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ABSTRACT

Background. Autosomal dominant polycystic kidney disease
(ADPKD) is one of the most common human inherited

diseases. Modifier genes seem to modulate the disease pro-
gression and might therefore be promising drug targets.
Although a number of modifier loci have been already identified,
no modifier gene has been proven to be a real modifier yet.

O
R
IG

IN
A
L
A
R
T
IC

L
E

© The Author 2013. Published by Oxford University Press on
behalf of ERA-EDTA. All rights reserved.

2045



Methods. Gene expression profiling of two substrains of the
Han:SPRD rat, namely PKD/Mhm and PKD/US, both harbor-
ing the same mutation, was conducted in 36-day-old animals.
Catechol-O-methyltransferase (Comt) was identified as a
potential modifier gene. A 3-month treatment with tolcapone,
a selective inhibitor of Comt, was carried out in PKD/Mhm
and PKD/US (cy/+) animals.
Results. Comt is localized within a known modifier locus
of PKD (MOP2). The enzyme encoding gene was found upre-
gulated in the more severely affected PKD/Mhm substrain and
was hence presumed to be a putative modifier gene of PKD.
The treatment with tolcapone markedly attenuated the loss of
renal function, inhibited renal enlargement, shifted the size
distribution of renal cysts and retarded cell proliferation, apop-
tosis, inflammation and fibrosis development in affected (cy/
+) male and female PKD/Mhm and PKD/US rats.
Conclusions. Comt has been confirmed to be the first reported
modifier gene for PKD and tolcapone offers a promising drug
for treating PKD.

INTRODUCTION

Autosomal dominant polycystic kidney disease (ADPKD) is
the most commonly inherited renal disorder in humans
(prevalence between 1:400 and 1:1000) [1]. The majority of af-
fected patients develop renal failure and insufficiency by the
fifth or sixth decade. At present, ∼8–10% of ADPKD patients
with end-stage renal disease require renal replacement therapy
including haemodialysis, peritoneal dialysis or renal transplan-
tation.

ADPKD should be considered as a systemic disease with
clinical presentation in multiple organ systems [2]. However,
the development of bilateral large fluid-filled cysts throughout
the renal nephron accompanied by interstitial inflammation
and fibrosis are considered as the main features of ADPKD
[3]. The formation and growth of cysts are attended by the
progressive destruction of healthy renal tissue with deteriorat-
ing renal function. The pathways involved in the pathogenesis
of polycystic kidney disease (PKD) are numerous and to date
only a fraction of them have been conceived. Increased epi-
thelial cell proliferation and apoptosis, immoderate tubular
secretion of fluid due to an aberration of planar cell polarity
and extracellular matrix remodelling has been specified as the
fundamental mechanisms of cystogenesis [4].

ADPKD is a genetically heterogeneous disease and can
arise from mutations in at least two different genes, PKD1
(∼85% of cases) and PKD2 (∼10% of cases). Additionally, rare
mutations in a third not yet identified gene (PKD3) are sus-
pected. The gene products, polycystin-1 (PKD1) and polycys-
tin-2 (PKD2), associate in a complex, localized at the primary
cilium of kidney epithelial cells [5]. The complex plays a role
in calcium homeostasis, mechano- and chemosensation, and
in a number of signalling pathways (JAK/STAT, AP1 and Wnt)
[6, 7]. While polycystin-2 functions as a
Ca2+-permeable selective channel, polycystin-1 acts as a me-
chanosensor that controls Ca2+ influx [8, 9]. One of the remark-
able features of ADPKD is the great variance in the severity and

progression of the disease not only interfamilial but also intrafa-
milial [10]. This phenomenon is well known for both humans
[11] and even inbred animal models [12–15]. Predisposing
factors such as affected gene [16], position of mutation [17, 18],
mosaicism [19], hypomorphic or incomplete penetration of
alleles and dosage of functional protein [20], gender and hor-
monal effects [14, 21–23], environmental factors as well as
genetic modifiers may control disease progression and/or sever-
ity. A variety of modifier loci in different murine models of
PKD and in humans affected with ADPKD have been described
[12, 13, 15, 24–29]. However, no proposed modifier gene has
been proven to be a real modifier yet. The identification of such
modifier genes and the search for pharmacological agonists/
antagonists of the respective gene products represent a promis-
ing therapy approach for PKD.

The Hannover Sprague-Dawley (Han:SPRD) rat is a well-
documented animal model of PKD [30], which is widely used
to study the mechanism of cystogenesis and the effect of thera-
peutic interventions. A spontaneous missense mutation in
Anks6 leads to aberrant expression and mislocalization of
Anks6(p.R823W) [31, 32]. The cellular function of Anks6 and
the role of Anks6(p.R823W) in cyst formation are still not com-
pletely understood and are, therefore, the subject of various
studies [33–36]. Two inbred substrains, the PKD/Mhm and
the PKD/US rat, originating from this Han:SPRD rat might
have developed over the last 20 years due to separate breeding
in two different facilities. Although both substrains harbour
the same genetic mutation, they differ in disease progression
and severity [32]. This finding gives reason to the search for
possible modifier genes through the evaluation of differential
gene expression between these two substrains. Gene expression
profiling revealed that catechol-O-methyltransferase (Comt)
was highly upregulated in the more severely affected PKD/
Mhm substrain. The Comt mRNA codes for two different iso-
forms, MB-Comt (membrane-bound) and S-Comt (soluble)
[37]. Both proteins are expressed in various tissues; however,
S-Comt is usually dominant by a factor of ≥3 [37]. The
general function of Comt is the elimination of biologically
active or toxic catechols and some other hydroxylated metab-
olites [37]. Several studies indicate a role for sex hormones in
the regulation of Comt activity [38]; however, oestrogen
exposure has opposed effects in different tissues [39, 40].
Comt activity as a risk factor for different types of cancer (e.g.
breast and renal cancer) is controversially discussed in the lit-
erature [41, 42]. Until now, there is no evidence for an involve-
ment of catecholamines and Comt in the pathogenesis of PKD
[43]. However, due to upregulation of Comt in the more se-
verely affected PKD/Mhm substrain, the selective Comt inhibi-
tor Tolcapone was, therefore, investigated for its potential to
treat PKD.

MATERIALS AND METHODS

Animals

The Han:SPRD rat model was first discovered in 1986 as a
spontaneous mutation in a Sprague-Dawley colony in Hannover
[44]. A colony of the Han:SPRD rat is maintained in the animal
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care facility of the Medical Research Center of the University of
Heidelberg in Mannheim, Germany, since 1990. After ∼40 gen-
erations of inbreeding, an inbred substrain formed and was regis-
tered as PKD/Mhm (cy/+) [31]. A second subgroup of the Han:
SPRD rats was sent to the animal care facility at the University of
Kansas Medical Center, USA, ∼25 years ago [3, 45], and has
since matured into an ADPKD model distinct from the PKD/
Mhm colony. For this study, animals from the US substrain were
obtained from Ph.D. M.D. Vicente E. Torres (Mayo Clinic
College of Medicine, Rochester, MN) and will be termed as
PKD/US in the following experiments.

All experiments were performed in accordance with federal
and local laws, as well as institutional regulations. The animals
were kept under standard laboratory conditions (12 h light
cycle, 55 ± 5% humidity, 20 ± 2°C room temperature) in an
animal care facility at the Medical Research Center, Medical
Faculty Mannheim, University of Heidelberg, Germany.
Animals had free access to tap water and to standard 19%
protein rodent pellet feed (ssniff R/M-H, ssniff Spezialdiäten
GmbH, Soest, Germany), if not stated otherwise.

Expression profiling using microarrays

Expression profiling in kidneys of 36-day-old rats was
performed using Affymetrix GeneChip® rat expression array
230A (Affymetrix, Santa Clara, CA). Nine rats were investi-
gated for each combination of rat subgroup (PKD/Mhm or
PKD/US), genotype (affected cy/+ or wild-type +/+) and
gender (male or female). Total RNA was prepared using
TRIzol® (Invitrogen Corp., Carlsbad, CA). RNA was further
processed as described in the Affymetrix manual. Statistical
analysis was performed with the software package Microarray
Solution version 1.0 (SAS Institute, Cary, NC) using standard
settings, except the following specifications: log-linear mixed
models [46] were fitted for values of perfect matches with
gender, substrain and genotype considered to be constant and
the array-id random. Customer annotation [47] Version 8 was
applied to annotate the probes on the microarray to Unigene.
A false discovery rate of 0.05 with Bonferroni correction was
used to determine the significance of differential gene
expression.

Real-time PCR

A commercial real-time PCR assay (Applied Biosystems,
Forster City, CA) was performed to analyse Comt gene
expression on an ABI PRISM® 7000 sequence detection
system (Applied Biosystems). Ppia (peptidyl-isomerase A)
served as an endogenous control.

Immunoblot

In a kidney homogenate, the soluble (S-) and the mem-
brane bound (MB-) isoforms of Comt (Chemicon Inter-
national, Temecula, CA) and Raf-B (Santa Cruz
Biotechnology, Heidelberg, Germany) were investigated.
Albumin (Cappel, MP Biomedicals, Inc., Aurora, OH) served
as a control.

Tolcapone treatment

PKD/Mhm (cy/+) and PKD/US (cy/+) animals of both
sexes were assigned to tolcapone treatment and vehicle control
groups with 10–12 animals per group, respectively. Animals
were provided with a phytoestrogen low 19% protein rat pellet
diet (ssniff R/M-H phytoestrogen low, ssniff Spezialdiäten
GmbH, Soest, Germany) at all times of the experiments. The
minimal dose of 3.0 mg tolcapone per 100 g body weight per
24 h was administered orally in three doses a day starting at
the 10th day of life. The drug was prepared in standard solvent
vehicle (0.5% carboxymethylcellulose, 0.9% NaCl, 0.4%
Tween-80, 0.5% benzyl alcohol) at a concentration of 0.1 mg/
mL tolcapone. For better acceptance, sugar syrup was added.
Suckling animals were individually fed the drug containing
60% (v/v) sugar syrup into the rodents’ cheek pockets using a
1 mL syringe. The body weight was determined daily in suck-
ling animals and administered doses adjusted daily accord-
ingly. From the 36th day of life, the drug was supplied via
drinking water [5% (v/v) sugar syrup]. Due to the added
sugar, the administration was accepted freely. Animals in
control groups obtained the drug vehicle alone. After 3
months of tolcapone treatment, the experiment was termi-
nated.

Biochemical analysis

In the 15th week of life, blood samples were taken and a 24-
h urine output was collected. Biochemical parameters of
plasma and urine samples were determined by standard labora-
tory methods (Hitachi 911 Autoanalyzer, Roche Diagnostics,
Mannheim, Germany). Renal cyclic adenosine monophosphate
(cAMP) levels were measured using the cAMP Biotrak enzyme
immunoassay (EIA, GE Healthcare, Freiburg, Germany) after
termination of the study.

Morphological and immunohistochemical assessments

All morphological and immunohistochemical assessments
of the kidneys were performed in paraffin sections under light
microscopy. Cyst scoring was done on haematoxylin–eosin
stained kidney sections using a previously described scoring
system [13, 14]. Additionally, cystic areas were measured and
fibrosis was assessed on Heidenhain’s azan stained sections
using the software Leica QWin (Leica Mikrosysteme Vertrieb
GmbH, Bensheim, Germany). Cell proliferation was assessed
by counting Ki-67-positive cells (Dako Deutschland GmbH,
Hamburg, Germany), apoptosis was assessed using the
DeadEnd™ colorimetric TUNEL system (Promega GmbH,
Mannheim, Germany), and inflammation was assessed by
counting CD43-positive cells (Acris Antibodies GmbH,
Hiddenhausen, Germany).

Statistics

Data were analysed with the SAS System Version 9.1 (SAS
Institute Inc.). The following procedures were applied: PROC
TTEST (t-test), PROC FREQ (Fisher’s exact test) and PROC
MEANS (mean and SD). A P value of <0.05 was used to deter-
mine the significance of substrain or treatment effects.
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RESULTS

Two phenotypic different substrains—PKD/Mhm rats
exhibited a more severely progression of PKD compared
with PKD/US rats

Considering that both PKD/Mhm and PKD/US originated
from the same colony of Han:SPRD and harbour the same
mutation for PKD, possible functional and structural differ-
ences were investigated in 36-day-old animals. Both wild-type
(+/+) PKD/Mhm males and females were 15% heavier
(P = 0.001 and P = 0.011, respectively) than their US counter-
parts. Heterozygously affected PKD/Mhm (cy/+) males were
8% heavier (P = 0.004) and females were 7% heavier
(P = 0.064) than their US counterparts. The relative kidney
weight (total kidney weight per 100 g body weight) of hetero-
zygously affected PKD/Mhm (cy/+) rats was 62% higher
(P < 0.001) in males and was 21% higher (P = 0.023) in female
animals than those of PKD/US rats (Table 1). Plasma creati-
nine levels of PKD/Mhm (cy/+) animals were 15% higher
(P = 0.008) in males and 14% higher (P = 0.043) in females
compared with the levels of the corresponding PKD/US
animals. The plasma urea levels of PKD/Mhm (cy/+) male
animals were 21% higher (P = 0.014), whereas the plasma urea
levels did not significantly differ (P = 0.855) between female
animals of the subgroups (Table 1). No difference was ob-
served in the relative kidney weight, plasma creatinine as well
as plasma urea comparing wild-type (+/+) PKD/Mhm and
PKD/US animals. Furthermore, cyst formation was more pro-
nounced in (cy/+) PKD/Mhm than in PKD/US rats as
measured by higher cyst scores (Figure 1). These results con-
firmed the formation of two different substrains of the Han:
SPRD rat, PKD/Mhm and PKD/US, during the years of separ-
ated inbreeding.

Comt was strongly upregulated in PKD/Mhm compared
with PKD/US

In order to identify possible modifier genes for PKD, renal
gene expression profiles of 36-day-old rats of both substrains
were generated. Differential gene expression between PKD/
Mhm and PKD/US was detected for at least 104 genes.
However, the expression changes in most of these genes were
marginal. Only three genes exhibited expression changes of
more than 2-fold, namely Comt (catechol-O-methyltransfer-
ase), RT1-Aw2 (RT1 class Ib, locus Aw2) and an expressed se-
quence tag (Figure 2). Comt exhibited a more than 5-fold
upregulation in PKD/Mhm compared with their PKD/US
counterparts. This conspicuous upregulation of Comt in PKD/
Mhm (cy/+) animals was confirmed on both mRNA and
protein levels (Figures 2 and 3).

Comt inhibition with tolcapone attenuated PKD
progression

With the objective of proving Comt as a putative modifier
gene, the influence of tolcapone on PKD severity and pro-
gression was investigated. Both substrains were treated with
tolcapone (3.0 mg per 100 g body weight per 24 h) for 3
months starting at the 10th day of life. Upon treatment, the
relative kidney weight, plasma creatinine, plasma urea and the
albumin excretion were reduced in all treated compared with
control rats (Table 2 and Figure 4). Reduced cell proliferation,
apoptosis, inflammation and fibrosis were detected in the
kidney sections after the treatment (Figures 5 and 6). The per-
centage of cyst area of the total kidney area was reduced by
19% (P = 0.065), 11% (P = 0.319), 14% (P = 0.075) and 18%
(P = 0.073) upon treatment in PKD/Mhm males and females
and PKD/US males and females, respectively. Although the
number of renal cysts was not significantly changed by

Table 1: Higher relative kidney weights, higher plasma creatinine levels and higher plasma urea
levels in 36-day-old (cy/+) PKD/Mhm compared with PKD/US rats

Parameter Sex Rats n Mean SD P value

Relative kidney weight (g/100 g body weight) Male PKD/Mhm 41 1.46 0.33 <0.001

PKD/US 15 1.11 0.07

Female PKD/Mhm 29 1.22 0.27 0.023

PKD/US 10 1.01 0.1

Plasma creatinine (mg/dL) Male PKD/Mhm 41 0.15 0.03 0.008

PKD/US 15 0.13 0.02

Female PKD/Mhm 29 0.16 0.04 0.043

PKD/US 10 0.14 0.03

Plasma urea (mg/dL) Male PKD/Mhm 41 46 11 0.014

PKD/US 15 38 6

Female PKD/Mhm 29 44 9 0.855

PKD/US 10 43 6

n, number of investigated animals; SD, standard deviation; P value, P value of t-test comparing PKD/Mhm versus PKDUS rats.
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tolcapone treatment, the cyst size distribution was significantly
shifted after 3 months of therapy (Table 3). Proportions of
small cysts (<0.3 mm2) were larger (P < 0.001) in treated
animals compared with their control littermates. All these
results provide evidence of attenuating PKD progression by
tolcapone treatment.

Tolcapone treatment downregulated cAMP signalling

In order to analyse the effects of Comt inhibition on cellu-
lar pathways, protein expression levels of cAMP and Raf-B
were determined after 3 months of tolcapone treatment. Renal

cAMP levels were 48% lower (P = 0.048) in PKD/Mhm males
and protein levels of Raf-B were also markedly reduced in
treated compared with control rats of both substrains and
gender (Figure 7). These findings confirm the supposition that
Tolcapone exerts influence on the progression of PKD by af-
fecting the cAMP signalling pathway.

DISCUSSION

Inbred strains of rodent animal models are commonly used in
biomedical research and substrain divergence is a widespread
phenomenon. The genetic variability between substrains exhi-
biting diversified phenotypes can be used as a unique possi-
bility to identify modifier genes. Although originating from
the same colony of Han:SPRD rats [44] and harbouring the
same mutation [32], two substrains with obvious differences
in PKD progression have formed due to the separated inbreed-
ing over the last 25 years. PKD/Mhm rats compared with
PKD/US rats exhibited the more severe PKD progression, indi-
cated by more aggressive kidney growth, faster deteriorating
renal function and more pronounced cyst formation
(Figure 1).

Differential gene expression between the two substrains was
analysed to study the underlying mechanism for their pheno-
typic divergence. Gene expression profiling using microarrays
revealed three genes, which were highly differentially ex-
pressed (with fold changes higher than two) (Figure 2). Comt
was strongly upregulated in the more severely affected PKD/
Mhm (cy/+) animals (Figures 2 and 3). Furthermore, the
Comt gene is localized on chromosome 16 within a known
modifier locus of PKD (MOP2), which was demonstrated to
strongly modulate PKD progression in pcy mice [15]. These
findings hence suggest Comt as a modifier for PKD and the

F IGURE 1 : More pronounced cyst formation in PKD/Mhm
compared with PKD/US. Shown are the relative frequencies of cyst
scores of 36-day-old heterozygously affected (cy/+) rats. Cyst scores
compromise a grading between 1 (mildly affected), 2, 3 or 4 (severely
affected).

F IGURE 2 : Gene expression profiling revealed Comt as the most upregulated gene in PKD/Mhm compared with PKD/US. (A) Shown is the
volcano plot of the significantly regulated genes found with the microarray experiment. Renal gene expression was analysed in 36-day-old PKD/
Mhm and PKD/US rats. Red squares indicate overexpressed and blue squares underexpressed genes in PKD/Mhm compared with PKD/US. Red
line: cut-off for P = 10−6, corresponding to a false discovery rate of 0.05 with Bonferroni correction for multiple testing. (B) Real-time PCR re-
vealed a 2-fold upregulation of ComtmRNA in PKD/Mhm rats compared with PKD/US animals. Ppia was taken as endogenous control. P
values between 0.001 < P < 0.01 are indicated by **, and P values between 0.01 < P < 0.05 indicated by *.
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more pronounced disease severity in PKD/Mhm animals is
due to the strong overexpression of Comt in PKD/Mhm
animals.

Although ADPKD is a significant cause of chronic renal
failure in adults, an effective therapy does not yet exist and
thus to date treatment of PKD has been limited to renal repla-
cement therapy by dialysis or by renal transplantation coupled
with aggressive management of hypertension. Concerning this
aspect, the selective Comt inhibitor tolcapone was tested for its
potential to attenuate PKD progression. Starting at the 10th
day of life, male and female affected PKD/Mhm (cy/+) and
PKD/US (cy/+) animals were treated with tolcapone for 3
months.

Judging by physical appearance, the treatment with tolcapone
was well tolerated without any side effects or mortalities. Body
weight, liver weight and the liver mass index were not signifi-
cantly different between the treatment and control groups. All in-
vestigated liver toxicity parameters (alkaline phosphatase,
glutamic-oxaloacetic transaminase and glutamic-pyruvic trans-
aminase) did not reach pathological levels (data not shown).

During the tolcapone treatment, a phytoestrogen low diet
was fed to the animals. As oestrogens have been described to
be renoprotective by attenuating glomerulosclerosis and tu-
bulointerstitial fibrosis [48, 49] and downregulating inflam-
matory responses [50], this diet was chosen to eliminate diet-
related contributions to phenotypic changes. Several studies
have demonstrated that PKD is ameliorated with dietary soy
protein substitution [51] and soy proteins are the major
source of phytoestrogens [52]. The two major dietary phy-
toestrogens are daidzein and genistein [53] and the latter one
was shown to inhibit Comt activity [54]. Therefore,

favourable effects (anti-inflammatory and anti-fibrotic) of
estrogens and the decrease of Comt activity by the existence
of genistein by dietary phytoestrogens could have influenced
the treatment study.

Tolcapone treatment attenuated progression of PKD by
modulating cell proliferation and apoptosis, ameliorating renal
injury and improving renal function (Figures 4 and 5). A pre-
cisely controlled balance between cellular proliferation and
programmed cell death (apoptosis) is essential for normal
growth and differentiation of the kidney. These fundamental
processes are disturbed in PKDs [55, 56]. Reduced cell pro-
liferation and apoptosis were recorded in treated rats com-
pared with control animals. Renal injury including interstitial
inflammation and fibrosis accompany the course of chronic
renal failure. Significantly less CD43-positive inflammatory
cells were present in the kidneys of treated rats compared with
the untreated control group. Also, the areas affected by fibrosis
in the renal cortex and the medulla were significantly smaller
after treatment. The total kidney volume of polycystic kidneys
may be a useful surrogate marker for disease progression.
Indeed, currently the existence of a significant correlation
between the rate of growth of renal volume and the rate of
decline of renal function in patients with PKD is still contro-
versially discussed [57, 58]. Upon 3 months of tolcapone treat-
ment, the relative kidney weight was significantly reduced in
treated animals compared with untreated controls. Accord-
ingly, the size distribution of renal cysts has been shifted
towards smaller cysts after tolcapone treatment. The improve-
ment of renal function by tolcapone treatment was indicated
by the lower levels of plasma creatinine, plasma urea and
albumin excretion in treated animals.

F IGURE 3 : Upregulation of Comt in PKD/Mhm compared with PKD/US confirmed by western blot. (A) Conspicuous higher protein
amounts of S-Comt in the PKD/Mhm substrain for both gender and genotypes were found using western blot when compared with the PKD/US
substrain. (B+C) MB-Comt was equally expressed in all groups. Albumin was taken as an endogenous control. Analyses were performed with
kidneys of 36-day-old rats. Lysates of six animals were pooled per genotype, sex and substrain.
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An increased level of cAMP is common in animal models
of PKD [59, 60] and was shown to be associated with renal
cyst formation in ADPKD [61, 62]. The attenuation of PKD
by tolcapone treatment most probably involves the downregu-
lation of cellular cAMP signalling. Alterations in the polycystin
pathway in PKD result in decreased intracellular calcium

levels. Adenylyl cyclase VI is, in turn, stimulated and the intra-
cellular cAMP level elevated. An elevated cAMP level further
stimulates the ERK pathway via Raf-B and prompts cyst for-
mation by increasing cell proliferation and Cl-dependent fluid
secretion [63, 64]. Tolcapone treatment downregulated both
cAMP and the protein level of the ERK pathway component

Table 2: Changes in relative kidney weight, plasma creatinine and plasma urea after 3 months
of tolcapone treatment in male and female PKD/Mhm and PKD/US animals

Parameter Sex Rats Group n Mean SD P
value

Change by treatment
(%)

Relative kidney weight
(g/100 g body weight)

Male PKD/
Mhm

T 12 0.98 0.10 <0.001 −21

C 10 1.24 0.13

PKD/US T 11 1.28 0.16 <0.001 −22

C 12 1.64 0.19

Female PKD/
Mhm

T 12 1.24 0.19 0.152 −8

C 12 1.35 0.18

PKD/US T 10 1.26 0.11 0.005 −12

C 11 1.44 0.15

Plasma creatinine (mg/
dL)

Male PKD/
Mhm

T 12 1.04 0.13 0.006 −21

C 10 1.31 0.28

PKD/US T 11 1.08 0.21 0.094 −14

C 12 1.26 0.27

Female PKD/
Mhm

T 12 0.71 0.17 0.265 +11

C 12 0.64 0.15

PKD/US T 10 0.54 0.14 0.801 −2

C 11 0.55 0.07

Plasma urea (mg/dL) Male PKD/
Mhm

T 12 106 23 0.003 −31

C 10 154 43

PKD/US T 11 103 23 0.039 −17

C 12 123 19

Female PKD/
Mhm

T 12 72 13 0.377 −8

C 12 78 16

PKD/US T 10 56 15 0.505 −7

C 11 60 8

Albumin excretion (µg/
24 h)

Male PKD/
Mhm

T 12 38 32 0.042 −46

C 10 70 37

PKD/US T 11 57 66 0.358 −42

C 12 98 60

Female PKD/
Mhm

T 12 21 20 0.176 −36

C 12 33 20

PKD/US T 10 34 24 0.358 −26

C 11 46 31
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Raf-B (Figure 7). Further putatively involved pathways
through which Comt inhibitor tolcapone markedly attenuated
PKD progression are summarized in Figure 8.

Also antioxidative mechanisms are most likely involved
in the improvement of PKD through Comt inhibition by
tolcapone. Upregulated Comt was shown to be involved in
Ang II-induced oxidative stress and inflammation. Comt
inhibitors have been described to scavenge peroxyl radicals,
nitric oxide and superoxide, inhibit lipid peroxidation, as well
as NF-κB activation [65–67]. Comt inhibition by Entacapone
improved Ang II-induced vascular inflammation and glomer-
ular damage in a rat model transgenic for human renin and
human angiotensinogen genes [68, 69]. The Comt inhibitor
Nitecapone mediates renoprotective effects in diabetic rats.
Hyperfiltration, focal glomerulosclerosis and albuminuria

were reversed by Nitecapone. The protective mechanisms are
ascribed to antioxidative and Comt inhibitory properties of
the drug [70]. Tolcapone is chemically similar to entacapone
and nitecapone and it is hence likely that the anti-inflamma-
tory and anti-fibrotic effects observed are ascribable to antioxi-
dant properties of tolcapone.

Comparing the two substrains, Comt is upregulated in the
PKD/Mhm strain compared with the PKD/US in both affected
and unaffected animals. However, both strains harbour the
same missense mutation responsible for the polycystic pheno-
type. Different starting levels of Comt in the both strains,
however, result in a different ability of the strains to respond to
the treatment, e.g. Comt inhibition. The effect of tolcapone is
thus more pronounced in PKD/Mhm animals compared with
PKD/US animals.

F IGURE 4 : Tolcapone reduced the relative kidney weight, plasma creatinine, plasma urea and albumin excretion. Shown are the effects of
3 months tolcapone treatment in PKD/Mhm and PKD/US males and females on (A) relative kidney weight (B) plasma creatinine, (C) plasma
urea and (D) albumin excretion (mean ± SD). P values <0.001 are denoted by ***, between 0.001 < P < 0.01 by **, and P values between
0.01 < P < 0.05 by *.
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F IGURE 5 : Tolcapone reduced cell proliferation, apoptosis and inflammation in PKD/Mhm substrain. Shown are the effects of 3 months of
tolcapone treatment in PKD/Mhm males and females on (A–C) cell proliferation, (D–F) apoptosis and (G–I) inflammation. Shown are the
mean counts ± SD of (A) Ki-67 positive cells, (D) TUNEL-positive cells and (G) CD43-positive cells (P = 0.006, P < 0.001 is denoted by * and
***, respectively). (B, E, H) and (C, F, I) are representative pictures of the (immuno-) histochemical staining with (B, E, H) showing kidney sec-
tions of tolcapone-treated animals, and (C, F, I) showing kidney sections of vehicle controls, respectively. Pictures were taken at a ×20 magnifi-
cation.
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Most promising therapeutic interventions for PKD target
cAMP signalling and cell cycle control. Some of them such as
Rapamycin and Tolvaptan have already entered phases of
clinical trials. The mTOR inhibitor and potent antiprolifera-
tive substance rapamycin was found to reduce kidney volume
and cyst volume density, decrease proliferation in cystic and
non-cystic tubules and prevent the loss of renal function [71].
Vasopressin V2 receptor antagonists (e.g. tolvaptan or OPC-
31260) are effective agents to reduce cyst and kidney volumes
by reducing cAMP levels [59, 72]. Inhibitors of the cyclin-de-
pendent kinase, roscovitine and fisetin, attenuated cystogen-
esis through cell-cycle arrest and transcriptional inhibition
[73, 74]. Also, the renoprotective function of tolcapone seems

to be mediated by cAMP signalling and cell-cycle control.
Reduced cAMP levels and less proliferating cells were also
documented in our current study in tolcapone-treated rats
compared with control animals. The improvements in renal
function and morphology achieved after 3 months of tolca-
pone treatment were quite comparable with that reported for
roscovitine [73], rapamycin and sirolimus [71, 75]. These data
suggest tolcapone as a promising alternative therapeutic strat-
egy to other common effective therapy approaches for PKD.

In summary, in PKD/Mhm and PKD/US, two inbred sub-
strains both originating from Han:SPRD rats but differing in
PKD progression, Comt was identified as the first modifier gene
of PKD. Furthermore a selective Comt inhibitor was documented

F IGURE 6 : Tolcapone reduced fibrotic alterations in cortex and medulla. Shown are the effects of 3 months of tolcapone in male and female
(A) PKD/Mhm and (B) PKD/US animals on the development of fibrosis after 3 months of tolcapone treatment (mean ± SD, P values <0.001 are
denoted by ***, and P values between 0.001 < P < 0.01 by **).

Table 3: Cyst size distribution was shifted towards higher proportions of small cysts after 3 months
of tolcapone treatment

Relative group size in (%) Differences between the relative group
sizes

Substrain PKD/Mhm PKD/US PKD/Mhm PKD/US

Sex Male Female Male Female Male Female Male Female

Cyst size in
(mm2)

T C T C T C T C Difference (treated-control)

<0.010 18.3 16.6 6.9 29.4 11.6 5.9 6.0 9.1 1.6 −22.5 5.8 −3.1

0.010–0.019 22.5 16.8 17.8 15.1 17.4 10.2 11.6 17.2 5.7 2.7 7.1 −5.6

0.020–0.029 16.9 16.2 18.4 14.2 19.5 17.1 22.4 21.6 0.7 4.2 2.3 0.8

0.030–0.049 16.4 17.8 22.3 16.3 19.8 22.5 25.7 22.0 −1.4 6.1 −2.7 3.6

0.050–0.100 12.9 17.5 20.8 14.9 17.1 23.2 23.5 19.8 −4.6 5.9 −6.2 3.7

>0.100 13.0 15.1 13.7 10.1 14.7 21.1 10.8 10.2 −2.1 3.7 −6.4 0.6

total 100 100 100 100 100 100 100 100

Cyst sizes were divided to obtain six groups with approximately equal group sizes in the control animals.
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to markedly downregulate cAMP signalling, inhibit inflam-
mation, cell proliferation, apoptosis and fibrosis, shift the cyst
size distribution and prevent renal failure in PKD/Mhm rats.

Therefore, tolcapone offers a promising drug for treating PKD.
Further studies are in progress to confirm the usefulness of tolca-
pone also in genetically different animal models of PKD.

F IGURE 7 : Three months of tolcapone treatment downregulated cAMP signalling. (A) Renal cAMP levels of PKD/Mhm males (mean ± SD, P
values between 0.01 < P < 0.05 by *). (B) Western blot analysis. Shown are the protein expression levels of the Raf-B (a downstream molecule of
cAMP signalling) of all groups. Protein lysates of all animals in the study were pooled according to gender, genotype and treatment (see Table 2
for n per group). Albumin was used as endogenous control. (C) Vehicle control rats, T: tolcapone-treated rats.

F IGURE 8 : Pathways regulated in PKD are influenced by tolcapone. The polycystin pathway is disrupted in PKD resulting in decreased intra-
cellular calcium levels. Adenylyl cyclase VI is in turn simulated and intracellular cAMP is increased. cAMP further stimulates the ERK pathway
via Raf-B increasing cell proliferation. Mechanisms and components upregulated in PKD are shown in blue and downregulation is shown in
yellow, effects observed in male PKD/Mhm rats upon 3 months of Comt inhibition with tolcapone in orange. PC 1: polycystin 1, PC 2: polycystin
2, R: G protein-coupled receptor, AC VI: adenylyl cyclase VI, PKA: protein kinase A, CFTR: cystic fibrosis transmembrane conductance regula-
tor, V2R: vasopressin 2 receptor, ERK: extracellular signal-regulated kinase, Gi and Gs: G-proteins, cAMP: cyclic adenosine monophosphate.
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ABSTRACT

Background. Desmopressin (dDAVP) induces a decrease in
immunolabelling of aquaporin (AQP) 4 protein in the term-
inal inner medulla (IM) of the Brattleboro (BB) rat kidney. It
is disputed, however, whether the decreased labelling reflects
real down-regulation of protein abundance, or whether it is a

result of epitope shielding in the AQP4 protein, preventing
binding of the antibody as previously suggested. Furthermore,
it is unknown if vasopressin regulates AQP4 in the connecting
tubule (CNT) and in the cortical collecting duct (CCD). Using
BB rats, we aimed to determine (i) whether the dDAVP-
induced decrease in AQP4 labelling in the terminal IM reflects
down-regulation in protein abundance and (ii) whether
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