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Abstract
Background: Kidney disease is a major public health issue arising from loss of glomerular podocyte function, and there 
are considerable sex differences in its prognosis. Evidence suggests a renoprotective effect of estrogen and soy diet-derived 
phytoestrogens, although the molecular basis for this is poorly understood.
Objective: Here, we aim to assess sex differences in expression of key proteins associated with podocyte survival and 
determine the effects of dietary soy on glomerular and podocyte signaling.
Methods: Male and female FVB mice were fed control, low (1%), and high (20%) doses of isolated soy protein (ISP) in utero 
and until 100 days of age. Spot urine was collected to measure proteinuria and isolated glomeruli were used to quantify 
activated and total levels of nephrin, Akt, and ERK1/2. To investigate protective effects of specific soy phytoestrogens, 
cultured podocytes were treated with or without daidzein and subject to control or high glucose as a model of podocyte 
injury.
Results: Nephrin and Akt were elevated at baseline in glomeruli from females compared to males. Both sexes that were 
fed 1% and 20% ISP displayed robust increases in total glomerular Akt compared to controls, and these effects were more 
prominent in females. A similar trend at both doses in both sexes was observed with activated Akt and total nephrin. 
Notably, males exclusively showed increased phosphorylation of nephrin and extracellular signal-regulated kinase (ERK) at 
the 1% ISP dose; however, no overt changes in urinary albumin excretion or podocin levels were observed, suggesting that 
the soy diets did not impair podocyte function. Finally, in cultured male and female podocytes, daidzein treatment suppressed 
high glucose-induced ERK activation.
Conclusions: Together, our findings reveal a putative mechanism to explain the protective influence of sex on kidney 
disease progression, and they provide further evidence to support a beneficial role for dietary soy in preserving glomerular 
function.

Abrégé 
Contexte: L’insuffisance rénale est un problème majeur de santé publique résultant d’une perte de fonction des podocytes 
glomérulaires, et son pronostic diffère selon le sexe. Bien que le fondement moléculaire en soit mal compris, des données 
suggèrent que les œstrogènes et des phytoestrogènes dérivés du soja alimentaire auraient un effet néphroprotecteur.
Objectifs: Évaluer les différences selon le sexe dans l’expression des protéines clés associées à la survie des podocytes, et 
déterminer les effets du soja alimentaire sur la signalisation glomérulaire et les podocytaire.
Méthodologie: Des souris FVB mâles et femelles ont reçu un régime alimentaire témoin ou un regime à faible dose (1 %) ou 
à dose élevée (20 %) de protéines de soja isolées (PSI) in utero et jusqu’à l’âge de 100 jours. Des échantillons aléatoires d’urine 
ont été recueillis pour mesurer la protéinurie et des glomérules isolés ont été utilisés pour quantifier les niveaux activés et 
totaux de néphrine, d’Akt et d’ERK1/2. Pour évaluer l’effet protecteur de certains phytoestrogènes du soja, des podocytes 
cultivés ont été traités avec ou sans daidzéine et soumis à une dose témoin ou à une dose élevée de glucose comme modèle 
de lésion podocytaire.
Résultats: Les taux initiaux de néphrine et d’Akt étaient plus élevés dans les glomérules des souris femelles. Les souris 
mâles et femelles nourries avec des doses de 1 % et de 20 % de PSI ont montré des augmentations significatives de l’Akt 
glomérulaire totale par rapport aux témoins, et ces effets étaient plus importants chez les femelles. Une tendance semblable 
a été observée chez les deux sexes et pour les deux doses en ce qui concerne l’Akt activée et la néphrine totale. Seuls 
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les mâles ont montré une augmentation de la phosphorylation de la néphrine et de l’ERK à 1 % de PSI; aucun changement 
manifeste n’a cependant été observé dans l’excrétion urinaire d’albumine ou dans le taux de podocine, ce qui suggère que le 
soja alimentaire n’a pas altéré la fonction des podocytes. Dans les podocytes cultivés, tant mâles que femelles, le traitement 
à la daidzéine a inhibé l’activation de l’ERK induite par une forte dose de glucose.
Conclusion: Ensemble, nos résultats révèlent un mécanisme putatif pouvant expliquer l’effet protecteur du sexe du patient 
sur la progression de l’insuffisance rénale. Ces résultats fournissent des preuves supplémentaires soutenant l’hypothèse d’un 
rôle bénéfique du soja alimentaire dans la préservation de la fonction glomérulaire.
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Introduction

Podocytes are specialized epithelial cells which comprise the 
outer layer of the glomerular filtration barrier.1 As a primary 
target of injury in many forms of kidney disease, podocytes 
are lost over time, such that the kidneys are no longer able to 
properly filter the blood, leading to an accumulation of meta-
bolic waste products and loss of essential proteins such as 
albumin into the urine (proteinuria).2 Presently, dialysis and 
transplantation are the only forms of treatment for advanced 
kidney disease, and these approaches are associated with sig-
nificant morbidity, mortality, and health care costs.3,4 As a 
consequence, there is intense interest in identifying alterna-
tive strategies such as dietary alterations to maintain podo-
cyte function and slow the progression of disease.

Epidemiological and animal-based studies have demon-
strated that kidney disease progression is worse in males than 
females and that men are more likely to experience end-stage 
renal disease and death.5-7 Mechanisms to explain these sex-
related disparities are poorly understood. Differences in sex 
hormones in addition to sex-specific cellular responses have 
been proposed to play a role in these divergent outcomes.5-7 
In this regard, estrogens are associated with preservation of 
the filtration barrier through their effects on podocytes.8-10 
Interestingly, phytoestrogens such as the isoflavones, genis-
tein, and daidzein found in soy protein may also exert reno-
protective effects. Several studies have shown that 
consumption of a soy protein–rich diet can improve glomer-
ular hyperfiltration as well as reduce proteinuria and blood 
cholesterol levels in humans with diabetes-induced kidney 
disease.11-14 The effects of isoflavones and other flavonoids 
on kidney function have also been examined in mouse and 

rat models of diabetes, where their administration is associ-
ated with reduced kidney damage and podocyte injury.15 
Despite evidence to support the efficacy of plant-based pro-
tein in slowing the progression of glomerular disease and 
reducing comorbidities such as cardiovascular disease,16,17 
the molecular pathways that are targeted by phytoestrogens 
in podocytes have yet to be completely defined.

Here, we investigate sex differences in expression of key 
cell signaling proteins associated with podocyte survival 
(nephrin, Akt, and ERK1/2) and determine the effects of soy 
phytoestrogens on their expression. Nephrin is a key molecu-
lar component of the glomerular filtration barrier, and loss of 
nephrin is a hallmark of glomerular injury leading to protein-
uria.18-22 Tyrosine phosphorylation of the nephrin intracellu-
lar region can activate Akt kinase.23,24 Among the Akt 
paralogs, Akt2 is central to podocyte survival, and loss of 
Akt activation is associated with human chronic kidney dis-
ease progression.25 Intriguingly, sex differences in Akt 
expression have been reported in several biological set-
tings.26-28 By contrast, sustained activation of extracellular 
signal-regulated kinase (ERK) induces podocyte apoptosis.29,30 
Previous studies in other systems have shown that soy or its 
constituents can alter these survival signals. For instance, 
soy protein supplementation in fructose-fed male rats 
increases nephrin mRNA expression and preserves kidney 
architecture,31 genistein increases Akt activation in neonatal 
mouse hearts,32 and phytoestrogens have cell-specific effects 
on ERK1/2 signaling.33-37 In this report, we demonstrate that 
a soy-based diet increases expression and phosphorylation of 
Akt and nephrin in both male and female mice. This effect is 
more prominent in female mice, which we further show 

mailto:jonesmcb@uoguelph.ca


Mahesaniya et al 3

possess higher baseline levels of both proteins. In male mice 
only, soy diet induces marked activation of ERK1/2, along 
with low-level albuminuria following exposure to supra-
physiological levels of isolated soy protein (ISP). Finally, 
using cultured male and female human podocytes, we show 
that daidzein can suppress activation of ERK1/2 phosphory-
lation in a podocyte injury model. Altogether, our studies 
uncover sex differences in baseline and soy-fed expression 
levels of critical podocyte signaling pathways which may 
have implications for dissimilar disease progression in males 
versus females.

Materials and Methods

Animal Care and Study Approval

Animals were housed at the University of Guelph Central 
Animal Facility and maintained using guidelines established 
by the Canadian Council of Animal Care. This study was 
approved by the Animal Care Committee at the University of 
Guelph (AUPs 3291, 3123, and 3394).

Animal Husbandry and Diets

FVB mice were obtained from an established breeding col-
ony38 and fed diets containing 20% casein protein (for con-
trols), 20% ISP, 5% ISP/15% casein, or 1% ISP/19% casein 
(Harlan Laboratories, Madison, WI). The ISP used for these 
diets contained approximately 1660 ppm of isoflavones. The 
isoflavone content is made up of 463 ppm daidzin, 95 ppm 
daidzein, 933 ppm genistin, 101 ppm genistein, 57 ppm 
glycetin, and 9 ppm glycetein, all in the aglycone form. 
Experimental diet conditions began in utero, up until sacri-
fice at 100 days of age, as described previously.38 Animals 
were sacrificed by CO2 asphyxiation.

Glomerular Isolation

Glomeruli were isolated as described previously.39 Kidneys 
were extracted and longitudinally cut to separate medulla 
from cortex. The medulla was discarded and cortex samples 
were processed individually (such that one mouse represents 
one biological replicate). Cortices were minced using a #10 
scalpel blade, incubated in 5 mL Dulbecco’s phosphate-buff-
ered saline (D-PBS) solution (Wisent, St-Bruno, QC) con-
taining 1 μg/mL collagenase for 30 minutes at 37°C with 
shaking at 30 rpm and then passed through a 100 μm sterile 
cell strainer with 40 mL cold D-PBS to enrich glomeruli. The 
flow-through was pelleted at 1000 rpm for 1 minute followed 
by removal of the supernatant. To lyse red blood cells, 5 to 10 
mL of sterile Ack lysis buffer (0.15 M NH4Cl, 7 mM KCO3, 
0.1 mM ethylenediaminetetraacetic acid [EDTA]) was added 
to the pellet, inverted 5 to 7 times at room temperature, and 
immediately spun down at 1000 rpm for 1 minute. The super-
natant was removed and the glomeruli were lysed by 

re-suspending the pellet in 500 to 600 μL of lysis buffer, as 
described below.

Tissue Lysis

Whole kidney, brain, and glomeruli were lysed in 
Phospholipase C (PLC) lysis buffer (50 mM HEPES [N-2-
hydroxyethylpiperazine-N′-2-ethanesulfonic acid] pH 7.5, 
10% Glycerol, 1 mM ethylene glycol tetraacetic acid 
(EGTA), 10 mM NaPPi, 1.5 mM MgCl2, 150 mM NaCl, 100 
mM NaF, 1% Triton X-100) containing protease inhibitors 
(0.1 mg/mL aprotinin, 0.1 mg/mL leupeptin), along with 1 
mM sodium orthovanadate and 1 mM phenylmethanesulfo-
nyl fluoride (PMSF) (PLC+). Lysates were sonicated using 
Vibra-Cell (Sonics & Materials Inc., Newtown, CT) for 5 to 
10 seconds followed by incubation on ice for 10 minutes and 
then centrifuged at 12 000× g for 12 minutes to pellet cell 
debris. Lysates were then subject to bicinchoninic acid 
(BCA) assay to quantify protein concentration (Pierce, 
Waltham, MA). Whole cell lysates were prepared by com-
bining equal amounts of total protein with 5× sodium 
dodecyl sulfate (SDS) loading buffer (20% SDS, 0.3125 M 
Tris Base, 50% glycerol, 20% β-mercaptoethanol) and boiled 
at 100°C for 5 minutes.

Cell Culture and Lysis

Immortalized human podocyte cells (HPCs; AB line,40 from 
a 3-year-old male patient, and LY line,41 from a 6-year-old 
female patient) were provided by Dr Moin Saleem and cul-
tured as previously described.40,41 Short tandem repeat (STR) 
analyses were performed on HPCs for cell line authentica-
tion and confirmation of sex (performed at The Centre for 
Applied Genomics, Toronto, ON; Supplemental Table 1). 
Mouse podocyte cells (MPCs) were generated and cultured 
according to standardized protocols.42,43 AB line HPCs and 
MPCs were cultured in RPMI 1640 medium supplemented 
with 10% fetal bovine serum (FBS), 200 U/mL penicillin, 
and 200 µg/mL streptomycin (Invitrogen, Burlington, ON) 
and allowed to proliferate at 33°C with 5% CO2. The LY line 
HPCs were cultured in these same conditions with the addi-
tion of 1% insulin, transferrin, and selenium (ITS, Sigma, St. 
Louis, MO). Proliferating MPCs were further supplemented 
with 10 U/mL interferon-gamma (PeproTech, Cranbury, NJ). 
Once grown to 70% confluence, the cells were transferred to 
37°C to promote growth arrest and differentiation for 10 to 
14 days. One week prior to treatment, cells were switched to 
media containing 2% FBS and 5.5 mM glucose (Sigma). 
Cells were serum-starved 16 to 24 hours before treatment, 
and combinations of 10 μM daidzein (Sigma), 20 to 25 mM 
glucose, and 1 μM angiotensin II (Ang II; Sigma) were used 
for 24 hours. Where noted, mannitol (Sigma) and dimethyl 
sulfoxide (DMSO) were used as osmotic and solvent con-
trols. For lysis, media was removed and cells were washed 
twice with phosphate-buffered saline (PBS). Cells were 
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scraped off dishes using PLC+ lysis buffer, and cells were 
sonicated, incubated, and centrifuged as with tissue lysis.

Antibodies

Commercial antibodies used were as follows: rabbit anti-Akt 
(C67E7, 4691, Cell Signaling Technology, Danvers, MA), rab-
bit anti-pAkt S473 (D9E, 4060, Cell Signaling Technology), 
rabbit anti-Akt1 (C73H10, 2938, Cell Signaling Technology), 
rabbit anti-Akt2 (5B5, 2964, Cell Signaling Technology), rab-
bit anti-Akt3 (4059, Cell Signaling Technology), rabbit anti-
ERK1/2 (137F5, 4695, Cell Signaling Technology), rabbit 
anti-pERK1/2 T202/Y204 (D13.14.4E, 4370, Cell Signaling 
Technology), rabbit anti-p38 (9212, Cell Signaling 
Technology), rabbit anti-p-p38 T180/Y182 (D3F9, 4511, Cell 
Signaling Technology), rabbit anti-podocin (PO372, Sigma), 
mouse anti-β-actin (AC15, A1978, Sigma), rabbit anti-cad-
herin (ab16505, Abcam, Cambridge, UK), and rabbit anti-ERβ 
(H-150, SC-8974, Santa Cruz). Rabbit anti-nephrin was 
described previously.44 Phospho-specific anti-nephrin antibod-
ies were generated and validated previously.45 All primary anti-
bodies were used at 1:1000 except for podocin and β-actin, 
which were used at 1:5000. Secondary horseradish peroxidase-
conjugated goat anti-mouse (170-6516, BioRad, Hercules, CA) 
and goat anti-rabbit (170-6515, BioRad) antibodies were used 
at 1:5000 for immunoblot detection.

Immunoblotting

Total protein (20 to 30 μg) was loaded on 10% SDS poly-
acrylamide gels and electrophoresed for 20 minutes at 120 V 
before increasing the voltage to 180 V for 1 hour. Proteins 
were transferred onto polyvinylidene fluoride (PVDF) mem-
branes (Roche, Basel, Switzerland) via wet transfer at 100 V 
for 50 minutes. Membranes were blocked for 1 hour in 5% 
skim milk in 1× Tris-buffered saline with Tween (TBST; 
0.15 M NaCl, 0.02 M Tris Base, 0.005% Tween-20) for non-
phosphorylated proteins and in 5% bovine serum albumin 
(BSA; Roche) in TBST for phosphorylated proteins. 
Membranes were briefly washed for 1 minute in MilliQ 
water and then TBST, before being incubated at 4°C over-
night with diluted primary antibodies. The following day, 
membranes were washed 5 times for 5 minutes with TBST 
and incubated with diluted secondary antibodies for 1 hour. 
Membranes were then washed again with TBST 5 times for 
5 minutes each. Signals were detected using chemilumines-
cent 1:1 ECL Western Blot Substrate (Pierce) for 2 minutes 
and then developed using either a Konica Minolta Automatic 
Film Developer SRX-101A with X-ray blue film (VWR, 
Radnor, PA) or ChemiDoc XRS+ (BioRad). To probe load-
ing controls, membranes were stripped with 20 mL of strip-
ping buffer (200 mM glycine, 0.1% SDS, 1% Tween-20, pH 
2.2) for 30 minutes and washed briefly with TBST before 
blocking with 5% BSA or milk/TBST for 15 minutes. 
Densitometry on all images was performed using Fiji 

software, with biological replicates normalized to the sum of 
each separately ran gel46 and individual lanes normalized to 
loading controls β-actin or cadherin.

Proteinuria Assessment

Urine was collected at the time of mouse sacrifice. Urine 
samples were spun down quickly, and the pellet was dis-
carded. Albumin-creatinine ratios were measured by enzyme-
linked immunosorbent assay (ELISA; Albuwell M from 
Ethos Biosciences, Newtown Square, PA) as per manufac-
turer’s instruction. Equal volumes of urine and 2× SDS 
loading buffer were added and samples were boiled at 100°C 
for 5 minutes. In all, 4 μL of each sample was resolved on a 
10% gel with BSA (2.5 μg) as a positive control. Gels were 
stained with Coomassie brilliant blue R (ThermoFisher 
Scientific, Waltham, MA) for 30 minutes and destained with 
45% methanol: 10% glacial acetic acid for 1 hour. Gels were 
imaged on a ChemiDoc XRS+ (BioRad).

Statistical Analysis

Comparisons between sex or dietary conditions were com-
pleted using Student’s t test. Comparisons between cell cul-
ture treatment groups were completed using a one-way 
analysis of variance (ANOVA) with a post-hoc Sidak’s test. 
Statistical significance was considered when P < .05. All 
figures and statistical analyses were generated using Prism 9 
by GraphPad Software (San Diego, CA).

Results

Female Mice Show Higher Baseline Expression 
of Akt and Nephrin in Glomeruli Relative to Male 
Mice

The sex distinct progression of kidney disease prompted us 
to first investigate whether differences in expression of key 
podocyte survival proteins might exist in male and female 
mice. To this end, we compared the levels of nephrin and Akt 
in glomerular isolates prepared from kidneys of littermate 
male and female FVB mice at 100 days of age. Akt2 is the 
predominant paralog in mouse glomeruli (Supplemental 
Figure 1), consistent with previous reports showing that Akt2 
localizes to podocytes while Akt1 is enriched in surrounding 
tubules.25 Western blotting followed by densitometric analy-
sis revealed that total Akt protein levels were significantly 
higher in glomeruli isolated from female mice and that an 
even greater difference was observed with nephrin (Figure 
1A and 1B). Of note, expression levels of podocin, a podo-
cyte marker protein which binds to nephrin, were compara-
ble between males and females, indicating that the changes 
were not due to differences in podocyte number. Together, 
these findings suggest sex differences in baseline expression 
of Akt and nephrin in mouse podocytes in vivo.
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Soy Protein Diets Induce Sex Distinct Changes in 
Glomerular Akt, Nephrin, and ERK1/2 in Mice

We next investigated the effects of soy supplementation on 
these key podocyte signaling pathways in male and female 
FVB mice. In line with previous reports,47 glomerular iso-
lates from male and female mice show similar expression 
levels of ERβ (Supplemental Figure 2). This estrogen recep-
tor (ER) is preferentially bound by isoflavones,48 highlight-
ing the potential for a comparable response in both sexes. 
Animals were fed a diet containing low (1%), intermediate 
(5%), or high (20%) levels of ISP or casein control (20%) 
throughout their lifetime. The 1% ISP diet falls within the 
normal range of soy intake (20-141 g/day) in Asian popula-
tions while the 20% ISP diet is 15-fold higher and considered 
supraphysiological.49 Mice were maintained on the diet up 
until sacrifice at 100 days of age, at which point urine was 
collected and kidneys/glomeruli were isolated. Analysis of 
urine by sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE) demonstrated that none of the diets 
led to overt proteinuria in either sex (Figure 2A and 
Supplemental Figure 3). Measurement of albumin-creatinine 
ratio (ACR) showed a slight increase in the observed ACR in 
male mice on the 20% ISP diet compared to male casein diet 
controls; however, values from all diets are within the range 
reported for healthy male FVB mice of a similar age (Figure 
2B and Supplemental Figure 3).50

Western blotting of glomerular lysates followed by densi-
tometric analysis showed that when soy was the sole source 
of protein in the diet (20% ISP), both sexes had significant 
increases in total Akt protein levels, as well as enhanced Akt 
activation (significant only in males), as indicated by 

Figure 1. Baseline expression profile of nephrin and Akt in glomeruli of male and female mice. (A) Immunoblots of glomerular whole 
cell lysates prepared from individual male and female control mice (n = 3 of each shown, 2 litters matched, 100 days of age). β-actin 
was used as a loading control and podocin was used to show comparable podocyte number. (B) Densitometry of immunoblot in (A), 
normalized to β-actin and male mice.
Note. Data are presented as mean ± standard error of the mean. Statistical significance compared to male mice was determined using Student’s t test and 
is marked by asterisks. ns = no significance.
**P < .01.

Figure 2. Urinary albumin assessment following consumption 
of variable amounts of ISP. (A) Coomassie stain of spot urine 
collections electrophoresed using SDS-PAGE. Albumin bands are 
shown and compared with 2.5 μg of BSA. “C” indicates casein-fed 
controls; “E” indicates empty well; and 1%, 5%, and 20% indicate 
mice fed diets with the specified percentage of ISP in total chow. 
(B) ACR of spot urine collections displayed in (A). n = 4 to 5 
animals per diet.
Note. ACR = albumin-creatinine ratio; ISP = isolated soy protein; BSA = 
bovine serum albumin; ns = no significance; SDS-PAGE = sodium dodecyl 
sulfate polyacrylamide gel electrophoresis.
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phosphorylation of Ser473 (Figure 3A-3D). The increase in 
total Akt was approximately 2-fold higher in females than 
males. No significant differences were seen with total or 
phosphorylated nephrin (Figure 3A-3D). Similarly, on diets 
containing normal range 1% ISP, both male and female mice 
showed significant increases in Akt expression and activa-
tion, and females again displayed a more robust response 
with approximately 2-fold higher levels of total and activated 
Akt compared to males (Figure 4A-4D). Notably, these 
increases correlated with elevated total nephrin in both sexes 
as well as phosphorylation of nephrin in males (Figure 
4A-4D).

In parallel, as a readout of potential podocyte injury,29,30 
we also investigated ERK1/2 levels in glomeruli and found 
that male mice fed 1% ISP showed a significant 8-fold 
increase in ERK1/2 activation compared to casein-fed con-
trols (Figure 5A and 5C). This effect was not seen in soy-fed 
females, which instead had slightly lower total and activated 
ERK1/2 compared to casein-fed controls (Figure 5B and 
5D). We verified that podocin levels were unchanged in both 
male and female mice fed 1% ISP diet compared to casein 
controls, suggesting that the soy diet did not impact podocyte 
number (Figure 5A-5D).

Taken together, these results demonstrate that soy supple-
mentation increases expression and activation of nephrin and 
Akt in glomeruli of both male and female mice and that acti-
vation of ERK1/2 occurs exclusively in glomeruli of male 
mice.

Daidzein Suppresses ERK1/2 Activation Following 
High Glucose Injury in Cultured Podocytes

Given the effects of ISP on augmenting cell signaling path-
ways associated with podocyte survival and apoptosis in vivo, 
we were interested in exploring potential renoprotective 
effects of soy-derived phytoestrogens in a podocyte injury 
model. Using a simplified in vitro setting of cultured HPC 
lines derived from male or female human donors,40,41 cells 
were treated with daidzein in the presence of 5.5 or 25 mM 
glucose and/or Ang II to induce podocyte injury.51,52 In male-
derived cells, Western blotting of HPC lysates followed by 
densitometric analysis revealed that cells cultured in high glu-
cose had increased activation of ERK1/2 compared to 
untreated cells, consistent with previous reports,52-54 and that 
daidzein treatment could significantly suppress this increase 
(Figure 6A and 6C). However, in contrast with ISP exposure  

Figure 3. Total and phosphorylated nephrin and Akt expression in mice fed diet of 20% ISP. (A & B) Immunoblots of glomerular whole 
cell lysates from individual male (A) and female (B) mice fed casein or ISP as an exclusive source of protein (n = 3 shown). β-actin was 
used as a loading control. (C & D) Densitometry of immunoblots in A and B (C & D, respectively), normalized to casein controls.
Note. Data are presented as mean ± standard error of the mean. Statistical significance compared to casein control mice was determined using Student’s 
t test and is marked by an asterisk. ISP = isolated soy protein; ns = no significance.
*P < .05.
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Figure 4. Total and phosphorylated nephrin and Akt expression in mice fed diet of 1% ISP. (A & B) Immunoblots of glomerular whole 
cell lysates from individual male (A) and female (B) mice fed casein or casein supplemented with 1% ISP (n = 3 shown). β-actin was used 
as a loading control. (C & D) Densitometry of immunoblots in A and B (C & D, respectively), normalized to casein controls.
Note. Data are presented as mean ± standard error of the mean. Statistical significance compared to casein control mice was determined using Student’s 
t test and is marked by asterisks. ISP = isolated soy protein; ns = no significance.
*P < .05. **P < .01. ***P < .001.

Figure 5. Total and phosphorylated ERK expression in mice fed diet of 1% ISP. (A & B) Immunoblots of glomerular whole cell lysates 
from individual male (A) and female (B) mice fed casein or casein supplemented with 1% ISP (n = 3 shown). (C & D) Densitometry of 
immunoblots in A and B (C & D, respectively), normalized to casein controls.
Note. Podocin was used to show comparable podocyte number. β-actin was used as a loading control (shown in Figure 4). Statistical significance 
compared to casein control mice was determined using Student’s t test and is marked by asterisks. ISP = isolated soy protein; ns = no significance;  
ERK = extracellular signal-regulated kinase.
*P < .05. **P < .01.
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Figure 6. Total and phosphorylated Akt and ERK1/2 expression in HPCs. (A-C) Differentiated male HPCs were treated with high 
glucose (20-25 mM), daidzein (10 μM), or high glucose with daidzein for 24 hours. Differentiated HPCs with 0.1% DMSO were used 
as controls. (A) Immunoblots of total and phospho Akt and ERK1/2 from male HPC lysates with cadherin shown as a loading control. 
(B & C) Densitometry from Akt (B) and ERK1/2 (C) immunoblots from 3 separate biological replicates (n = 3) normalized to control 
cells. (D-F) Differentiated female HPCs were treated with a combination of high glucose (25 mM)/1 µM angiotensin II (Ang II), daidzein 
(10 µM), or high glucose/Ang II and daidzein for 24 hours. Differentiated HPCs with 19.5 mM mannitol and 0.1% DMSO were used as 
controls. (D) Immunoblots of total and phospho Akt and ERK1/2 from female HPC lysates with cadherin shown as a loading control. (E 
& F) Densitometry from Akt (E) and ERK1/2 (F) immunoblots from 3 separate biological replicates (n = 3) normalized to control cells.
Note. All data are presented as mean ± standard error of the mean. Statistical significance compared to control cells was determined using one-
way ANOVA with post-hoc Sidak’s test. Significance is marked by asterisks. HPCs = human podocyte cells; ANOVA = analysis of variance; ERK = 
extracellular signal-regulated kinase; DMSO = dimethyl sulfoxide.
*P < .05. **P < .01. ***P < .001.
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in vivo, daidzein alone did not induce changes in expression or 
activation of ERK1/2 or Akt in male podocytes in vitro, and no 
changes in activated or total Akt were seen in high glucose-
treated cells (Figure 6A-6C). In female-derived cells, which 
required inclusion of angiotensin in the injury model to 
increase ERK1/2 activation,51 treatment with daidzein simi-
larly suppressed the effects of high glucose (Figure 6A and 
6C). A comparable overall effect was seen with p38 activation, 
which is another mitogen-activated protein kinase (MAPK) 
pathway associated with podocyte injury (Supplemental 
Figure 4).55 Interestingly, treatment with daidzein alone 
decreased ERK1/2 signaling in female podocytes, paralleling 
the changes seen in soy-fed female mice in vivo. As observed 
in male cells, female cells exposed to daidzein did not show 
the changes in Akt that occurred with the ISP diets in vivo 
(Figure 6A and 6C). This observation may be due to species 
difference between mice and human podocytes, the inability 
of antibody reagents to distinguish between human Akt1 and 
Akt2, or the difference in protein expression between glomer-
uli and cultured podocytes (Supplemental Figure 1). 
Altogether, these findings demonstrate that isoflavones can 
inhibit signaling pathways associated with podocyte injury in 
both male- and female-derived cell lines.

Discussion

In this study, we reveal that signaling pathways controlling 
podocyte survival are differentially regulated in males and 
females and that they can be augmented with soy diet. 
Notably, we found significant glomerular sex differences in 
baseline expression of nephrin as well as Akt, which we 
showed likely corresponds to the Akt2 paralog. Glomeruli 
isolated from female mice showed higher baseline levels of 
both proteins compared to glomeruli isolated from male 
mice. Intriguingly, sex differences in nephrin have been 
reported previously in humans, with greater nephrin mRNA 
traces in female blood, as well as type 2 diabetic rats, with 
greater nephrin protein in female kidney cortices.56,57 For 
Akt, similar sex disparities in basal expression have also 
been identified in the heart and uterus.26-28 Such differences 
may reflect alterations in Akt translation or stability, perhaps 
due to the activity of Akt regulators such as mTORC2 and 
Pin1 in podocytes.58 Alternately, the increase in total nephrin 
and Akt may correlate with higher levels of ERα observed in 
female kidney cortices.59 Non-nuclear actions of estrogen 
include modulation of intracellular signaling pathways 
including Akt, wherein 17β-estradiol can induce Akt expres-
sion and/or phosphorylation.26,32,60 Moreover, a positive 
feedback loop may exist, as ERα can be activated by Akt.61,62 
In podocytes, ERα itself has shown to be protective against 
apoptosis,9 presumably through its effect on Akt signaling,63 
and reduced nephrin expression is found in ERα knockout 
mice.8 Taken together, higher baseline levels of key survival 
factors in female glomeruli may confer intrinsic sex-specific 
resistance to cell death.

Consistent with the influence of endogenous estrogen, 
mice fed a diet containing soy-derived phytoestrogens 
showed increased nephrin and Akt expression compared 
with mice fed a casein diet. In both low- and high-level ISP 
diets, the most pronounced effects were on total Akt, with 
females showing 2-fold higher levels than males. We also 
noted activation of Akt in both males and females. These 
findings suggest that the renoprotective effect of soy protein 
might be due in part to an increase in the available pool of 
Akt to facilitate survival signaling. The increase in nephrin 
expression was only observed with low-level ISP diet, and 
though it was elevated in both males and females, only males 
showed a parallel increase in nephrin phosphorylation. 
Tyrosine phosphorylation of nephrin is required to maintain 
podocyte function39; yet, it also leads to AP-1 and p38 stress 
signal activation and can induce nephrin internalization from 
the slit diaphragm.64-66 In line with this, only males showed 
an increase in activated ERK1/2, and this was paralleled by a 
mild elevation in ACR with supraphysiological levels of ISP 
diet. Although our study was limited by low animal numbers 
and should be repeated to confidently characterize the trend, 
our results suggest a potential negative effect exacerbated by 
higher doses.

Sustained ERK activation is correlated with podocyte 
apoptosis;29,30 yet, its activation by estradiol has also been 
reported to protect podocytes from injury.8 In vivo, we can-
not rule out the possibility that the increase in ERK1/2 is 
occurring within other glomerular cell types. We, therefore, 
specifically examined cultured podocytes and found that 
daidzein alone had no effect on ERK in males, though it did 
decrease ERK1/2 signaling in female cells, in line with our 
findings in female soy-fed mice. Moreover, daidzein sup-
pressed high glucose-induced ERK1/2 activation in both 
male and female cells. These results support previous studies 
where genistein mitigated high glucose injury to cultured 
podocytes and reduced activated ERK1/2 in diabetic kid-
neys.67,68 To further probe the effects of daidzein on apopto-
sis, we also monitored p38 activation and performed lactate 
dehydrogenase (LDH) and terminal deoxynucleotidyl trans-
ferase (TdT) dUTP nick-end labeling (TUNEL) assays. 
While female HPCs demonstrated only a minimal increase in 
p38 activation following a combined injury of high glucose 
and angiotensin II, daidzein still showed a small degree of 
protection in this setting. However, our injury model did not 
lead to notable changes in apoptosis (data not shown), and 
consistent with the weak effect on p38 activation, it is likely 
that a more robust injury will be required to induce a suffi-
cient level of apoptosis for these assays. Moreover, we did 
not detect changes in Akt activation in daidzein-treated male 
or female cells, unlike our findings in vivo. Given the differ-
ences in expression of the Akt paralogs in podocytes grown 
in culture compared to within intact glomeruli, the in vitro 
setting may not be a suitable model system to study Akt sig-
naling. Altogether, it remains unclear whether the observed 
changes to nephrin and ERK in male mice may reflect an 
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early stage of injury or an uncharacterized beneficial state for 
podocytes. Beyond the scope of this study, future investiga-
tion testing soy diets in mouse models of diabetic kidney dis-
ease will be important to determine whether a similar 
mechanism of renoprotection occurs in vivo.

Soy contains 2 major phytoestrogens, genistein and daid-
zein, which can be further metabolized into the isoflavones 
equol, 5-hydroxy-equol, and O-desmethylangolensin.48,69,70 
These compounds mostly target ERβ but can target ERα at 
higher concentrations.48 This dose-dependent effect on ER 
activity is one possible reason why we observed differences 
in nephrin and Akt activity and expression in mice fed 1% 
ISP compared to mice fed 20% ISP. Nevertheless, the pri-
mary target of these phytoestrogens, ERβ, is similarly 
expressed in male and female glomeruli, implying an equiv-
alent potential to respond to dietary soy. In line with our 
results, ERβ has been previously shown to mediate cardiac 
Akt activation and anti-apoptotic signaling.71 However, 
ER-independent signaling pathways for soy constituents 
likely exist as well, as genistein provokes cellular changes 
in triple-negative breast cancer cells that lack ER expres-
sion.72,73 Currently, there is no accepted mechanism of 
action for genistein, daidzein, or equols, as treatments of 
various cell lines with these isoflavones have resulted in 
myriad signaling effects.74 As a novel function for soy iso-
flavones, we show that daidzein can limit high glucose-
induced ERK1/2 activation in cultured podocytes. 
Nevertheless, the complete influence of soy on glomerular 
signaling in vivo likely involves additional isoflavones like 
genistein and equols as well as indirect systemic effects (eg, 
lowering cholesterol, improved insulin response, and 
immune modulation).75-77

Conclusions

Diet is a significant risk factor in the progression of kidney 
disease; yet, dietary intervention is a relatively underused 
management approach.78 While the benefits of dietary protein 
restriction remain controversial,79 changing dietary protein 
quality appears to have more favorable effects.16 Substituting 
plant-sourced for animal-sourced protein may reduce oxida-
tive stress, metabolic acidosis, and production of nephrotoxic 
gut metabolites.80 Our study now suggests that the kidney-
protective effect of plant-derived phytoestrogens may arise in 
parallel through enhancement of a survival signaling axis in 
podocytes. These findings, along with baseline sex differences 
in nephrin and Akt expression, contribute to our understanding 
of the disparity in kidney disease outcomes between men and 
women, and they provide further evidence to support the ben-
eficial effects of soy consumption.
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