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Bisphenol-A, a chemical used in the production of the plastic lining of food and beverage containers, can be found in significant levels in
human fluids. Recently, bisphenol-A has been associated with low-grade albuminuria in adults as well as in children. Since glomerular
epithelial cells (podocytes) are commonly affected in proteinuric conditions, herein we explored the effects of bisphenol-A on podocytes in
vitro and in vivo. On cultured podocytes we first observed that bisphenol-A—at low or high concentrations—(10 nM and 100 nM,
respectively) was able to induce hypertrophy, diminish viability, and promote apoptosis. We also found an increase in the protein
expression of TGF-b1 and its receptor, the cyclin-dependent kinase inhibitor p27Kip1, as well as collagen-IV, while observing a diminished
expression of the slit diaphragm proteins nephrin and podocin. Furthermore, mice intraperitoneally injected with bisphenol-A (50mg/Kg
for 5 weeks) displayed an increase in urinary albumin excretion and endogenous creatinine clearance. Renal histology showed mesangial
expansion. At ultrastructural level, podocytes displayed an enlargement of both cytoplasm and foot processes as well as the presence of
condensed chromatin, suggesting apoptosis. Furthermore, immunohistochemistry for WT-1 (specific podocyte marker) and the TUNEL
technique showed podocytopenia as well as the presence of apoptosis, respectively. In conclusion, our data demonstrate that Bisphenol-A
exposure promotes a podocytopathy with proteinuria, glomerular hyperfiltration and podocytopenia. Further studies are needed to clarify
the potential role of bisphenol-A in the pathogenesis as well as in the progression of renal diseases.
J. Cell. Physiol. 229: 2057–2066, 2014. © 2014 The Authors. Journal of Cellular Physiology Published by Wiley Periodicals, Inc.

Podocytopathy is a complex of cellular lesions involving
glomerular visceral epithelial cells, also known as podocytes.
Several proteinuric glomerular diseases result from podocyte
abnormalities such as genetic, infectious, immune, and toxic
aminoglucosides including diabetes mellitus, with diabetic
nephropathy (DN) being the most common cause of end-stage
renal disease in developed countries (Ritz et al., 1999;
Shankland, 2006; Barisoni et al., 2007).

In many human glomerular diseases the degree of
proteinuria correlates with a decrease in podocyte number and
a reduction in nephrin and podocyn proteins in the slit
diaphragm (D’Agati, 2008). Podocyte depletion is known to
occur as a result of necrosis, apoptosis, and detachment or
decompensated podocyte hypertrophy (Wiggins et al., 2005;
Shankland, 2006). The cytokine TGF-b1, besides its well-
known involvement in the mechanism of glomerulosclerosis, is
also known to trigger podocyte hypertrophy by activating a cell
cycle regulatory protein, the cyclin-dependent kinase inhibitor
p27Kip1. Moreover, TGF-b1 is also known to be a
proapoptotic factor in most cells including podocytes (Griffin
and Shankland, 2008; Jefferson et al., 2008; Ziyadeh and
Wolf, 2008; Diez-Sampedro et al., 2011).

In recent years, humans have suffered considerable
exposure to Bisphenol-A (BPA)—an enviromental estrogen
(xenoestrogen)—which is widely used in the production of
polycarbonate plastic and epoxy resins for lining food and
beverage containers (Kurosawa et al., 2002). It is known that
BPA, particularly after oral exposure, is conjugated by the liver,
thus losing its estrogenic activity, and excreted mainly through
the intestine. Both non-conjugated (bioactive) and conjugated

BPA (inactive) are excreted in the urine (Teeguarden
et al., 2011; Gonzalez-Parra et al., 2013).
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The US Centers for Disease Control and Prevention found
BPApresent in theurineof 95%ofUS adults (Calafat et al., 2005).
Animal studies have suggested that exposure to BPA might lead
toabnormalmetabolismofglucose and lipids, andexacerbate the
development of cardiovascular diseases (Lang et al., 2008). The
National Health and Nutrition Examination Survey (NHANES)
(2003–2004 and 2005–2006) found that higher urinary BPA
concentrations were associated with various diseases including
cardiovascular diseases and type 2 diabetes. Moreover, a high
BPA concentration up to 66.91 ng/mL (or 293 nM) has been
reported in human blood (Sriphrapradang et al., 2013). Recently,
exposure to BPA has been associated with low-grade albumin-
uria in adults as well as in children (Li et al., 2012; Trasande
et al., 2013). In any case, the controversy exists by reason of a
recent report claiming that the benefits of BPA far outweigh the
risks (Tyl et al., 2008). Since no studies have examined the
potential role of BPA in the pathogenesis of renal diseases, in this
studywe assessed the effects of BPAon glomerular podocytes in
vitro as well as in vivo.

Materials and Methods
Cell cultures

Conditionally immortalized mouse podocytes were cultured as
previously reported (Izquierdo et al., 2006; Romero et al., 2010). In
brief, podocytes were cultured on type I collagen (Sigma) and
grown in RPMI 1640 medium with 5% FBS and antibiotics,
supplemented with 10U/ml recombinant interferon-g to enhance
T antigen expression, at 33 °C (permissive conditions). To induce
differentiation, podocytes were maintained on type I collagen at
37 °C without interferon-g (nonpermissive conditions). Differ-
entiation of podocytes was confirmed by the identification of
synaptopodin, a podocyte differentiation marker, by
immunocytochemistry.

To analyze podocyte hypertrophy and viability as well as
apoptosis, we used a BPA concentration previously described by
several investigators as low or high BPA concentrations—10 nM
and 100 nM—, respectively (Wetherill et al., 2007; Benachour and
Aris, 2009; Qin et al., 2012). Both of these concentrations were
lower than the concentration recently found by Sriphrapradang
et al. (2013) in human blood. Protein expression was analyzed by
Western blot on podocytes cultured in the presence of the above
mentioned BPA concentrations. In all cases BPA was dissolved in
DMSO and then added to the culture medium, reaching a DMSO
final concentration of less than 0.05%. Control cells were
incubated in culture medium with the addition of the same
concentration of DMSO.

Measurement of podocyte hypertrophy

We analized the effect of low and high BPA concentration on
podocyte hyperthropy by studying cell hypertrophy index, [H3]-
leucine incorporation, as well as by analyzing podocyte surface
area. To study cell hypertrophy, index podocytes were trypsinized,
washed with phosphate-buffered saline (PBS), and counted using a
Neubauer hemocytometer. Equal numbers of cells were lysed in
RIPA buffer (0.1% SDS, 0.5% sodium deoxycholate, 1.0% Nonidet
P-40, in PBS) and the total protein content was determined by the
Bradford’s method (Pierce, Rockford, IL), using BSA as standard.
Total protein was expressed as percentage of hypertrophy index
(micrograms of protein per 104 cells) as previously reported
(Romero et al., 2010; Ortega et al., 2012). To determine [H3]-
leucine incorporation, podocytes were pulsed with 2mCi/mL [H3]
leucine, washed with PBS, solubilized with 0.1% sodium dodecyl
sulfate (SDS) and transferred into a tube containing 10% bovine
serum albumin (BSA). Precipitated proteins (20% TCA) were
centrifuged at 2000 g for 30min at 4 °C, the supernatant was
discarded, and the pellet was resuspended in 0.5N NaOH and
counted in a scintillation counter (Romero et al., 2010). To

evaluate the differences in the podocytes’ size after BPA
treatment, podocyte surface area was determined by using the
stereologic software Motic Images Advanced 3.2 (Motic China
Group Co, Ltd, Hong Kong, China). This program allows the
selection of fields to be studied by random systematic sampling
after the input of an appropriate sampling fraction. An average of
10 fields per well was scanned using the X20 objective.

Western blot analysis

After electrophoresis of total cell proteins, samples were
immunoblotted as previously reported (Romeroet al., 2010;Ortega
et al., 2012).Membraneswere then incubatedovernight at 4 °Cwith
the following rabbit polyclonal antibodies [dilution, -fold]: anti-
p27Kip1 antibody (Santa Cruz Biotechnology, Santa Cruz, CA)
[500], anti-TGF-b1 antibody (Santa Cruz Biotechnology) [300], and
anti-TbIIR antibody (Santa Cruz Biotechnology) [500]. A mouse
monoclonal anti-tubulin (Sigma–Aldrich, Saint Louis, MO), at a
1:1000-dilution, was used as an internal loading control. Blots were
analyzed by densitometric scanning with Scion Image Program for
Windows Release 4.0.2 (Scion Corp., Frederick, MD). Densito-
metric valueswere normalized against those of tubulin as previously
reported (Romero et al., 2010; Ortega et al., 2012). Western blot
studies in cultured cells were performed in at least three
independent experiments and a representative figure is shown. In all
cases values were normalized with respect to the corresponding
control (100%) and the relative expression of each protein was
expressed as percentage of changes with respect to those of the
control as previously reported (Ortega et al., 2012).

MTT cell viability assay

After treatment, 100ml of MTT (5mg/ml) was added to each well
in 1ml of medium, and the plates were incubated for 1 h at 37 °C.
Then, isopropanol was added to solubilize the cells. The
absorbance was measured at a test wavelength of 570 nm with a
reference wavelength of 690 nm.

Animal model

In all of the experiments below, CD1mice (25–30 g) were used. All
studies were performed in accordance with guidelines established
by Institutional Animal Care andUse Committees at the University
of Alcal�a. Mice were housed in a temperature-controlled room
(21� 2 °C) on a 14/10 h light/dark cycle under pathogen-free
conditions and with free access to food and water (Romero
et al., 2010). Even though the frecuency (or timing) of BPA
exposure is unknown, it is improbable that it would occur in a
significant level on a daily basis. Thus, to analyze the renal effects of
BPA on the whole animal, mice (n¼ 17) were intraperitoneally
injectedwith BPA (Sigma, Saint Louis, MO) at 50mg/Kg—dissolved
in oil—once a day from Monday through Friday for 5 weeks.
Control mice (n¼ 6) were treated equally but injected only with
oil. We selected this dose of BPA because it has been shown to
affect several tissues, including the kidney (Kabuto et al., 2003).
This experimental approach has also been reported by several
investigators (Pottenger et al., 2000; Naciff et al., 2002; Zalko
et al., 2003; Takeuchi et al., 2006; Richter et al., 2007).

Mice were placed in metabolic cages and 24-h urine was
collected for creatinine and protein measurement as previously
reported (Izquierdo et al., 2006). Blood was taken by cardiac
puncture under ether anaesthesia, for creatinine and glucose
measurements. One kidney of each animal was removed, weighed,
frozen in liquid nitrogen, and stored at�80 °C for subsequent total
protein extraction. The remaining kidney of each animal was
weighed and fixed in 10% buffered formaldehyde for morpho-
logical and immunohistochemistry studies. The degree of renal
hypertrophy was expressed as an index, the ratio of kidney weight
to total body weight.

JOURNAL OF CELLULAR PHYSIOLOGY

2058 O L E A - H E R R E R O E T A L .



Blood BPA measurement

BPA was analyzed in plasma by liquid chromatography-tandem
mass spectrometry (LC-MS) with a detection limit of 10 ng/ml. For
LC-MS 20ml of plasma was added with 20ml acetonitrile, vortexed
and centrifuged at 13000 rpm. Then 20ml of methanol solution
containing 5 ppm of the deuterated BPA was added, and after
vortexing and centrifugation the clear supernatant was analyzed
(Volkel et al., 2005).

Renal histology, immunohistochemistry and electron
microscopy

Renal tissues were routinely processed, embedded in paraffin, and
5mm sections were obtained. To evaluate the possible alterations
present in the kidneys, sections were stained with PAS-
Hematoxylin and/or PAS-Alcian blue. In order to evaluate the
modifications in the mesangial area, 10 randomly selected
glomeruli in the cortex per animal (total 100 glomeruli for each
group) were examined under high magnification (X400).
Glomerular tuft area was measured by manually tracing the
glomerular tuft using an automatic image analyzer (Motic Images
Advanced 3.2). Mesangial matrix area was defined as the PAS-
positive area within the tuft area. The mesangial matrix index
represented the ratio of mesangial matrix area divided by the tuft
area. The results are expressed as means� SEM (in micrometers
squared).

For immunohistochemistry, samples were treated as previously
reported (Ortega et al., 2012), using a rabbit anti-Wilms’ tumor
antibody (Santa Cruz Biotechnology, Santa Cruz, CA) diluted
1:1500.The numberof podocytesWT-1 labeledper renal corpuscle
was calculated in each section. Measurements were carried out
using an Olympus microscope equipped with a X20 lens and using
the stereologic software Motic Images Advanced 3.2. An average of
20 fields per section was scanned. The systematic field selection
with a random start assures that the number of podocyte estimates
were representative of all the kidneys.

For electron microscopy, small kidney fragments (1mm3) were
fixed for 6 h at 4 °C in a mixture of 2.5% (w/v) paraformaldehyde
and 0.5% (v/v) glutaraldehyde buffered with 0.1M phosphate, at pH
7.4. After rinsing in PBS, samples were post-fixed in buffered 1%
osmium tetroxide at 4 °C for 2 h and dehydrated through a graded
acetone series and embedded in araldite according to conventional
methods. Tissue blocks were sectioned and serial ultrathin
sections of similar thickness producing gold interference color
were collected on nickel grids. Staining was carried out with
saturated solution of uranyl acetate in distilled water for 20min,
followed by Reynold’s lead citrate for 10min. Sections were
observed in a Zeiss EM10 transmission electron microscope.

TUNEL assay

For the detection of apoptotic cells the DeadEndTM Fluorometric
TUNEL System was applied (Promega, Madison, WI) to paraffin-
embedded sections and cell culture according to the
manufacturer’s instructions. Then, the sections were incubated
with an anti-FITC-HRP for 30min, diluted 1:500, and the reaction
product in nuclei was developed with DAB. In renal tissues, to
confirm what cell type suffered an apoptotic process, we
performed, after TUNEL assay, an immunostaining by using
podocin (a specific marker of podocyte processes), diluted 1:400,
and amplified with ABC-Complex-AP (Dako) and developed with
Fast Red (Zymed).

Statistical analysis

All results are expressed as mean� SD. P< 0.05 was considered
statistically significant. The Kruskal–Wallis test was used to
compare differences among samples in all cases, with the exception

of samples in which there were renal histological changes, which
were analyzed by the paired t-test.

Results
BPA induced hypertrophy on podocytes

We first investigated the potential role of BPA on podocyte
hypertrophy, which is an early event in the mechanism of
podocyte injury (Wiggins et al., 2005). To this end, we
determined the hypertrophy index after the addition of BPA
for 5 days. As shown in Figure 1A, BPA induced hypertrophy of
podocytes. We then determined the incorporation of [H3]-
leucine, a measure of protein synthesis. Exposure of podocytes
to BPA stimulated [H3]-leucine incorporation (Fig. 1B). To
further confirm podocyte hypertrophy, we evaluated podocyte
size by studying cell surface area. We observed that BPA at
both low and high concentrations significantly increased
podocyte surface area (Fig. 1C). Although low BPA dosis

Fig. 1. BPA induces podocyte hypertrophy. (A) hypertrophy index,
(B) [H3]-leucine incorporation, (C) microphotographs of podocytes
incubated with low and high BPA concentration as well as planar
podocyte surface area analysis (X200). Data are the means�SD of
three different experiments, each performed in duplicate. *P< 0.05
and **P< 0.01 using ANOVA test for the comparison between
control and BPA-treated cells.
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tended to be more effective to increase podocyte protein
synthesis, it did not reach statistical significance.

Effect of BPA on renal cell viability and apoptosis

We then investigated whether BPA affects podocyte viability,
which is known to occur in several podocytopathies including
decompensated podocyte hypertrophy (Wiggins et al., 2005).
We found that viability significantly diminished after 9 days of
BPA exposure at both low and high concentration (Fig. 2A).

We then explored whether apoptosis was involved in the
mechanism by which BPA affects podocyte viability. We found
that both low and high BPA concentrations were able to induce
podocyte apoptosis after 9 days in culture (Fig. 2B). Although
no statistically significant differences on both podocyte viability
and apoptosis between low and high BPA doses were found, it
is possible to speculate that longer BPA exposuremay promote
them.

BPA as a modulator of the expression of the TGF-b1
system as well as the cyclin-dependent kinase inhibitor
p27Kip1

To analyze the mechanism involved in BPA-induced podocyte
hypertrophy, we studied the expression of TGF-b1, which is a
well established factor in the development of renal cell
hypertrophy (Wolf and Ziyadeh, 1999; Romero et al., 2010).
We found that BPA was able to induce an increase in the
expression of TGF-b1 as well as its receptor—TbIIR—in
cultured podocytes (Fig. 3A and 3B, respectively). We then
studied the expression of the cell cyclin-dependent kinase
inhibitor p27Kip1, a known downstream effector of TGF-b1
(Romero et al., 2010). As shown in Figure 3C, BPA was found
to induce p27Kip1 significantly.

BPA stimulates collagen IV production in podocytes

Glomerulosclerosis, including an increase in collagen IV, is
characteristic of several podocytopathies where TGF-b1 is
known to play a key role in promoting collagen IV upregulation
(Wolf and Ziyadeh, 1999; Romero et al., 2010). Thus, we
studied the potential effect of BPA on collagen IV stimulation in
cultured podocytes. As shown in Figure 3D, BPA is able to
significantly increase collagen IV production on cultured
podocytes.

BPA downregulates the slit diaphragm proteins nephrin
and podocin

In order to gain insight into the cellular effects of BPA on
podocytes, we analyzed the expression of the slit diaphragm
proteins nephrin and podocin, which are known to play a key
role in the mechanism of protein filtration (D’Agati, 2008;
Coward et al., 2005). Downregulation of these proteins has
been involved in the mechanism of proteinuria as well as in
podocyte viability. As shown in Figure 4, BPA was able to
downregulate the protein expression of both nephrin and
podocin. This result suggests a mechanism by which BPA might
induce both podocytophathy and proteinura.

Blood glucose and BPA quantification in experimental
animals

Blood glucose and BPA concentration were analyzed in all
experimental animals. There were no significant differences in
fasting blood glucose levels between control (C) 73� 4mg/dl
vs 76� 4mg/dl BPA-treated mice.

Non conjugated BPA concentration in the blood of control
(C) animals was 29.04� 6 ng/ml vs BPA-injected animals
80.07� 31 ng/ml, P< 0.05; while plasma conjugated BPA was
undetectable in control animals, it was only detected in two of
eight BPA-injected mice (123,5� 7 ng/ml).

BPA induces proteinuria, renal hypertrophy and
glomerular hyperfiltration

As expected from in vitro data showing early changes observed
in several podocytopathies, BPA-injected mice (n¼ 17)
displayed an increased urinary albumin excretion (controls (C)
2.31� 1.4mg/24 h vs BPA 5.13� 1.5, P< 0.05); an increase in
the hypertrophy index (C 0.60� 0.06mg/g vs BPA 0.68� 0.04,
P< 0.05); as well as an increase in the glomerular filtration rate
(C 0.05ml/min vs BPA 0.08, P< 0.05) as assessed by the
endogenous creatinine clearance.

Renal morphological changes induced by BPA

Changes in glomerular morphology were studied using two
different staining methods: PAS-hematoxilin and PAS-alcian

Fig. 2. Effect of BPA on podocyte viability. (A) Mouse podocytes
were incubated with different doses of BPA during 3, 6, and 9 days,
and podocyte viability was assayed by MTT. Data are the
means�SD of three different experiments, each performed in
duplicate. *P< 0.05 and **P< 0.01 using ANOVA test for the
comparison between control and BPA-treated cells. (B)
Representative images of TUNEL assay in control, BPA 10nM and
BPA 100nM treated cells (X300). The histogram shows statistically
significant differences between control and treated cells. *P< 0.05
using ANOVA test for the comparison between control and BPA-
treated cells.
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blue.We observed that BPA-injectedmice showed a significant
increase in the glomerular mesangial matrix area (Fig. 5A,B,C).

At ultrastructural level, the kidney of BPA-injected mice
displayed podocyte cytoplasmic and foot processes
enlargement (Fig. 5C and E), as well as the presence of
condensed chromatin, suggesting apoptotic images. This figure
also shows the presence of abundant collagen fibers (Fig. 5F).

Quantification of podocyte cell numbers, using WT-1, as
specific podocyte marker, showed a statistically significant

decrease of these cells in the renal corpuscles of BPA-injected
mice (Fig. 6A and C, respectively).

Using the TUNEL assay, the kidney of BPA-injected mice
showed the presence of apoptotic cells in the glomeruli of
these animals; besides showing both podocyte morphology and
location, the presence of apoptotic podocytes was further
demonstrated by the costaining with podocin (a specific
podocyte marker). Other epithelial cells were also affected,
which might require future studies (Fig. 6B and C). These data

Fig. 3. Effects of BPA on the expression of TGFb1 system, p27Kip1 and collagen IV on cultured podocytes. Protein TGFb1 expression (A),
TbIIR expression (B), p27Kip1 expression (C), and collagen IV expression (D) were analized by Western blot. Data are the means�SD of
three different experiments, each performed in duplicate. *P< 0.05 and **P< 0.01 using ANOVA test for the comparison between control and
BPA-treated cells.
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Fig. 4. Podocin and nephrine expression induced by BPA. Protein podocin expression (A) and nephrine expression (B) were measured by
Western blot. Data are the means�SD of three different experiments, each performed in duplicate. *P< 0.05 and **P< 0.01 using ANOVA
test for the comparison between control and BPA-treated cells.

Fig. 5. Renal histological changes in BPA-injected mice. (A,B) Sections from kidney of control and BPA-injected mice stained with PAS-
Alcian blue. The renal corpuscles from BPAmice showed higher staining with PAS and alcian blue than controls (pink and blue colors) (X300).
(C) Mesangial matrix index. Data are means�SD. **P< 0.01, ***P< 0.0001, using ANOVA test for the comparison between control and BPA-
treated cells. (D) Electron micrographs of podocytes from control mice. (E) podocytes from BPA-injected mice showing an enlarged
cytoplasm (asterisk) as well as broadening of foot processes (white star). (F) Presence of collagen fibers (star) between two podocytes
(arrows) with light cytoplasm and condensed chromatin suggesting apoptotic images.
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suggest that apoptosis might be involved in the mechanisms of
the observed podocytopenia in BPA-injected mice.

Changes in renal protein expression induced by BPA

As expected from our in vitro data, BPA-injected mice display
the renal protein upregulation of the TGF-b1 system, and an
increase in the cyclin-dependent kinase inhibitor p27Kip1 as
well as in collagen IV (Fig. 7).

Discussion

Recent data re-emphasize the utility of rodent models to
analyze BPA toxicity, and the fact that BPA has equal potency in
both rodent and human cells (Taylor et al., 2011). It has been
shown that BPA exerts pleiotropic cellular and tissue-type
specific effects at the cellular and intracellular levels at relatively
low physiological concentrations (Wetherill et al., 2007). In

some experiments we found that low BPA dose tended to be
more effective at increasing podocyte protein synthesis, albeit
without statistical significance. In this regard, qualitative
changes in response to a wide range of doses of BPA have been
repeatedly reported, in vitro and in vivo studies, where an
increase in dose does not necessarily correspond to an
increase in response (Kundakovic et al., 2013). These U-shaped
(or inverted U-shaped) dose response curves are considered
“non-monotonic”. Although these dose response curves were
initally ignored due to the lack of a mechanism to explain the
appearance of this phenomenon, this is no longer the case,
thanks to recent studies which have gained insight into possible
causes. These mechanisms include cytotoxicity (mentioned
above), cell and tissue-specific receptors and cofactors,
receptor selectivity, receptor downregulation and
desensitization, receptor competition, and endocrine negative
feedback loops (Vandenberg et al., 2009; Vandenberg et al.,
2012). This non-monotonic response, which could also explain
some of our present data on podocytes, clearly shows that
dose selection is critical in studies of chemicals such as BPA
(Kundakovic et al., 2013). For this reason, in our in vivo
experiments we used a dose of BPA that had been previously
shown to affect renal redox control systems in vivo (Kabuto
et al., 2003). In any case, long term studies—particularly in
humans—are needed in order to establish safe levels of BPA.

Herein we first studied whether BPA could affect renal cell
biology, specifically the development of renal cell hypertrophy,
a condition known to occur in several podocytopathies. We
have found that BPAwas able to induce podocyte hypertrophy.
Besides the previously mentioned finding on the BPA-induced
TGF-b1 system expression, we also studied the effect of BPA
on the podocyte expression of the cycline-dependent kinase
inhibitor p27Kip1, which is known to play a key role in the
mechanism of renal cell hypertrophy (Wolf and Ziyadeh, 1999;
Iglesias-de et al., 2002; Iglesias-de la Cruz et al., 2002; Griffin
and Shankland, 2008; Ziyadeh and Wolf, 2008; Romero et al.,
2010). We found that BPA was also capable of stimulating the
podocyte production of p27Kip1. Taken together, these
findings suggest that BPA is able to induce hypertrophy of the
podocyte by a mechanism which involves both the TGF-b1
system and p27Kip1.

We then investigated whether BPA affects podocyte
viability, which is known to occur in several podocytopathies
including decompensated podocyte hypertrophy (Wiggins
et al., 2005).We found that over time BPA significantly reduced
podocyte viability. We then observed that the BPA effect on
podocyte viability involved apoptosis. In this regard, it is
interesting to mention that evidence from animal models
suggests that critical perturbations in the balance between
proapoptotic and antiapoptotic factors promote podocyte
depletion and progressive glomerulosclerosis. Proapoptotic
podocyte factors, such as TGF-b1, also possess
prohypertrophy and prosclerotic properties, providing a
possible synergistic link to sclerosis (D’Agati, 2008). The TGF-
b1 transgenic mouse is a particularly valuable model that has
shed mechanistic light on the interrelationship between
podocyte apoptosis and glomerulosclerosis, given that these
animals develop podocyte apoptosis and glomerulosclerosis
concurrently (Schiffer et al., 2001; D’Agati, 2008). Supporting
these notions, herein we found that BPA was able to stimulate,
on podocytes, the expression of both TGF-b1 and its receptor.

It is known that proteins of the slit diaphragm—“gaps”
between adjacent podocyte foot processes—are not only
simple structural protein barriers, but also function to signal to
other proteins within the body of the podocyte (Shono et al.,
2007; D’Agati, 2008). For example, nephrin and podocin also
provide a survival function for podocytes. Thus, alterations in
the structure and/or function of these proteins lead not only to
abnormalities in the size barrier, but also to the overall integrity

Fig. 6. Podocytopenia in BPA-injected mice. (A) WT-1 labelling. In
BPA-injected mice the podocyte cell number (brown nuclei) was
decreased with respect to control mice. X300. (B) TUNEL assay
(brown nuclei) combined with podocin immunohistochemistry, a
marker of podocyte foot processes (red). The renal corpuscle from
BPA-mice treated showed higher numbers of apoptotic podocytes
than controls (X300). (C) Left, graph representing the statistical
analysis for the podocyte cell number. Right, histogram
representing the apoptotic cell number in control and BPA-mice.
***P< 0.001 using ANOVA test for the comparison between control
and BPA-treated cells.

JOURNAL OF CELLULAR PHYSIOLOGY

B I S P H E N O L - A P O D O C Y T O P A T H Y 2063



of podocytes (Shono et al., 2007; D’Agati, 2008; Jefferson et al.,
2008). Therefore, we studied the effect of BPA on the
expression of these proteins in cultured podocytes. We found
that BPA induced a downregulation of both nephrin and
podocin. These data suggest a mechanism by which BPA might
affect podocyte viability.

To further explore the significance of BPA-induced TGF-b1
system expression on podocytes, in these cells we also studied
the effect of BPA on the production of collagen IV, a molecule
which is known to play a key role in the mechanism of TGF-b1-
related glomerulosclerosis (Wolf and Ziyadeh, 1999; Ziyadeh
and Wolf, 2008). We found that BPA was able to increase
collagen IV expression on the podocyte in a dose-dependent
manner. Collectively, our results strongly suggest that
podocytes are a target for BPA, which might induce a
podocytopathy characterized by hypertrophy, diminished
expression of slit diagram proteins as well podocyte survival.

Although further studies are needed to assess the
mechanism of the observed effects of BPA on podocytes, it is
worth mentioning recently reported mechanisms involved in
BPA damage on other cell types, such as Leydig cells, and germ
cells from mice, where BPA induces apoptosis by a mechanism
which involves the upregulation of Fas/FasL and Caspase-3
expression (Li et al., 2009). Furthermore, it has been reported
that BPA could induce damage by promoting cytokine release
as well as stimulating electron transfer and oxidative stress in
target cells, including renal tissue (Kabuto et al., 2003).

To determine whether the observed BPA-induced
podocytopathy might also occur in vivo, mice were
intraperitoneally injected with BPA for 5 weeks. We observed

that these animals developed an increase in both urinary
albumin excretion and endogenous creatinine clearance. Renal
immunostaining with a specific podocyte marker showed a
significant reduction in glomerular podocyte number in BPA-
injected mice. Moreover, these animals also displayed an
expansion of the glomerular mesangium area. Furthermore,
electron microscopy and the TUNEL assay showed podocyte
cytoplasmic enlargement as well as the presence of apoptosis,
respectively. Interestingly, as observed on cultured podocytes,
the kidney of BPA-injected animals showed an increase in the
protein expressions of the TGF-b1 system, and an increase in
the cyclin-dependent kinase inhibitor p27Kip1 as well as in
collagen IV. Collectively, these findings show that BPA-injected
mice develop a podocytopathy with proteinuria. Although
there are limitations when using mouse models for assessing
renal failure or long-term histomorphological changes (Breyer
et al., 2005), our findings may have pathophysiological
implications, since the amount of proteinuria is a reliable
predictor of the progression of renal disease (D’Amico and
Bazzi, 2003).

Although it is difficult to discern, with certainty, a potentially
dangerous BPA concentration in body fluid, it is important to
point out a recent report from Carwile et al. (2011) showing
that consumption of 1 serving of canned soup daily over 5 days
was associated with amore than 1000% increase in urinary BPA
in adult Americans. Moreover, BPA was routinely detected in
human blood, including maternal and umbilical cord blood in an
ng/ml range (Vandenberg et al., 2010; Chou et al., 2011;
Sriphrapradang et al., 2013), a range also found in our
experimental animals.

Fig. 7. Renal protein expression in BPA-injected mice. The TGFb1 system, p27Kip1 as well as collagen IV were analyzed by Western blot.
Data are the means�SD of three different experiments, each performed in duplicate. *P< 0.05 and **P< 0.01 using ANOVA test for the
comparison between control and BPA-injected mice.
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In agreementwith the data hereinwe found high BPA levels in
the blood of control animals, which might reflect a
“progressively” high BPA exposure, as previously suggested
(Huang et al., 2012). In any event, this data is difficult to analyze in
experimental animal studies since BPA levels from non-BPA
treated animals are not regularly reported, albeit a warning for
the potential BPA exposure in experimental animals has been
reported (Howdeshell et al., 2003). In any case, thismight be due
to the animal housing, a counterpart to environmental sources
of high BPA levels of exposure in humans.

In addition, it is known that blood levels of conjugated-BPA
could vary depending on whether the exposure is oral or
parenteral, resulting in a smaller fraction when BPA is injected
(Pottenger et al., 2000). This might be the case in our BPA-
treated mice. Even though it is possible that the levels of
conjugated-BPA were below LC-MS detection limits in control
mice, the above-mentioned authors did not detect plasma
conjugated-BPA in control animals.

Finally, it is worth mentioning other forms of BPA exposure,
such as dermal exposure, inhalation of household dust, and
exposure throughmedical devices (e.g., dental sealants) (Huang
et al., 2012). BPA has also been detected in river waters
contaminated by industrial effluents in Japan as well as in Spain
(Huang et al., 2012). Of note is the fact that several
investigators have reported inconsistencies between the
currently estimated exposure level of BPA from the ingestion
of food and beverages in the United States with findings in
biomonitoring studies. Indeed, this discrepancy has led some to
speculate about the existence of large unidentified sources of
human exposure to BPA (Vandenberg et al., 2010; Taylor et al.,
2011; Doerge et al., 2012).

All the available data, together with our present findings,
strongly suggest that even low-grade proteinuria associated
with BPA exposure might involve podocyte damage of an
uncertain (or as yet unexplored) outcome, indicating the need
for future studies and raising a red flag of caution against
increasing BPA exposure.

In conclusion, on cultured podocytes, BPA is able to induce
apoptosis, hypertrophy, upregulation of the TGF-b1 system,
p27Kip1, as well as collagen IV, while diminishing the
expression of both slit diaphragm proteins and podocyte
survival. BPA-injected animals develop proteinuria, glomerular
hyperfiltration, and podocytopenia. Further studies are needed
to clarify the potential role of BPA in the pathogenesis as well as
in the progression of renal disease.
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