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Renal cyst development and expansion in autosomal dominant polycystic

kidney disease (ADPKD) involves over-proliferation of cyst-lining epithe-

lial cells and excessive cystic fluid secretion. While metformin effectively

inhibits renal cyst growth in mouse models of ADPKD it exhibits low

potency, and thus an adenosine monophosphate-activated protein kinase

(AMPK) activator with higher potency is required. Herein, we adopted a

drug repurposing strategy to explore the potential of PF-06409577, an

AMPK activator for diabetic nephropathy, in cellular, ex vivo and in vivo

models of ADPKD. Our results demonstrated that PF-06409577 effectively

down-regulated mammalian target of rapamycin pathway-mediated prolif-

eration of cyst-lining epithelial cells and reduced cystic fibrosis transmem-

brane conductance regulator-regulated cystic fluid secretion. Overall, our

data suggest that PF-06409577 holds therapeutic potential for ADPKD

treatment.

Autosomal dominant polycystic kidney disease

(ADPKD) is a prevalent inherited renal disease. The

disease is primarily caused by mutations in one of the

two genes, PKD1 or PKD2, encoding polycystin-1

(PC1) and polycystin-2 (PC2), respectively [1,2]. The

clinical manifestations of ADPKD include inexorable

formation and expansion of multiple renal cysts in

bilateral kidneys, which progressively compromise
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renal function. Eventually, ADPKD may lead to end-

stage renal disease (ESRD) [3].

The molecular mechanisms underlying ADPKD have

been delineated in several recent studies [4,5]. A gener-

ally accepted theory is that functional loss of PC1/PC2

disrupts intracellular Ca2+ homeostasis, leading to cys-

togenesis through activating several proliferative and

fluid secretion pathways [6]. Among these pathways,

the mammalian target of rapamycin (mTOR) pathway

is a driving force for the hyperproliferative phenotype

of ADPKD cells [7], while the cystic fibrosis transmem-

brane conductance regulator (CFTR) mediates exces-

sive fluid secretion into cyst lumen and promotes cyst

enlargement in the kidney [8,9].

Interestingly, the mTOR signaling pathway and

CFTR function could be concurrently mediated by the

adenosine monophosphate-activated protein kinase

(AMPK). This is evident from (a) AMPK indirectly

inhibited mTOR kinase activity through phosphorylat-

ing tuberous sclerosis complex 2 (TSC2) and conse-

quently suppressed protein synthesis and cell growth

[10]. (b) AMPK phosphorylated and directly inhibited

CFTR, reducing channel open probability and thus

inhibiting transepithelial fluid secretion [11]. Therefore,

an AMPK activator may have potential therapeutic

effects for the treatment of ADPKD. Indeed, a previ-

ous study reported that metformin could effectively

inhibit renal cyst growth in two mouse models of

ADPKD [7]. However, due to its low potency, the

dose regimen of metformin in the phase II clinical trial

(NCT02903511) was 500 mg every 2 weeks up to

1000 mg twice a day, almost 10-fold the amount of

tolvaptan (i.e., the drug approved by the FDA for

ADPKD treatment). In this regard, an AMPK activa-

tor with higher potency is preferred for better thera-

peutic index and patient compliance.

6-Chloro-5-[4-(1-hydroxycyclobutyl)phenyl]-1H-indole-

3-carboxylic acid (PF-06409577) activates a1b1c1 and

a2b1c1 AMPK isoforms with potencies of 7.0 and

6.8 nM, respectively [12]. This compound has been

demonstrated efficacious for the treatment of diabetic

nephropathy [12]. Herein, we adopted the drug repur-

posing strategy and tested whether PF-06409577 slo-

wed renal cystogenesis through inhibition of both the

mTOR pathway and CFTR function in cellular,

ex vivo and in vivo models of ADPKD.

Materials and methods

Chemicals and reagents

PF-06409577 (#M8095, Abmole, Shanghai, China),

Forskolin (FSK; #F6886, Sigma, Shanghai, China) and

8-bromoadenosine 30,50-cyclic monophosphate (8-Br-cAMP;

#B5386, Sigma) were dissolved in 100% DMSO as 100 mM

stock solutions and stored at �20 °C. DMSO (#D2650)

and 3-Isobutyl-1-methylxanthine (IBMX; #I5879-1G) were

from Sigma. Anti-AMPK (1 : 1000, #2532), anti-p-AMPK

(1 : 1000, #2535), anti-AKT (1 : 1000, #9272), anti-p-AKT

(1 : 1000, #9271), anti-p70S6K (1 : 1000, #2708) and anti-

p-p70S6K (1 : 1000, #9234) were from Cell Signaling Tech-

nology (CST, Shanghai, China). Anti-4EBP1 (1 : 1000,

#ab32024), anti-p-4EBP1 (1 : 1000, #ab75767), anti-

GAPDH (1 : 1000, #ab9585) and goat anti-rabbit IgG

(1 : 5000, #ab216773) were from Abcam (Shanghai, China).

CFTRInh-172 (#SF9110) was from Beyotime Biotechnology

(Shanghai, China). PEG300 (#HY-Y0873) was from MCE

(Shanghai, China). Tween80 (#1716) was from Biofroxx

(Guangzhou, China). Other chemicals were of analytical

grade and obtained from standard commercial sources.

Animals

Animals received humane care according to the Guide for

the Care and Use of Laboratory Animals prepared by the

Institute of Laboratory Animal Resources and published

by the National Institutes of Health (NIH Publication

86-23, revised 1996). Animal use was reviewed and

approved by the Laboratory Animal Ethics Committee of

Xuzhou Medical University (L20210226467).

MDCK cells cyst model

Type I Madin–Darby canine kidney (MDCK) cells (ATCC

no. CCL-34) were cultured in DMEM/F12 medium contain-

ing 10% fetal bovine serum, 2 mM glutamine and 1% peni-

cillin–streptomycin at 37 °C in 5% CO2. MDCK cysts were

generated as previously described [13,14]. The 400–600
MDCK cells were suspended in 0.4 mL 10 9 MEM medium

containing 2.9 mg�mL�1 collagen (PureCol, Inamed Bioma-

terials, Fremont, CA, USA), 100 U�mL�1 penicillin,

100 lg�mL�1 streptomycin, 27 mM NaHCO3 and 10 mM

HEPES, pH 7.4. Cell suspensions were plated onto 24-well

plates and incubated for 1.5 h. Subsequently, a 1.5 mL med-

ium containing 10 lM FSK was added to each well in ice-

cold collagen gel solution. The MDCK culture medium was

exchanged every 12 h for a duration of 12 days. To examine

the inhibitory effect of PF-06409577 on MDCK cyst growth,

1, 3 or 10 lM PF-06409577 was added to the medium from

day 5. The cysts were pictured every 2 days and the cyst

diameters (10 cysts/well and 3 wells/group) were analyzed

using PHOTOSHOP CS6 software (New York, NY, USA).

Embryonic kidney cyst model

Embryonic kidneys from wild-type C57BL/6 mice were

isolated at embryonic day 13.5 and were cultured as

described previously [13]. Cysts were stimulated with
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100 lM 8-Br-cAMP to induce cyst development. To deter-

mine the concentration-dependent inhibitory effect of PF-

06409577 on cyst development, 1, 3 or 10 lM PF-06409577

was added into the medium. Pictures of embryonic kidneys

were taken using an inverted microscope (Olympus, Tokyo,

Japan). The cystic index was quantified by analyzing the

ratio of cyst area to the total area of the kidney section

using IMAGE-PRO PLUS 6.0 software (Rockville, MD, USA).

Pkd1flox/flox;Ksp-Cre ADPKD mice

Pkd1flox/flox;Ksp-Cre ADPKD mice were generated as previ-

ously described [15]. In brief, Pkd1flox/+;Ksp-Cre mice were

self-crossed to generate wild-type (WT, Pkd1+/+;Ksp-Cre)

and ADPKD (Pkd1flox/flox;Ksp-Cre) mice [13,16]. Both WT

and ADPKD mice were divided into three groups, that is,

the group treated with vehicle (10% DMSO, 45% saline,

40% PEG300 and 5% tween 80), the group treated with

1 mg�kg�1 PF-06409577 and the group treated with

10 mg�kg�1 PF-06409577. Each group contains at least five

mice. Chemicals were administered once a day by subcuta-

neous injection on the back using a microsyringe (Shanghai

Gaoge Industrial and Trading CO., LTD, Shanghai, China)

from postnatal day 6 (P6) to P12. On postnatal day 12,

mice were weighted and sacrificed. The bilateral kidneys

were harvested to calculate the total kidney weight to body

weight (KW/BW) ratio. Renal cystic formation and devel-

opment were visualized by HE-stained kidney sections.

Western blotting

Cell and tissue lysate preparation was performed as previ-

ously described [17]. Proteins were separated by SDS/

PAGE based on molecular weight and transferred to Bio-

Trace NT nitrocellulose transfer membrane (Pall Corpora-

tion, Show Low, AZ, USA). Subsequent to blocking, the

membranes were incubated with primary antibodies at 4 °C
overnight. After this, the pretreated membranes were

washed three times. Following a two-hour incubation with

a secondary antibody at room temperature, the membranes

were stained and the protein bands were detected using a

two-color infrared laser imaging system (Odyssey Sa,

LICOR, Lincoln, NE, USA). The blots were analyzed

using IMAGE J software (Version 1.53c, National Institutes

of Health, Bethesda, MD, USA).

CFTR short-circuit current measurements

Madin–Darby canine kidney cells were seeded on transwell

filters at 3000 cells per well. Cells growing to a transepithe-

lial resistance of 1000–2000 Ω were pretreated with PF-

06409577 (0, 10 or 30 nM) for 1 h before short-circuit

current measurements. Afterward the filters were installed

on the Ussing chamber system. A 5 mL culture medium

containing 1.2 mM CaCl2, 120 mM NaCl, 10 mM HEPES,

3.3 mM KH2PO4, 25 mM NaHCO3, 0.83 mM K2HPO4,

1.2 mM MgCl2 and 10 mM mannitol (for apical) or 10 mM

glucose (for basolateral) was filled into the hemichambers.

The MDCK cells were firstly stimulated with 10 lM FSK

and 0.5 mM IBMX. After the short-circuit current reached

a plateau phase, 30 lM CFTRInh-172 was added to decrease

the short-circuit current to a lower plateau phase. The dif-

ference between the upper plateau and the lower plateau

represented the transport capacity of the CFTR channel.

A signal monitoring system for the Ussing Chamber

(Beijing KingTech Technology, Beijing, China) was used to

continuously record the short-circuit current.

Statistical analysis

Statistical analysis was performed using PRISM 7.0 (San

Diego, CA, USA). All results were expressed as

means � SEM. Each experiment was performed at least

three times. Student’s t test, one-way ANOVA or two-way

ANOVA followed by Tukey’s post hoc analysis were per-

formed to assess differences between the groups. P < 0.05

was considered statistically significant.

Results

PF-06409577 reduced cyst formation and

enlargement in an MDCK cell cyst model

We first employed the MDCK cyst model, an in vitro

model of renal cystogenesis [13], to examine the inhibitory

effect of PF-06409577 on renal cyst development and

growth. Cysts started to form (diameter > 50 lm) on day

4 and continuously expanded from day 4 onward

(Fig. 1A, top row). Exposure of established cysts with PF-

06409577 significantly inhibited cyst enlargement and the

effect was concentration-dependent (Fig. 1). At 10 lM,
PF-06409577 inhibited cyst growth by > 40% (Fig. 1B).

PF-06409577 retarded renal cyst development in

an embryonic kidney cyst model

We employed the embryonic kidney cyst model, an

ex vivo model of renal cystogenesis, to further evaluate

the inhibitory effect of PF-06409577. In the presence of

8-Br-cAMP, numerous cyst structures were observed

from day 2. The cysts progressively expanded over the

next 6 days (Fig. 2A, top row). Upon PF-06409577

treatment, both the number of cysts and the average size

of the individual cyst were significantly reduced

(Fig. 2A), as confirmed by quantitative image analysis

of the fractional cyst area (Fig. 2B). As illustrated in

Fig. 2B, the inhibitory effect of PF-06409577 was
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concentration-dependent, whereas 10 lM PF-06409577

inhibited cyst growth by > 30%.

PF-06409577 impeded renal cyst development in

Pkd1flox/flox;Ksp-Cre ADPKD mice

Next, the inhibitory effect of PF-06409577 on renal

cyst progression in vivo was further investigated using

neonatal kidney-specific Pkd1 knockout mice (Pkd1flox/

flox;Ksp-Cre) [18]. The mice were treated with PF-

06409577 (0, 1 or 10 mg�kg�1�day�1) from P6 to P12

and sacrificed on P12 to harvest the kidneys. It follows

from Fig. 3A,B that kidneys from the ADPKD mice

were dramatically enlarged compared to wild-type

mice (P < 0.0001, one-way ANOVA followed by

Tukey’s analysis, n ≥ 5). Upon treatment with PF-

06409577, the size of the kidneys was significantly

reduced. Such effect was dose-dependent with 10 mg

displaying the greatest inhibitory effect by > 35%. We

also observed that ADPKD mice had a significantly

decreased body weight compared with WT mice

(P = 0.0002, one-way ANOVA followed by Tukey’s

analysis, n ≥ 5). Upon treatment with PF-06409577,

the body weight of ADPKD mice increased signifi-

cantly compared to the untreated group (P = 0.0287,

one-way ANOVA with Tukey’s analysis, n ≥ 5,

Fig. 3C). Further examining the HE-stained kidney

sections corroborated that the kidneys of the ADPKD

mice were enlarged with multiple cysts throughout the

kidney, while in PF-06409577 treated ADPKD mice,

the size of the cysts was significantly reduced with

more residual renal parenchyma (Fig. 3D,E). Taken

together, these results suggested that PF-06409577 was

efficacious in impeding cyst development in the kid-

neys of ADPKD mice.

PF-06409577 inhibited cell proliferation by

stimulating AMPK and inhibiting the mTOR

pathway

The above mentioned results demonstrated that PF-

06409577 could inhibit renal cyst formation and

development in both in vitro and in vivo models. Next,

we examined the underlying molecular mechanisms for

its inhibitory effect. Incubation of MDCK cells with

PF-06409577 promoted a concentration-dependent

increase in AMPK phosphorylation, while no signifi-

cant effect on total AMPK expression (Fig. 4A,C).

This led to the inhibition of downstream mTOR sig-

naling pathways (Fig. 4A). As evidence, p-p70S6K/

p70S6K and p-4EBP1/4EBP1 were significantly down-

regulated (Fig. 4D,E). Similarly, treatment of ADPKD

mice with 10 mg�kg�1 PF-06409577 (Fig. 4B, G–I)
resulted in significant AMPK phosphorylation

(P = 0.0047, Student’s t test, n = 3), down-regulated

p70S6K phosphorylation (P = 0.0273, Student’s t test,

Fig. 1. PF-06409577 reduced cyst formation and growth in an MDCK cell cyst model. (A) Representative images of MDCK cyst growth in

collagen gel in the absence or presence of 1, 3 or 10 lM PF-06409577 from culture day 4 to day 12. Bar = 100 lm. (B) the growth curve of

MDCK cysts of each group from panel (A), represented by changes in cyst diameters with the time of administration. Data are presented as

means � SEM of five independent experiments, each performed by measuring the average size of more than 30 individual cells,

**P < 0.01, ***P < 0.001 vs. Control (CON), two-way ANOVA followed by Tukey’s analysis.
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Fig. 2. PF-06409577 retarded cyst development and growth in an embryonic kidney cyst model. (A) Embryonic kidneys were cultured in the

absence or presence of 1, 3 or 10 lM PF-06409577 on culture days 0, 2, 4, 6 and 8. Bar = 1 mm. (B) Fractional cyst areas (%) of kidneys

on culture day 8. Fractional cyst areas = (total cyst area/kidney area)*100%. Data are presented as means � SEM. n = 3, ns, not significant,

*P < 0.05, **P < 0.01 vs. Control (CON), one-way ANOVA followed by Tukey’s analysis.

Fig. 3. PF-06409577 impeded renal cyst development in Pkd1flox/flox;Ksp-Cre ADPKD mice. (A) Kidneys of WT (wild-type, Pkd1+/+;Ksp-Cre)

and ADPKD (Pkd1flox/flox;Ksp-Cre) mice treated with vehicle or PF-06409577 (1 or 10 mg�kg�1�day�1) on postnatal day 12. (B) Quantification

of the total kidney weight to body weight (KW/BW) ratio of each group. (C) Quantification of the body weight of each group on P12. (D)

Representative HE stained images of kidneys from WT and ADPKD mice treated with vehicle or PF-06409577. Bar = 5 mm. (E) Average

cyst area (total cyst area/total kidney area) for mice of each group. Data are presented as means � SEM. n = 6, *P < 0.05, **P < 0.01,

***P < 0.001, ns, not significant, one-way ANOVA followed by Tukey’s analysis.
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n = 3) and 4EBP1 phosphorylation (P = 0.0009, Stu-

dent’s t test, n = 3). These data proved PF-06409577

was capable of modulating epithelial cell proliferation

through inhibiting the mTOR signaling pathway.

Meanwhile, we found that AKT phosphorylation was

not significantly affected by PF-06409577 treatment

both in vitro (Fig. 4A,F) and in vivo (Fig. 4B,J). This

indicated that PF-06409577 regulated the mTOR sig-

naling pathway via AMPK, an AKT-independent

mechanism, rather than the traditional AKT-

dependent manner.

PF-06409577 inhibited CFTR-dependent short-

circuit current in MDCK cells

Because CFTR is responsible for the fluid secretion

into the cyst lumen, we next examined the inhibitory

effect of PF-06409577 on the CFTR function. MDCK

cells were pre-treated with 0, 10 or 30 nM PF-06409577

for 1 h. The CFTR-dependent short-circuit current

(ISC) in MDCK cells was recorded by stimulating

MDCK cells with IBMX and FSK. Subsequently,

MDCK cells were treated with the specific CFTR inhi-

bitor CFTRInh-172 [7]. Typical trace of ISC change

was shown in Fig. 5A. Following IBMX/forskolin

treatment, MDCK cells showed an early peak in ISC.

This current was sensitive to inhibition by CFTRInh-

172. The normalized CFTR-dependent ISC of each

group was shown in Fig. 5B. The results demonstrated

that PF-06409577 reduced the short-circuit current in

MDCK cells. The effect was concentration-dependent

(P = 0.0161 at 10 nM; P = 0.0022 at 30 nM; one-way

ANOVA with Tukey’s analysis relative to vehicle-

treated control; n = 3 for each condition). These

Fig. 4. PF-06409577 promoted AMPK phosphorylation and down-regulated the mTOR pathway in the MDCK model and in ADPKD mouse

kidneys. (A) Representative western blot of signaling proteins in MDCK cells treated with vehicle or different concentrations of PF-06409577

(1, 3 or 10 lM). (B) Representative western blot of signaling proteins in ADPKD mouse (Pkd1flox/flox;Ksp-Cre) kidneys treated with vehicle or

PF-06409577 (10 mg�kg�1�day�1), PF stands for PF-06409577. (C) Densitometric quantification of p-AMPK/AMPK expression. (D) Densito-

metric quantification of p-p70S6K/p70S6K expression. (E) Densitometric quantification of p-4EBP1/4EBP1 expression. (F) Densitometric

quantification of p-AKT/AKT expression. Data are presented as means � SEM. N ≥ 3, *P < 0.05, **P < 0.01, ***P < 0.001 vs. Control

(CON), ns, not significant, one-way ANOVA followed by Tukey’s analysis. (G) Densitometric quantification of p-AMPK/AMPK expression in

mouse kidneys from each group. (H) Densitometric quantification of p-p70S6K/p70S6K expression in mouse kidneys from each group. (I)

Densitometric quantification of p-4EBP1/4EBP1 expression in mouse kidneys from each group. (J) Densitometric quantification of p-AKT/

AKT expression in mouse kidneys from each group. Data are presented as means � SEM. Data are representative of three independent

experiments, *P < 0.05, **P < 0.01, ***P < 0.001 vs. ADPKD, ns, not significant, Student’s t-test.
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results confirmed that PF-06409577 had a significant

inhibitory effect on CFTR function, which was respon-

sible for its inhibition of renal cyst expansion.

Discussion

PF-06409577 is a selective AMPK activator. By acting

through AMPK, this compound has shown efficacy in

osteosarcoma [19], diabetic nephropathy [12], non-

alcoholic fatty liver disease (NAFLD) and non-

alcoholic steatohepatitis (NASH) [20], to name a few.

In this study, we demonstrated that PF-06409577 was

efficacious in inhibiting renal cyst development in both

cellular and embryonic kidney cyst models. By testing

PF-06409577 in a rapidly progressive ADPKD mouse

model, we found the potential therapeutic effects of

PF-06409577 to retard renal cyst development in

ADPKD in vivo. Further exploitation of the underly-

ing molecular mechanisms revealed that PF-06409577

stimulated AMPK phosphorylation, leading to concur-

rent inhibition of the mTOR pathway and CFTR chlo-

ride channel function. These collectively delayed the

progression of ADPKD by inhibiting renal epithelial

cell proliferation and cystic fluid secretion.

Aside from concurrent inhibition of mTOR and

CFTR, numerous therapies targeting one of the key

processes in the pathogenies of ADPKD are in devel-

opment or in clinical trials [21–24]. However, none of

these strategies has successfully launched to the mar-

ket. For instance, clinical trials of sirolimus, an mTOR

inhibitor efficacious in preclinical trials, showed no

clinical benefit, mostly due to its toxicity prevented

adequate dosing to delay the disease progression in

human ADPKD [22]. In comparison, PF-06409577

offers the significant advantage of blocking two pro-

cesses by acting through AMPK and exerts a cumula-

tive inhibitory effect even at a relatively low dose.

Moreover, the pathology of ADPKD per se is complex

and involves the malfunction of different signaling

pathways [3,4]. Thus, concurrently inhibiting mTOR

and CFTR may lead to synergistic therapeutic effects

for ADPKD than using inhibitors of a single signaling

pathway.

mTOR is a critical regulator of cell proliferation

and cyst expansion in ADPKD [25]. The prototypical

regulatory mechanism of mTOR is through activation

of the canonical PI3K/AKT/mTOR signaling pathway

[26]. For example, in diabetic kidney disease, Insulin

or VEGF signaling-induced AKT phosphorylation

and protected kidneys via anti-apoptosis and anti-

inflammatory effects in podocytes [27–29]. However,

mTOR converges input from multiple signaling

pathways, which are regulated not only by the AKT-

dependent manner but also by AKT-independent

manners. Herein, PF-06409577 significantly down-

regulated the mTOR signaling pathway, yet without

affecting AKT phosphorylation in ADPKD models.

Similarly, Inoki et al. [10] reported that the activation

of AMPK under energy starvation conditions directly

phosphorylated TSC2 and enhanced its activity,

thereby inhibiting downstream mTOR signaling path-

way. Previous studies suggested that AKT phosphory-

lation was closely linked to ADPKD progression [25].

Thus, the AKT-independent mTOR inhibition by PF-

06409577 might be advantageous for the treatment of

ADPKD.

Similar to our finding, multiple preclinical studies

also highlighted AMPK as a potential therapeutic target

Fig. 5. PF-06409577 inhibited CFTR-dependent short-circuit current (ISC) in MDCK cells. (A) Representative ISC trace in MDCK cells. (B) Quantifi-

cation of the normalized CFTR-dependent ISC in MDCK cells pre-treated with vehicle or different concertation of PF-06409577 (10 or 30 nM).

Data are presented as means � SEM. n = 3, *P < 0.05, **P < 0.01 vs. Control (CON), one-way ANOVA followed by Tukey’s analysis.
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for ADPKD. A previous study by Takiar et al. [7] high-

lighted the therapeutic effect of metformin to retard dis-

ease progression in ADPKD. Pastor-Soler et al. [30]

tested the effectiveness of metformin as a therapy for

ADPKD in a slowly progressing ADPKD model (i.e.,

Pkd1RC/RC mouse) and demonstrated that metformin

improved renal function and reduced kidney injury in

ADPKD. In another study, Lian et al. proved the com-

bination of metformin with 2-deoxyglucose efficaciously

inhibited glycolysis [31] in a miniature pig model of

ADPKD, hence significantly inhibiting the progression

of renal cysts and improving renal function [32]. Nota-

bly, different from the action of PF-06409577, met-

formin represents an indirect AMPK activator that

disturbs mitochondrial complex I of the respiratory

chain and suppresses ATP production [33,34], which

leads to increased intracellular AMP level and thus

AMPK activation [33–36]. Metformin also inhibited

mitochondrial glycerol 3-phosphate dehydrogenase,

inhibiting NF-jB, and activating mitophagy through

Pink1 and Parkin [37]. Such mechanism of action is

ubiquitous throughout the body, which, as a result,

extends beyond the therapeutic role of metformin in

ADPKD with potential side effects. By contrast, PF-

06409577 offers spatio-temporal selectivity by directly

activating a1b1c1 and a2b1c1 AMPK isoforms, two

isoforms highly expressed in the kidney [12]. In addi-

tion, PF-06409577 is highly potent in inhibiting the two

AMPK isoforms with EC50 values of 7.0 and 6.8 nM

[12,19]. This offers a significant advantage over met-

formin for ADPKD treatment since the inhibitory

dosage of metformin (1 mM for in vitro renal cyst mod-

els and 300 mg�kg�1�day�1 for the Pkd1flox/flox;Ksp-Cre

mouse model [7]) greatly exceeds the maximum PF-

06409577 dosage in our experiments (10 lM in vitro and

10 mg�kg�1�day�1 in vivo, respectively). At such high

concentration, metformin has been shown the possibil-

ity to induce severe lactic acidosis [35]. Given its better

selectivity and higher potency, PF-06409577 might be

repurposed as a candidate drug for ADPKD treatment.

Herein we focused on the anti-cystogenesis activity

of PF-06409577 through AMPK activation. However,

AMPK is the principal energy sensor ubiquitously

expressed in eukaryotic cells [38,39]. There are a num-

ber of studies suggests that metformin involves several

side effects such as lactic acidosis [40,41]. Accordingly,

it is important to consider whether PF-06409577

shares metformin’s risk of developing lactic acidosis.

As mentioned above, metformin acts indirectly by

inhibiting mitochondrial complex I of the respiratory

chain which is likely to explain the life-threatening side

effect of lactic acidosis [42]. It is therefore plausible

that PF-06409577 will be devoid of lactic acidosis by

directly acting on AMPK without influencing mito-

chondrial Complex I. The long-term adverse effect of

chronic drug treatment is another issue to consider. It

has been reported that vitamin B12 deficiency hap-

pened in 30% of patients with chronic metformin use

[43,44]. Admittedly, our study has some limitations

due to the lack of a slowly progressing ADPKD

model. Herein, we merely examined the efficacy of PF-

06409577 in a rapidly progressive ADPKD mouse

model, and yet ADPKD patients need life-long medi-

cal care [45]. Previous research demonstrated that

AMPK activators were efficacious in several slowly

progressing models of ADPKD. For example, the ben-

eficial effects of metformin have been reported in

Pkd1RC/RC mouse model [30] and ADPKD miniature

pigs [32]. Similarly, Leonhard et al. [46] reported the

beneficial effects of salsalate, a direct AMPK activator,

in a tamoxifen-induced conditional Pkd1 knock-out

mouse model. Based on these results, we expect that

PF-06409577 may display a similar therapeutic effect

for long-term treatment for ADPKD. Investigating the

long-term outcomes of PF-06409577 treatment, includ-

ing both the therapeutic advantages and potential side

effects, in ADPKD models will be an interesting area

for future investigations.

In summary, PF-06409577 effectively attenuated

renal cyst development in in vitro and in vivo models

of ADPKD. This effect was mediated by concurrently

suppressing the mTOR pathway and CFTR function.

Therefore, PF-06409577 represents a potential drug

candidate for the treatment of ADPKD.
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