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Abstract
Progression of autosomal-dominant polycystic kidney
disease (ADPKD) in the heterozygous male Han:SPRD rat
is dramatically slowed by ingestion of potassium or sodi-
um citrate. This study examined the efficacy of delayed
therapy with sodium citrate, the effect of sodium citrate
therapy on kidney cortex levels of transforming growth
factor-ß (TGF-ß), and the response to calcium citrate
ingestion. Rats were provided with citrate salts in their
food, and renal clearance, blood pressure, blood chemis-
try, and survival determinations were made. Sodium
citrate therapy was most effective when started at age 1
month, and delay of therapy until age 3 months pro-
duced no benefit. Kidney cortex TGF-ß levels were ele-
vated in 3- and 8-month-old rats with ADPKD, but not in
6-week-old rats. Sodium citrate treatment, started at age
1 month, lowered TGF-ß levels to normal in 3-month-old
rats, but this is probably not the primary mechanism of
citrate’s beneficial effect. Calcium citrate had only a mod-
est effect in preserving glomerular filtration rate. Effec-
tive treatment of ADPKD in this rat model requires early

administration of a readily absorbed alkalinizing citrate
salt. Existing data on ADPKD patients on vegetarian diets
or with kidney stones should be studied in light of these
findings.

Copyright © 2003 S. Karger AG, Basel

Introduction

Autosomal-dominant polycystic kidney disease
(ADPKD) is the fourth leading cause of renal failure in
the world. In this disorder, numerous fluid-filled epithe-
lial cysts develop from nephrons or collecting ducts and
grow in both kidneys. These processes ultimately lead to
greatly enlarged kidneys and a fall in glomerular filtration
rate (GFR). Treatments to slow or halt the progression of
this disease are extremely limited [1].

Torres et al. [2] first tested dietary treatment of
ADPKD with alkali (sodium or potassium bicarbonate) in
an animal model, the heterozygous (cy/+) Han:SPRD rat.
They found that treated animals had less kidney enlarge-
ment, cystic dilation, and interstitial disease, but inges-
tion of concentrated bicarbonate solutions resulted in pre-
cipitation of calcium phosphate in the kidney medulla.
We subsequently treated cy/+ rats with potassium citrate,
starting when the rats were 1 month of age [3, 4]. An
advantage of using citrate is that, unlike bicarbonate, it
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furnishes alkali without producing kidney stones. This
treatment led to dramatic preservation of GFR. The GFR
of treated rats at age 6 months was essentially normal, in
contrast to untreated litter mates in which GFR had
declined to one-third of normal. Furthermore, the un-
treated rats died at an average age of 10 months, but the
treated rats survived to an average age of 17 months.
Sodium citrate was as effective as potassium citrate in
preserving GFR in 3-month-old cy/+ rats [4].

In the present work, we explored further the effects of
citrate on the progression of PKD in the Han:SPRD cy/+
rat. First, we investigated whether delaying treatment
until late in the disease, when GFR has already been com-
promised, could confer some benefit. Second, we investi-
gated the possibility that citrate may be acting by in-
fluencing transforming growth factor-ß (TGF-ß) levels in
the kidney. TGF-ß is a multifunctional cytokine involved
in the regulation of cell proliferation, differentiation, an-
giogenesis, and extracellular matrix production [5]. It is
thought to play a major role in the production of intersti-
tial fibrosis in kidney disease [6]. Recently, it was re-
ported that treatment of doxorubicin (adriamycin)-in-
duced nephropathy in rats with sodium bicarbonate solu-
tions for drinking water reduces renal injury, renal pro-
duction of TGF-ß, and urinary excretion of TGF-ß [7].
We predicted that TGF-ß might similarly play a role in
the prominent interstitial fibrosis seen in PKD [3, 4, 8, 9],
and hypothesized that kidney cortex TGF-ß levels would
be elevated in untreated rats with cystic disease and
decreased with citrate treatment. Third, we determined
whether calcium citrate might be effective in ameliorating
PKD; these experiments were actually prompted by the
question of a PKD patient, who noted that calcium citrate
is a commonly used dietary supplement.

Citrate is a normal dietary constituent. Large doses of
potassium citrate are used to treat kidney stone disease in
patients [10, 11] and might possibly be of benefit in slow-
ing the progression of ADPKD. Therefore, within the
confines of our current knowledge, we compare the char-
acteristics of the rat model with those of human ADPKD,
and discuss the extent to which our findings may be appli-
cable to patients.

Methods

Animals
Experiments were performed on male heterozygous rats with

PKD (cy/+) and their normal littermates (+/+), except for one group
of homozygous rats with PKD (cy/cy) of both sexes in which we mea-
sured kidney TGF-ß levels. The breeding colony was originally

obtained in 1995 from the Polycystic Kidney Program at the Univer-
sity of Kansas. The rats were provided with a standard diet contain-
ing 24% protein, 6% fat, and 0.52% sodium (Teklad 6% mouse/rat
diet 7002; Harlan, Madison, Wisc., USA). All experiments were con-
ducted in accordance with the National Institutes of Health Guide
for the Care and Use of Laboratory Animals.

Delayed Treatment
Rats with PKD were provided with sodium citrate (trisodium

citrate dihydrate, 3.2%) in pelleted feed starting at 1, 2, or 3 months
of age or were continued on the standard feed. The sodium citrate-
supplemented feed contained 2.4! the sodium of the standard feed.
Consumption of the sodium citrate-supplemented feed, measured in
3-month-old rats with PKD, averaged 7.0 B 1.0 g/100 g body weight
per day (n = 5) and provided an extra daily intake of 0.76 mmol
citrate/100 g body weight. Normal rats were provided with the sodi-
um citrate-supplemented feed at 1 month of age or were continued
on the standard diet. In all animals, at age 6 months, systolic blood
pressure was measured by tail cuff plethysmography and a tail vein
blood sample was collected for measurements of plasma urea and
creatinine concentrations. The rats with PKD were then continued
on the sodium citrate-supplemented feed, and survival times were
noted.

TGF-ß Experiments
Normal (+/+) male rats and male rats with PKD (cy/+) were

started on 6.0% sodium citrate-supplemented feed at age 4 weeks and
were studied at age 6 weeks or 3 months. This diet had 3.7! the
sodium content of the standard feed. Consumption of the 6% sodium
citrate-supplemented feed, measured in 3-month-old normal rats and
rats with PKD, averaged 7.5 B 0.4 g/100 g body weight per day (n =
10), and provided an extra daily citrate intake of about 1.5 mmol/
100 g body weight. Untreated groups, on the standard diet, included
(1) cy/cy rats of both sexes, 3–4 weeks old; (2) +/+ and cy/+ male rats,
6 weeks old; (3) +/+ and cy/+ male rats, 3 months old; and (4) cy/+
male rats, 8 months old.

TGF-ß was measured in kidney cortex tissue using a commerci-
ally available sandwich ELISA kit (Quantikine, human TGF-ß1,
R & D Systems, Minneapolis, Minn., USA). The nonfasted rats were
anesthetized with Inactin (130 mg/kg body weight), and the kidneys
were exposed. Tail vein blood was collected for measurements of
plasma urea and creatinine concentrations, and bladder urine was
sampled for measurement of pH. Slices of cortex were then cut from
the kidneys and rapidly frozen in liquid nitrogen. Samples were
stored at –80°C until use. A weighed amount of kidney tissue, about
200 mg, was homogenized in five times its volume of pH 7.4 buffer
containing 20 mM Trizma-HCl (Sigma, St. Louis, Mo., USA),
255 mM sucrose, 1 mM EDTA, and protease inhibitor cocktail (Sig-
ma Cat. No. P-8340). The homogenates were briefly centrifuged and
TGF-ß was acid-activated by mixing 0.2 ml homogenate with 0.2 ml
solution of 0.2 M HCl, 0.1% Tween, and 0.2% non-fat dry milk
blocker (Bio-Rad, Hercules, Calif., USA) in phosphate-buffered
saline (PBS) for 10 min at room temperature. The pH of the sample
was then returned to 7.2–7.6 by adding 0.4 ml wash solution (0.1%
Tween-20, 0.2% blocker, in PBS) and 43–45 Ìl 1.2 M NaOH/0.5 M
HEPES. TGF-ß standards (125, 250, 500, and 1,000 pg/ml) were pre-
pared in the wash solution. Subsequent steps followed the kit recom-
mendations. The samples were read in a microplate reader at a wave-
length of 450 nm. Recovery of TGF-ß, added as an internal standard
to kidney cortex samples, averaged 99 B 11% (n = 9).
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Table 1. Effects of 3.2% sodium citrate (NaCitr)-supplemented diet on normal (+/+) male rats and heterozygous
(cy/+) male rats with PKD

Plasma
urea
mmol/l

Plasma
creatinine
Ìmol/l

Systolic
blood pressure
mm Hg

Survival
time
days

+/+ rats, standard feed 8.1B0.8 (n = 21)b 62B12 (n = 21)a 105B6 (n = 20)b

+/+ rats, NaCitr at 1 month 8.3B0.7 (n = 6) 66B5 (n = 6) 107B6 (n = 6)
cy/+ rats, standard feed 22.0B6.5 (n = 24) 118B41 (n = 24) 126B17 (n = 12) 294B50 (n = 14)
cy/+, NaCitr at 1 month 12.3B1.2 (n = 14)b 71B11 (n = 14)a 111B6 (n = 14)a 429B54 (n = 13)b

cy/+, NaCitr at 2 months 14.9B1.4 (n = 6)b 99B11 (n = 6) 108B5 (n = 6)a 296B40 (n = 6)
cy/+, NaCitr at 3 months 18.1B3.7 (n = 7) 120B47 (n = 7) 123B16 (n = 7) 249B58 (n = 8)

Values are means B SD (n = number of rats). Rats were started on NaCitr-supplemented feed at age 1, 2, or 3
months or were kept on standard feed. Plasma urea, plasma creatinine, and systolic blood pressure were measured
when the rats were 6 months old.
a p ! 0.01 and
b p ! 0.001 compared with cy/+ rats on standard feed.

Calcium Citrate Experiments
To test whether calcium citrate would be effective in maintaining

GFR, the standard diet was supplemented with 3.0% tricalcium
citrate tetrahydrate in pelleted feed, starting at age 1 month. This
increased the calcium level of the feed from 1.91% to 2.54%. Daily
food intake by the rats on 3.0% calcium citrate-supplemented feed
averaged 7.3 B 1.0 g/100 g body weight (n = 5), corresponding to an
extra daily intake of 0.77 mmol citrate/100 g body weight.

Clearance measurements were done on treated and untreated
male cy/+ rats at age 3 months, exactly as described before [3]. Brief-
ly, the rats were deprived overnight of food, but not drinking fluids,
and were anesthetized with Inactin. They were placed on a heated
animal board, and trachea, femoral artery, femoral vein, and left ure-
ter were cannulated. After a priming dose, the rats were infused with
a 3% solution of polyfructosan in 0.9% NaCl at 3.0 ml/h. Three
timed 20-min urine collections were obtained with mid-period arteri-
al blood sampling. GFR for the left kidney was calculated from the
renal clearance of polyfructosan using standard formulas, and ex-
pressed per 100 g body weight. An anaerobic arterial blood sample
and three ureteral urine samples were collected for measurements of
pH.

Chemical Methods
Polyfructosan in urine and plasma filtrates was measured by the

anthrone method [12], plasma urea concentration with urease and
the Berthelot reaction [13], plasma creatinine by the alkaline picrate
method, plasma and urine calcium by atomic absorption spectropho-
tometry, and plasma phosphate by the Fiske-SubbaRow method.

Statistical Methods
Data are presented as means B SD. They were analyzed by

ANOVA, after a preliminary test for homogeneity of variances. Indi-
vidual groups were compared with the Bonferroni method. If vari-
ances were heterogeneous, the Kruskal-Wallis test and Dunn’s test
were used to compare means. p ! 0.05 was considered significant.

Results

Delayed Treatment
In normal rats, ingestion of 3.2% sodium citrate-sup-

plemented feed for 5 months had no significant effect on
plasma urea or creatinine concentrations or on systolic
blood pressure (table 1). Untreated 6-month-old cy/+ rats
had elevated plasma urea and creatinine concentrations
and elevated systolic blood pressure when compared to
normal rats on standard feed. Treatment of cy/+ rats with
sodium citrate-supplemented feed from 1 month of age
resulted in significantly lower plasma urea and creatinine
concentrations and lower systolic blood pressure than in
untreated 6-month-old cy/+ rats. When treatment was
delayed until age 2 months, cy/+ rats had a significantly
lower plasma urea concentration and systolic blood pres-
sure, but plasma creatinine was not significantly reduced,
compared to untreated 6-month-old cy/+ rats. When
treatment was delayed until age 3 months, no beneficial
effects were seen.

We previously reported that untreated male cy/+ rats
in our colony live for 288 B 39 days [4], compared to 294
B 50 days in the present study (table 1). Hence, there has
been no change in survival time in our colony over a peri-
od of several years. Rats with PKD eventually develop
severe uremia, and hence we presume they die because of
end-stage renal disease. Animals in our colony are free of
pulmonary disease. Ingestion of sodium citrate signifi-
cantly (p ! 0.001) prolonged survival of rats with PKD by
about 4.5 months when treatment was started at age
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Table 2. Effects of 6% sodium citrate (NaCitr)-supplemented feed on kidney function and TGF-ß levels in normal (+/+) rats and in homozy-
gous (cy/cy) and heterozygous (cy/+) rats with PKD

Body
weight
g 

Plasma
urea
mmol/l

Plasma
creatinine
Ìmol/l

Urine
pH

Kidney cortex
TGF-ß
ng/mg tissuee

cy/cy, 3–4 weeks old, standard feed (n = 9) 53B51 24B18d 280B34d 8.0B1.7
6-week-old rats

+/+, standard feed (n = 5) 223B53 7.9B1.2 45B10 6.56B0.34 7.8B2.6
cy/+, standard feed (n = 8) 209B25 10.1B1.3 74B12g 6.24B0.24a 6.0B2.7
+/+, NaCitr (n = 5) 215B20 8.2B1.1 57B12 7.72B0.23g 8.5B4.5
cy/+, NaCitr (n = 6) 206B18 9.3B0.6 60B17 7.52B0.37h 7.2B0.8

3-month-old rats
+/+, standard feed (n = 5) 384B25 7.8B0.8 52B10 6.66B0.22b 6.3B1.7
cy/+, standard feed (n = 6) 371B16 21.5B2.1d 89B22c 6.04B0.30 16.2B3.3d

+/+, NaCitr (n = 5) 375B24 9.1B0.9 66B6 7.29B0.47 7.7B2.2
cy/+, NaCitr (n = 5) 406B12 9.1B0.9f 59B9e 7.31B0.53d 6.0B2.7f

8-month-old cy/+ rats, standard feed (n = 5) 545B24 34.3B12.5d 161B65d 15.6B2.5d

Values are means B SD (n = number of rats). Treatment with NaCitr-supplemented feed was started at 4 weeks of age. All rats were males,
except for the cy/cy group which included both males and females.
a n = 7.
b n = 4.
c p ! 0.01 and
d p ! 0.001 compared with 3-month-old +/+ rats on standard feed.
e p ! 0.05 and
f p ! 0.001 compared with 3-month-old cy/+ rats on standard feed.
g p ! 0.001 compared with 6-week-old +/+ rats on standard feed.
h p ! 0.001 compared with 6-week-old cy/+ rats on standard feed.

1 month, but had no significant effect if started at 2 or 3
months (table 1). The life span with sodium citrate thera-
py started at 1 month (429 B 54 days) is shorter than
what we had previously seen [4] with potassium citrate
(506 B 33 days), but the average daily citrate intake was
higher in the potassium citrate experiments (0.92 vs.
0.76 mmol/100 g body weight).

TGF-ß Experiments
Table 2 reports functional measurements, together

with kidney cortex TGF-ß measurements, on rats of dif-
ferent ages. Sodium citrate treatment had no significant
effect on body weights in 6-week-old and 3-month-old
rats, and produced an expected increase in urine pH. Plas-
ma urea concentration (in 3-month-old rats) and creati-
nine concentration (in 6-week-old and 3-month-old rats)
were significantly higher than normal in rats with PKD on
the standard feed, but were significantly decreased by
citrate treatment. Daily water intake by 3-month-old rats
on the 6% sodium-citrate feed averaged 24 B 2 ml/
100 g body weight (n = 5) in normal animals, and 23 B

2 ml/100 g body weight (n = 5) in rats with PKD; com-
pared to published water intakes on standard feed [14],
these values are significantly (p ! 0.001) higher for the
normal rats but not for the rats with PKD.

Kidney cortex TGF-ß levels (table 2) were not elevated
in untreated homozygous rats with PKD, despite mas-
sively enlarged cystic kidneys and severe renal failure (ele-
vated plasma urea and creatinine concentrations). In 6-
week-old rats, there was no difference in kidney cortex
TGF-ß concentration between normal rats and rats with
PKD, and treatment with sodium citrate-supplemented
feed had no effect. By contrast, in 3- and 8-month-old rats
with PKD, TGF-ß levels were increased to about 2.5
times normal. We looked at the effect of sodium citrate
treatment up until age 3 months, and it prevented an
increase in TGF-ß level. All together, these results suggest
that vigorous cyst development, as is seen in young cy/cy
and cy/+ rats, occurs without an increase in kidney TGF-ß
level. It appears that elevated kidney levels of TGF-ß are a
relatively late event in PKD in Han:SPRD rats.
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Table 3. Effects of 3.0% calcium citrate-
supplemented feed in 3-month-old
heterozygous (cy/+) male rats with PKD

Standard feed
(n = 4)

Calcium citrate-
supplemented
feed (n = 5)

p value

Body weight, g 357B8 396B13 !0.01
Left kidney weight, g 2.40B0.30 2.47B0.17 NS
MABP, mm Hg 120B14 117B5 NS
Left kidney GFR, Ìl/min/100 g body weight 229B44 295B30 !0.05
Plasma [Ca2+], mM 2.16B0.07 2.20B0.09 NS
Plasma PO4, mg/dl 8.87B0.35 8.10B0.69 NS
Urine Ca2+ excretion, nmol/min 9B5 15B7 NS
Arterial blood pH 7.32B0.03 7.32B0.03 NS
Urine pH 5.53B0.22 5.86B0.24 NS

Values are means B SD.

Calcium Citrate Experiments
Rats with PKD were given 3.0% calcium citrate-sup-

plemented feed, starting at age 1 month, and they were
studied at age 3 months (table 3). GFR of rats with PKD
treated with calcium citrate was significantly higher than
that of untreated rats, but still far below values recorded
in normal 3-month-old rats (about 500 Ìl/min/100 g body
weight [3]). Body weight was 11% higher in the calcium
citrate-treated rats, for unknown reasons. The effects of
calcium citrate intake on plasma calcium concentration,
plasma phosphate concentration, urine calcium excre-
tion, and blood and urine pH did not reach statistical sig-
nificance (table 3). The modest improvement in GFR and
lack of significant changes in the other renal or acid-base
parameters suggest that dietary calcium citrate is not an
effective alkalinizing agent.

Discussion

The present study demonstrates that effective citrate
therapy for PKD in the Han:SPRD rat requires adminis-
tration of a readily absorbed alkalinizing citrate salt, start-
ing before the disease has progressed too far. Early treat-
ment with citrate is essential. When the start of treatment
was delayed until the rats with PKD were 3 months old, a
time when GFR is one-half of normal [3], no benefit was
seen (table 1). Starting treatment with sodium citrate in
the feed at age 2 months led to a lower plasma urea con-
centration and systolic blood pressure, when compared to
untreated rats, but the plasma creatinine and survival
time were not improved. Only when treatment was
started at age 1 month was there a significant beneficial

effect on all measured parameters: plasma urea, plasma
creatinine, systolic blood pressure, and survival time.

The observation that citrate treatment works in the
Han:SPRD rat only when applied early, at a time of vigor-
ous cyst development, suggests that it might influence the
process of cystogenesis. The exact mechanism of action is
a mystery. Since cyst formation in the Han:SPRD rat
occurs mainly in proximal tubules [8, 9], and citrate is
selectively taken up by proximal tubule cells and metabo-
lized to bicarbonate [15], it is tempting to suggest that the
secret lies therein.

The extra intake of sodium in the rats on sodium
citrate-supplemented feed did not result in an increase in
systolic blood pressure in either the normal rats or rats
with PKD (table 1). In fact, systolic blood pressures were
significantly decreased in rats with PKD on the sodium
citrate diet for 4 or 5 months, when compared to un-
treated rats with PKD. This is most likely related to
improved renal function. Others have reported that even
large doses of sodium citrate do not increase blood pres-
sure in rats or people [16, 17]. On the other hand, Keith et
al. [18] administered 3.3% NaCl-feed (1.3% sodium) to
Han:SPRD rats with PKD, starting at age 3 weeks. This
feed contains as much sodium as our 3.2% sodium
citrate-supplemented feed. In contrast to our findings,
they found that treatment with the chloride salt produced
severe hypertension, enlarged kidneys, and worse renal
histology. Apparently, sodium must be consumed as the
chloride salt for it to produce hypertension. The beneficial
effects of dietary sodium citrate on renal function clearly
depend on citrate, not sodium.

Nakamura et al. [19] previously demonstrated that
kidney TGF-ß mRNA levels are elevated in 16- and 30-
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week-old, but not in 8-week-old, pcy/pcy mice with slowly
developing autosomal-recessive PKD. They observed fo-
cal interstitial inflammatory infiltrates and increased in-
terstitial connective tissue in 16- and 30-week-old, but not
in younger, mice. We found that kidney cortex TGF-ß
protein levels are not higher than normal in young (6-
week-old) cy/+ rats or in (3- to 4-week-old) cy/cy rats with
severe cystic disease, consistent with the report that inter-
stitial fibrosis is not evident by light microscopy in such
young rats [8]. In older rats, 3 or 8 months of age, when
there is extensive interstitial fibrosis [3, 4, 8, 9], kidney
cortex TGF-ß levels were increased to about 2.5 times
normal. Treatment with citrate decreased TGF-ß levels in
the 3-month-old rats (table 2) and decreased interstitial
fibrosis [3]. These results suggest that elevated TGF-ß lev-
els are associated with renal fibrosis in PKD kidneys, but
both are relatively late events in the disease. Our conclu-
sions are tempered by the fact that we measured total
TGF-ß protein levels, and these may not reflect the active
levels of TGF-ß or its signaling [5, 6]. A reduction in kid-
ney cortex TGF-ß level is probably not the primary mech-
anism of citrate’s amelioration of cystic disease, because
beneficial effects were seen with citrate treatment started
at age 1 month, before kidney TGF-ß was elevated.

Calcium citrate is commonly consumed as a calcium
supplement for prevention of osteoporosis. The usual
human dose is about 800 mg elemental calcium (3.80 g
calcium citrate) per day or about 3.8 mmol/day per m2

body surface area for a 70-kg man. For comparison, our
rats consumed an extra 32 mmol calcium citrate/day/m2

body surface area. This high intake of calcium citrate pro-
duced only a modest improvement in GFR in our rats
with PKD. The failure of calcium citrate to be more effec-
tive probably reflects relatively poor intestinal absorption
of the calcium salt when compared to the potassium or
sodium salts.

The Han:SPRD cy/+ rat is a useful model for studying
possible treatments for ADPKD. There are, however,
some significant differences between cystic disease in the
Han:SPRD rat model and ADPKD in people. First, the
abnormal gene that produces cystic disease in the rat is
not homologous to the PKD1 or PKD2 genes in the human
[20]. Second, the time courses of changes in kidney size
differ in the rat and people. In the male cy/+ rat, kidney
size increases markedly between ages 3 and 8 weeks,
declines between ages 8 and 24 weeks, and subsequently
increases [8]. In patients with ADPKD, the kidneys
appear to enlarge progressively with age. Third, GFR
declines appreciably early in the disease in the male cy/+
rat. In 3-week-old rats, plasma creatinine concentration is

normal [unpubl. data], but by age 6 weeks, plasma creati-
nine is significantly increased (table 2). By age 3 months,
GFR averages 50% of normal [3], and by age 6 months it
is 37% of normal [4]. By contrast, in patients, GFR
appears to be preserved for many years, but declines rap-
idly late in the disease [21, 22]. Fourth, cyst formation is
primarily a proximal tubule event in the Han:SPRD rat,
whereas it involves all nephron segments in human
ADPKD [23, 24].

Despite these differences between the rat model and
human disease, the basic pathophysiological mechanisms
involved in cyst development and growth, interstitial
inflammation and fibrosis, and glomerular failure may be
similar. Thus our studies in rats could inform the proto-
cols needed to establish whether citrate treatment will be
useful in ADPKD patients. For example, from our studies
on rats, the timing and form of dietary citrate treatment
are important factors determining whether citrate is of
benefit. Since the initial progression of ADPKD in people
is usually slower than in the rat, there may be a longer
window of time when citrate therapy might help patients.

The dramatic success of citrate therapy in rats, and the
fact that the treatment poses no apparent harm to people
whose GFR is not yet compromised, are compelling rea-
sons to investigate this in patients. There are two popula-
tions of ADPKD patients who may be of particular inter-
est for a retrospective study and have probably been fol-
lowed for many years: those with nephrolithiasis and
those who are vegetarians. Nephrolithiasis is common in
patients with ADPKD [25], and potassium citrate has
often been used to treat their stone disease. Vegetarian
diets are more alkalinizing than mixed diets [26, 27]. A
limitation of such a study, common to all population stud-
ies in ADPKD patients, would be the variable expression
of the disease. Urine pH, however, would afford an easily
measured index of alkalinization. Examination of the
medical records from these two groups of ADPKD pa-
tients may reveal whether alkali can mitigate the ravages
of this devastating disease.

Acknowledgement

We thank the Polycystic Kidney Disease Foundation and the
National Kidney Foundation of Indiana for grant support.



p20 Nephron Physiol 2003;93:p14–p20 Tanner/Tanner

References

1 Grantham JJ, Cowley BD Jr, Torres VE: Pro-
gression of autosomal dominant polycystic kid-
ney disease to renal failure; in Seldin DW, Gie-
bisch G (ed): The Kidney. Physiology and
Pathophysiology, ed 3. Philadelphia, Lippin-
cott Williams & Wilkins, 2000, pp 2513–2536.

2 Torres VE, Mujwid DK, Wilson DM, Holley
KH: Renal cystic disease and ammoniagenesis
in Han:SPRD rats. J Am Soc Nephrol 1994;5:
1193–1200.

3 Tanner GA: Potassium citrate/citric acid im-
proves renal function in rats with polycystic
kidney disease. J Am Soc Nephrol 1998;9:
1242–1248.

4 Tanner GA, Tanner JA: Citrate therapy for
polycystic kidney disease in rats. Kidney Int
2000;58:1859–1869.

5 Blobe GC, Schiemann WP, Lodish HF: Role of
transforming growth factor ß in human disease.
N Engl J Med 2000;342:1350–1358.

6 Basile DP: The transforming growth factor beta
system in kidney disease and repair: Recent
progress and future directions. Curr Opin
Nephrol Hypertens 1999;8:21–30.

7 Baroni EA, Costa RS, Volpini R, Coimbra TM:
Sodium bicarbonate treatment reduces renal
injury, renal production of transforming
growth factor-ß, and urinary transforming
growth factor-ß excretion in rats with doxoru-
bicin-induced nephropathy. Am J Kidney Dis
1999;34:328–337.

8 Cowley BD Jr, Gudapaty S, Kraybill AL, Ba-
rash BD, Harding MA, Calvet JP, Gattone VH
II: Autosomal-dominant polycystic kidney dis-
ease in the rat. Kidney Int 1993;43:522–534.

9 Schäfer K, Gretz N, Bader M, Oberbäumer I,
Eckardt K-U, Kriz W, Bachmann S: Character-
ization of the Han:SPRD rat model for heredi-
tary polycystic kidney disease. Kidney Int
1994;46:134–152.

10 Pak CYC: Citrate and renal calculi: An update.
Miner Electrolyte Metab 1994;20:371–377.

11 Pak CYC, Adams BV: Potassium citrate thera-
py of nephrolithiasis; in Pak CYC (ed): Renal
Stone Disease, Boston, Martinus Nijhoff, 1987,
pp 201–224.

12 Davidson WD, Sackner MA: Simplification of
the anthrone method for the determination of
inulin in clearance studies. J Lab Clin Med
1963;62:351–356.

13 Chaney AL, Marbach EP: Modified reagents
for the determination of urea and ammonia.
Clin Chem 1962;8:130–132.

14 Tanner GA, Tanner JA: Chronic caffeine con-
sumption exacerbates hypertension in rats with
polycystic kidney disease. Am J Kidney Dis
2001;38:1089–1095.

15 Baruch SB, Burich RL, Eun CK, King VF:
Renal metabolism of citrate. Med Clin North
Am 1975;59:569–582.

16 Sato Y, Ogata E, Fujita T: Importance of chlo-
ride in the development of salt-induced angio-
tensin II hypertension in rats. Am J Hypertens
1991;4:615–617.

17 Kurtz TW, Al-Bander HA, Morris RC Jr: Salt-
sensitive essential hypertension in men: Is the
sodium ion alone important? N Engl J Med
1987;317:1043–1048.

18 Keith DS, Torres VE, Johnson CM, Holley KE:
Effect of sodium chloride, enalapril, and losar-
tan on the development of polycystic kidney
disease in Han:SPRD rats. Am J Kidney Dis
1994;24:491–498.

19 Nakamura T, Ebihara I, Nagaoka I, Tomino Y,
Nagao S, Takahashi H, Koide H: Growth fac-
tor gene expression in kidney of murine poly-
cystic kidney disease. J Am Soc Nephrol 1993;
3:1378–1386.

20 Bihoreau M-T, Ceccherini I, Browne J, Kränz-
lin B, Romeo G, Lathrop GM, James MR,
Gretz N: Location of the first genetic locus,
PKDr1, controlling autosomal dominant poly-
cystic kidney disease in Han:SPRD cy/+ rat.
Hum Mol Genet 1997;6:609–613.

21 Franz KA, Reubi FC: Rate of functional deteri-
oration in polycystic kidney disease. Kidney
Int 1983;23:526–529.

22 Grantham JJ: Polycystic kidney disease: A pre-
dominance of giant nephrons. Am J Physiol
Renal Physiol 1983;244:F3–F10.

23 Heggö O: A microdissection study of cystic dis-
ease of the kidneys in adults. J Path Bact 1966;
91:311–315.

24 Baert L: Hereditary polycystic kidney disease
(adult form): A microdissection study of two
cases at an early state of the disease. Kidney Int
1978;13:519–525.

25 Torres VE, Erickson SB, Smith LH, Wilson
DM, Hattery RR, Segura JW: The association
of nephrolithiasis and autosomal dominant po-
lycystic kidney disease. Am J Kidney Dis 1988;
11:318–325.

26 Pagenkemper J: The impact of vegetarian diets
on renal disease. Top Clin Nutr 1995;10:22–
26.

27 Remer T, Manz F: Potential renal acid load of
foods and its influence on urine pH. J Am Diet
Assoc 1995;95:791–797.




