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[Background] We investigated the effects of citrate on the development of renal cysts and renal dysfunction
in experimental polycystic kidney disease (PKD).

[Methods] Renal cystic disease was chemically induced by orally administered diphenylthiazole (DPT).
Sprague-Dawley rats were divided into 3 groups: Group 1, normal rats; Group 2, rats with DPT intake for 4
weeks; Group 3, rats with DPT and citrate intake for 4 weeks. The expression and localization of chloride
channel-K (CLC-K(2))were examined using Northern blotting and immunohistochemistry.

[Results] Cysts were found in the kidneys of all the rats in Group 2 and Group 3, but fewer and smaller cysts
were found in Group 3. Glomerular filtration rate (GFR) was lowest in Group 2 and significantly better in Group
3. The expression of CLC-K was weaker in Group 2 than in Group 1 and stronger in Group 3 than in Group 2.
CLC-K(2) staining in the epithelial cells weakened with cyst development. CLC-K(2) staining was stronger in
Group 3 than in Group 2.

[Conclusion] Citrate retards cyst formation and helps to prevent the deterioration of renal function in ex-
perimental PKD. Differences in the expression and localization of CLC-K in the epithelial cells may be attribut-

able to the development of PKD.
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Introduction

Autosomal dominant polycystic kidney disease
(PKD) is often accompanied by the formation of nu-
merous fluid-filled cysts in both kidneys and the de-
velopment of renal failure”. Several treatments
have been prospected to retard or prevent cyst for-
mation such as vasopressin V2 receptor antagonist,
the major cyclic AMP (cAMP) agonist in the collect-
ing duct®.

In recent experimental studies, treatment with
an alkalizer, such as citrate, has been reported to di-
minish the enlargement of renal cysts and improve
renal function””. However, the mechanism of this
effect has not yet been elucidated®?,

Intracystic fluid accumulation is an important

step in cyst formation”. Fluid originates from the

net secretion of transepithelial fluid, which is driven
by transepithelial chloride secretion involving chlo-
ride channels, like chloride channel K and cystic fi-
brosis transmembrane conductance regulator®?.

Animal models of PKD, either drug-induced or
genetically produced, have been developed. The
heterozygous Han: SPRD rat'’, which is a useful
model for human PKD, has been used to investigate
the pathogenesis of cyst formation and the effect of
treatment in some laboratories. We have used 2-
amino-4,5-diphenylthiazole-HCl (DPT)™ to induce
cysts in the kidneys of rats in experiments examin-
ing cystic disease and renal cancer™.

In the present study, we investigated the effect of
citrate on the development of cyst formation and fo-

cused on changes in renal CLC-K expression and lo-
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calization during the development and retardation
of renal cysts in our experimental PKD rat model.
Materials and Methods

1. Animals and PKD models

Sprague Dawley (SD) rats, weighing 100 to 200
g, were utilized; renal cysts formation was induced
using orally administered 2-amino-4,5-diphenyl-
thiazole-HCl (DPT). The DPT dose was 0.5 to 1.0
mg/kg/day. The development of renal cysts de-
pends on the period of DPT intake. After two
weeks, small cysts were found mainly in the corti-
comedullary area. The number and size of the cysts
increased over time, and enlarged cysts were
widely disseminated throughout the kidney after
four weeks (Fig. 1).

The handling and treatment of the experimental
animals for this study were approved by the Insti-
tutional Committee of Tokyo Women's Medical
University.

2. Experimental models

SD rats were divided into three groups according
to DPT and citrate intake as follows: Group 1, nor-
mal rats; Group 2, rats with DPT intake for 4 weeks;
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and Group 3, rats with DPT and a mixture of citrate
intake for 4 weeks. Each group consisted of 10 rats.

DPT and citrate were administered orally with
meals. A mixture of citrate salts comprising citrate
sodium, citrate potassium and citric acid were given
at a dose of 3.0 to 4.0 g/kg/day.

3. Laboratory and histologic evaluations

At the end of the experiment, 24 hr urine and
blood samples were analyzed by the enzymatic
method. The kidneys were harvested and exam-
ined. A histological examination was performed,
and the tubule/cyst lumen areas were measured
using NIH-image. The expression and localization of
CLC-K were investigated using Northern blot
analysis and immunohistochemistry.

Five hundred of the largest tubule/cyst lumen
areas were employed for the NIH image analysis.
The median and average of the lumen areas were
compared among the groups, and the number of tu-
bules/cysts was counted for each group.

4. CLC-K experiments

1) Expression of CLC-K

Total RNA was isolated from the excised kidneys

(HE)

Normal

DPT for 2 weeks

DPT for 4 weeks

(4 Weeks)

Fig. 1 DPT induced PKD
The number and size of the cysts increased over time. The cysts are spread widely through-

out the kidney.

—115—



14

using guanidium isothiocyanate-cesium chloride
centrifugation, followed by digestion with RNase-
free DNasel (Takara, Ohtsuy, Japan) to remove con-
taminating genomic DNA. cDNA probes encoding
the CLC-K (2) sequence were radiolabeled using the
random prime labeling method. The total RNA sam-
ples of 20 pg were denatured by formaldehyde,
fractionated on 1% agarose gel, and blotted onto ny-
lon membranes (Hybond N).

The membranes were then prehybridized at
65 C for 4 hr in 5% standard saline citrate (SSC)
containing 5% Denhaldt’s solution, 1% sodium dode-
cyl sulfate (SDS), and salmon sperm DNA (100 pg/
ml). The membranes were subsequently hybrid-
ized at 65 C overnight in the same buffer contain-
ing a radioactive DNA probe (2x10° cpm/ml). The
membranes were washed at 65 C with 2x to 0.1
SSC containing 0.1% SDS, and exposed to Kodak
XAR-5 films at minus 80 T using an intensifying
screen for 3-7 days before development. Glyceralde-
hydephosphate dehydrogenase (GAPDH) was used
as a probe to control RNA loading.

2) Immunohistochemistry

A rabbit polyclonal antibody against rat CLC-K(2)
(CHEMICON International Inc, Temecula, Califor-
nia) was used as the primary antibody for the im-
munohistochemical localization study. The slides
were dewaxed by incubation in xylene, a graded
ethanol series and water. Endogenous peroxidase
activity was removed by 0.3% H.O. in methanol for

30 min. After three rinses in 0.01 M PBS buffer, the
slides were treated with 1.5% normal horse serum
for 20 min to block nonspecific binding sites. Then
the slides were incubated with the primary anti-
body (a dilution of 1:5) for 120 min at room tem-
perature. The slides were rinsed three times in PBS
for 3 min and incubated with 1: 200 biotinylated
horse antimouse IgG (Vector Laboratory, Burl-
ingame, California) for 30 min. The slides were
again rinsed three times in PBS for 3 min and finally
incubated with Vectastain ABC reagent for 30 min.
Color development was achieved by incubating the
tissues with diaminobenzidine tetrahydrochloride
substrate for 5 min. After counterstaining with he-
matoxylin and dehydration, the slides were
mounted.

5. Statistical methods

Data are presented as the mean * standard devia-
tion. The statistical analysis was performed using
an ANOVA test, and p values of less than 0.05 were
considered significant.

Results

Kidney weight

None of the rats died during the experimental pe-
riods (4 weeks). At the end of the experiment, the
kidney weights were more increased in Group 2
and 3, compared to that in Group 1. However, the
kidney weight/body weight ratio was smaller in
Group 3 than in Group 2 (Table).

Table Urine and blood parameters in normal and PKD rats (4 weeks treatment)

Normal rats PKD (DPT) rats p
(G2 vs G3)
Group 1 Group 2 Group 3

Body weight (g) 344+ 30 12724 173+32 < 005
Kidney weight (g) 3.03+0.35 3.69+1.06 391+0.71 NS
Kidney/body weight (%) 0.87+0.04 283+0.34 229058 < 0.05
Cer (ml/min) 2.18+0.39 0.34%0.12 0.72+0.19 < 0.001
Plasma ammonia (ug/dl) 166 £ 155 236+218 196 £197 NS
Urine volume (ml) 149=45 205%29 326+79 < 0.001
Urine volume/BW (ml/kg) 434+138 1638 +244 196.9 +69.0 NS
Urine pH 6.87 =0.37 6.66 +0.29 7.87+059 < 0.001
Urine Na (mEq/kg/day) 48=+08 51x05 166+46 < 0.001
Urine K (mEq/kg/day) 13708 13.3%0.7 26147 < 0.001
Urine C1 (mEq/kg/day) 6806 86=06 11.8+23 < 001
Urine citrate (mg/kg/day) 297 £43 80 x40 463 =157 < 0.001
Urine ammonia (mg/kg/day) 532+255 486+1.29 2.38+1.86 < 001
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PKD
(Group 2)

PKD
with citrate
(Group 3)

Fig. 2 Specimens from rats with DPT-induced PKD and PKD treated with citrate for 4

weeks

The number and size of the cysts/lumens are smaller in PKD rats treated with citrate

than in untreated PKD rats.
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Fig. 3 Lumen area of the 500 largest cysts (PKD vs PKD with citrate)
The lumen area is significantly smaller in the PKD with citrate group than in the PKD group.

Cyst formation

Figure 1 shows macroscopic specimens obtained
from Group 2. The number and size of the cysts in-
creased with time, and enlarged cysts were widely
spread throughout the kidney after 4 weeks. In
Group 3, the number and size of the cysts/lumens
were smaller than in Group 2 (Fig. 2). NIH image
analysis revealed a significant decrease in the lu-
men area of the 500 largest cysts (Fig. 3) and in the
number of cysts larger than 20,000 um® in Group 3

(Fig. 4).In addition, the number of lumens less than
2,000 um* was significantly greater in Group 3 (Fig.
4).

Renal function

Table shows the laboratory data for each group.
Creatinine clearance (Ccr) was significantly lower
in Group 2 than in Group 1. Cer was significantly
higher in Group 3 than in Group 2. Urinary citrate
excretion was significantly lower in Group 2 than in

Group 1. Urinary sodjum, potassium and citrate ex-
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(No./rat) < 2,000 pm? (No./rat) 2 20,000 pm?
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p < 0.05 p < 0.001
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Fig. 4 Number of cysts more than 20,000 pm? and less than 2,000 um?
The number of cysts more than 20,000 um? is smaller in the PKD with citrate group than in
the PKD group. The number of cysts less than 2,000 pm? is greater in the PKD with citrate
group than in the PKD group.

Contraol PKD PKD with Citrate

CLC-K —
2.4khb

Fig. 5 Northern blot analysis of CLC-K
CLC-K expression is weaker in the PKD group than in normal kidney specimens. CLC-K ex-
pression is stronger in the PKD with citrate group than in the PKD group.
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Fig. 6 Immunohistochemistry of CLC-K
CLC-K staining in the epithelial cells is stronger in the PKD with citrate group than in the
PKD group. Magnification (400 X outer medulla, 200 X ; cortex).
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cretions were higher in Group 3 than in Group 2.

Expression of CLC-K

CLCK(2) mRNA was detected in the kidneys of
all three groups. The expression was weaker in
Group 2 than in Group 1. In Group 3 the expression
was stronger than in Group 2 (Fig.5). CLC-K(2)
staining in the epithelial cells weakened with the
development of cysts. CLC-K(2) staining in the epi-
thelial cells was stronger in Group 3 than in Group 2
(Fig. 6).

Discussion

In the present study, we investigated the devel-
opment of cyst formation and the effect of citrate on
this process, focusing on changes in CLC-K¥0%19
in an experimental model for renal cysts. A chemi-
cally (DPT)-induced PKD model was used in the
present study because we have had a lot of experi-
ence using this PKD model'. In this model, the de-
velopment of renal cysts depends on the period of
DPT intake. Small cysts appear mainly in the corti-
comedullary area of the kidney after two weeks.
The number and size of the cysts increase with
time, and enlarged cysts are spread widely
throughout the kidney at the end of four weeks.

Citrate intake suppressed the development of
cyst formation and improved GFR in the DPT-
induced PKD rats, similar to results reported by
Torres et al” and Tanner et al”™”. Torres et al” re-
ported the effect of acidosis and alkalosis on renal
function and cyst development in genetic PKD
(Hans: SPRD) rat models. They found that acidosis
resulted in a diminished GFR and a larger kidney
size, le alkalosis diminished the enlargement of the
cystic kidney without any improvement in GFR.
They hypothesized that ammoniagenesis or other
metabolic processes played a role in the pathogene-
sis of PKD and that alkalosis offers a protective ef-
fect against the development of cystic disease. Tan-

[~ also reported the effects of potassium

ner et a
citrate/citric acid intake on renal structure and re-
nal function in several papers. They discovered that
the intake of K citrate/citric acid solution (KCit)
prevents the decline in GFR found in untreated rats
with PKD. While KCit did not affect kidney size, it

did lead to smaller cysts in cystic kidneys”®. The al-
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kalinizing effect of citrate might result in a reduc-
tion in renal ammonia synthesis, and a reduction in
ammonia might in turn prevent ammonia-induced
complement activation and inflammation in the re-
nal interstitium, resulting in the suppression of ab-
normal growth and/or fluid secretion by the tubu-
lar epithelium®®.

There are many factors that influence cyst for-
mation in PKD. Hyperplasia of epithelial cells"?,
transepithelial fluid secretion leading to the net ac-

O~19 and extracel-

cumulation of intratubular fluid”
lular matrix abnormalities® are considered the
three major processes in renal cyst formation. Re-
cent studies have shown that cAMP also stimulated
cyst enlargement and fluid secretion in PKD cells'®.

Intracystic fluid accumulation is an important
step in cyst formation. The fluid originates from a
net transepithelial fluid secretion, which was re-
cently shown to be driven by transepithelial chlo-
ride secretion involving chloride channels, like chlo-
ride channel K (CLC-K)®" and cystic fibrosis trans-
membrane conductance regulator (CFTR)'. Chlo-
ride secretion through CLC-K and CFTR in epithe-
lial cells has been implicated in the pathway of fluid
secretion in PKD epithelia.

In the present study, we focused on CLCK -
which has been implicated in fluid excretion by the
epithelial cells, leading to the development or sup-
pression of cyst formation.

Chloride channels that regulate cell volume and
transepithelial chloride transports were identified
in the kidney in 1994". Of these channels, CLC-K
(2)19 is widely expressed in the tubules of the kid-
ney, especially in the corticomedullary area where
cyst formation first occurs in PKD rat kidneys.
Therefore, CLC-K (2) is thought to play a significant
role in cyst formation.

The expression of CLC-K(2) was weaker in PKD
rats than in normal rats. This result suggests that a
dysfunction of CLC-K(2) suppresses a transepithe-
lial chloride secretion, therefore fluid accumulation
develops cyst formation in the kidney.

Cyst formation was significantly suppressed and
CLC-K(2) expression was higher in PKD rats
treated with citrate than in untreated PKD rats.
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These findings suggest that citrate increases CLC-
K(2) expression in the epithelia, resulting in a de-
crease in cyst formation. This mechanism is in part
assumed to be direct effect by citrate, as there were
not any significant histological changes in intersti-
tium. The retardation of cyst formation and alkali-
zation by citrate administration may be linked to an
improvement in GFR.

In conclusion, citrate retards cyst formation and
helps to prevent the deterioration of renal function
in experimental PKD. Differences in the expression
and localization of CLC-K in the epithelial cells may
be attributable to the development of PKD.
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KRERECH2EATBE 7 I CBROMDRICET %5

'HRERFERARY EFEH WRHRT (FE JE REdR)
PHIBERRYE BWRENEE  BEAREER
A T AKE R &

(BR)ZRIEERE CIE, ook, Ay, EBITHECERESMKT LER2ICESLD, BRIEK, #
BICHEEGTAHARFIIEEHXDTITHH I TR, S0, RAGERNWERIZET v AV, BEREES X
BB 2 7 TV BORB R WG L7,

(M4ed L U] Sprague-Dawley # 5 v b % 3BEICH, ZA—7 1 IR@E0FEBOAL, FV—7213Y
IF VATV =V (DPT) % 4 M, 7V —73 W DPT &7 V% 45 27 48%B, 24 BEERE L
TARE 2TV, FHERE2 B2 L. /2, 2954 FFYy 2 VK(CLCK) 03z ) —HFr 7oy
T A V7B L CREMRER IR L7, ~
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RGBT LTz,

(g 7 = VERIE, EBRNEREET v MIBWT, BRIEEZHEL, BHEEEZIH L. RS LK
Mg To CLCK DFBRBILDE D, BREAICELELTWE LEZ LR
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