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Abstract

Metabolic reprogramming is a potential treatment strategy for autosomal
dominant polycystic kidney disease (ADPKD). Metformin has been shown to inhibit
the early stages of cyst formation in animal models. However, metformin can lead to
lactic acidosis in diabetic patients with advanced chronic kidney disease, and its
efficacy in ADPKD is still not fully understood. Here we investigated the effect of
metformin in an established hypomorphic mouse model of PKD that presents stable
and heritable knockdown of Pkdl. The Pkdl miRNA transgenic mice of both genders
were randomized to receive metformin or saline injections. Metformin was
administrated through daily intraperitoneal injection from postnatal day 35 for 4
weeks. Unexpectedly, metformin treatment at a concentration of 150 mg/kg increased
disease severity including kidney-to-body weight ratio, cystic index, and plasma BUN
levels, and was associated with increased renal tubular cell proliferation and plasma
lactate levels. Functional enrichment analysis for cDNA microarrays from kidney
samples revealed significant enrichment of several pro-proliferative pathways
including B-catenin, hypoxia-inducible factor-la, protein kinase Ca, and Notch
signaling pathways in the metformin-treated mutant mice. The plasma metformin
concentrations were still within the recommended therapeutic range for type 2
diabetic patients. Short-term metformin treatment in a second Pkdl hypomorphic
model (Pkd]RC/ RC) was however neutral. These results demonstrate that metformin
may exacerbate late-stage cyst growth associated with the activation of lactate-related
signaling pathways in PkdI-deficiency. Our findings indicate that using metformin in
the later stage of ADPKD might accelerate disease progression and call for the

cautious use of metformin in these patients.



Introduction

Autosomal dominant polycystic kidney disease (ADPKD) is a common genetic
kidney disease that accounts for 5 to 10 % of patients with end-stage kidney disease
(1). The disease is caused by mutations in PKDI, PKD?2, and other genes such as
DNAJBI1 and GANAB (2). The pathogenesis of cyst growth in ADPKD is complex
and involves fluid secretion, cell proliferation, cilia dysfunction, defective
extracellular matrix, and enhanced glycolysis (3). Current disease-specific treatments
for ADPKD are limited. Tolvaptan, a vasopressin V2 receptor antagonist, is the first
approved drug for ADPKD, but its use is associated with significant aquaretic side
effects and rare cases of liver toxicity (4). There is still an urgent need to test
alternative treatments that are more effective, safer and better tolerated.

Metabolic reprogramming is a central feature of cystic epithelial cells
characterized by the enhanced conversion of glucose to lactate and reduced oxidative
phosphorylation in mitochondria, resembling the Warburg effect originally found in
cancer cells (5). PKDI-deficient cells produce more lactate due to enhanced aerobic
glycolysis (6). This is associated with increased cell proliferation, reduced autophagy,
and activation of complex signaling pathways that promotes cystogenesis. Novel
treatment strategies to retard cyst progression by metabolic reprogramming include
2-deoxy-d-glucose (7), caloric restriction and the induction of ketosis to inhibit
glycolysis (8-10).

Metformin is a widely prescribed oral anti-diabetic agent that has been proposed
to treat ADPKD due to its ability to enhance the action of AMP-activated protein
kinase (AMPK) in suppressing mammalian target of rapamycin (mTOR) and the
cystic fibrosis transmembrane conductance regulator (CFTR) in animal models of
early PKD (11-13). Short-term (~2-10 days) metformin treatment retarded cyst

expansion in neonatal Pkdl-knockout mice and pkd2 zebrafish morphants (11, 12),
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whereas chronic treatment (~10 weeks) did not protect against cyst growth in
adult-onset conditional PkdI-knockout mice (14). However, metformin suppresses
hepatic gluconeogenesis by inhibiting mitochondrial glycerophosphate dehydrogenase
thus reducing the conversion of lactate and glycerol to glucose in the liver
independently of AMPK (15-17). Metformin can cause an infrequent but potentially
life-threatening complication of lactic acidosis and is contraindicated in advanced
chronic kidney disease (CKD) (18). Whether metformin can modify disease
progression in ADPKD remains unclear.

Here we investigated the effect of chronic metformin administration on cyst
growth and disease progression in a hypomorphic Pkdl mouse model. Surprisingly,
metformin led to a more severe cystic phenotype associated with increased lactate
accumulation and the activation of pro-proliferative pathways. Our findings reveal a
potential adverse effect of metformin in the later stages of ADPKD and call for the

cautious use of metformin in these patients.



Results
Effects of metformin on kidney weight and cyst volume

We determined the effects of metformin on cyst growth and renal function in
Pkdl miR Tg mice which represents a chronic progressive mouse model of ADPKD.
Rapid cyst growth occurs from approximately postnatal day (P) 14 to P60 in this
model (predominantly from distal nephron segments) and kidney function declines
slowly from P30 as has been described previously (19, 20). Therefore, the treatment
period (P35 to P62) in our study would be equivalent to CKD stage 3 in humans.
Female and male PkdI-deficient mice and wild-type littermates were randomized to
receive intraperitoneal (i.p.) metformin (150 mg/kg/day; n=15 for Pkdl; n=7 for
wild-type) or vehicle (0.9% saline; n=14 for Pkdl and n=8 for wild-type) for 28 days
(Figure 1a, Supplementary Table S2). To assess the potential dose-dependent effects,
additional groups of PkdI-deficient mice were randomized to receive low-dose
metformin (75 mg/kg/day; n=8) or vehicle (0.9% saline, n=8) injections. Surprisingly,
we found that the average kidney-to-body weight ratio was significantly increased by
53% in the metformin-treated group (150 mg/kg/day) compared with the
vehicle-treated group (3.63+0.20 vs. 2.37+£0.08, P<0.001; Figure 1b and c). The
kidney-to-body weight was also increased by 16% in the low-dose (75 mg/kg/day)
group but this is not statistically significant (2.74+0.25 vs. 2.37+0.08, P>0.05).
Pkd]-deficient mice treated with metformin (150 mg/kg/day) also showed a 24 %
increase of cystic index compared to those treated with vehicle (38.2 % vs 30.9 %,
P<0.001; Figure 1d), confirming that metformin treatment resulted in a more severe
cystic phenotype. No significant gender effects of metformin treatment were found
(Supplementary Figure S1). The expression of transgenic Pkdl-miRNAs was not

significantly different between groups (Supplementary Figure S2).



Effects of metformin on renal function

Consistent with a more severe cystic phenotype in metformin-treated Tg mice,
renal function was significantly impaired with metformin treatment. Blood urea
nitrogen (BUN) levels were significantly increased in the metformin-treated
Pkdl-deficient mice (150 mg/kg/day) compared to vehicle-treated Pkdl control
(47.74£3.1 vs. 38.6+2.5 mg/dl, P<0.01; Figure 1le). Plasma Cystatin-C levels were also
significantly increased in the metformin group (150 mg/kg/day) compared to the
vehicle group (692.7424.0 vs. 599.6+£21.1, P<0.05, Supplementary Table S2).
Non-fasting glucose levels were not significantly different between groups
(Supplementary Table S2). There was no increased mortality in all groups of mice,
excluding significant toxicity from metformin treatment. These results demonstrate
that chronic treatment with metformin led to a worsening of renal function in

Pkd1-deficient mice without affecting survival.

Metformin treatment in Pkd1*“*¢ mice
We tested the effect of metformin in a second hypomorphic Pkdl model,

RC/RC mice

Pkd1%“®¢ mice, which develops more slowly progressive disease (21). Pkdl
were also treated with 1.p metformin (150 mg/kg/day) from P35 to P64 and compared
to vehicle-treated mutant mice (n=6 males per group). In this model, metformin had
no significant effect on renal function or other disease markers such as
kidney-to-body weight ratio, cystic index, plasma BUN, cystatin-C, and lactate levels
(Supplementary Figure S3). Cystic disease was milder and more variable in this
model compared to Pkdl miR Tg mice so a significant effect might have been missed
due to the small sample size and relatively short treatment duration (30d) in this more

chronic model. Alternatively, a difference in the tempo of disease initiation might

account for the differential response to metformin in both models.
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Effects of metformin on cyst growth and cell proliferation

To determine if metformin treatment is associated with enhanced tubular cell
proliferation, we performed immunohistochemistry staining for the cell proliferation
marker proliferating cell nuclear antigen (PCNA) in Pkdl miR Tg mice. A significant
increase in the proliferative index was found in the cystic kidneys of PkdI-deficient
mice compared with wild-type mice, and this was further enhanced after metformin
treatment (150 mg/kg/day) (Figure 2). These data suggest that chronic administration
of metformin in later-stage PKD may enhance cell proliferation and promote cyst

growth.

Effect of metformin on renal fibrosis and macrophage infiltration

To investigate if changes in extracellular matrix could be a primary target of
metformin, we examined the effects of metformin (150 mg/kg/day) on renal fibrosis
and macrophage infiltration. Despite a more severe cystic phenotype, the degree of
renal fibrosis was unchanged by metformin (Figure 3a and b). Renal mRNA
expression of Colla2 and Fnl was not different after metformin treatment (Figure 3c
and d) but there was a small reduction in 7gfbl expression (P<0.05; Figure 3e). No
significant differences in the percentage of F4/80-positive macrophages or in the
mRNA of inflammatory-related genes (I/1b, Tnf, Mcpl, and 1134) were detected
(Figure 4) apart from a small reduction in //6 mRNA expression in the metformin
group (P<0.001). These results indicate that the major effects of metformin on cyst

growth are unlikely to be mediated through macrophage infiltration or renal fibrosis.

Metformin induces lactate accumulation

We next determined plasma concentrations of lactate in these mice (Figure 5a).
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Plasma lactate concentrations were 35% higher in metformin-treated PkdI-deficient
mice (150 mg/kg/day) compared to their vehicle-treated Pkdl littermates (10.5+£0.6
mM vs 7.1£0.4 mM, P<0.001). In wild-type mice, plasma lactate concentrations were
also significantly increased in the metformin group compared with untreated controls
(12.5£1.3 mM vs 6.2+0.5 mM, P<0.001). There were no significant differences in
plasma lactate levels between wild-type and Pkdl miR Tg mice. A lower dose of
metformin (75 mg/kg/day) did not significantly alter lactate levels. Of relevance,
plasma lactate levels were significantly correlated to kidney/body weights, cystic

indices, and BUN levels in PkdI-deficient mice (Figure 5b-d).

Activation of pro-proliferative pathways with metformin treatment

To determine the differentially expressed genes affected by metformin treatment,
We performed a microarray analysis using cDNA from the kidney tissues of vehicle-
and metformin-treated Pkd1-deficient mice (n=3 each). Principal Component Analysis
(PCA) of microarray data revealed a different gene expression profile between the
two groups (Figure 6a). The top 100 differentiated expressed genes (fold change > 2,
P<0.05) are presented on a heat map (Supplementary Figure S4). We further analyzed
the transcriptome using GSEA by comparing our microarray data with gene sets in the
database correlated to known signaling pathways (22). Consistent with the phenotypic
changes of renal cysts, we found that four pro-proliferative pathways, including
B-catenin, protein kinase C alpha (PKCa), hypoxia-inducible factor-1a (HIF-1a) and
Notch pathways were significantly enriched (P<0.01), while the autophagy pathway
was significantly reduced (P<0.01) in the metformin group (Figure 6 b-f). We
validated the canonical Wnt (f-catenin) pathway and AMPK in the kidney samples by
Western blot analysis (Figure 7a and b). Indeed, active P-catenin expression was

significantly elevated in the metformin group, supporting the activation of this
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pathway. Surprisingly, we found a significant reduction in the level of phosphorylated
AMPK in the kidneys of metformin-treated mutant mice. This was unexpected as
metformin is a known AMPK activator (11). However, the reduced activation of
AMPK is consistent with the defective cellular metabolism associated with increased
cyst severity. We did not observe significant changes in the phosphorylation of mTOR
(Supplementary Figure S5) or extracellular signal-regulated kinases (ERK)
(Supplementary Figure S6) following metformin treatment in PkdI-deficient mice,

suggesting that metformin could act via an AMPK/mTOR independent pathway.

Suppression of glucose metabolism with metformin treatment

Previous studies have proposed that metformin causes lactate accumulation by
inhibiting pyruvate carboxylase (Pcx) and pyruvate dehydrogenase (Pdhx)(15).
Indeed, the mRNA expression of both Pcx and Pdhx were significantly reduced in
Pkd1-deficient cystic kidneys following metformin treatment (Figure 8a). We also
found metformin significantly suppressed the expression of Hk/ and Hk2, two key
regulators in the glycolytic pathway, and Monocarboxylate transporter 4 (Slcl16a3)
which exports intracellular lactate (Figure 8a). Expression of the von Hippel-Lindau
(Vhl) tumor suppressor gene, a negative regulator for HIF-1a, was also significantly
reduced in the metformin-treated mutant mice (Figure 8a). In line with previous
studies, a significant reduction in autophagy-related genes including Arg5, Argl2,
Ulkl, Becnl, and Vps34 was found in Pkdl-deficient mice compared to controls by

gRT-PCR(23), but metformin treatment did not rescue the deficiency (Figure 8b).

Plasma concentrations of metformin
To confirm the relevance of these findings to therapeutic metformin doses used

clinically, we measured the blood concentrations of metformin by liquid
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chromatography-mass spectrometry (LC-MS). The metformin concentrations in
Pkdl-deficient mice treated with 150 mg/kg/day of metformin were significantly
higher (13.7+1.6 uM) than those in wild-type mice treated with the same dose
(8.1x1.5 uM, P<0.05) or PkdI-deficient mice treated with 75 mg/kg/day of metformin
(5.210.6 uM, P <0.01) (Figure 9a). Further analysis revealed significant correlations
between blood metformin concentrations and BUN (P<0.001) or cystatin C levels
(P<0.0001) (Figure 9b and c) consistent with its dependence on renal excretion.
Metformin concentrations also showed a significant positive correlation to
kidney/body weights (P<0.01), cystic indices (P<0.05), and plasma lactate levels
(P<0.01) in Pkdl-deficient mice (Figure 9d-f), suggesting a dose-dependent effect.
These concentrations are within the recommended therapeutic range for treating type
2 diabetes patients (24), suggesting that our data could be broadly applicable to

ADPKD.
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Discussion

Contrary to previous studies in animal models of rapid-onset ADPKD (11, 12),
we did not find a beneficial effect of metformin on cyst growth in two chronic
progressive Pkdl-deficient mouse models. We found that metformin conferred no
benefit in preventing cyst progression and could even accelerate cyst growth in the
later stages of ADPKD. Our study provides the first in vivo evidence that metformin
treatment may lead to increased lactate accumulation and accelerate the progression
of polycystic kidney disease.

Several explanations may account for the discrepancy between our results and
previous studies. Firstly, we administrated metformin from P35 in PkdI-deficient
mice after cyst development for four weeks, a different strategy from the short-term
treatment (P7 to P17) in neonatal Pkdl-knockout mice started before cyst initiation
(11): this could suggest a better response to metformin in the early stages of cyst
formation compared to the setting of established cysts and renal function impairment.
Secondly, the metformin concentrations achieved in our study were much lower than
the concentrations (in the mM range) found to inhibit cyst growth in cell-based and
zebrafish models (11, 12). However, it would be unrealistic to achieve such high
clinical concentrations of metformin without significant side effects. The dose of
metformin (150 mg/kg/day) used in our study is equivalent to approximately 12.5
mg/kg/day in humans if corrected by body surface area (25). Of note, we have
measured the actual concentrations of metformin in our study and the results
(13.7+1.6 uM) were consistent with the known therapeutic levels in humans for type
2 diabetes (6-30 uM) (24, 26). Since the plasma metformin levels of the current study
are still within the therapeutic range, the accelerated cystic phenotype observed is
likely to be clinically relevant to ADPKD.

Our results are partially consistent with the study of Leonhard et al. reporting
11



that administration of metformin in drinking water did not affect cyst formation in an
adult-onset conditional PkdI-knockout mouse model (14). The discrepancy might be
attributed to different mouse models used (Pkdl knockout vs. knockdown) or
different routes of metformin administration. Compared to continuous oral
administration of metformin, the intermittent pulse i.p. injection in our study might
achieve a higher peak plasma concentration of metformin which could increase the
chance of lactate accumulation (15). Nevertheless, these findings are in agreement
with the observation in mice that metformin (0.1% w/w in diet) extended their
lifespan but a higher dose (1% w/w) induced enlarged ‘lumpy’ kidneys with
associated kidney failure and a reduced lifespan (27).

The elevation of lactate levels in metformin-treated Pkdl mutant mice is
associated with a more severe cystic phenotype in our study, indicating a potential
role of lactate on the progression of ADPKD. Lactate accumulation has also been
shown to promote cyst-lining epithelial cell proliferation in a rapid-onset Pkdl mouse
model (28). Although metformin inhibits hepatic gluconeogenesis, excessive lactate
accumulation in the PkdI-deficient kidney cells can be recycled through the “lactate
shuttle” to pyruvate, leading to ATP generation through oxidative phosphorylation
which could promote cell proliferation (29, 30). Lactate accumulation in the kidneys
could be a high-energy nutrient for cell proliferation and cyst growth (31). Excessive
lactate production may also suppress AMPK phosphorylation due to an increased
ATP/AMP ratio (32-34). A similar concept has been found in the cancer
microenvironment where lactate acts as an important oncometabolite that regulates
both intracellular and extracellular signaling pathways associated with cancer
progression (35-37). This ‘pseudohypoxia’ state could also lead to activation of the
HIF/Wnt/B-catenin pathway and downstream cystogenic pathways (32, 38). Our

results are consistent with the important role of B-catenin activation in the
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pathogenesis of ADPKD (39, 40). The reactivation of developmental pathways such
as Notch and PKCa pathways following injury and repair can also accelerate the
progression of ADPKD (41, 42). Therefore, metformin-induced lactate accumulation
could be a “third-hit” to induce proliferation and disease progression in PKD (Figure
10)(43). Further studies such as using lactate dehydrogenase (LDH) inhibitors to
reduce lactate accumulation would be helpful to determine the effects and
mechanisms of lactate on cystogenesis.

Metformin treatment did not efficiently activate AMPK in our study, which may
account for the lack of efficacy in suppressing renal cystogenesis. Intermittent
intraperitoneal administration of metformin in our study may not achieve renal
concentrations sufficient for sustained AMPK activation (~1 mM in vitro)(11).
However, as we did achieve therapeutic metformin concentrations and found lactate
accumulation at these doses, it is unlikely a higher dose would be beneficial for
preventing cyst growth. Nevertheless, the reduced AMPK phosphorylation in
metformin-treated PkdI-deficient mice was unexpected. This could relate to a more
severe cystic phenotype with metabolic changes secondary to activation of other
pro-proliferative pathways induced by metformin (44). Our results support previous
reports that metformin can act through an AMPK-independent mechanism and has a
pleiotropic effect (13).

A limitation of this study is that we did not start metformin treatment from the
neonatal period and therefore cannot exclude the potential therapeutic effects of
metformin on early cystogenesis. Our present data suggest that the accelerating effect
of metformin in the Pkdl miRNA knockdown mouse which develops moderately
progressive disease (19) is stronger than that seen in a more chronic Pkdl model
(Pkdl RC/RC) for a similar treatment duration. Further study in additional Pkdl models

(early-onset or late-onset) will be needed to clarify this observation. A recent Phase 2
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trial of metformin in ADPKD patients with an eGFR >50 ml/min/1.73m? showed no
significant adverse effects but with inconclusive efficacy on renal function decline
and a trend toward increased total kidney volume (45). It is worth noting that
metformin is solely excreted by the kidneys and can cause lactic acidosis in patients
with advanced CKD (46). Although our results will need to be confirmed in other
PKD models and humans, our present data do raise concerns and questions regarding
the use of metformin in ADPKD patients with lower eGFR. As metformin treatment
could pose potential risks of adverse effects in late-stage ADPKD (47), monitoring
lactate levels might be necessary for ADPKD patients receiving metformin even when
the eGFR is >30 (CKD3).

In conclusion, we report that metformin induces lactate accumulation and
exacerbates kidney cyst growth in PkdI-deficient mice through the activation of
pro-proliferative signaling pathways. Our study demonstrates that metformin might
not be beneficial for slowing the progression of ADPKD and could have adverse
effects associated with lactate metabolism. These findings indicate that using
metformin in the later stage of ADPKD might accelerate disease progression and call

for cautious use of metformin and monitoring of blood lactate levels in these patients.
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Materials and Methods
Animal Model

Pkdl miRNA transgenic (Pkdl miR Tg) mice were obtained from the National
Rodent Model Resource Center (Tainan, Taiwan). The mutant mice express miRNA
hairpins specific to Pkdl transcript, resulting in stable and heritable Pkd/ knockdown
(~70%) and progressive renal cystogenesis as described in detail previously (19, 20).
Wild-type littermates were used as controls. Pkdl1®“"¢ knockin mice, a slowly
progressive PKD model matching the PKD1 p.R3277C (RC) mutation, were a kind
gift of Dr. Peter Harris (Mayo Clinic) (21). All the mice were housed in the Chang
Gung Memorial Hospital Animal Center (Taoyuan, Taiwan) under climate-controlled
conditions with a 12-hour light-dark cycle. The mice were fed standard chow and
water ad lib. The study was approved by the Animal Care and Use Committee of
Chang Gung Memorial Hospital in accordance with the National Institute of Health

Guide for the Care and Use of Laboratory Animals.

Experimental Design

Pkdl miR Tg mice and wild-type littermates of both genders were randomized
into experimental and control groups. The experimental groups received metformin
(75 or 150 mg/kg body weight in sterile 0.9% saline; Enzo, Farmingdale, NY)
administrated by daily i.p. injections from P35 to P62. The control groups were
treated with 0.9% saline through daily i.p. injections. The dosage of metformin used
achieved plasma concentrations close to the steady-state values reported in patients(16,
48). Non-fasting glucose levels were measured by tail vein sampling using a portable

glucometer on P48 and P61

Laboratory parameters
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Mice were anesthetized and sacrificed two hours after the final dose of
metformin or vehicle on P62. Blood samples were collected through cardiac puncture
under anesthesia. Both kidneys were harvested and the weights were measured
immediately. BUN levels were measured using a mouse-specific enzyme-linked
immunosorbent assay (ELISA) kit (BioAssay, Hayward, CA). Cystatin C was
measured using a mouse/rat Cystatin C Quantikine ELISA kit (R&D, Minneapolis,
MN)(9). Plasma L-lactate levels were determined using the EnzyChrom L-Lactate

Assay Kit (BioAssay).

Histomorphometric analysis

Kidney samples were fixed in 10% neutral-buffered formalin overnight,
transferred to 75% ethanol, and embedded in paraffin for sectioning. Transverse
kidney sections (4-um thick) were stained with Hematoxylin & Eosin. The cystic
index (percentage) was determined by dividing the area of the cystic lumen by the
total kidney area using MetaMorph software (Universal Imaging, West Chester, PA).
Masson’s trichrome staining was performed to assess the severity of renal fibrosis
according to standard protocol. The fibrotic area percentage was calculated in five
consecutively selected fields of the renal cortex and medulla at 100x magnification.

All analyses were performed on coded slides in a single-blinded manner.

Immunohistochemistry

Paraffin-embedded kidney sections were dewaxed, rehydrated, boiled in citrate
buffer (pH 6.0) for heat-induced antigen retrieval, and blocked with Rodent Block M
(RBM961H; Biocare, Concord, CA). The sections were stained with a mouse
monoclonal anti-PCNA antibody (1:2000, PC10; Cell Signaling, Danvers, MA) for 1

hour at 37°C, followed by incubation with Mouse-on-Mouse horseradish
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peroxidase(HRP)-polymer = (RMR510H;  Biocare, Concord, CA). F4/80
immunostaining was performed using a rat anti-mouse F4/80 antibody (1:100,
MCAA497R; Serotec, Oxford, UK) overnight at 4°C, followed by a biotin-conjugated
goat anti-rat light chain antibody (1:1000, AP202B; Merck Millipore, Darmstadt,
Germany) and Streptavidin HRP Label (HP604H; Biocare). The reactions were
visualized using 3,3’-diaminobenzidine (DAB) chromogen and counterstained with
hematoxylin. The proliferative index was determined by counting the number of
PCNA-positive epithelial cells at 200x magnification in consecutively selected fields.
The percentage area of F4/80-positive staining was determined in five sequentially

fields at 100x magnification.

Quantitative RT-PCR

Total RNA was extracted from snap-frozen kidney tissues using TRIzol reagent
(Invitrogen, Carlsbad, CA) according to the manufacturer’s protocol. The Transcriptor
First-Strand Synthesis Kit (Roche, Indianapolis, IN) was used for the first-strand
cDNA synthesis. Quantitative real-time polymerase chain reaction (QRT-PCR) was
performed in duplicate using an ABI ViiA7 sequence detection system (Applied
Biosystems, Foster City, CA) with TagMan assays or SYBR Green primers
(Supplementary Table S1). The relative mRNA expression levels were calculated
using the 2-ddCt method with TATA-binding protein (TBP) as endogenous controls.
Transgenic PkdI-miRNAs were measured using TagMan MicroRNA Reverse
Transcription Kit (Applied Biosystems) and qRT-PCR with SYBR Green primers as

reported previously(19).

Western blotting

Proteins were isolated from homogenized frozen kidney specimens following
17



standard procedures. Equal amounts of total protein were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and then transferred onto a
polyvinylidene fluoride membrane (Millipore, Bedford, MA). After blocking in 5%
fat-free milk, membranes were incubated with primary antibodies including
anti-phospho-AMPKa (Thr172), anti-AMPKaoa, anti-phospho-mTOR (Ser2448),
anti-mTOR,  anti-active-B-Catenin  (Ser33/37/Thr41),  anti-phospho-ERK1/2
(Thr202/Tyr204), anti-ERK1/2 (Cell Signaling Technology, Danvers, MA),
anti-GAPDH, and anti-B-actin (Abcam, Cambridge, UK) at 4°C overnight.
Membranes were further incubated with HRP-conjugated secondary antibodies at
room temperature and the signals were detected by enhanced chemiluminescence.

Densitometry analysis was performed using ImageJ software (NIH).

Plasma metformin concentration

Plasma metformin levels were determined by LC-MS. Plasma samples (10 uL)
were extracted with methanol and centrifuged for 10 minutes at 12000 g. The
supernatant was dried with nitrogen and re-dissolved with 100 pL water and analyzed
on ultra-high-performance liquid chromatography coupled with Xevo TQ-S MS

(Waters, Milford, MA).

Gene expression profiling with microarray

We performed a microarray analysis on the RNA samples from the cystic
kidneys of Pkdl miR Tg mice treated with vehicle and metformin (n=3 each). the
Clariom D Assay (#902513) and GeneChip WT PLUS Reagent Kit (#902280, Thermo
Fisher Scientific, Waltham, MA) were used following standard protocol. Data
processing was performed using Applied Biosystems Transcriptome Analysis Console

(TAC) version 4.0 with Gene Level-SST RMA normalization method. The microarray
18



data have been deposited in the Gene Expression Omnibus (GEO) database under

accession number GSE154590.

Gene Set Enrichment Analysis (GSEA)

Gene set enrichment analysis (GSEA: www.broad.mit.edu/GSEA) was
performed to explore the biological pathways involved in metformin-induced cyst
growth(49). We used the built-in C2, C5 and C6 curated gene sets from Molecular
Signatures Database (MSigDB 6.0: www.broadinstitute.org/gsea/msigdb). The
statistical significance of GSEA was analyzed using 1000 permutations. Enrichment
was compared between the vehicle-treated Pkdl miR Tg mice and those treated with
metformin. A positive enrichment score indicates that the specific molecular signature
correlated with the phenotype of the vehicle-treated Pkd-deficient mice. The resulted
pathways are selected using the normalized enrichment score (NES)>1 and nominal

P<0.05.

Statistical analysis

Values are expressed as mean+SEM. Between-group comparisons were
performed using one-way ANOVA followed by the Newman-Keuls Multiple
Comparison Test. Pearson correlation. Differences were considered statistically
significant if P<0.05. All analyses were performed using GraphPad Prism 5

(GraphPad, La Jolla, CA).
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Figure 1. Metformin treatment exacerbates the cystic phenotype in Pkdl miR Tg
mice. (a) Schematic outline of metformin administration and experimental groups. (b)
Images of H & E stained kidney sections showing the enlarged cystic kidney in
metformin-treated Pkdl miR Tg mice compared to vehicle-treated Pkdl mutant mice
and wild-type mice. (c) Comparisons of two-kidney-weight/body-weight 2KW/BW)
ratios, (d) Cystic indices, and (e) BUN levels between different experimental groups
as indicated. Mice received 4 weeks of intraperitoneal injection of metformin at a
dose of 75 or 150 mg/kg/day from P35. Control groups received intraperitoneal
injections of vehicle (normal saline). Data are mean = SEM (n=8, 7, 22, 8, and 15 per
group, respectively). ns, not statistically significant; Pkdl, polycystic kidney disease 1;
WT, wild type. Scale bar, 1 mm.
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Figure 2. Metformin treatment promotes cyst growth in Pkdl miR Tg mice. (a)
Representative images of immunohistochemistry staining for proliferating cell nuclear
antigen (PCNA) showing positive nuclear staining (arrows) in cyst lining epithelial
cells and non-cystic tubular cells in the kidneys. (b) Comparison of the proliferative
indices in different experimental groups as indicated. Data are mean = SEM (n=8, 7,

14, and 15 per group, respectively). Scale bar, 50 pm.
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Figure 3. Effects of metformin treatment on renal fibrosis in PkdI-deficient mice.
(a) Masson's trichrome staining of kidney sections from wild-type and Pkdl miR Tg
mice with or without metformin treatment (150 mg/kg/day). Scale bar, 50 um, (b)
Comparison of renal fibrosis by quantitative histological analysis of the kidney
sections. Renal mRNA expression of (¢) Colla2, (d) Fnl, and (e) Tgfbl by gqRT-PCR
analysis are shown. The internal control gene used for normalization was tbp. Data

are mean + SEM (n=8,7.14, and 15 per group, respectively). Scale bar, 50 um.
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Figure 4. Effects of chronic metformin treatment on renal inflammation in
PkdI-deficient mice. (a) F4/80 immunostaining for kidney sections from wild-type
and Pkdl miR Tg mice and the effects of metformin treatment (150 mg/kg/day). Scale
bar, 50 um. (b) Comparison of the percentage areas of F4/80-positive macrophages by
quantitative histological analysis, Relative renal mRNA expression of (c)7nf, (d) 1l1b,
(e) 1l6, (f) Mcpl, and (g) 1134 by qRT-PCR analysis are shown. The internal control
gene used for normalization was thp. Data are mean + SEM (n=8,7,14,15 per group,

respectively). Scale bar, 50 um.
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Figure 5. Effect of metformin treatment on plasma lactate levels in wild-type and
Pkdl miR Tg mice. (a) Note chronic metformin treatment (150 mg/kg/day
intraperitoneally for 28 days) resulted in a significant elevation of plasma lactate
levels. Data are mean = SEM (n=8, 7, 22, 8, and 15 per group, respectively). Plasma
lactate levels were significantly correlated with (b) BUN levels (r=0.34, P<0.05), (c)
Cystic indices (r=0.37, P<0.05), and (d) Two-kidney-weight/body-weight (2KW/BW)
ratios (r=0.42, P<0.01) in Pkdl miR Tg mice.
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Figure 6. Correlation of pro-proliferative pathways with microarray differential
gene expression data using Gene Set Enrichment Analysis (GSEA). (a) Three
dimensional scatter plot from Principal Component Analysis of the microarray data
showing the differential gene expression in the kidneys from Pkdl mutant+vehicle vs
PkdI+metformin (150 mg/kg/day; n=3 per group). GSEA plots of (b) B-catenin
(dominant-negative), (c) HIF-la (negative regulatory), (d) autophagy, (e) PKCa
(dominant-negative), and (f) Notch networks. NES: normalized enrichment score.
Heatmap display of the differentially expressed genes (>2 fold) in each group is
shown along with the GSEA plot.
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Figure 7. Metformin enhances the expression of active B-catenin and suppresses
the phosphorylation of AMPK in Pkdl miR Tg mice. Kidney lysates from Pkdl
miR Tg mice and wild-type mice with or without metformin treatment (150
mg/kg/day i.p. for 28 days) were analyzed by Western blotting. (a) Representative
immunoblots of active B-catenin and GAPDH. The densitometry results of active
B-catenin were normalized to GAPDH (b) Representative immunoblots of
phosphorylated AMPK, total AMPK, and B-actin. The densitometric results of
p-AMPK were normalized to t-AMPK. Data are mean + SEM (n=7-15 per group).
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Figure 8. Effects of metformin treatment on the expression of genes related to
glycolysis and autophagy. qRT-PCR analysis of the kidneys showed the effects of
metformin treatment (150 mg/kg/day i.p. for 4 weeks) on the renal mRNA expression
of (a) Glycolysis genes: Hkl, Hk2, Pdhx, Pcx, Slc16a3, and Vhl, and (b) Autophagy
genes: AtgS5, Atgl2, Becnl, Ulkl, and Vps34. These genes were significantly
downregulated in Pkdl miR Tg mice treated with metformin compared to those

treated with saline. Data are mean = SEM (n=7-15 per group).
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Figure 9. Correlations between blood metformin concentrations and kidney
function. Pkdl miR Tg mice and wild type mice were treated with metformin (75 to
150 mg/kg/day i.p.) from P35 to P62. (a) Plasma metformin concentrations were
determined by liquid chromatography-mass spectrometry (LC-MS). Data are mean +
SEM. Metformin concentrations were significantly correlated with (b) BUN levels
(r=0.68, P<0.001), (c) Cystatin C levels (=0.77, P<0.0001), (d)
Two-kidney-weight/body-weight (2KW/BW) ratios (r=0.53, P<0.01), (e) Cystic
indices (r=0.48, P<0.05), and (f) Plasma lactate levels (r=0.62, P<0.01) by the
Pearson correlation test. (Wild-type: n=7 for 150 mg/kg, Pkdl: n=8 for 75 mg/kg,
n=15 for 150 mg/kg)
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Figure 10. Metformin exacerbates cyst growth in later-stage ADPKD. A working
model showing metformin could induce lactate accumulation, activate
pro-proliferative pathways, and promote cyst growth in later-stage of ADPKD. The
graphical illustration was prepared using images from Servier Medical Art by Les
Laboratoires Servier (https://smart.servier.com/).
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Supplementary Figure S1. No significant gender effects of metformin treatment.
(a) Two-kidney-weight/body-weight 2KW/BW) ratios and (b) Cyst indices in Pkdl
miR Tg mice treated with metformin (150mg/kg/day i.p.) or vehicle controls from
P35 to P62. A two-way ANOVA found no significant gender effect or interaction
between metformin and gender factors (P>0.05). A significant metformin effect was
found for 2KW/BW ratios (P<0.0001) and cyst indices (P<0.01). Male, n=10; female
n=19.
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Supplementary Figure S2. Measurement of transgenic copy number of Pkdl
miR Tg mice. miRNA-specific qRT-PCR revealed no significant differences in the
expression of transgenic PkdI-miRNA 6820 and 9497 between the different treatment
groups (n=22, 8, and 15 per group, respectively). The internal control used for

normalization was miR-16.
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Supplementary Figure S3. Effects of metformin on cyst progression and renal
function in Pkd1®“® mice. (a) Representative H & E stained kidney sections from

RC/R -
TRRE mice.

the most severely affected control and metformin-treated Pkd
Comparisons of (b) two-kidney-weight/body-weight (2KW/BW) ratios, (c) cyst
indices, (d) BUN, (e) cystatin C, and (f) plasma lactate levels between control and
treatment groups. Pkdl *“*¢ mice on the C57BL/6 background (n=6 males per group)
were randomized to receive either i.p. injections of metformin (150 mg/kg/day) or
saline vehicle from P35 to P64. Data are mean + SEM. One-sided Student’s t-test was

used to compare the means of two groups. Scale bar, 1 mm.
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Supplementary Figure S4. A heat map presentation of the top 100 differentiated
expressed genes in vehicle-treated Pkdl miR TG mice (control) compared to
metformin-treated Pkdl miR TG mice (treatment) using microarray analyses. The
mice were treated with i.p. metformin (150 mg/kg) or saline for 4 weeks. The
threshold was set at the fold change of relative expression of greater than two-fold and

p <0.05. Red, upregulation; green, downregulation.
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Supplementary Figure SS. Effects of metformin on the mTOR phosphorylation
in Pkdl miR Tg mice. Kidney lysates from Pkd/ miR Tg and wild-type mice treated
with metformin (150 mg/kg/day i.p.) or saline vehicle controls were analyzed by
Western blotting using anti-phospho-mTOR (Ser2448) and anti-mTOR antibodies
(Cell Signaling). (a) Representative immunoblots of p-mTOR, mTOR, and vinculin
(loading control). (b) The densitometric results of p-mTOR were normalized to
mTOR (n=7-15 per group).
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Supplementary Figure S6. Effects of metformin on the ERK phosphorylation in
Pkdl miR Tg mice. Kidney lysates from Pkdl miR Tg and wild-type mice treated
with metformin (150 mg/kg/day i.p.) or saline vehicle controls were analyzed by
Western blotting using anti-phospho-ERK1/2 and anti-ERK1/2 antibodies (Cell
Signaling). (a) Representative immunoblots of p-ERK1/2, ERK1/2, and GAPDH
(loading control). (b) The densitometric results of p-ERK1/2 were normalized to
ERK1/2 (n= 7-15 per group).
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Supplementary Table S1. Tagman probe ID and primer sequences used for

quantitative real-time PCR

Gene Tagman probe or primer sequences (5’ to 3°)

Atgs MmO1187303_m1

Atgl?2 MmO00503201_ml1

Becnl MmO01265461_ml

Colla F: AAGGGGTCTTCCTGGTGAAT;
R: GGGGTACCACGTTCTCCTC

Ful F: TGTGACCAGCAACACGGTG;
R: ACAACAGGAGAGTAGGGCGC

Hkl Mm00439344_m1

Hk2 MmO00443385_ml

1l1b Mm00434228_m1

1134 Mm01243248_m1

116 Mm01210733_m1

Mcpl Mm00441242_m1

Pcx MmO00500992_ml1

Pdhx MmO00558275_ml

Slc16a3 MmO00446102_ml1

Tbp Mm00446973_m1

Tefbl F: TGCGTCTGCTGAGGCTCAA;
R: TTGCTGAGGTATCGCCAGGA

Tnf Mm99999068_m1

Ulkl Mm00437238_m1

Vhl Mm00494137_ml

Vps34

MmO00619489_ml1
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Supplementary Table S2. Effects of metformin treatment on the biochemical

parameters in Pkdl miR Tg mice

WT+S WT+Met Pkd1+S Pkd1+Met Pkd1+Met
(n=8) (n=7) (n=22) 75 mg/kg 150 mg/kg
(n=8) (n=15)
Gender (M/F)  3/5 3/4 8/14 3/5 5/10
BUN (mg/dl)  37.0+2.0 33.9+ 1.6 38.6+25 36.9+25 477 +3.1°%
Plasma 527.8+£20.5 589.7+30.5 599.6+21.1 521.7+ 16.8 692.7 +24.07"*
cystatin C
(ng/ml)
Blood 161 +11 177 £ 11 140 + 6 130 + 10 141+7
glucose, day
48 (mg/dl)
Blood 177 £5 175+ 5 174+ 12 139 + 7 166+ 12

glucose, day

61 (mg/dl)

Data are mean = SEM. Met, metformin; Pkd, polycystic kidney disease; S, saline; WT, wild-type.
P <0.05,"P <0.01,and “"P < 0.001 versus wild-type mice + saline.
P < 0.05, #Pp<0.01 versus Pkdl miR Tg mice + saline.
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