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Leonhard WN, van der Wal A, Novalic Z, Kunnen SJ, Gan-
sevoort RT, Breuning MH, de Heer E, Peters DJ. Curcumin
inhibits cystogenesis by simultaneous interference of multiple signal-
ing pathways: in vivo evidence from a Pkd1-deletion model. Am J
Physiol Renal Physiol 300: F1193–F1202, 2011. First published
February 23, 2011; doi:10.1152/ajprenal.00419.2010.—Autosomal
dominant polycystic kidney disease (ADPKD) caused by mutations in
either the PKD1 or PKD2 gene is a major cause of end-stage renal
failure. A number of compounds targeting specific signaling pathways
were able to inhibit cystogenesis in rodent models and are currently
being tested in clinical trials. However, given the complex signaling in
ADPKD, an ideal therapy would likely have to comprise several
pathways at once. Therefore, multitarget compounds may provide
promising therapeutic interventions for the treatment of ADPKD. To
test this hypothesis, we treated Pkd1-deletion mice with diferuloyl-
methane (curcumin), a compound without appreciable side effects and
known to modulate several pathways that are also altered in ADPKD,
e.g., mammalian target of rapamycin (mTOR) and Wnt signaling.
After conditional inactivation of Pkd1, mTOR signaling was indeed
elevated in cystic kidneys. Interestingly, also activation of signal
transducers and activator of transcription 3 (STAT3) strongly corre-
lated with cyst progression. Both pathways were effectively inhibited
in vitro by curcumin. Importantly, Pkd1-deletion mice that were
treated with curcumin and killed at an early stage of PKD displayed
improved renal histology and reduced STAT3 activation, proliferation
index, cystic index, and kidney weight/body weight ratios. In addition,
renal failure was significantly postponed in mice with severe PKD.
These data suggest that multitarget compounds hold promising poten-
tial for safe and effective treatment of ADPKD.

autosomal dominant polycystic kidney disease; signal transducers and
activator of transcription 3; mammalian target of rapamycin; multi-
target therapy

THE FORMATION AND PROGRESSION of thousands of cysts accom-
panied by progressive fibrosis in kidneys of autosomal domi-
nant polycystic kidney disease (ADPKD) patients lead to renal
failure, generally �50–60 years of age. Extra renal manifes-
tations that can occur in ADPKD are the formation of cysts in
liver and pancreas, cardiovascular abnormalities, and hyper-
tension (14). ADPKD has an incidence of 1 in 400 to 1 in
1,000 and is caused by either a mutation in the PKD1 gene,
encoding the protein polycystin-1 (PC1; 85% of clinical
cases), or a mutation in the PKD2 gene, encoding polycys-
tin-2 (PC2; 15% of clinical cases) (42, 46, 62). A balanced
expression of these genes is essential to maintain renal
epithelial architecture (28, 48, 68).

Earlier we developed an inducible kidney-specific Pkd1-
deletion (iKsp-Pkd1del) mouse model in which we can inacti-
vate the Pkd1 gene specifically in renal epithelial cells by the
administration of tamoxifen (29, 30). When Pkd1 is inactivated
at postnatal (PN) day 40, cystogenesis takes place and is
followed by renal failure 13–16 wk after tamoxifen adminis-
tration. These iKsp-Pkd1del mice do not have extra renal
manifestations and can serve as a model for testing therapeutic
interventions for the treatment of ADPKD.

This and other ADPKD model systems have been utilized to
study the functions of the PKD genes. Although not exactly
known, a wealth of literature exists that ascribes roles for both
polycystins in regulating signaling pathways that control pro-
liferation, differentiation, and planar cell polarity (PCP),
mechanosensation, cell-cell and cell-matrix interactions (7, 18,
43, 54, 67). Among others, increased cAMP, decreased intra-
cellular calcium levels, altered mammalian target of rapamycin
(mTOR), and Wnt signaling and abnormal chloride-driven
fluid secretion via the cystic fibrosis transmembrane conduc-
tance regulator channel all seem to contribute to cyst formation
and progression (18, 27, 34, 41, 55, 56, 61, 64, 65). Further-
more, additional triggers like tubular kidney damage drasti-
cally accelerate cystogenesis (18, 60).

Although multiple pathways are involved in ADPKD, com-
pounds that have been reported to inhibit cystogenesis and are
currently being investigated in clinical trials mostly act on
single pathways (6, 19, 45, 63). Their specificity compels them
to be used at relative high dosages that consequently have
adverse implications regarding side effects. Therapies that
simultaneously interfere with a wider spectrum of PKD-related
pathways may therefore be more successful and should be
evaluated as candidates for the treatment of ADPKD.

The polyphenol diferuloylmethane (curcumin) is a yellow
spice derived from the rhizome of the plant Curcuma Longa
(26). Its anti-oxidant, anti-inflammatory, and anti-proliferative
properties initiated many studies for the treatment of several
diseases. Curcumin has been shown to be safe and effective in
treating several inflammatory and malignant diseases in animal
models and, although preliminary, also in a number of early
phase clinical trials (3, 12, 16, 22, 24, 58, 59). In addition,
promising developments regarding curcumin analogs and other
multitarget compounds will likely improve their utility in
clinical settings (1, 20, 21, 25, 36, 39, 40, 57). The complex
mechanisms by which curcumin exerts its beneficial effects
involve a wide variety of pathways (26, 58). Inhibition has
been reported for the transcription factors activator protein-1,
nuclear factor-�� (NF-�B), Wnt/�-catenin signaling, TNF-�,
MAPKs, early growth response gene-1, hypoxia inducible
factor-1, notch-1, and also the mTOR-regulated signaling (4, 5,
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23, 26, 32, 58). Many of these pathways are altered in ADPKD
(27, 31, 35, 55, 56, 61, 69). In addition, curcumin acts as a free
radical scavenger and may further attenuate several forms of
tubular injury by induction of NF-E2-related factor-2 (Nrf2)
and subsequent increase of several cytoprotective enzymes (2).
The ability of curcumin to inhibit signal transducer and acti-
vator of transcription 3 (STAT3) may also be relevant to
ADPKD since we show here that STAT3 is activated in
iKsp-Pkd1del mice (10, 26).

The similarities between altered signaling pathways in
ADPKD and pathways that are modulated by curcumin and the
ongoing developments regarding curcumin analogs and com-
pounds with similar modes of action prompted us to investigate
whether this multitarget drug might have therapeutic potential
in the iKsp-Pkd1del model.

MATERIALS AND METHODS

Mice. Tamoxifen was administered orally at PN days 40 – 42
to inducible kidney-specific Pkd1-deletion mice (tam-KspCad-
CreERT2;Pkd1lox2–11;lox2–11 or in short iKsp-Pkd1del) as described
previously (29, 30). Curcumin (�70% purity) was obtained from
Sigma (Zwijndrecht, The Netherlands) and RM3(P) pellets with 1%
curcumin or without curcumin were prepared by Special Diets Ser-
vices (Witham, UK). This dose and way of administration were
chosen in analogy to a recent experimental study that studied the
effectiveness of curcumin to inhibit prostate carcinoma (3). Blood
sampling and blood urea (BU) measurements were performed as
described previously (18). Local animal experimental committee of
the Leiden University Medical Center and the Commission Biotech-
nology in Animals of the Dutch Ministry of Agriculture approved the
experiments performed.

Immunohistochemistry. After removal, kidneys were fixed O/N in
buffered 4% formaldehyde solution and embedded in paraffin. Kidney
sections (4 �m) were stained with standard hematoxylin and eosin or
Periodic acid-Schiff (PAS). For immunohistochemical analysis, sec-
tions were deparaffinized and subjected to heat-mediated antigen
retrieval [1 mM EDTA, pH 8.0 for anti-phospho-Stat3 (Tyr705) and
0.01 M citrate buffer, pH 6.0 for anti-phospho-ribosomal protein S6
(Ser240/244); Cell Signaling, no. 9145 and no. 2215S, respectively].
Sections were blocked with 0.1% H2O2 for 20 min for endogenous
peroxidase activity and preincubated for 1 h with 5% normal goat
serum in 1% BSA in PBS. Next, the sections were incubated O/N with
anti-pSTAT3 (1:75), anti-p-rpS6 (1:100), rabbit anti-Ki-67 (1:3,000;
Nova Castra), rabbit anti-megalin (1:500; Pathology LUMC, Leiden,
the Netherlands) (11), goat anti-Tamm Horsfall protein (uromodulin,
1:500; Organon Teknika-Cappel, Turnhout, Belgium), or rabbit anti-
aquaporin-2 (1:4,000; Calbiochem, Amsterdam, The Netherlands) in
1% BSA in PBS. Following incubation with rabbit envision horse-
radish peroxidase (HRP; DakoCytomation, Glostrup, Denmark) or
rabbit-anti-goat HRP (1:300, Dako), immune reactions were revealed
using diaminobenzidine as a chromogen and counterstained with
hematoxylin, dehydrated, and mounted.

Cystic and proliferation index. For each mouse, the percentage of
cystic area relative to total tissue was determined by Image J software
(public domain software, National Institutes of Health) on 10 �400
magnified photographs throughout the cortex on kidney sections
stained with PAS. For the proliferation index, sections were stained
for Ki-67 to visualize dividing cells. At least a thousand nuclei were
counted per mouse and the proliferation index was calculated as the
percentage of Ki-67-positive nuclei.

Cell culture and characterization. SV40 large T-antigen immortal-
ized murine renal epithelial cells, derived from a Pkd1lox,lox mouse,
were cultured in DMEM/F12 with glutamine and 15 mM HEPES, 100
U penicillin/streptomycin (Invitrogen, Breda, The Netherlands) sup-
plemented with 2% Ultroser G (Pall BioSepra, Cergy, France), 2.5

�g/l prostaglandin E1, 5 mg/l insulin-transferrin-sodium selenite, and
30 �g/l hydrocortisone obtained from Sigma. To obtain Pkd1del,del

cells, Pkd1lox,lox cells were transfected with a Cre plasmid containing
a neomycin resistance cassette using Lipofectamin 2000 Transfection
Reagent (Invitrogen) according to the manufacturer’s protocol. After
transfection, the cells were cultured in selection medium [similar to
medium described above but with 400 �g/ml geneticin (Invitrogen)]
and diluted to obtain single clones that were tested for the Pkd1
deletion by PCR (detailed information about the Cre construct and
primer sequences can be provided by the corresponding author).

RNA and cDNA were obtained using Tri-Reagent (Sigma) and the
Transcriptor First Strand cDNA Synthesis Kit (Roche, Almere, The
Netherlands) according to the manufacturer’s protocol. PCR was
performed using primers for the proximal tubule marker Cubilin
(Cubn) and for the collecting duct marker arginine vasopressin recep-
tor 2 (Avpr2) and analyzed on a 2.5% agarose gel. Immunofluores-
cence using antibodies against �-catenin (1:100; BD Biosciences,
Breda, The Netherlands) or �-tubulin (1:200; Sigma) was performed
as described previously (29).

At 50% confluence, cells were incubated O/N with 0, 2.5, 5, or 10
�M curcumin (Sigma) in the absence of medium supplements. Then,
the cells were incubated with the same curcumin concentrations in the
presence of medium supplements for an additional 6 h. Protein lysates
were prepared and analyzed by Western blot analysis as described
below.

Western blot and densitometric analysis. Throughout the lysis
procedure, 2 mM NaF, 1 mM Na2VO4, and protease inhibitor cocktail
(Roche) were used to inhibit phosphatase and protease activity.
Kidneys were homogenized in 600 �l RIPA without detergents (50
mM Tris·HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA) using Magnaly-
ser technology (Roche) followed by three 5-s pulses of sonification.
Next, an equal amount of RIPA with detergents (50 mM Tris·HCl, pH
7.4, 150 mM NaCl, 1 mM EDTA, 2% DOC, 2% NP-40, 2% Triton
X-100) was added and samples were incubated for 45 min at 4°C.
Kidney lysates were spun-down for 10 min at 14,000 g and superna-
tants were stored at �80°C. Cell lysates were prepared by scraping the
cells (50–80% confluent) from six-well dishes in 100 �l RIPA
without detergents followed by three 5-s pulses of sonification. The
rest of the procedure was similar to the kidney lysate preparation.
Protein concentrations were determined using BCA protein assay
(Thermo Fisher Scientific, Etten-Leur, The Netherlands). Ten micro-
grams of cell lysates and 80–120 �g of kidney lysates were used for
SDS-PAGE and immunoblotting. Membranes were blocked for 1 h in
25% sea block blocking buffer (Thermo Fisher Scientific/Pierce, no.
37527, Etten-Leur, The Netherlands) in PBS and incubated O/N with
anti-pSTAT3 (1:1,000), anti-STAT3 (Tyr705; 1:1,000; Cell Signal-
ing, no. 9139), anti-p-rpS6(1:2,000), anti-rpS6 (Ser240/244; 1:1,000;
Cell Signaling, no. 2317), or anti-�-actin (1:5,000; Cell Signaling, no.
4967) in 5% BSA-TBS (Tween 20, 0.1%). Goat-anti-rabbit (1:10,000)
DyLight 800 (Perbio Science, no.35571) was used as secondary
antibody for the detection of anti-pSTAT3, anti-p-rpS6, and anti-�-
actin. Goat-anti-mouse DyLight 680 (1:10,000; Perbio Science, no.
35518) was used as secondary antibody for the detection of anti-
STAT3 and anti-rpS6. Detection and densitometric analysis were
carried out with the Odyssey Infrared Imaging System (Westburg,
Leusden, The Netherlands). After detection, the same membrane was
used to detect the next protein; i.e., after pSTAT3 detection, the same
membrane was used to detect total STAT3 and then �-actin. Because
total STAT3 and total rpS6 were detected with mouse antibodies
(detected at 680 nm) and pSTAT3 and p-rpS6 with rabbit antibodies
(detected at 800 nm), the total pool of protein could be easily
discriminated from the phosphorylated variant. pSTAT3 nicely over-
lapped with total STAT3 and p-rpS6 overlapped with total rpS6. From
each blot, protein levels were quantified using pSTAT3/STAT3 and
p-rpS6/rpS6 integrated intensity ratios. �-Actin was used as a loading
control.

F1194 CURCUMIN INHIBITS CYSTOGENESIS

AJP-Renal Physiol • VOL 300 • MAY 2011 • www.ajprenal.org



Statistical analysis. Differences in Western blot/densitometric anal-
ysis of p-rpS6/rpS6 and pSTAT3/STAT3 ratios between cystic and
control samples were tested by Student’s t-tests. Differences in two-
kidney weight/body weight (2KW/BW%) ratios, cystic and prolifer-
ation indexes, and Western blot/densitometric analysis of p-rpS6/rpS6
and pSTAT3/STAT3 ratios between untreated and curcumin-treated
mice at the 11-wk time point were tested using Mann-Whitney
U-tests. The Kaplan-Meier method was used to analyze overall
survival of curcumin-treated and -untreated mice that were followed
until the onset of renal failure and the significance of differences
between those groups was analyzed by the Log-Rank (Mantel-Cox)
test adjusted for litter effects.

RESULTS

Curcumin and PKD-related pathways. The ability of cur-
cumin to inhibit mTOR and Wnt signaling is likely to be
relevant for ADPKD since these signaling routes are altered
during cystogenesis (4, 5, 18, 23, 27, 32, 55). Previously, we
and others showed that cystogenesis is accompanied by up-
regulation of several canonical Wnt targets, including cyclin
D1 and survivin (18, 27). Since these genes are also direct
targets of STAT3, a transcription factor that is frequently
activated in several types of tumors, we investigated possible
STAT3 activation in iKsp-Pkd1del mice (8, 17, 33, 49, 50, 52).
In these mice, Pkd1 inactivation by tamoxifen treatment at
days 40–42 results in end-stage PKD �16 wk later (Fig. 1B).
Immunohistochemical analysis of renal sections demonstrated
numerous regions with strong nuclear accumulation of phos-
phorylated-(Tyr705)-STAT3 (pSTAT3) in cyst-lining epithe-
lial cells and in interstitial cells, while in kidneys of control
mice only few pSTAT3-positive nuclei were observed (Fig. 1,
C and D). To further quantify STAT3 activity, total and
phosphorylated STAT3 levels were analyzed by Western blot
and densitometric analysis. Whereas total STAT3 increased
slightly, which did not reach statistical significance, the
pSTAT3/STAT3 ratio was strongly elevated in cystic mice and
thus revealed that STAT3 was strongly activated in cystic
kidneys, thereby confirming the immunohistological data (P �
0.01; Fig. 2, A and C).

The relevance of mTOR signaling in ADPKD has previously
been demonstrated in a number of ADPKD models where
inhibition of mTOR by rapamycin resulted in reduced cyst
progression (55, 56, 61). To confirm mTOR activation, ribo-
somal protein S6 (rpS6) that acts downstream from the mTOR/
S6K pathway was analyzed. Numerous cysts displayed intense
p-rpS6 levels in cyst-lining epithelial cells, whereas in control
mice only negative and weak-to-moderate p-rpS6 expression
could be observed (Fig. 1, E and F). Also, Western blot
analysis indicated strong activation of rpS6 in cystic kidneys,
whereas total levels were not different (P � 0.01; Fig. 2, B and
D). Sequential sections stained with antibodies against
pSTAT3, p-rpS6, and markers for proximal tubules (megalin),
distal tubules (Tamm-Horsfall protein), and collecting ducts
(aquaporin-2) revealed that STAT3 and rpS6 activation oc-
curred in all tubular segments (Fig. 1, G–M). These data
suggest that mTOR but also STAT3 is activated in PKD.

Interestingly, activation of these proteins is known to be
inhibited by curcumin (4, 5, 10, 26). To confirm the effect of
curcumin on STAT3 and mTOR activation, we performed in
vitro experiments on immortalized renal tubular epithelial cells
that were derived from Pkd1lox,lox mice. These cells likely

originate from the proximal epithelium since they express the
proximal marker Cubn but not the collecting duct marker
Avpr2 (Supplementary Fig. S1C; the online version of this
article contains supplemental data). They were also able to
form cilia, as detected by �-tubulin, and expressed �-catenin in
the plasma membrane (Supplementary Fig. S1, A and B). A
subclone was transfected with a Cre plasmid to generate
Pkd1del,del cells and a pcr was performed to confirm the
deletion (Supplementary Fig. S1D). Both Pkd1lox,lox and
Pkd1del,del cells were incubated with different curcumin con-
centrations (0, 2.5, 5, and 10 �M) and analyzed for pSTAT3/
STAT3 and p-rpS6/rpS6 ratios. �-Actin was used as a loading
control. Both cell lines demonstrated a comparable dose-
dependent reduction of STAT3 and rpS6 activation, indicating
that curcumin inhibits both pathways regardless of Pkd1 ex-
pression (Fig. 3, A–D).

Curcumin inhibits cystogenesis in vivo. Given the apparent
overlap between curcumin-targeted and PKD-related path-
ways, we set out to investigate the therapeutic potential of
curcumin in our previously developed iKsp-Pkd1del mouse
model (29, 30). An overview of the treatment strategy is given
in Fig. 4 and was performed as follows: at PN days 40–42, we
administered tamoxifen to male iKsp-Pkd1del mice to inacti-
vate Pkd1. Seven days after gene disruption, each litter was
divided into a control and a curcumin group. Control mice
were put on a standard diet and curcumin mice received
the same diet supplemented with 1% curcumin. The mice were
followed in time and killed after ascertainment of renal failure
where a BU concentration of 20 mmol/l or higher was used as
criterion (long-treatment group). In addition, a subgroup of
mice was killed 11 wk after gene disruption (short-treatment
group). For both groups, there was no difference in total body
weight between curcumin-treated and -untreated mice (Supple-
mentary Fig. S2A). Control mice that did not receive tamoxifen
had normal kidneys (Fig. 1A). Mice that did receive tamoxifen
and killed 11 wk later (n 	 5 from 2 litters) displayed tubular
dilations and small cysts accompanied by increased 2KW/
BW% (median 2.6%), cystic index (CI; median 44%), and
proliferation index (PI; median 4.2%; Figs. 5A and 6). These
parameters were significantly reduced in curcumin-treated lit-
termates (n 	 5; 2KW/BW% 	 1.9%, P � 0.01; CI 	 34%,
P � 0.05; and PI 	 3%, P � 0.01), which also corresponded
to improved histology (Figs. 5, A and B, and 6). To assess
whether besides proliferation also apoptosis took part in the
curcumin-mediated reduction in cystogenesis, we stained kid-
ney sections from curcumin-treated and -untreated mice for
cleaved caspase-3 but found only very few apoptotic cells,
indicating that apoptosis did not play a significant role (data not
shown).

From mice that were followed until the onset of renal failure
(long treatment), BU was measured on a weekly basis. When
BU exceeded 15 mmol/l, the frequency of the measurements
was increased to pinpoint the moment of renal failure. Both
curcumin-treated and -untreated mice reached renal failure.
However, curcumin treatment postponed renal failure in all
five litters tested (Fig. 7A; also shown combined in Supple-
mentary Fig. S2B). The median survival after tamoxifen treat-
ment for all curcumin-treated mice (n 	 12) was 119 days and
for all untreated mice (n 	 11) 105 days. Kaplan-Meier
analysis showed that both groups significantly differed from
each other (P � 0.001; Fig. 7B). Taken together, these data
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Fig. 1. Expression of phosphorylated signal transducers and activator of transcription 3 (STAT3) and ribosomal protein S6 (rpS6) in cystic kidneys from
iKsp-Pkd1del mice. A–F: iKsp-Pkd1del mice untreated (A, C, and E) or treated (B, D, and F–M) with tamoxifen and killed �16 wk later (for mice that received
tamoxifen, this means that they developed renal failure). A and B: hematoxylin and eosin (HE) staining indicating normal histology in mice without tamoxifen
treatment and severe cystic disease 4 mo after tamoxifen administration. C and D: phosphorylated-(Tyr705)-STAT3 (pSTAT3) staining could hardly be observed
in control mice but regions with intense staining were observed in mice with polycystic kidney disease (PKD; examples of positive cystic epithelial and interstitial
nuclei are indicated by open and closed arrowheads, respectively). E and F: mosaic staining pattern for phosphorylated-rpS6 (p-rpS6) in control and cystic mice
showing more areas with increased intensity in cystic kidneys; indicated by arrowheads. G–J: sequential sections of a cystic area stained for the proximal marker
megalin (G), the distal marker Tamm-Horsfall protein (H), p-rpS6 (I), and pSTAT3 (J). Overlap between megalin, pSTAT3, and p-rpS6 is indicated by * and
overlap between Tamm-Horsfall protein, pSTAT3, and p-rpS6 by #. K–M: sequential sections of a cystic area stained for the collecting duct marker aquaporin-2
(K), p-rpS6 (L), and pSTAT3 (M). Overlap between aquaporin-2, pSTAT3, and p-rpS6 is indicated by 
. Magnifications were �25 for A and B, �200 for C–F,
and �400 for G–M.
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demonstrate that curcumin treatment reduces proliferation re-
sulting in inhibited cystogenesis and delayed renal failure.

Involvement of pSTAT3 and p-rpS6. To investigate whether
STAT3 and mTOR signaling contributed to the curcumin-
mediated inhibition of cystogenesis, we performed immuno-
histochemical and Western blot analysis on the short-treatment
group.

Immunohistochemical staining of pSTAT3 revealed that the
reduction of the cystic phenotype by curcumin treatment cor-
related with fewer nuclei expressing active STAT3 (Fig. 5, C
and D). Also, Western blot analysis on the short-treatment
groups showed clear activation of STAT3 in untreated mice
that was significantly reduced in curcumin-treated mice (P �
0.01; Fig. 8, A and C). In kidneys from untreated and cur-

cumin-treated mice that had been followed until renal failure
(long treatment), pSTAT3 levels did not differ but were higher
compared with the short-treatment group (Supplementary Fig.
S3, A and C).

Also, rpS6 was analyzed in the short-treatment group. Al-
though expression of p-rpS6 appeared slightly reduced in
curcumin-treated mice (Fig. 5, E and F), the reduction ob-
served by Western blotting did not reach statistical significance
(Fig. 8, B and D). Also, the activation of rpS6 compared with
controls was not significant, indicating that the role of mTOR
at this stage of the disease is limited. RpS6 was clearly
activated in the long-treatment groups and curcumin-treated
mice displayed a similar reduced yet statistically insignificant
trend (Supplementary Fig. S3, B and D).

Fig. 2. Activation of STAT3 and rpS6 in
PKD. A and B: total kidney lysates from
iKsp-Pkd1del mice with end-stage PKD (cys-
tic) or control mice that did not receive
tamoxifen (control) were immunoblotted
and incubated with an antibody against
pSTAT3 and STAT3 (A; detecting both
pSTAT3� and �) or against p-rpS6 and rpS6
(B). �-Actin was used as loading control.
pSTAT3 can hardly be detected in con-
trols, whereas cystic samples show strong
pSTAT3 expression. Total STAT3 levels
only slightly increased in cystic mice (not
significant). Also, p-rpS6 levels are in-
creased in cystic kidneys, whereas total lev-
els were not different. Densitometric analysis
reveals significant differences in pSTAT3/
STAT3 (C) and p-rpS6/rpS6 (D) ratios (P �
0.01, Student’s t-test). Error bars indicate
standard deviations.

Fig. 3. In vitro effect of curcumin on STAT3
and rpS6 activation. Pkd1lox,lox and Pkd1del,del

cells were cultured in the presence of 0, 2.5,
5, or 10 �M curcumin. In both cell lines,
Western blot analysis demonstrates a dose-
dependent reduction of pSTAT3 levels rela-
tive to total STAT3 (A and C). Also, p-rpS6/
rpS6 ratios were reduced on increasing cur-
cumin concentrations (B and D).
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These data indicate that STAT3 is already activated at a
relatively early stage of PKD and suggest that the curcumin-
mediated inhibition of cyst formation at least in part acts
through STAT3 inhibition. However, mTOR was only signif-
icantly activated at end-stage PKD and although curcumin
treatment resulted in reduced activation in both the short- and
long-treatment groups, this effect was not significant.

DISCUSSION

In ADPKD, cyst development is preceded by a critical
cellular drop in PC1 and/or PC2 levels resulting in deregulation

of many signaling pathways that control proliferation, differ-
entiation, PCP, cell-cell and cell/matrix communication, and
fluid transport (13, 43, 44, 67). Altered expression of PCP-
related genes such as Fjx1 and Fat4 has been linked to
cystogenesis possibly by causing disturbed centrosome posi-
tioning of newly formed cells after cell division (18, 51). We
observed downregulation of Fjx1 in Pkd1-deletion mice during
tissue repair when normally its expression is required (18).
This apparent defect in PCP signaling, which is regulated by
noncanonical Wnt signaling, was accompanied by increased
expression of canonical Wnt targets (18). Moreover, their
expression has also been demonstrated to be elevated in human
cystic samples (27). Together with the ability of the COOH-
terminal tail of PC1 to physically interact with and thereby
suppress the activity of �-catenin, these data suggest important
links between Wnt signaling and cystogenesis (27).

Expression of canonical Wnt targets, however, may not be
exclusively accountable to Wnt signaling. For example, cyclin
D1 and survivin are also known targets of STAT3, a transcrip-
tion factor that, when activated in several types of tumors, is
associated with poor prognosis (8, 17, 33, 50, 52). Although
STAT3 promotes cell survival and proliferation, it has been
demonstrated that overexpression of PKD1 in vitro could
activate a STAT3 luciferase reporter construct (7, 49). In-

Fig. 4. In vivo experimental setup. Tamoxifen is administered to iKsp-Pkd1del

mice at postnatal (PN) days 40–42 (t 	 0) to induce conversion of the Pkd1lox

to the inactive Pkd1del allele. One week later, mice either continued to receive
normal food or food supplemented with 1% curcumin. One group was killed
11 wk after tamoxifen (short treatment). Another group was followed until
renal failure [blood urea (BU) � 20 mmol/l], meaning that in this group, the
time at which mice are killed is the read-out (long treatment).

Fig. 5. Effect of curcumin treatment on iKsp-Pkd1del mice. A–F: most severely affected iKsp-Pkd1del mice in the short-treatment group without (A, C, and E) or with (B,
D, and F) curcumin treatment. After curcumin treatment, HE staining indicated improved histology (A and B), decreased nuclear pSTAT3 staining (C and D),
and to a lesser extent decreased p-rpS6 staining (E and F); arrowheads indicate examples of positive pSTAT3 nuclei. Both untreated (G; 93 days after tamoxifen)
and curcumin-treated (H; 117 days after tamoxifen) reached renal failure as a consequence of severe PKD. Magnifications were �25 for HE stainings and �200 for
pSTAT3 and p-rpS6 stainings.

F1198 CURCUMIN INHIBITS CYSTOGENESIS

AJP-Renal Physiol • VOL 300 • MAY 2011 • www.ajprenal.org



creased phosphorylation levels, however, were not detected
(7). In the same study, the closely linked but counteracting
STAT1 was analyzed. Overexpression of PKD1 in Madin-
Darby canine kidney (MDCK) cells resulted in enhanced
STAT1 activation and subsequent p21waf-induced G0/G1

growth arrest. In line with these results, Pkd1�/� embryos
indeed exhibited reduced pSTAT1 and p21waf1 levels (7).
Although the exact contribution remains to be elucidated, our
observations indicate that STAT3 activation strongly correlates
with increased cyst progression.

Fig. 6. Effect of curcumin treatment on 2-kidney weight/body weight (2KW/BW) ratios, cystic and proliferation indexes. Curcumin-treated iKsp-Pkd1del mice
that were killed 11 wk after Pkd1 disruption showed significant lower 2KW/BW ratios (1.9%) compared with their untreated littermates (2.6%; P � 0.01). In
line with the 2KW/BW ratios, the cystic area and the number of proliferating cells, as determined by Ki-67 staining, were lower in the curcumin-treated mice
(44 vs. 34%, P � 0.05 and 4.2 vs. 3.0%, P � 0.01, respectively). These parameters increased in mice that were followed until renal failure but there was no
difference between untreated and curcumin-treated mice other than the time frame within renal failure developed.

Fig. 7. Curcumin treatment delays renal failure in iKsp-Pkd1del mice in the long-treatment groups. A: from 11 wk after Pkd1 disruption, BU was measured on
a weekly basis in curcumin-treated and -untreated iKsp-Pkd1del mice until renal failure (BU � 20 mmol/l) was ascertained. Curcumin treatment delayed renal
failure in all 5 litters tested. B: Kaplan-Meier analysis of all litters combined revealed a significant difference between the untreated and curcumin-treated mice
(P � 0.001, Log-Rank test adjusted for litter). The median survival of untreated mice (n 	 11) was 105 days and of curcumin-treated mice (n 	 12) 119 days
after Pkd1 disruption.
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Another crucial modulator of proliferation that is activated in
ADPKD is mTOR. It has been shown that, together with tuberin,
the COOH-terminal tail of PC1 forms a complex with mTOR,
thereby reducing its activity (55). The ability of mTOR inhibitors
to greatly reduce cystogenesis in several animal models further
supports its role in ADPKD (55, 56, 61). However, the promising
results in rodents seem to contrast the data obtained in recent
clinical trials that at best demonstrate mild benefits (45, 53, 66).
We observed a dose-dependent effect of an mTOR inhibitor on
mTOR signaling and on renal cystic disease in our iKsp-Pkd1del

mice (Novalic Z, unpublished data). Of note, it has also been
shown that the serum concentration of mTOR inhibitors that can
be used in clinical practice is too low to inhibit tissue mTOR (9).
The results obtained in clinical trials in ADPKD patients with
mTOR inhibitors do therefore not preclude a role for mTOR
activation. To study whether mTOR may be involved in iKsp-
Pkd1del mice, we analyzed activation of rpS6, a downstream
target of the mTOR/S6K pathway, and indeed observed increased
phosphorylation of rpS6 in cystic kidneys.

Altered regulation of these and other signaling pathways,
likely to be subject to extensive cross talk, ultimately results in
cyst formation. Given these complex networks of altered sig-
naling in ADPKD, we reasoned that compounds targeting a
variety of these routes, as opposed to compounds specifically
acting on a single target, may provide new therapeutic insights.
Curcumin has been shown to be safe and effective in treating
several inflammatory and malignant diseases, mostly in rodent
models, by modulating a wide range of pathways that are also
altered in ADPKD (3–5, 10, 16, 22, 23, 27, 31, 32, 35, 55, 56,
59, 61, 69). In addition, during the preparation of this manu-
script, it has been demonstrated that curcumin retards cyst
development in MDCK cysts grown in collagen gels and in
cultured embryonic kidneys (15).

We demonstrate here that curcumin indeed causes a dose-depen-
dent reduction in rpS6 and STAT3 activation in Pkd1lox,lox and

Pkd1del,del cells and that cystogenesis is inhibited in iKsp-
Pkd1del mice. Eleven weeks after Pkd1 disruption, an approxi-
mate twofold increase in 2KW/BW ratio was observed accompa-
nied by mild to severe tubular dilatations mostly in the cortical
region of the kidney. Curcumin treatment significantly reduced
cystic and proliferation indexes, 2KW/BW ratios, and improved
renal histology. In line with these results, the onset of renal failure
in mice that were followed further in time was significantly
postponed. Although the exact mechanism likely comprises addi-
tional pathways, the correlation between the improved renal phe-
notype by curcumin treatment and reduced STAT3 signaling
supports the involvement of STAT3.

Levels of p-rpS6 were not yet significantly elevated in un-
treated mice at the 11-wk time point. The small and statistically
insignificant effect of curcumin on mTOR signaling at this stage
is therefore not a major contributor for the reduced cystic pheno-
type in these mice. However, we cannot exclude an effect on
mTOR signaling at more advanced stages of the disease.

Curcumin was not able to prevent cystogenesis entirely, which
may be a consequence of its limited bioavailability. Many studies
addressed this issue, leading to curcumin analogs with improved
pharmacological profiles and new delivery methods for curcumin
(1, 21, 25, 36, 40, 57). In addition, the generation of a series of
synthetic derivatives of oleanolic acid, a triterpenoid that can be
found in olives, may be an interesting candidate for ADPKD
treatment (20, 39). These synthetic oleanane triterpenoids (SO) act
on similar pathways as curcumin possibly by the so-called Mi-
chael acceptor properties that both these molecules possess (39).
One such SO, CDDO-Me, seems to be active at lower concen-
trations than curcumin, has successfully been tested in rodent
models against several malignant diseases, and is currently being
tested in phase I and phase II clinical trials (37–39, 47). An
additional property of curcumin-like molecules and SO that was
not tested in this study but may be of relevance to ADPKD is their
ability to reduce kidney damage by acting as antioxidants and by

Fig. 8. Expression of pSTAT3 and p-rpS6
in curcumin-treated and -untreated iKsp-
Pkd1del mice in the short-treatment groups.
Representative Western blot analysis on pro-
tein extracts from control mice (c) and cur-
cumin-treated and -untreated iKsp-Pkd1del

mice that were killed 11 wk after Pkd1
disruption to determine pSTAT3/STAT3 (A)
or p-rpS6/rpS6 ratios (B). �-Actin was used
as a loading control. C: STAT3 is activated
11 wk after Pkd1 disruption and curcumin
treatment reduces STAT3 activation (P �
0.01). D: at this stage of the disease, there
was no significant elevation in p-rpS6 com-
pared with wild-type mice. The reduction of
p-rpS6 in curcumin-treated mice did not
reach statistical significance.
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inducing a series of cytoprotective genes through Nrf2 activation
(2, 16, 22). Since we and others showed that cyst progression is
greatly accelerated by these kind of stress factors, it would be
interesting to see whether alleviating kidney damage by this
strategy could slow down the observed acceleration in cyst pro-
gression (18, 60).

In conclusion, this study provides evidence that multitarget
compounds like curcumin are able to inhibit cyst progression
without apparent side effects. Current developments in the field
of curcumin analogs and SO are highly promising and should
be further evaluated as possible therapeutics for ADPKD.
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