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Abstract. Zinc (Zn) as an essential dietary element has been
indicated in a number of protein functions in the prevention
of numerous types of epithelial-to-mesenchymal transition
(EMT)-driven fibrosis in vivo. However, relatively little is
known regarding its effect in the EMT of the renal tubular
epithelial cells, which play an important role in renal tubu-
lointerstitial fibrosis and is an important component of the
renal injury that is associated with diabetic nephropathy.
The present study investigated the effect of Zn on the high
glucose (HG)-induced EMT in a normal rat kidney tubular
epithelial cell line (NRK-52E cells) and the underlying
molecular mechanisms by immunofluorescence staining and
western blot analysis. The present study identified that 10 uM
of Zn supplementation prevented EMT changes, such as
the loss of E-cadherin and the increase in a-smooth muscle
actin and vimentin expression. Conversely, depletion of Zn
with N,N,N',N'-tetrakis (2-pyridylmethyl)ethylenediamine in
these cells aggravated changes in HG-induced EMT markers.
Additionally, 10 #M Zn supplementation inhibited HG-induced
transforming growth factor-pl overexpression and reactive
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oxygen species production. Of note, HG increased phospha-
tidylinositol 3-kinase/Akt (PI3K/Akt) and mitogen-activated
protein kinase (MAPK) pathways activation and Zn reversed
HG-induced expression of PI3K/Akt, extracellular-signal-regu-
lated kinase (ERK) and p38 MAPK, as well as EMT proteins.
Finally, inhibitors of PI3K/Akt, ERK and p38 MAPK, and Zn
supplementation blocked the HG-induced EMT in NRK-52E
cells. These results indicate that physiologically optimal levels
of Zn can inhibit HG-induced EMT of the NRK-52E cells
possibly through several mechanisms, including abrogation of
HG-induced oxidative stress, and PI3K/Akt, p38 MAPK and
ERK activation in NRK-52E cells.

Introduction

Diabetic nephropathy (DN) is the leading cause of chronic
kidney failure and end-stage renal disease worldwide, and the
prevalence has progressively increased in recent years (1,2).
DN is characterized by a decreased glomerular filtration rate,
proteinuria, mesangial expansion, tubulointerstitial fibrosis
and glomerulosclerosi (3). Hyperglycemia is the initiating
factor in the development and progression of diabetic renal
injury observed clinically in the DN (4). In certain patients,
tubulointerstitial fibrosis also appears early in diabetic kidney
injury, but it is more prominent in the later stages of the disease
and correlates closely with the decline in renal function (5,6).
Previous studies have suggested that hyperglycemia induced
epithelial-to-mesenchymal transition (EMT) of tubular cells,
and is an important mechanism of renal tubulointerstitial
fibrosis in DN (7-9). The specific therapeutic options to inhibit
the progression of chronic renal disease are not available in
the clinic. Modulation of EMT may offer a novel therapeutic
target to potentially inhibit renal fibrogenesis in the diabetic
kidney.

EMT is a highly regulated process that may require the
participation of growth factors or cytokines and integration
of multiple signal pathways, involving loss of epithelial cell
adhesion, de novo a-smooth muscle actin (a-SMA) expres-
sion and actin reorganization, disruption of tubular basement
membrane and enhanced cell migration and invasion into the
interstitium (8,9). Previous studies have indicated that high
glucose (HG) levels induce a complex mixture of proinflam-
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matory and profibrotic stimuli during renal tubular epithelial
cells EMT in vivo (7), and HG can upregulate the expression of
transforming growth factor-pf1 (TGF-f1), a strong inducer of
the EMT in the renal tubular epithelial cells (9,10). In addition,
HG-induced damage in DN is primarily from mitochondrial
superoxide overproduction, whose damage to proteins is one
of the major pathogenic mechanisms in numerous chronic
diseases including diabetes (11-13). HG, advanced glycation
end products, angiotensin II and TGF-f1 all increase intra-
cellular reactive oxygen species (ROS) and contribute to the
development and progression of diabetic renal injury (7,14).
ROS is associated with MAPK-mediated Smad activation
during HG-induced EMT in proximal tubular epithelial cells
and antioxidants effectively reversed HG-induced EMT in the
renal tubular epithelial cells and DN (6,9,15).

Zinc (Zn) is an essential element that mediates a wide variety
of physiological processes, including the enzymes involved in
cellular signaling pathways and transcription factors (16,17).
Evidence indicates that a low Zn concentration has important
implications for patients with DN (10,11). The mechanisms of
the protective functions or function of Zn in the pathogenesis of
DN, including EMT in proximal tubular epithelial cells, vascular
cell injury or dysfunction, are not clear. Numerous studies
have indicated that Zn supplementation inhibits fibrosis, such
as in myocardial, liver, perivascular and cystic fibrosis (18-22).
However, it is not known whether Zn is involved in HG-induced
EMT of the normal rat tubular epithelial cell line NRK-52E.
For this purpose, the effect of Zn was measured on HG-induced
EMT, cellular TGF-f1 and ROS production, as well as PI-3K
and MAPK activation in NRK-52E cells.

Materials and methods

Cell culture. NRK-52E cells were obtained from the American
Type Culture Collection (Manassas, VA, USA) and main-
tained in Dulbecco's modified Eagle's medium (low glucose)
(HyClone, Logan, UT, USA), supplemented with 10% fetal
calf serum (HyClone), glutamine (2 mM), 100 U/ml penicillin
and 100 pg/ml streptomycin. Cells were cultured at 37°C in a
humidified atmosphere of 5% CO, in air and passaged twice
a week. Cells were cultured at a density of 5x10° cells/well
in 6-well culture plates. Near confluent NRK-52E cells were
subsequently transferred to serum-free DMEM medium for
overnight starvation prior to each experiment. In the control
groups, the NRK-52E cells were treated with serum-free
DMEM medium only. In certain other groups, the cells were
pretreated with 10 uM ZnSO, for 24 h followed by incubation
of 30 mM HG for an addition 48 h. To deplete the intracellular
Zn stores, the Zn chelator N,N,N',N'-tetrakis (2-pyridylmethyl)
ethylenediamine (TPEN) (1 M) was added 12 h before the
end of the 48-h incubation period with/without HG.

Assessment of cell viability. Cell viability was measured by
the quantitative colorimetric assay with 3-(4,5-dimethylthi-
azol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay as
described by Mossman (23) at 10° cells/ml in 96-well plates.
Briefly, at the indicated time after treatment, 10 ul MTT (final
concentration, 500 xg/ml) was added to the medium and incu-
bated at 37°C for 3 h. The MTT solution was removed and 100 p1
dimethyl sulfoxide (DMSO) was added to dissolve the colored
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formazan crystals for 15 min. The absorbance at 570 nm of
each aliquot was measured using a Sunrise RC microplate
reader (Tecan Schweiz AG, Minnedorf, Switzerland). Cell
viability was expressed as the ratio of the signal obtained from
treated cultures and control cultures.

Enzyme-linked immunosorbent assay (ELISA). The protein
level of TGF-f31 was measured by a TGF-f31 ELISA kit (R&D
Systems, Minneapolis, MN, USA). Briefly, the NRK-52E cells
were seeded at a density of 3x10° cells/well in a 12-well plate
and cultured for 24 h. The cells were subsequently treated
as previously described. The supernatants were collected
from cultures of NRK-52E cells for ELISA testing. Secreted
TGF-f1 protein concentration per 10° cells was measured and
calculated from the standard curve by an ELISA kit. Briefly,
100 pl samples were added and incubated for 1 h with a
plate shaker following washing with the washing buffer. An
enzyme-conjugated secondary antibody was added to the wells
and was incubated for 2 h before the substrate was added, and
the reading was assessed with an absorbance ELISA reader at
the 450 nm wavelength. All the procedures were performed at
room temperature.

Detection of intracellular ROS level. The ROS assay experi-
ments were performed using the reactive oxygen species
assay kit (Beyotime Institute of Biotechnology, Haimen,
China) according to the manufacturer's instructions. Briefly,
NRK-52E cells were treated as previously described in the
section of cells culture. Subsequently, cells (5x10°) were
incubated with 10 gmol/l 2'7'-dichlorodihydrofluorescein
diacetate (DCFH-DA) probes at 37°C for 30 min and washed
with phosphate-buffered saline (PBS) 3 times in order to
remove the residual probes. DCFH-DA was deacetylated intra-
cellularly by non-specific esterase, which was further oxidized
by ROS to the fluorescent compound 2,7-dichlorofluorescein
(DCF). DCF fluorescence was detected by flow cytometer
(Becton-Dickinson, San Jose, CA, USA). The results were
analyzed by the CellQuest software (Becton-Dickinson).

Western blot analysis. Cells were pelleted by centrifugation at
125 g at 4°C for 10 min and subsequently washed with ice-cold
PBS. Cells were lysed using the radioimmunoprecipitation
assay buffer and phenylmethanesulfonylfluoride mixture
(1:100), on ice for 30 min with occasional vortexing. Lysed cells
were sonicated and centrifuged at 8,000 x g at 4°C for 5 min.
The total protein concentration measurement was performed
with the Bradford method (12). Protein samples were boiled for
5 min and 50 ug of total protein was loaded on the appropriate
SDS-PAGE gel. The proteins on the gel were subsequently trans-
ferred to a polyvinylidene fluoride membrane using a Bio-Rad
apparatus (Bio-Rad Laboratories, Hercules, CA, USA) for 2 h
at 4°C using 100 V. The protein-bound membrane was blocked
in 5% milk in tris-buffered saline (TBS) (containing 0.5%
Tween-20) at room temperature for 1 h and subsequently incu-
bated with primary antibodies. The primary antibodies used
included rabbit polyclonal anti-vimentin (1:400, sc-5565; Santa
Cruz Biotechnology, Dallas, TX, USA), mouse monoclonal
anti-a-SMA (1:1,000, sc-324317; Sigma, St. Louis, MO, USA),
mouse monoclonal anti-B-actin (1:4,000, sc-8432; Sigma),
rabbit monoclonal anti-E-cadherin (1:1,000, sc-7870; BD
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Biosciences, San Jose, CA, USA), rabbit monoclonal anti-Akt
(1:400, SAB4500797; Sigma), anti-phospho-Akt (1:400,
SAB4503853; Sigma), rabbit polyclonal anti-c-Jun N-terminal
kinase (JNK) (1:1,000, SAB4502398; Sigma), rabbit polyclonal
anti-phospho JNK (1:1,000, SAB4504449; Sigma) rabbit
polyclonal anti-p38 (1:1,000, M0800; Zymed Laboratories,
San Francisco, CA, USA), rabbit polyclonal anti-phospho p38
(1:1,000, SAB4301534; Zymed Laboratories), rabbit polyclonal
anti-extracellular-signal-regulated kinase (ERK)1/2 (1:800,
M5670; Sigma) and rabbit polyclonal anti-phospho ERK1/2
(1:800, E7028; Sigma). Following completion of the primary
antibody staining, the membranes were washed several times
with TBS/0.1% Tween-20, which was followed by incubation
with horseradish peroxidase-conjugated secondary antibodies
overnight at 4°C. The membrane was subsequently devel-
oped with an enhanced chemiluminescence kit (Walterson
Biotechnology, Inc., Beijing, China) and the images were
captured with UVP (G:BOX EF, Chemi HR16; Syngene,
Frederick, MD, USA). The protein bands were quantified
using the NIH ImagelJ version 1.44 densitometry software.

Statistical analyses. Data are expressed as the means =+ stan-
dard error of the mean. Variance was homogenous for use
of standard analysis of variance (ANOVA) methodology.
Subsequent to establishing the statistical significance by
ANOVA, individual comparisons were performed using the
Tukey's multiple comparison test. P<0.05 was considered to
indicate a statistically significant difference.

Results

Effect of Zn on the expression of HG-induced EMT in
NRK-52E cells. First, exposure of the NRK-52E cells to HG
(30 mM D-glucose) for 24-72 h decreased protein expression
of E-cadherin and increased the expression of a-SMA and
vimentin (Fig. 1). Mannitol or L-glucose (30 mM) did not
change the expression of any of these markers, which suggested
that it was not the high osmolarity, but HG that induced EMT in
the NRK-52E cells (data not shown). Subsequently, the effects
of Zn on HG-induced EMT of NRK-52E cells were assessed
by western blotting. The HG-induced EMT can be attenu-
ated by pre-treating the NRK-52E cells with 10 uM ZnSO,,
which was evidenced by the reduced upregulation of a-SMA
and vimentin, and the ameliorated expression of E-cadherin
(Fig. 2). These results showed that the physiologically optimal
levels of Zn supplementation can reverse HG-induced EMT in
NRK-52E cells.

Effect of Zn on TGF-f1 expression in the HG-treated NRK-52E
cells. To assess the effect of Zn on the TGF-31 expression in the
HG-treated NRK-52E cells, TGF-f1 protein was measured by
the ELISA assay (Fig. 3A). In contrast to the control group, the
TGF-p1 expression was significantly higher in the HG-treated
group, and the TGF-B1 expression was further enhanced in
the TPEN/HG group. Conversely, ZnSO, treatment reduced
the HG-induced TGF-f1 expression in the NRK-52E cells.
Furthermore, Zn or TPEN alone did not significantly alter
the TGF-B1 expression. Considering the above findings, the
present study indicates that Zn can attenuate HG-induced
TGF-p1 expression in the NRK-52E cells.
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Figure 1. Effects of high glucose (HG) on epithelial-to-mesenchymal tran-
sition (EMT) in the NRK-52E cells. Representative western blot analysis
shows that HG-induced E-cadherin downregulation, as well as vimentin
and a-smooth muscle actin (a-SMA) upregulation at 24-72 h (n=6). All the
experiments were repeated three times, and the results are depicted as
mean =+ standard error of the mean. (“P<0.01, "P<0.05 vs. control).

Effect of Zn on ROS production in the HG-treated NRK-52F
cells. ROS is the initial and primary event that subsequently
activates a number of other pathways implicated in the
development of EMT in renal tubular epithelial cells (24-26).
Therefore, the effect of Zn was examined on the HG-induced
ROS induction in the NRK-52E cells by measuring the intra-
cellular ROS with DCF-DA staining. The result indicated that
depletion of Zn with TPEN, in conjunction with HG treat-
ment, resulted in a substantial increase of ROS production in
the NRK-52E cells (Fig. 3B). By contrast, Zn pre-treatment
significantly attenuated HG-induced ROS production in the
NRK-52E cells.

Effect of Zn supplementation on the HG-induced PI3K/Akt
signaling pathway. The PI3K signaling pathway is involved
in EMT in the NRK-52E cells (27,28). Having shown that
Zn inhibited EMT, whether Zn mediated its effects on EMT
in the NRK-52E cells through this pathway was determined
under HG conditions by western blotting. When the cells
were exposed to HG for 48 h, Akt phosphorylation increased
compared to the control, whereas 10 pM ZnSO, treatment
significantly decreased the expression of Akt phosphoryla-
tion (Fig. 4A and B). To further examine the effect of Zn on
HG-induced EMT, the NRK-52E cells were incubated with or
without 10 xM LY294002 [an inhibitor of upstream enzyme
PI3K, the concentration of LY294002 is from reference (22)]
for 1 h and were subsequently exposed to 30 mM HG in the
presence or absence of 10 uM ZnSO, pretreatment for 24 h.
The expected results showed that the HG/Zn or HG/LY294002
group decreased the expression of Akt phosphorylation and
HG-induced EMT in the NRK-52E cells (Fig. 5A). There was
no significant difference in the HG/Zn versus HG/LY294002
group. Taken together, these results indicated that the regula-
tion mechanism of HG-induced EMT by Zn may be through
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Figure 3. Effects of zinc (Zn) on transforming growth factor (TGF)-f1 production and intracellular reactive oxygen species (ROS) in the NRK-52E cells.
(A) The level of TGF-f1 was measured by ELISA. All the results were obtained from three independent experiments. (B) The results of intracellular ROS from
three independent experiments were analyzed. ("P<0.01, ‘P<0.05 vs. control; "P<0.01, “P<0.05 vs. HG). HG, high glucose.

abrogation of HG-induced PI3K/Akt activation in the renal
tubular epithelial cells.

Effect of Zn on HG-induced MAPK signaling pathway. The
MAPK signaling pathway has been reported to be involved in
the EMT (24,29-31), but whether Zn executes its effect on the
EMT in the renal tubular epithelial cells through this pathway
remains unknown. Therefore, the effect of Zn supplementation
on the MAPK pathway, including JNK, p38 MAPK and ERK,
was examined in the NRK-52E cells. The activation of the INK,
p38 MAPK and ERK pathways was analyzed by western blot
analysis with phospho-p38, phospho-JNK and phospho-ERK
antibodies. Compared to the control group, the phospho-p38,
phospho-JNK and phospho-ERK in the HG group increased
to varying degrees (Fig. 4A and C-E). The data are consistent

with these earlier observations and provide a novel molecular
signaling mechanism in which the MAPK pathway mediates
HG-induced EMT in renal tubular epithelial cells (24). Of
note, the TPEN/HG group, which depleted Zn with TPEN in
the HG-treated NRK-52E cells, showed a robust increase of
the phospho-p38, and phospho-ERK in comparison with the
HG group. Conversely, preincubation of the NRK-52E cells
with 10 uM ZnSO, significantly inhibited HG-induced expres-
sion of phospho-p38 MAPK and phospho-ERK. There was no
significant difference of the expression of phospho-JNK in the
HG/Zn versus HG group (Fig. 4A and D). All these results
suggested that Zn may be involved in HG-induced EMT
through regulation of the p38 MAPK and ERK pathways. To
further examine the involvement of the p38 MAPK and ERK
pathways in HG-induced EMT, the cells were incubated with
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Figure 4. Effect of zinc (Zn) supplementation on high glucose (HG)-induced phosphatidylinositol 3-kinase/Akt (PI3K/Akt) and mitogen-activated protein
kinase (MAPK) signaling pathways. (A) Western blot analysis was performed with antibodies as indicated. Relative Akt, c-Jun N-terminal kinase (JNK),
p38 MAPK, extracellular-signal-regulated kinase (ERK)1/2 and phospho (p)-Akt, p-JNK, p38 MAPK and p-ERK1/2 expression was calculated and normal-
ized to the loading control. (B-E) The corresponding protein levels were assessed using densitometry and were expressed in relative intensities. All the results
were obtained from three independent experiments. (“P<0.01, “P<0.05 vs. control; #P<0.01, “P<0.05 vs. HG).

Aa Ab Ac Ad
160 *x 100 ke = 50 o
p-AKt = .~ g == o= o c ]
< *k “g_ﬁﬂ 930 T
a-SMA [ —— — — — g 80 >3 “ H u " % *% Lo *#*
: 20
e 1 0e (| # || | [|3 Sl &
pron [E=mm =] A =L 2l
0 ] w o
HG— + - + + + -+ -+ + + -+ =+ + + -+ = + + +
n= = = 4+ = <+ - = = 4 = 4 - = = 4 = 4 - = = o =
LY294002 — - + - + + - =+ = + + - - 4+ = + + - = 4+ = + +
Ba Bb Bce Bd
100 ek 80 ik c90 .
-p38 |—---——| e = 80
PP : — K B %70
P38 ' e ) o iy w B a % o
o sy # - = 50 % *k
con (R S u S
i - 9.40 ﬁ = ik 230
Ecatnorn[m — = ———] & %o || . £ 20|
pactn == UL (1R Bull| A
HG — + = + + + -t = 4 + + -t = % + + - 4+ = + + +
N = = = 4+ = + - - =4 = + - - =t - + - = = 4 = +
SB203580 — = 4+ = 4+ <+ == o = o == o = o - = o = o
Ca Cb Cc Cd
140 ke 120 i CIQO
o === = c B 4
p-ERK1/2 | 120 i £ Huwd |
ERK1/2 —_—— = E 100 ﬁ @ g ok g_ sob
80 [--%
= [7]
E-cadherin [= - e— a— — - LI;] 40 H# mm ## = 4dof *k LT
a sk 6 el *k
ﬁ-ﬂdlﬂ — s e ——— 20 n |1| 8 iy rII!I[t]
0 0 w oo a
HG = + = + + + -4+ = + 4+ + -+ = 4+ + + -+ = + + +
2n—- = = 4 = <+ ‘em e o oah o= = = = o = = = = o =
PD98059 = = + — + + - =% = 4+ + - -4 = 4 + - = = 4 +

Figure 5. Zinc (Zn) inhibits the phosphatidylinositol 3-kinase/Akt (PI3K/Akt) pathway and mitogen-activated protein kinase (MAPK) protecting cells from
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or without 2 M of p38 MAPK inhibitor SB203580 [concentra-
tion is from (30)] or 10 uM of the ERK inhibitor PD98059 for
1 h [concentration is from (22)], respectively, and subsequently
exposed to 30 mM of HG in the presence or absence of 10 uM
ZnSO, pretreatment for 24 h. As shown in Fig. 5, HG evidently
upregulated the expression of a-SMA and downregulated the
expression of E-cadherin. As expected, when compared to the
cells treated with HG alone, co-treatment of 10 M ZnSO,,
SB203580 or PD98059 with HG significantly decreased the
expression of a-SMA and ameliorated the expression of epithe-
lial protein E-cadherin to varying degrees (Fig. 5B and C).
Furthermore, similar to SB203580 or PD98059, Zn treatment
decreased the HG-induced EMT and effectively inhibited p38
and ERK phosphorylation (Fig. 5B and C). Collectively, these
results suggested that Zn protected the cells from HG-induced
EMT possibly through abrogation of HG-induced p38 MAPK
and ERK activation.

Discussion

Several studies in animal models and few clinical studies have
demonstrated that Zn supplementation has a positive effect of
inhibiting fibrosis in chronic inflammatory diseases, such as
in liver, myocardial and cystic fibrosis (18,21,32). Conversely,
previous studies have indicated that Zn deficiency can accel-
erate the degradation of E-cadherin and [-catenin proteins
in lung and endothelial epithelial cells and lead to damage of
membrane barrier integrity (33,34). The results in the present
study demonstrate that Zn pre-treatment provides effective
protection against HG-induced EMT in the renal tubular
epithelial cells, as evidenced by a decrease in upregulation
of vimentin and a-SMA and amelioration of E-cadherin
associated with a transition in the epithelial phenotype of the
NRK-52E cells to a myofibroblastic phenotype. The mechanism
may be through abrogation of HG-induced oxidative stress and
PI3K/Akt,and MAPK (p38 MAPK and ERK) activation in the
NRK-52E cells. These results are the first to demonstrate that
the physiologically optimal levels of Zn inhibit HG-induced
EMT in the renal tubular epithelial cells.

TGF-f1, a strong profibrotic cytokine, as well as the
TGF-p/Smad pathway were extensively studied for the EMT
in previous years (14,15,35). TGF-B1 plays an important role
in changing the phenotype of renal epithelial cells, actions
that significantly contribute to the profibrotic actions of this
growth factor (35,36). In addition, there is sufficient evidence
that TGF-P1 signals through MAPKs and the activation of
p38 MAPK is required in TGF-B1-induced EMT in human
proximal tubular epithelial cells (7). A previous study indi-
cated that a Zn deficiency resulted in the TGF-B1 induction
in neurogenesis to regulate neuronal precursor cell prolifera-
tion and survival by regulating the p53-dependent molecular
mechanism (37). Another study demonstrated that TGF-f31
has stimulating and inhibiting effects on osteoclast-like cell
formation in mouse marrow culture, and that Zn can inhibit
the stimulatory effect of TGF-B1 (38). Zn supplementation
decreases ethanol- and acetaldehyde-induced liver stellate
cell activation partly by inhibiting Smad signaling (39). In the
present study, the physiologically optimal levels of Zn supple-
mentation were confirmed to reduce the HG-induced TGF-p1
production from the NRK-52E cells.
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The role of Zn in modulating oxidative stress has previ-
ously been recognized and Zn deficiency enhanced diabetic
renal damage, which is associated with oxidative stress (40).
Previous evidence has demonstrated that Zn deficiency
can trigger oxidative stress and oxidant-mediated damage
to cell components, alterations of cell functions and cell
proliferation (41,42). HG, advanced glycation end products,
angiotensin I and TGF-f1 all increase ROS and contribute
to the development and progression of diabetic renal
injury (7,14). Numerous studies have confirmed that EMT of
tubular epithelial cells in DN patients is generally regarded
to be the result of hyperglycemia-induced oxidative stress,
as antioxidants effectively reverse the EMT in all tubular
epithelial cells (6,9,13,43). In the present study, Zn treatment
attenuated HG-induced ROS generation, whereas Zn deple-
tion increased HG-induced ROS generation, suggesting that
physiologically optimal levels of Zn inhibit the HG-induced
EMT possibly through abrogation of HG-induced oxidative
stress in NRK-52E cells.

The mechanisms by which HG and its metabolite regulate
E-cadherin, vimentin and a-SMA gene expression as markers
of EMT in the NRK-52E cells have not been completely
elucidated. Several studies have reported that the MAPK
and PI-3K pathways are involved in the pathology of various
forms of kidney injury, including renal fibrosis (8,24,27,28).
Phosphorylation of Akt is associated with a loss of
cell-cell adhesion, a decrease in cell-matrix adhesion, and
induction of cell motility and other characteristics of myofi-
broblasts (27,44). Furthermore, inhibition of PI3K/Akt activity
causes a decrease in GSK-3f phosphorylation attenuated
TGF-pl-mediated EMT in rat kidney epithelial cells (9,45).
A previous study demonstrated that cyclosporin A activated
JNK signaling in human renal epithelial cells and that INK
inhibition reduced the cyclosporin A-induced E-cadherin
downregulation, cell migration and Snail-1 expression (46).
The p38 MAPK activation is a key modulator in the progres-
sion of renal diseases and is thought to occur in HG-induced
cell damage in renal tubular epithelial cells (8). Elevated ERK
activity can enhance TGF-p1-mediated EMT in rat kidney
epithelial cells, and ERK inhibition reduces the induced
EMT (24). In PI3K-inhibited NRK-52E cells, the direct
association between Akt and EMT was further confirmed.
Phosphorylation of Akt increased in HG-treated NRK-52E
cells and Zn supplementation decreased its level. The
HG-mediated Akt activation, the reduction in E-cadherin and
the upregulation of vimentin and a-SMA were reversed by a
PI3K inhibitor, with no significance between with the effect
of Zn, which is consistent with the results of the effect of
Zn on HG-induced phosphorylation of ERK and p38 MAPK
in NRK-52E cells. The results provide a novel molecular
signaling mechanism in which Zn mediates HG-induced
EMT possibly through abrogation of HG-induced PI3K/Akt,
ERK and p38 MAPK activation in the renal tubular epithelial
cells.

In conclusion, the present study provides new evidence
regarding the association between Zn and EMT in NRK-52E
cells. The results reveal that the physiologically optimal
levels of Zn inhibit HG-induced EMT, most likely through
inhibition of ROS, TGF-p1 production, and PI3K/Akt, ERK
and p38 MAPK signaling pathways in NRK-52E cells. Given
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the important role that EMT plays in the development and
progression of interstitial fibrosis, the identification of Zn as
a key regulator of HG-induced EMT represents an important
finding. Further studies may confirm it as a potentially impor-
tant target for therapeutic intervention in an attempt to limit
EMT and with it the decline in renal function observed in
patients with DN.
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