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Dietary soya protein substitution for casein initiated at weaning slows disease progression in animal models of chronic renal disease. As there is

increasing evidence that fetal programming can have a significant impact on kidney physiology and function in offspring, the objective of the

current study was to determine whether exposure to soya protein in the diet earlier than weaning would have further benefits. Han:SPRD-cy

(cy/þ ) breeder rats were fed a casein-based or soya protein-based diet 2 weeks prior to mating, throughout pregnancy and during lactation.

Following this maternal period, 3-week-old pups were given either the same or the alternate diet for a 7-week weaning period. Dietary soya protein

compared with casein in the maternal or weaning period both independently resulted in less renal inflammation (macrophage infiltration lower by

24% (P¼0·0003) and 32% (P,0·0001), respectively). When soya protein was given in both feeding periods, the effect was additive. Soya protein

substitution for casein resulted in less oxidative damage as indicated by 28% lower oxidized-LDL staining (P¼0·013) when present in the

maternal period, or in the weaning period (by 56%, P,0·0001). Renal cell proliferation was reduced by 29–33% (P,0·05) in rats given

soya protein whether the exposure was during the maternal or weaning period. Soya protein compared with casein in the maternal period also

resulted in 33% (P¼0·0013) less proteinuria, indicating superior renal function. Dietary soya protein during pregnancy and lactation represents

a potential preventative approach in treating for those with congenital kidney diseases.

Soya protein: Kidney disease: Maternal nutrition: Rats

The worldwide rise in patients with chronic kidney disease and
consequent end-stage renal failure is threatening to reach epi-
demic proportions over the next decade (Meguid el Nahas &
Bello, 2005). Hence, treatments that are effective at delaying
the progression of kidney disease have potential to reduce
death rates. Dietary protein restriction is an effective strategy
to slow kidney disease advancement (Hostetter, 2003). Unfortu-
nately, dietary protein restriction is difficult for many to achieve
andmay increase the risk of proteinmalnutrition. This is particu-
larly important in the latter stages of renal disease and during the
early life stages of pregnancy, lactation and childhood. There-
fore, as an alternative to dietary protein restriction, there is inter-
est in determining whether protein source differentially affects
kidney disease progression.

Protein intake from non-animal sources is associated with
attenuation in the decline of renal function in individuals
with mild renal insufficiency (Knight et al. 2003). Dietary
manipulation with a vegetarian soya diet for as little as 8 or
16 weeks in nephrotic patients decreases proteinuria and veg-
etarians exhibit lower glomerular filtration rates than omni-
vores (Bosch et al. 1983; Kontessis et al. 1990; Barsotti
et al. 1991; D’Amico et al. 1991; Gentile et al. 1993). In dia-
betic patients, soya protein interventions have been shown to

reduce glomerular hyperfiltration, proteinuria or albuminuria
(Jibani et al. 1991; Azadbakht et al. 2003; Teixeira et al.
2004; Stephenson et al. 2005). Due to practical limitations,
however, human studies to date have been of short duration
and have not examined the effects of soya protein on renal his-
tological damage. Longer-term studies and studies beginning
in the earlier stages of renal disease have therefore been
restricted to animal models. In these studies, soya protein
compared with casein is recognized as having beneficial
effects on chronic renal injury and disease progression. Such
models include db/db mice with type 2 diabetic nephropathy
(Teixeira et al. 2003), five-sixths nephrectomized Wistar rats
(Williams & Wallis, 1987a,b; Chen et al. 2003), Wistar rats
with chronic nephrotic syndrome (Pedraza-Chaverri et al.
2004), aging Fischer 344 rats (Iwasaki et al. 1988) and
models of genetically determined cystic renal diseases such
as pcy mice (Tomobe et al. 1998; Aukema et al. 1999) and
the Han:SPRD-cy rat (Ogborn et al. 1998, 2000; Aukema &
Housini, 2001; Fair et al. 2004).

Cystic renal diseases are common renal disorders that are pri-
marily genetically determined, occurring in one in 500 to 1000
individuals, regardless of ethnic origin. The pathology of renal
cystic diseases ultimately resembles other forms of chronic
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renal disease and injury, including increases in interstitial
inflammation, fibrosis, oxidative damage and cell proliferation
(Zerres et al. 1984). The Han:SPRD-cy rat model of renal cyst
disease is an excellent model for exploring potential preventa-
tive and therapeutic strategies to slow renal disease progression
andmodify renal damage (Cowley et al. 1993;Gretz et al. 1995).
Feeding soya protein to Han:SPRD-cy rats from weaning for as
short a time period as 1 week reduces renal fibrosis (Fair et al.
2004), and longer exposure (6–8 weeks) of weanling rats to
soya protein reduces cyst growth, renal inflammation and
serum creatinine levels (Ogborn et al. 1998, 2000; Aukema &
Housini, 2001). We hypothesized that dietary soya protein in
thematernal period would delay the progression of renal disease
in offspring in the Han:SPRD-cy rat model of kidney disease.

Methods

Animals and diet

Han:SPRD-cy (also known as PKD/Mhm(cy/þ)) rats were
derived from our breeding colony, which originated from
the colony ofDr. BenjaminCowley, University of KansasMedi-
cal Center, Kansas City, KS, USA (Cowley et al. 1993). All
animal procedures were in accordance with the guidelines of
the Canadian Council on Animal Care. Sixteen breeder
Han:SPRD-cy rat pairs were randomly assigned to each of the
treatment (soya protein isolate) or control (casein) diets 2
weeks prior to mating and continued with these diets during
pregnancy and lactation (maternal period). The number of litters
successfully delivered (thirteen for treatment group, fourteen for
control group), litter size and pup survival in each treatment diet
were similar. Surviving male pups were weaned at 3 weeks of
age and randomly assigned to either the treatment or control
diet for 7 more weeks (weaning period). This resulted in a
2 £ 2 study design that assesses the effect of maternal period
(casein or soya protein) and weaning period (casein or soya pro-
tein) in four groups of rats (casein/casein; casein/soya protein;
soya protein/casein; soya protein/soya protein). At termination,
heterozygous rats were identified and used for the current ana-
lyses, resulting in fifty-four cy/þ rats. Male rats were used
because this disease progresses more rapidly in male animals
and thuswould bemore likely to be affected by therapeutic inter-
ventions (Cowley et al. 1993). Diet ingredients were purchased
from Dyets Inc. (Bethlehem, PA, USA) and Harlan Teklad
(Madison, WI, USA). Diets were based on the AIN93G guide-
lines for rodent diets (American Institute of Nutrition, 1993),
with the only differences being that maize oil was used instead
of soyabean oil as the lipid source in both diets and that an equiv-
alent amount of protein in the form of a heat-treated soya protein
isolate (Dyets Inc.) replaced the casein in the soya protein diet
(Table 1). Rats were weighed weekly and at termination. Food
andwater intakes were determined at 3 and 6weeks of the wean-
ing period. Prior to termination, the ratswere placed inmetabolic
cages for a period of 24 h to collect urine. At termination, rats
were anaesthetized by CO2 overexposure and killed by decapi-
tation to facilitate collection of trunk blood and the rapid
removal of tissues.

Histology

Upon termination, kidneys were removed, weighed, fixed in
10% buffered formalin and embedded in paraffin. Sections

(5mm)were cut from the bisected face of the kidneys, producing
consistent representative sections from each animal that were
then mounted on slides. At least fifty randomly selected image
fieldswere analysed formorphological and histological analyses
from one slide per kidney. The sections were stained with
haematoxylin and eosin to measure cyst area and with Sirius
red for quantitative analysis of fibrosis as previously described
(Ogborn et al. 1998, 2000, 2005). The latter staining permits
image analysis measurement using a standard incandescent
microscope light source. A blinded observer (N.B.C.) classified
the animals as diseased or normal on the basis of cyst growth and
pathology that is characteristic of the disease.

Immunohistochemistry

Renal inflammation was detected using a 1:50 dilution of a
monoclonal antibody against the equivalent of the human
CD68 antigen (MAB 1435; Chemicon International, Teme-
culca, CA, USA). Oxidant injury was measured by identifying
oxidized LDL, using a rabbit polyclonal antibody against
Cu oxidized human LDL (AB3230; Chemicon International).
Renal cell proliferation was detected using a 1:50 dilution
of an anti-mouse proliferating cell nuclear antigen antibody
(M0879; Dako Corporation, Carpinteria, CA, USA). The Dako
EnVision Plus System (K4008; Dako Corporation) was used
for secondary detection.

Image analysis

Image analyses of histological and immunohistological sec-
tions were conducted on digitally captured sections as pre-
viously described (Ogborn et al. 1998, 2000, 2005). Cyst
area was quantified using a 20 £ objective to determine the
proportion of section areas that were occupied by cysts.
Using a 40 £ objective, the fractions of image area stained
for fibrosis and oxidized LDL and for the number of cells
positive for macrophages and proliferating cell nuclear antigen
were quantified and expressed relative to solid tissue area,
thereby correcting for the extent of cystic change in each
kidney.

Table 1. Nutrition composition of experimental diets*

Casein Soya protein
Ingredient (g/kg) (g/kg)

Maize starch 397·486 397·486
Casein (87 %) 200 –
Soya protein (87·1 %) – 200
Dextrinized maize starch 132 132
Sucrose 100 100
Maize oil† 70 70
Cellulose 50 50
Mineral mix (AIN 93G) 35 35
Vitamin mix (AIN 93 VX) 10 10
L-cystine 3 3
Choline bitartrate 2·5 2·5
Total‡ 1000 1000

* For details of diets and procedures, see pp. 78–79.
† Contains 0·02 % tert-butylhydroqunone.
‡ Casein and soya protein diets, respectively, provided minerals in

the following amounts (mg/kg diet): Na 1039 and 2819; K 3610
and 3800; P 3061 and 3161; Ca, 5100 and 5400.
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Biochemistry

Serum urea was determined spectrophotometrically using
reagents from Sigma kit 640A (Sigma Chemical Co., St.
Louis, MO, USA). Serum creatinine and urinary creatinine
were measured using the method developed by Heinegard &
Tiderstrom (1973) and urinary protein was measured using
the Bradford method for total protein (Bradford, 1976). Stan-
dards and reagents for these assays were from Sigma.

Statistical analysis

Data were analysed by two-way (feeding period, treatment
diet) ANOVA, followed by post-hoc t tests if there was a sig-
nificant interaction between main effects, using Statistical
Analysis Systems statistical software package version 8
(SAS, Cary, NC, USA). Post-hoc t tests were also used to
compare simple effects when both main effects were signifi-
cant in order to determine whether the effects of the soya pro-
tein diet were different in the weaning period compared with
the maternal period. Normality of the data was tested using a
plot of residuals v. predicted, as well as the Shapiro-Wilk’s W
statistic. If necessary, data were normalized by logarithmic
transformation. Differences in main effects or interactions
were considered significant if P,0·05.

Results

Rats grew equally well in all treatments, as evidenced by the
similar body weights at weaning and at the end of the study
(Table 2). There also was no difference in food or water
intake (data not shown), indicating that the level of protein
intake was not different among rats in all treatments. Consist-
ent with previous studies in this model, soya protein substi-
tution for casein in the weaning period resulted in
significant reductions in disease progression. Cyst growth,
renal inflammation, renal oxidative damage, renal cell pro-
liferation, serum creatinine and serum urea were lower, and
creatinine clearance was higher in rats given soya protein in
the weaning period (Tables 2 and 3).

Soya protein compared with casein in the maternal period
resulted in 24% less renal inflammation as shown by a
reduction in macrophage infiltration (Table 3, Fig. 1). In the
weaning period soya protein reduced macrophage infiltration
by 32%. When it was included during both time periods,
there was 48% less macrophage infiltration compared with
when casein was the dietary protein source. In order to deter-
mine whether the effect of soya protein in both dietary periods
was significantly different than when present only in either the
maternal or weaning periods, post hoc t tests were performed.
These analyses revealed that macrophage counts were signifi-
cantly lower in rats given soya protein during both maternal
and weaning periods, compared with when soya protein was
given in only one of these time periods. There was no differ-
ence in the macrophage counts when soya was given in the
maternal compared with weaning period alone, but counts
were lower in either case compared with when soya protein
was not present in any period.

Oxidative damage in the diseased kidneys was 28% lower in
ratswhen soya proteinwas given in thematernal period and 56%
lower when given during the weaning period (Table 3, Fig. 2). T
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The combined effect of a soya-based diet in both the maternal
and weaning periods resulted in 60% less oxidative damage
than when casein was given as the dietary protein source.
In this case, post-hoc analyses revealed that while soya protein
compared with casein in both the maternal or weaning period
resulted in less oxidized LDL staining, soya protein given in
the weaning period was more effective than in the maternal
period. The combination of dietary soya protein in the maternal
and weaning periods was not significantly different than includ-
ing soya protein in the weaning period alone.

For estimation of cell proliferation, there was an interaction
between the feeding periods and diet treatments. Cell prolifer-
ation in kidneys was lower when soya protein was included in
either feeding period, but the results were not additive. Prolif-
erating cell nuclear antigen counts were 29–33% lower when
soya protein was included in either or both feeding periods
(Table 3, Fig. 3).

With regard to renal function, the parameters that were influ-
enced by soya protein in the weaning period (serum creatinine,
urea and creatinine clearance) were not affected by soya in the
maternal period. However, soya protein compared with casein
in the maternal period did result in less proteinuria (Table 2),
whether expressed per 24 h excretion (29% lower) or when cor-
rected to creatinine excretion (33% lower). Soya protein in the
weaning period resulted in higher proteinuria when expressed
on a 24 h basis, but not when corrected to creatinine.

Discussion

In addition to confirming the protective effects of dietary soya
protein compared with casein in the weaning period of rodents
with cystic kidney diseases (Ogborn et al. 1998, 2000;
Aukema & Housini, 2001; Fair et al. 2004), the present study
demonstrates that dietary soya protein in the maternal period
also positively influences renal disease progression in offspring
with congenital kidney disease. Such findings fit into a growing
body of knowledge that supports the Fetal Origins of Adult Dis-
eases hypothesis or the so-called fetal programming effect, in
which nutrient intake during the perinatal period correlates to
the risk of chronic disease development later in life. Recent
studies demonstrate that maternal malnutrition can have detri-
mental effects on the kidney, such as a reduction in nephron
number and the development of hypertension in offspring later
in life (Langley-Evans et al. 1999; Barker & Bagby, 2005;
Vehaskari & Woods, 2005). The current study reflects a
unique concept, in that soya protein in the maternal period has
a positive effect on disease progression, demonstrating the
potential for dietary interventions during the maternal period
to counter the development and progression of disease. This
also has been observed in cancer models that are characterized
by inflammation and increased proliferation, as colon tumori-
genesis and mammary cancer are reduced in the offspring of
rats given dietary soya protein or genistein (Fritz et al. 1998;
Linz et al. 2004).

Interestingly, the effects of soya protein in the maternal
period are similar to the effects of soya protein in the weaning
period in some parameters (inflammation, oxidized damage,
proliferation), but not in others (cystic change, serum urea,
creatinine and creatinine clearance). In addition to the inde-
pendent (main) effects of soya protein on inflammation and
oxidized damage in the maternal feeding, soya proteinT
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in the maternal compared with the weaning period also
uniquely resulted in less proteinuria. A reduction in urinary
protein and albumin excretion with soya protein intake has
also been reported in both animal models and human subjects
with nephropathy (Teixeira et al. 2003, 2004; Stephenson et al.
2005). It is possible that the effect of soya protein on protei-
nuria that we observed is due to differences in protein reab-
sorption secondary to differences in the rate of progression
of cyst formation on account of the perinatal interventions.
Long-term studies are needed to determine whether these
apparent beneficial effects on renal pathology and function
would result in delayed disease progression and postponed
renal failure over time.

In a recent study of Han:SPRD-cy rats given purified genis-
tein for 8 weeks, macrophage infiltration and staining for oxi-
dized LDL were reduced (Ogborn et al. 2005). These are the
two histological parameters for which there was a significant
main effect of soya protein given during the maternal period
in the current study. Interestingly, neither dietary genistein
in the weaning period in the aforementioned study (Ogborn
et al. 2005) nor soya protein in the maternal period in the cur-
rent study affected serum creatinine, kidney size or cyst
growth. The lack of an effect of genistein on serum creatinine,
kidney size and kidney water content (reflecting cyst growth)
was also observed in another model of renal cyst disease, the
pcy mouse, in which dietary soya protein has been shown to

A

C D

B

Fig. 1. Renal macrophage infiltration (mouse anti-rat MAB 1435 antibody, 1:50 dilution, £ 40 magnification.) in kidney sections from 10-week-old animals given

(A) casein in maternal and weaning periods; (B) casein in maternal period and soya protein in weaning period; (C) soya protein in maternal period and casein in

weaning period; (D) soya protein in maternal and weaning periods. For details of diets and procedures, see pp. 78–79.

A

C D

B

Fig. 2. Oxidized LDL staining (rabbit anti-Cu2 þ -oxidized LDL polyclonal antibody, 1:50 dilution, £ 40 magnification) in kidney sections from 10-week-old animals

given (A) casein in maternal and weaning periods; (B) casein in maternal period and soya protein in weaning period, (C) soya protein in maternal period and

casein in weaning period; (D) soya protein in maternal and weaning periods. For details of diets and procedures, see pp. 78–79.
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slow disease progression (Tomobe et al. 1998). In contrast, the
soya protein given in the weaning period of the current study
did affect these parameters, as previously shown (Ogborn et al.
1998, 2000; Aukema & Housini, 2001; Fair et al. 2004).
Therefore, the effects of soya protein on disease progression
are likely due to several components in the diet and the
difference in effects of dietary soya protein in the maternal
compared with the weaning periods suggests different mech-
anisms of action of soya protein at different life stages.
The effects of soya protein as inhibitor of cell proliferation

may be due to the oestrogen-like activity of isoflavones (such
as genistein) found in soya protein, as the isoflavones and their
metabolites have oestrogen receptor-binding ability, particu-
larly for the oestrogen receptor-b (Branham et al. 2002; Setchell
et al. 2005). The possible oestrogen-like effect is of interest
because the progression of cystic disease in the Han:SPRD-cy
rat model displays a strong sexual dimorphism (Cowley et al.
1993), a phenomenon also observed to a lesser extent in
human subjects with cystic renal diseases (Choukroun et al.
1995). Castration of male Han:SPRD-cy rats slows renal disease
progression, and the administration of testosterone to females or
castrated males increases cystic development (Cowley et al.
1997). Gender also influences the effect of soya protein on dis-
ease progression in this model as well as the pcy mouse
(Aukema et al. 1999; Aukema & Housini, 2001). The anti-pro-
liferative effect of soya protein is unlikely to be solely due to
genistein, as the concentrations that exhibit in vitro effects on
protein tyrosine kinases and DNA topoisomerases are not
likely to be achieved in vivowith dietary soya protein (Akiyama
et al. 1987; Markovits et al. 1989). A contributory effect of gen-
istein on the reduction of proliferation observed cannot be ruled
out, however. Possibly supporting a role for genistein in this
regard is a recent study, which reported that kidney weight
was reduced in 21-d-old female offspring of mice given genis-
tein during pregnancy and lactation (Ryokkynen et al. 2005).
Another potential phyto-oestrogenic effect may be the gener-

ation of NO (Trujillo et al. 2005). NO levels are low in patients

with chronic renal disease and have been reported to be down
regulated in the Han:SPRD-cy rat, suggesting that NO metab-
olism is associated with the progression of renal disease
(Hwang et al. 2003). Renal protection by a soya diet in obese
Zucker rats is associated with restoration of NO generation
(Wang et al. 2004). NO plays an important role in regulating pla-
cental–fetal blood flow, influencing the transfer of nutrients and
O2 from mother to fetus (Lillycrop et al. 2005).

The differing amino acid content of soya protein compared
with casein also may have mediated the effects observed in the
current study. Dietary vegetable protein compared with animal
protein appears to be associated with lower plasma levels of
lysine and valine; the latter is correlated with glomerular fil-
tration rate (Regnault et al. 2005). An increased glomerular fil-
tration rate may cause intraglomerular hypertension, which
leads to the progressive loss of renal function (Hostetter,
2003). It remains to be determined whether or not early
exposure to an amino acid profile that decreases hyperfiltration
responses contributes to the protective effect of soya protein in
renal disease. Soya protein compared with casein also contains
twice as much of the amino acids arginine and glycine (Fair
et al. 2004). Arginine is a substrate for polyamine, NO and
proline synthesis and as such may improve fetal health.
Arginine and arginine-family amino acids recently have
been discovered to be abundant in ovine and porcine allantoic
fluids, indicating their importance in fetal development (Lilly-
crop et al. 2005). With regard to glycine, supplementation of a
protein-restricted gestational diet with glycine reverses the
increase in systolic blood pressure that occurs in the offspring
of protein-restricted dams (Jackson et al. 2002). Maternal pro-
tein restriction is known to negatively impact kidney function
by reducing nephron number and result in hypertension in off-
spring (Langley-Evans et al. 1999).

The results of the current study establish the importance of
maternal nutrition in offspring with genetically determined
renal diseases. Since approximately one in 500 to 1000
people inherit a form of renal cyst disease, the influence of

A

C D

B

Fig. 3. Proliferating cell nuclear antigen staining (anti-mouse proliferating cell nuclear antigen antibody, 1:50 dilution, £ 40 magnification) in kidney sections from

10-week-old animals given (A) casein in maternal and weaning periods; (B) casein in maternal period and soya protein in weaning period; (C) soya protein in

maternal period and casein in weaning period; (D) soya protein in maternal and weaning periods. For details of diets and procedures, see pp. 78–79.
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maternal nutrition on the progression of these diseases is sig-
nificant. The exact mechanism(s) by which maternal dietary
soya protein attenuates kidney disease in offspring remain to
be determined. However, this work may have application to
populations with a high prevalence of renal disease attributed
to early life programming, as may be the case in some abori-
ginal populations (Zandi-Nejad et al. 2006).
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