muscle 

cells, neuronal cells, and BHK cells [27,32,33]. Waton et al. also reported that CREB 

phosphorylation/activation correlates with PGC1α expression and is linked to adaptive 

cardiac hypertrophy to exercise [34]. The precise regulatory mechanisms in vivo, however, 

could be more complex, involving multiple factors to fine-tune its expression levels, given 

that the PGC1α promoter contains binding sites for MEF2, FoxO1, ATF2 as well as 

CREB and these can be modulated by several signaling pathways depending on cell-type 

and pathophysiological context [34]. In adipocytes, for example, ANP-activated PKG 

phosphorylates p38, which in turn phosphorylates ATF2 to enhance the transcription of 

PGC1α [35]. The precise regulatory mechanism underlying the transcriptional induction of 

PGC1α by PKG in cardiac myocytes in vivo warrants further investigation.

Besides transcriptional regulation, PGC1α can be activated post-translationally and this has 

been suggested to be involved in the benefits by PDE5 inhibition in diabetic hearts [14]. 

In type-II diabetic cardiomyopathy in ob/ob mice, tadalafil improves cardiac mitochondrial 

glutamate respiration, associated with increased Sirt1 activity (de-acetylation) and AMPK 

phosphorylation (phosphorylation) in the myocardium [36]. Although the metabolic 

remodeling in diabetic hearts is distinct from that of pressure-overloaded hearts: the former 

favoring fatty acid utilization without PGC1α repression and the latter glucose utilization 

with PGC1α repression, similar post-translational mechanisms of PGC1α activation might 

also contribute to the reverse remodeling process in our study. In turn, Li et al. reported 

the role for de-acetylation of PGC1α via Sirt3-mediated regulation by sildenafil in cardio-

protection in a myocardial infarction model [37], which might be also involved in our 

TAC-induced heart failure model. The present study determined the mRNA levels of PGC1α 
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and their functional impacts in the context of cGMP-PKG regulation, but did not assess 

the protein levels or function. This is the limitation of the study; however, it is likely 

that PGC1α mRNA expression levels might serve as substitutes for its protein levels as 

the strong correlation between PGC1α mRNA and protein expression levels has been 

demonstrated in rodent hearts [38].

Clinical application of PDE5 inhibition in heart failure has been demonstrated to be 

beneficial in a clinical study of heart failure patients with reduced ejection fraction (HFrEF) 

[4]. On the other hand, a large clinical trial of patients with heart failure with preserved 

cardiac ejection fraction (HFpEF) revealed no benefits from 6 months of sildenafil treatment 

[8]. With regard to the latter negative results, we found that the efficacy of sildenafil 

critically depends on estrogen levels in female animal models [9]. This may have contributed 

to the negative results in the HFpEF study in which older individuals were examined, 

nearly half of whom were women. However, there are other several potential explanations, 

including low levels of myocardial cGMP and PKG activity in this disorder, unknown levels 

of myocardial PDE5 (the phosphodiesterase is up-regulated in human HFrEF) [10] and 

modest or minimal structural and functional heart disease in many of the subjects enrolled in 

this study.

In conclusion, we have demonstrated that PGC1α regulation by cGMP-PKG plays a key 

role in the physiological benefits of PDE5 inhibition in the treatment of heart failure. 

The significance of PKG-PGC1α axis to maintaining mitochondrial function might be 

shared with other cGMP augmenting therapies in heart failure, including PDE9 inhibition, 

neprylisin inhibition, and sGC activation. The present study provides another line of 

mechanistic basis for the utility of PKG activating agents for treating heart diseases by 

revealing its role in metabolic signaling.
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ANP natriuretic peptide A

ATP adenosine triphosphate

BNP natriuretic peptide B

cGMP cyclic guanosine monophosphate
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CREB cAMP-responsive element binding protein

HFpEF heart failure with preserved systolic function

HFrEF heart failure with reduced systolic function

NO nitric oxide

PDE5 phosphodiesterase 5

PDE5i phosphodiesterase 5 inhibition

PGC1α peroxisome proliferator-activated receptor γ co-activator-1α

PKG cGMP-dependent protein kinase

PV loop pressure-volume loop

TAC transverse aortic constriction
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Fig. 1. 
Study protocol and echocardiography. (A) A schematic diagram of the study protocol. (B) 

Fractional shortening (FS), left ventricular (LV) end-diastolic dimension (LV-EDD) and LV 

mass from echocardiograms of PGC1α+/+ and PGC1α−/− hearts after 1 week exposure 

to pressure overload (TAC) before sildenafil treatment (n = 14–15 per group). Groups 

were compared by 2-way ANOVA followed by Tukey-Kramer post-hoc test. (C) Serial 

echocardiographic assessments of FS and LV-EDD during sildenafil treatment (n = 7–9 

per group). Sildenafil treatment (blue) significantly improved FS and ameliorated LV-EDD 

enlargement in PGC1α+/+ hearts (dotted lines), but not in PGC1α−/− hearts (solid lines). 

Groups were compared by 1-way ANOVA followed by Tukey-Kramer post-hoc test. *P < 

0.05, ***P < 0.001.
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Fig. 2. 
Sildenafil fails to ameliorate cardiac dysfunction in mice lacking PGC1α. (A) Heart weight 

normalized by tibia length (n = 8–12 per group), myocardial BNP (Nppb) expression (n = 8 

per group) and oxidative stress levels (GSH/GSSG ratio) (n = 4–8 per group). Groups were 

compared by 2-way ANOVA followed by Tukey-Kramer post-hoc test. (B) Histological 

analysis of cardiac myocyte size using wheat germ agglutinin (WGA) staining. Scale bar 

indicates 20 μm. Quantification results are shown in right bar graphs (n = 5 hearts per group, 

> 500 cells per heart). Groups were compared by 2-way ANOVA followed by Tukey-Kramer 

post-hoc test. (C) Representative pressure-volume (PV) loops during preload reduction. 

Shallow upper left relations (Ees) and rightward shift of loops by TAC were improved 

by sildenafil treatment in PGC1α+/+ hearts, but not in PGC1α−/− hearts. Contractile (dP/

dtmaxIP and Ees) and relaxation (dP/dtmin and Tau) parameters from PV loop analysis were 

shown (n = 4–6). Groups were compared by 2-way ANOVA followed by Tukey-Kramer 

post-hoc test. *P < 0.05; **P < 0.01; ***P < 0.001.

Zhu et al. Page 13

FEBS Lett. Author manuscript; available in PMC 2023 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
Sildenafil regulation of mitochondrial function in PGC1α+/+ and PGC1α−/− TAC hearts. (A) 

Mitochondrial respiration in cardiac muscle fibers using palmitoyl-L-carnitine, glutamate 

or pyruvate as substrate in PGC1α+/+ and PGC1α−/− TAC hearts after sildenafil treatment 

(SIL) (n = 4–5 per group). Groups were compared by 2-way ANOVA followed by Tukey-

Kramer post-hoc test. (B) Myocardial PGC1α expression in TAC hearts after sildenafil or 

vehicle treatment (n = 7–8 per group). Groups were compared by 2-way ANOVA followed 

by Tukey-Kramer post-hoc test. *P < 0.05; **P < 0.01; ***P < 0.001.
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Fig. 4. 
cGMP-PKG regulation of mitochondrial respiratory function via PGC1α in rat neonatal 

cardiac myocytes. (A) PGC1α expression and (B) mitochondrial respiratory function 

(glutamate/malate substrate) with or without sildenafil (SIL) in RNCMs exposed to 

prolonged phenylephrine (PE) (n = 4 per group). Groups were compared by 1- or 2-

way ANOVA followed by Tukey-Kramer post-hoc test. (C) PGC1α (Ppargc1a) mRNA 

up-regulation by adenoviral PKGI α induction (n = 6 per group). Groups were compared by 

unpaired Student’s t test. (D) PKGIα regulation of mitochondrial respiratory function (RCR, 

respiratory control ratio with glutamate/malate substrate with or without PGC1α silencing) 

(n = 4 per group). Groups were compared by 1-way ANOVA followed by Tukey-Kramer 

post-hoc test. (E) ATP generation during state 3 respiration by PKGIα induction (n = 4-5 

per group). Groups were compared by unpaired Student’s t test. (F) PGC1α expression by 

PKGIα in HEK cells with or without ACREB (CREB inhibitor) (n = 6–9 per group). Groups 

were compared by 1-way ANOVA followed by Tukey-Kramer post-hoc test. *P < 0.05; **P 
< 0.01; ***P < 0.001.
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