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ABSTRACT: Cisplatin is an important chemotherapeutic drug for the treatment
of solid tumors but often causes nephropathy as part of the off-target toxicity. Iron
accumulation and related damage were implicated in cisplatin-induced kidney
injury. However, the role of cisplatin in the renal iron sensing mechanism and its
target genes responsible for iron uptake, storage, and release have not been
investigated. Cellular iron homeostasis is controlled by the interaction of iron
regulatory proteins (IRP1 and IRP2) and iron-responsive elements (IREs) present pr
in the untranslated regions of iron transport and storage components. Here, we ! =
report that cisplatin does not influence the expressions of IRP targets such as atmoa t |V ’g‘ .
transferrin receptor-1 (TfR1), divalent metal transporter-1 (DMT1), and T ®
ferroportin in renal cells despite the increased heme oxygenase-1 (HO-1) level. ©@ Y
Ferritin subunits (Ft-H and Ft-L) are elevated in different magnitudes due to the

increased mRNA expression. Intriguingly, a higher expression of Ft-L mRNA is
detected than that of Ft-H mRNA. The inability of cisplatin in altering the IRE—IRP interaction is confirmed by examining IRE-
containing luciferase activity, RNA electrophoretic mobility shift assay, and activation of IRPs. The labile iron pool is depleted but
reversed by silencing of either Ft-H or Ft-L, suggesting increased iron storage by ferritin. Silencing of Ft-H or Ft-L promotes cell
death, suggesting that ferritin acts to protect the renal cells from cisplatin-mediated toxicity. A differential increase of transcripts and
equivalent increase of proteins of Ft-H and Ft-L and unaltered TfR1 and DMT]1 transcripts are found in the kidneys of cisplatin-
treated rats along with iron accumulation. Our results reveal that cisplatin does not influence the IRE—IRP interaction despite
alteration of the cellular iron pool in renal cells. This insensitivity of the IRE—IRP system may be implicated in the accumulation of
iron to contribute to cisplatin-induced nephropathy.
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1. INTRODUCTION Kidney is rich in mitochondria containing heme iron and
iron—sulfur proteins critical for electron transport chain
function.'* Iron is filtered in the glomerulus and reabsorbed in
the renal tubules.''® Renal cells can absorb both transferrin-
bound iron (TBI) and non-transferrin-bound iron (N'TBI). TBI
is taken up by the transferrin receptor-1 (TfR1). ZIP8 and
ZIP14 are expressed in proximal tubules and can transport

; 17 " X
revealed that cisplatin might be transported and accumulated NTI}? L calilmmm,b an]i n:l:fmgan.e;e. Even L-fern'tm-bound léo_n
into renal cells by copper transporter Ctrl” and organic cationic can be taken up by binding with Scaras, a protein expressed in

. 18,19 .
transporter OCT2 (SLC22A2).%” Several mechanisms are the kidney stroma. Along the length of the 21392[1)];11‘011, ron
may be absorbed by DMT1, ZIP8, and ZIP14.”>"" DMT1 is

expressed in the cortex and not in the medulla and is present at
the brush border and apical pole of epithelial cells of proximal
tubules.'* An increase in iron uptake enhances the labile iron
pool (LIP). Iron may be distributed from the LIP to different

Cisplatin is one of the most widely used chemotherapeutic drugs
to treat solid tumors including ovarian, head and neck, and
testicular germ cell tumors. It causes several off-target toxicities
including ototoxicity, gastrointestinal toxicity, myelosuppres-
sion, and allergic reactions; > however, the main dose-limiting
side effect of cisplatin is nephrotoxicity.”* Studies in recent years

attributed to cisplatin-induced nephrotoxicity including bio-
transformation to more potent toxins,® by forming adducts with
DNA, RNA, and proteins.9 Evidence of cisplatin-induced
mitochondrial DNA damage has also been provided.'” It may
cause apoptosis in relatively lower concentrations, while higher
concentrations may result in necrosis.” The role of TNFa in

cisplatin-induced renal injury has also been substantiated.'' Received: November 28, 2021 0
Evidence from several studies also provided data about a critical Accepted: May 11, 2022 e
role of catalytic iron in cisplatin-induced nephrotoxicity,'>"* and Published: August 1, 2022 o
iron chelators are found to ameliorate the cisplatin-induced

nephrotoxicity,'> suggesting that cisplatin may have a direct :

influence on iron metabolism in renal cells.
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Figure 1. Effect of cisplatin on heme oxygenase-1 and ferritin in renal cell lines. (A) HEK-293 cells were treated with cisplatin (0 and 30 uM) for 16 h,
and the HO-1 level was detected by western blot analysis in whole cell lysate. Hemin (15 M) was used as a positive control, but a less amount of lysate
(20 pg) wasloaded. The right panel represents densitometric analysis from three independent experiments. Ferritin (H, left panels and L, right panels)
protein levels were detected in whole cell lysates of HEK-293 (B) and HK-2 (C) cells treated with cisplatin (0—50 #M) for 16 h. FAC (50 uM) was
used as a positive control. Densitometric quantifications were performed from at least three independent experiments and presented in the lower panel

(B, C). Data represented as mean + SD.

cellular destinations or may be stored into ferritin for future
needs and to avoid iron-induced toxicity. Ferritin is composed of
two subunits (H and L) and can store up to 4500 iron atoms.
Ferritin-H (Ft-H) contains ferroxidase (Fe?* to Fe**) activity
that helps to store iron in the mineral core, while ferritin-L (Ft-
L) facilitates nucleation and mineralization of the iron center.””
Excess iron is released by ferroportin (Fpn), which is the unique
iron exporter for all mammalian cells.””> Despite being an

27805

essential nutrient, iron is highly toxic particularly in the presence
of reactive oxygen species (ROS) due to its redox-active nature.
Thus, iron homeostasis is intricately regulated mostly by post-
transcriptional mechanisms.”* The cellular iron level is sensed
by iron regulatory proteins (IRP1 and IRP2). During iron
depletion, cytosolic aconitase IRP1 transforms into an RNA-
binding form to bind iron-responsive elements (IREs) present in
J’untranslated regions (3'UTRs) of TfR1 and DMTI to

https://doi.org/10.1021/acsomega.1c06716
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Figure 2. Effect of cisplatin on the expression of TfR1, DMT1, and ferroportin. HEK-293 cells were treated with cisplatin (0—50 M) for 16 h, and cell
lysates were subjected to immunoblot analysis for TfR1 (A), DMT1 (B), and ferroportin (C). Actin was used for loading the control. The left panel
shows immunoblots, and the respective right panel shows densitometry analysis representing mean + SD from three independent experiments.

promote the stability of their transcripts for enhancing iron
uptake. At the same time, IRP1 can bind 5'UTRs of ferritin
subunits and ferroportin to block their translation so that iron
can be utilized for essential cellular functions. IRP2 is regulated
by the post-translational protein stability mechanism inversely
with the cellular iron content and functions similarly like IRP1
by binding to IREs present in the UTRs of the respective iron
homeostasis components to control their abundance.”*** When
the iron level is excess, IRP1 converts into cytosolic aconitase
and IRP2 is destabilized so that ferritin translation is enhanced
to store iron and ferroportin translation is increased to release
iron. At the same time, TfR1 and DMT1 mRNAs are decreased
due to the affected IRE—IRP interactions in their UTRs,
resulting in less iron uptake.”*

Like redox-active iron, heme iron also can exert toxic effects
on the kidney and has been known to induce acute kidney injury
(AKI)."* Renal cells could be protected against heme-induced
toxicity by upregulating heme oxygenase-1 (HO-1) that would
degrade heme to biliverdin and ferrous iron to trigger the
generation of cytoprotective carbon monoxide and Ft-H.”* HO-
1 also modulates oxidative stress by producin_g antioxidant
biliverdin and bilirubin by breaking down heme.” Incidentally,
HO-1 is reported to be increased to protect against the
nephrotoxicity of cisplatin;** however, this would lead to an
increase in the free catalytic iron. This free iron should influence
the IRE—IRP system to alter renal iron homeostasis.
Interestingly, it has recently been reported that cisplatin
inactivates the IRE—IRP system by binding with IRP2,*
resulting in increased ferritin-H translation and simultaneously

decreased TfR1 and DMT1 in human colon adenocarcinoma
cells and several other human cell types (HeLa, MCF7, K562).
However, the role of cisplatin in the IRE—IRP system and its
target components in renal cells have not been investigated so
far. In this study, we addressed this issue in multiple renal cells
and in the kidneys of cisplatin-injected rats. Our results reveal
that cisplatin does not alter any IRE—IRP targets such as TfR1,
DMT]1, or Fpn. It also does not influence the activity of IRE-
containing 5" UTRs of Ft-H or Ft-L but alters the mRNA
expression of ferritin subunits. The unaltered IRE—IRP
response despite a strong increase in HO-1 by cisplatin may
lead to iron accumulation and subsequent nephropathy.

2. RESULTS

2.1. Cisplatin Upregulates HO-I and Iron Storage
Protein Ferritin in Renal Cell Lines. Cisplatin is reported
earlier to induce HO-1 in renal cells.”® Therefore, we initially
tested the HO-1 expression in the presence of cisplatin (30 uM,
16 h). We observed more than threefold increase in the HO-1
protein level detected by western blot analysis in HEK-293 cells
(Figure 1A). Hemin was used as a positive control. Since HO-1
can degrade heme to release iron, we hypothesized that the
released iron might increase ferritin synthesis. We detected a
concentration-dependent increase in the Ft-H protein level by
cisplatin treatment (0—50 uM) in HEK-293 cells. The Ft-H
protein expression was increased more than twofold by cisplatin
(50 uM) treatment (Figure 1B, left panel). However, the Ft-L
protein expression was found to be more than fivefold higher
with cisplatin (S0 yM) treatment (Figure 1B, right panel).
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Figure 3. Effect of cisplatin on the IRE—IRP system. (A) Ft-H-IRE- and Ft-L-IRE-containing plasmids were transfected separately in HEK-293 cells
and treated with cisplatin (0—50 uM) for 16 h. Relative luciferase activity was measured in cell lysates by dual-luciferase assay. Renilla luciferase was
used as a transfection control. Results represented from three independent experiments performed in triplicate. Iron salt FAC (10 4M) was used as a
positive control. (B) IRE—IRP interaction was verified by RNA-EMSA using **P-labeled Ft-H 5'UTR and cytosolic extract from cisplatin-treated (0—
50 M) HEK-293 cells for 12 h. Only the probe was shown on the rightmost lane. The result represents one of the three independent experiments. (C)
IRP1 western blot analysis was performed in cytosolic extracts (60 yg) isolated from cisplatin-treated (0—50 1M, 16 h) HEK-293 cells. Actin was used
as aloading control. The bottom panel shows densitometric analysis from three independent experiments. (D) Aconitase activity assay was performed
from cytosolic extracts isolated from cisplatin-treated (0—50 M, 16 h) HEK-293 cells. FAC (10 uM) was used as a positive control. E. Western blot
analysis for IRP2 was performed using cytosolic extracts (100 pg) from cisplatin-treated (0—S0 #M, 16 h) HEK-293 cells. The blot represents one of
the three independent experiments. Actin was used as a loading control. Due to the unclear IRP2 signal, no quantification was performed. The bar
graph represents mean =+ SD.

Cisplatin-related renal damage was shown to target the proximal

treatment. These results suggest that cisplatin regulates ferritin
tubular epithelial cells of the kidneys.”” Therefore, we further

subunits differentially in renal cells.

tested the effect of cisplatin on the ferritin protein level in the
proximal tubular epithelial cell line HK-2. We detected similar
results by western blot analyses (Figure 1C) as Ft-H was
induced more than twofold (left panel), while Ft-L was
increased by about fivefold (right panel) by cisplatin (50 M)

2.2. Cisplatin Does Not Alter TfR1, DMT1, and Fpn in
Renal Cells. We further examined the effect of cisplatin on
other iron homeostasis components such as TfR1, DMT1, and
Fpn; these are targets of the IRE—IRP system. Cisplatin
treatment (0—50 #M, 16 h) did not show any change in iron
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Figure 4. Effect of cisplatin on the transcripts of ferritin subunits, TfR-1 and DMT-1. HEK-293 (A) and HK-2 (B) cells were treated with cisplatin (0—
S0 uM) for 16 h, and Ft-H and Ft-L mRNA expressions were determined by qRT-PCR analysis. Similarly, TfR1 (C) and DMT1 (D) mRNA
expressions were determined by qRT-PCR analysis from cisplatin (0—50 yM)-treated HEK-293 cells for 16 h. In all cases, f-actin was used for

normalization (*p value < 0.05).

uptake components, TfR1 and DMT1 protein levels, in HEK-
293 cells (Figure 2A,B). Similar treatment of cisplatin also did
not alter the iron exporter protein Fpn (Figure 2C). We also
observed unaltered TfR1, DMT]1, and Fpn expressions in HK-2
cells (data not shown). These results suggest that cisplatin has
no effect on the iron uptake and iron release capacity in renal cell
types despite altering HO-1 and ferritin levels.

2.3. Cisplatin Does Not Modulate the IRE-IRP
Interaction but Augments the mRNA Expression of
Ferritin Subunits. Since cisplatin-induced HO-1 might release
iron from heme, one of the possibilities of the ferritin induction
could be modulation of the IRE—IRP interaction to increase the
translation of both subunits. To verify that we have transfected
HEK-293 cells with Ft-H-IRE- or Ft-L-IRE-containing luciferase
constructs prior to the cisplatin (0—5S0 uM, 16 h) treatment.
Results showed no alteration in luciferase activity by cisplatin
treatment (Figure 3A); however, only FAC (iron salt) treatment
induced luciferase activity for both Ft-H-IRE and Ft-L-IRE
between three- and fourfold (Figure 3A). These results suggest
that cisplatin-induced ferritin regulation may not be mediated by
the IRE—IRP interaction. To find the effect of cisplatin on the
IRE—IRP interaction, we performed RNA electrophoretic
mobility shift assay (EMSA) using a radiolabeled Ft-H-IRE
probe, and no altered interaction was observed (Figure 3B).
Furthermore, we examined the expressions of cellular iron
sensors IRP1 and IRP2. IRP1 having aconitase activity is
regulated by a post-translational mechanism,” while IRP2 is
stabilized by iron depletion.”’ We did not find any change in the
IRP1 protein level and cytosolic aconitase activity by cisplatin
treatment (Figure 3C,D). As expected, iron salt (FAC, 10 uM)
treatment substantially increased the cytosolic aconitase activity

(Figure 3D). We did not find any appreciable signal/alteration
of IRP2 in cisplatin-treated HEK-293 cells (Figure 3E), a similar
observation reported earlier.”” However, the same antibody was
more effective in detecting IRP2 protein abundance in other cell
types (Figure S1). These results suggest that cisplatin does not
influence the IRE—IRP interaction and the presence of
negligible abundance of IRP2 in renal cells. Thus, to understand
the mechanism of ferritin regulation, we tested the expressions
of Ft-H and Ft-L mRNAs in cisplatin-treated renal cell lines. We
detected increased Ft-H and Ft-L mRNA levels in both HEK-
293 (Figure 4A) and HK-2 cells (Figure 4B). Interestingly, like
protein levels, we found a higher increase in Ft-L mRNA than Ft-
H mRNA in both cell lines. Cisplatin treatment did not alter
TfR1 and DMT1 transcript levels in HEK-293 cells (Figure
4C,D) and in HK-2 cells (data not shown).

Since both TfR1 and DMT1 contain IREs in the 3'UTR and
these IREs are known to provide stability in their transcripts,”*
no alteration of TfR1 and DMT1 mRNAs further suggests that
cisplatin does not influence the IRE—IRP interaction in renal
cell types.

2.4, Cisplatin Regulates Ferritin Subunits in 786-O
Renal Cancer Cells by Augmenting the mRNA Expres-
sion. A recent report had shown that cisplatin could regulate
ferritin by binding directly with the iron sensor protein IRP2 to
enhance the translation of ferritin in adenocarcinoma cells,”
whereas we detected an increased ferritin expression that could
be due to an increase in mRINA of the subunits in renal cell lines.
This difference could be due to that Miyazawa et al.”” considered
cancer cells for their study. Therefore, we wanted to investigate
the effect of cisplatin on 786-O renal adenocarcinoma cells. Cells
were treated with increasing concentration (0—S0 uM) of

https://doi.org/10.1021/acsomega.1c06716
ACS Omega 2022, 7, 27804—-27817


https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c06716/suppl_file/ao1c06716_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06716?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06716?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06716?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06716?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c06716?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
A. B.
- p— L 2l e
o L il |
=] ——— 5
8 8
g =
-% 6 - % 6 -
B 3
E 4 'g 4 4
Bl om M0 % i
o LI o L [
0 10 30 50 0 10 30 50
Cisplatin (uM) Cisplatin (uM)
C.
3
z OFtH OFtL
% 2.5 A e
i T
w
g
S 1.5 A
9
2
s 17
>
=
-
0
0 10 30 50 FAC 10pM
Cisplatin (uM)
D.
8
7 4 OFt-H OFt-L
61 2
5 B

4 -
3 4

Fold Induction

1w [T

50

Cisplatin (uM)

Figure S. Effect of cisplatin on the ferritin expression in renal adenocarcinoma 786-O cells. Cells were treated with cisplatin (0—50 M) for 16 h. Total
cell lysates were subjected to immunoblot analyses for Ft-H (A) and Ft-L (B). Actin was used as a loading control. The bottom panel represents the
relative expressions of Ft-H and Ft-L from three independent experiments. (C) Ft-H-IRE- and Ft-L-IRE-containing plasmids were transfected
separately along with the renilla luciferase-containing plasmid, and then, cells were treated with cisplatin (0—50 M) for 16 h. Relative luciferase
activity was measured in cell lysates by dual-luciferase assay. Results represented from three independent experiments performed in triplicate. Iron salt
FAC (10 yM) was used as a positive control. (D) Ft-H and Ft-L mRNA expressions were determined by qRT-PCR after cisplatin (0—50 yM)

treatment for 16 h. The bar graph represents mean + SD (*p value < 0.0S).

cisplatin for 16 h, and then, western blot analyses were
performed for Ft-H and Ft-L. Results showed that cisplatin
could regulate Ft-H and Ft-L proteins about three- and sixfold,
respectively, like other renal cell lines (Figure SA). Cisplatin did
not show any effect on the IRE—IRP interaction as detected by
luciferase assay (Figure SB) unlike other adenocarcinoma
cells.”® Furthermore, cisplatin induced a higher expression of
Ft-L mRNA than Ft-H mRNA like other renal cell lines (Figure
SC). These results reveal that cisplatin regulates the transcripts
of ferritin subunits differentially in renal cells.

2.5. Cisplatin-Induced Ferritin Could Store Iron to
Protect Cells from Toxicity. An earlier report™® and our
observation (Figure 1A) showed that cisplatin could induce
HO-1 to release heme-bound iron with a simultaneous increase
in ROS (Figure S2) that together could affect cell viability. We
assumed that an increased ferritin expression would store the
iron from the labile iron pool (LIP) to avoid cellular damage. To
test this assumption, we initially silenced ferritin subunits
individually and estimated LIP using calcein-AM, a widely
adopted fluorescent probe for monitoring iron levels.*”** Green
fluorescence derived from calcein in cells is inversely related with
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the LIP as the fluorescence is quenched upon binding to
intracellular iron.

We detected about 60% decreases of ferritin subunits in HK-2
cells (Figure 6A) and in HEK-293 cells (data not shown) by
transfecting specific siRNAs. A concentration-dependent
increase in calcein-sensitive fluorescence was detected by
cisplatin (0—50 M) treatment in control siRNA-transfected
cells (Figure 6B, first three panels); these were partially reversed
in FT-H-or Ft-L-silenced HEK-293 and HK-2 cells (Figure 6B).
A quantitative determination showed Ft-L or Ft-H silencing
reversed about 60% of the LIP level than in control siRNA-
transfected HK-2 cells (Figure 6C). Iron chelator DFO was used
as a positive control for LIP assay. These results clearly show the
ability of cisplatin-induced ferritin in storing iron from the LIP.
An earlier study reported a significant increase in apoptosis in
cisplatin-challenged proximal tubule-specific Ft-H knockout
mice, suggesting a protective role of Ft-H.*® Therefore, we have
performed apoptotic cell death assay to test the hypothesis that
an increase in the ferritin level was to protect the kidney cells
from cisplatin-induced toxicity. Transfection with Ft-H or Ft-L
siRNA showed a significant increase in apoptotic cells compared
with the control siRNA-transfected cells as determined by
double staining of Annexin-V and PI (Figure 6D). H,0, (50
M) was used as a positive control for apoptotic cell death.
Survival of HK-2 cells was found to be about 82% by control
siRNA transfection, about 43% in Ft-L siRNA, and about 45% in
Ft-H siRNA-transfected cells after cisplatin treatment (50 uM,
24 h) (Figure 6E). These results suggest a protective role of
ferritin against cisplatin-induced toxicity in renal cells.

2.6. Cisplatin Promotes Ferritin Subunits and Iron
Accumulation in the Rat Kidney. To find the effect of
cisplatin on ferritin expression in vivo, we have adopted an
animal model by injecting cisplatin into male Wistar rats (n = 6),
as depicted in Figure 7A. Rats were injected with cisplatin (1
mg/kg body weight) or saline (vehicle) twice a week up to 8
weeks. We adopted this model of chronically injecting cisplatin
to resemble a patient treatment module. To confirm that
cisplatin was effective in promoting kidney damage, we tested
the serum creatinine level and assessed the histopathology of
kidney parenchyma by MT and PAS staining. Results showed a
time-dependent increase in the serum creatinine level in
cisplatin-injected animals compared to that in saline-injected
animals (Figure 7B). We also found increased serum ferritin in
cisplatin-injected rats (Figure S3) as reported earlier.’”” Renal
histology also corroborated the cisplatin-induced kidney injury
by damage of tubular epithelial cells with the appearance of
tubular casts and interstitial fibrosis and deposition of collagen as
detected by MT staining in the cisplatin-injected rat kidneys
(Figure 7C, upper panels). Similarly, PAS staining showed
increased vacuolization and loss of the brush border membrane
of tubular epithelial cells with focal denudation in cisplatin-
treated rat kidneys (Figure 7C, lower panels). A substantial
increase in the tubular damage score and tubulointerstitial
fibrosis score was found in cisplatin-treated rat kidneys
compared to vehicle-treated animals (Figure 7D). After
confirming cisplatin-induced kidney damage in rats, we then
examined the mRNA levels of Ft-H and Ft-L in kidney tissue by
qRTPCR analysis. A higher increase in Ft-L mRNA than Ft-H
mRNA was detected in renal cell lines in cisplatin-injected rats
(Figure 8A). However, there were no significant alterations of
TfR1 and DMT1 transcript levels (Figure 8B), suggesting that
IRE—IRP interactions remained unaltered. Furthermore, we
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Figure 6. Ferritin stores the labile iron pool and protects cells from
cisplatin-induced toxicity. (A) Ft-H and Ft-L were silenced using
specific siRNA as shown by immunoblot in HK-2 cells. (B) LIP levels
were determined by calcein-sensitive fluorescence detected by
microscopy in HEK-293 (upper panels) and HK-2 cells (bottom
panels). The first three panels from left represent control siRNA-
transfected cells treated with cisplatin (0—50 4M). The fourth and fifth
panels represent Ft-L- and Ft-H-silenced cells, respectively, treated with
cisplatin (SO uM). The sixth panel represents iron chelator DFO-
treated cells as a positive control. (C) LIP was estimated in HK-2 cells
by calcein-AM assay under similar conditions as described in B. Results
represent mean # S.D. from three independent experiments. (D)
Cisplatin-induced apoptosis was examined by Annexin V/propidium
iodide staining using FACS in HK-2 cells. E. The bar graph represents
mean % survival of HK-2 cells from three independent experiments.
The error bar shows SD (*¥p value < 0.05).

examined Ft-H and Ft-L protein expression by western blot
analysis.
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vehicle (control)- vs cisplatin-injected rats by qRT-PCR (n = 6). (C) Western blot analysis for Ft-H and Actin was performed for vehicle (control)- and
cisplatin-injected kidney tissues (n = 3). (D) Similarly, Ft-L and actin western blot was performed in vehicle (control)- and cisplatin-injected kidney
tissues (n = 3). Quantitation was shown for both in right panels. (E) Perl’s Prussian blue staining of kidney sections from control and cisplatin-injected
Wistar rats. The black arrows indicate iron deposition. (F) Non-heme iron estimation in kidney tissue lysates represented as yig of iron per gram of wet
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Results showed an increased level of Ft-H (Figure 8C) and Ft-
L (Figure 8D) in the kidneys of cisplatin-treated rats compared
to that in vehicle-treated control rats. Intriguingly, the protein
level of Ft-H was increased less than that of Ft-L like mRNA

27812

levels (Figure 8A). We detected iron accumulation by Perl’s
staining (Figure 8E) and about a twofold increase in non-heme
iron in the cisplatin-injected kidneys (Figure 8F). These results
show that cisplatin treatment alters the mRNA and protein
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expression of ferritin subunits differentially but does not
influence IRE-IRP targets despite significant accumulation of
the renal iron pool.

3. DISCUSSION

Cisplatin has long been employed for chemotherapy of cancer
patients diagnosed with solid tumors. It also causes cytotoxicity
in noncancer cells, causing deleterious effects in various vital
organs particularly in the kidneys. Cisplatin promotes iron
accumulation in the kidneys'”"” and is well known to generate
higher ROS** (Figure S2). ROS in conjunction with
accumulated iron may damage kidney tissue. However, the
influence of cisplatin on kidney iron homeostasis particularly in
the IRE-IRP system is poorly understood so far. The current
study revealed that cisplatin could increase Ft-H and Ft-L levels
by promoting the respective mRINA expression in renal cell types
and in rat kidney but did not show any effect on TfR1, DMT1,
and ferroportin. These results strongly suggest that during
cisplatin treatment, iron-sensing machinery mediated by the
IRE—IRP interaction remains unaltered despite a strong
increase in the HO-1 expression, which is known to release
iron by heme degradation. We also detected that an increased
ferritin level could protect cells from cisplatin-induced toxicity
by storing iron. Our findings thus may help in understanding
kidney iron accumulation in cisplatin-treated kidney tissue.

Intriguingly, it has been recently reported that cisplatin could
form a complex with the iron sensor IRP2 to influence the IRE—
IRP interaction, resulting in increased ferritin translation and
decreased TfR1 and DMT1 expressions by affecting mRNA
stability in several cancer cell types.”” This results in less iron
availability for cell proliferation and provides a novel mechanism
of the anticancerous effect of cisplatin. However, our data clearly
show that the IRE—IRP interaction remains unaltered in
multiple renal cells. Similarly, we found that the expressions of
IRE-containing transcripts such as TfR1 and DMT1 remained
unaltered in the kidneys, suggesting unresponsiveness of the
IRE—IRP system by cisplatin treatment. Interestingly, we did
not detect any influence on the IRE—IRP system in the renal
carcinoma cell line 786-O, but cisplatin could induce Ft-H and
Ft-L transcripts and proteins (Figure 4). All these results suggest
that cisplatin can influence iron homeostasis in kidney cells
differently from various cancer cells reported in the previous
study.”” This difference in the effect of cisplatin on iron
homeostasis may be attributed to differential expressions of
IRP1 and IRP2 in kidney cells from other cell types. It is well
documented that the kidney has the highest expression of IRP1
compared to various other tissues.'* Animals lacking IRP1 are
unable to repress ferritin synthesis fully in the kidney during iron
deficiency, implying that mainly, IRP1 contributes to the
regulation of iron metabolism in the kidney,'*'® whereas in
general, IRP2 is over-expressed in different cancer cells and plays
a critical role in tumor growths.” ™" Thus, the ability of cisplatin
in forming a complex mainly with IRP2 in altering IRE-IRP
targets in different cancer cells may not be effective in renal cells
due to the negligible abundance of IRP2. It is to be noted that
IRP2 could not be detected in HEK293 cells in an earlier
report,”” while we could detect only a negligible amount (Figure
3), although the same antibody was useful in detectin% IRP2 in
different cell types (Figure S1) as we reported earlier.”*™*’

We detected Ft-H and Ft-L mRNA regulation in both
cisplatin-treated rat kidneys and in three different renal cell lines.
Interestingly, in all of these instances, Ft-L mRNA is regulated
more than Ft-H mRNA. In cisplatin-treated renal cell lines and

rat kidneys, a higher increase of the Ft-L protein was detected
than Ft-H by western blot analysis, suggesting that differential
regulation of mRNAs was responsible for the differential
increase in protein levels. Ft-H contains ferroxidase activity
and contributes to iron loading into ferritin, while Ft-L is
involved in the nucleation of iron.””** We detected a dose-
dependent depletion of LIP by cisplatin in both HEK293 and
HK-2 cells (Figure 6). Silencing of either Ft-H or Ft-L reversed
the LIP in both cell types, confirming the storing of iron into
ferritin. Otherwise, the increased cellular iron level potentially
could damage renal cells in conjunction with cisplatin-induced
ROS generation™* (Figure S2). An earlier study revealed the role
of Ft-H in proximal tubule-specific knockout mice in protecting
cells from cisplatin-induced acute kidney injury.’® An increased
apoptosis was detected in these mice in proximal tubular cells by
glycerol or cisplatin treatment. This finding supports our
observation of increased apoptotic cell death in Ft-H/Ft-L-
silenced proximal tubular HK-2 cells. Thus, our data and the
previous finding strongly suggest that the cisplatin-induced
increased ferritin level plays a protective role against cisplatin-
induced iron accumulation and related kidney damage.

In this study, we have adopted a model of cisplatin-induced
nephropathy in rats to resemble the treatment of patients.
Cisplatin was injected in chronic doses (1 mg/kg body weight
twice a week) over a period of 8 weeks. The nephropathy was
confirmed with histopathological observation and increased
serum creatinine levels. Importantly, we detected a substantial
iron accumulation in kidney tissue by Perl’s staining and non-
heme iron estimation. As reported earlier, we also detected
increased serum ferritin in cisplatin-treated rats.’” Interestingly,
despite the higher iron accumulation, we did not find any
alteration of IRE-containing transcripts such as TfR1 and DMT1
in the kidneys, but a higher level of increased Ft-L mRNA was
detected than Ft-H mRNA in different renal cell types. Further
study is needed to understand the mechanism of regulation of
Ft-H and Ft-L mRNA:s in cisplatin-treated renal cells.

In conclusion, we have found a unique effect of cisplatin on
the kidney iron homeostasis in an animal model and different
renal cells. We detected upregulation of ferritin subunits both at
protein and mRNA levels. The increase of the Ft-L protein and
mRNA was higher than that of the Ft-H protein and mRNA in
HEK-293, HK-2, and 786-O cells. Similarly, the higher
expression of Ft-L than that of Ft-H mRNA and protein was
detected in the cisplatin-treated rat kidneys. It did not influence
the IRE—IRP interaction despite a significant increase in the
HO-1 level, presumably increasing the level of catalytic iron.
Expressions of IRE-containing transcripts such as TfR1 and
DMT]1 responsible for iron uptake remained unaltered that
potentially helped to continue the iron uptake. At the same time,
the basal level of translation of ferritin subunits was not further
increased due to the unaltered IRE—IRP interaction as
determined by IRE-containing luciferase assay and RNA-
EMSA. Otherwise, the iron-induced elevated ferritin could
sequester the increased level of the iron pool. We detected
cisplatin-induced kidney injury despite an increased level of
ferritin subunits in the adopted animal model. Chronic
accumulation of cisplatin in the kidneys is well-reported***
and may continuously generate the iron pool due to elevated
HO-1 and if not adequately sequester into ferritin may cause
chronic iron accumulation and subsequent renal damage after
cisplatin treatment. Our observation of Perl’s stain-sensitive iron
pool and elevation of non-heme iron in the cisplatin-treated rat
kidneys (Figure 8E,F) despite an increase in the ferritin
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expression also supports the above-mentioned possibility.
Considering the earlier report of amelioration of cisplatin-
induced nephrotoxicity by supplementation of iron chelator,”®
our observation thus would be useful in understanding iron
accumulation and related nephropathy in cisplatin-treated
kidney.

4. MATERIALS AND METHODS

4.1. Cell Culture and Chemicals. HEK-293 (human
embryonic kidney) cells were maintained in Dulbecco’s
modified Eagle medium (DMEM; Sigma-Aldrich), HK-2
(human proximal tubular cells) cells were maintained in
Dulbecco’s modified Eagle medium nutrient mix F-12 (Ham)
(1:1) (DMEM F-12, Gibco Life Technologies), and 786-O
(renal adenocarcinoma) cells were maintained in RPMI 1640
(Sigma-Aldrich). All media were supplemented with 10% FBS
(Cell Clone) and 1% Pen-Strep (Gibco Life Technologies), and
cells were maintained in a humidified atmosphere at 37 °C and
5% CO, in a sterile incubator. All treatments were given at 60—
70% confluence in culture dishes. Cisplatin (Cytoplatin-S0) was
procured from Cipla Ltd., India. All other reagents and
chemicals unless specified were purchased from Sigma-Aldrich.

4.2. Animals. The animals were housed under controlled
temperature and light conditions (24 °C, 12 hlight and 12h dark
cycle). Food and water were provided ad libitum. Healthy male
adult Wistar rats (Rattus novergicus) weighing 200—220 g were
randomly grouped into two groups, experimental (cisplatin) and
control (saline), at the beginning of the experiment. Cisplatin
was used with the aim of developing nephropathy. The dose
regimen of cisplatin was standardized as 1 mg/kg body weight by
intraperitoneal injection twice a week for 8 weeks. Blood was
collected from the retro-orbital venous plexus once before the
first cisplatin injection and weekly thereafter for the determi-
nation of serum creatinine that served as a marker of renal
damage. At the end of 8 weeks, animals were euthanized, and
after sacrifice, the kidneys were harvested and stored as per
experimental needs. All methodological procedures involving
rats were performed in conformity with the guidelines of the
Committee for the Purpose of Control and Supervision of
Experiments on Animals (CPCSEA), Government of India, and
were assessed and approved by the Institutional Animal Ethics
Committees (IAEC) of the All India Institute of Medical
Sciences (26/IAEC-1/2017), New Delhi, India.

4.3. Western Blot Analysis. Harvested cells and tissues
were homogenized, and the whole cell lysate was prepared in a
buffer containing 25 mmol/L Tris-HCl (pH 7.5), 0.5 mmol/L
EDTA, 25 mmol/L sodium chloride, 10 mmol/L sodium
fluoride, 1 mmol/L sodium vanadate, 1% Nonidet P-40, and
protease inhibitor cocktails (Roche Diagnostics). Protein
concentration was determined by the Bradford protein assay
using a kit (Bio-Rad Laboratories), and an equal amount of
protein (60 pg until mentioned otherwise) from each sample
was denatured by boiling for 5 min in Laemmli buffer. Protein
samples were separated on SDS—PAGE and transferred to a
poly(vinylidene fluoride) (PVDF) membrane. Membranes were
first incubated in a blocking buffer (tris-buffered saline (TBS)
containing 0.1% Tween-20 and 5% nonfat dry milk) for 1 h
followed by incubation with the respective primary antibodies
overnight at 4 °C. Details of primary antibodies used are as
follows: anti-Ft-H (Cell Signalling Technology), anti-Ft-L
(Abcam), anti-TfR1 (Thermo Fischer Scientific), anti-Fpn
(Abcam), anti-HO-1(Novus Biologicals), anti-actin (Santa
Cruz Biotechnology), anti-IRP-1 (Santa Cruz Biotechnology),

and anti-IRP-2 (Alpha Diagnostics). Blots were then washed
three times in 0.1% Tween containing 1X TBS followed by
incubation with the corresponding peroxidase-labeled anti-
mouse (Sigma-Aldrich) or anti-rabbit (Thermo Fischer
Scientific) secondary antibodies for 1 h at room temperature.
The signals were visualized by enhanced chemiluminescence.
Image] software was used for quantification of protein bands
relative to the expression of actin.

4.4. Quantitative Reverse Transcription Polymerase
Chain Reaction (qRT-PCR). Total RNA was isolated from the
harvested cells or kidney tissues using the TRIzol reagent
(Ambion, Life Technologies, #15596026) as per the manu-
facturer’s protocol. A total of 2 ug of total RNA was reverse-
transcribed using a cDNA synthesis kit (Applied Biosystems),
and qRT-PCR was performed to determine the expressions of
Ft-H, Ft-L, TfR1, and DMT1. The primer sets used for human
cell lines were f-actin (F:5'GCA CCA GGG CGT GAT GG 3';
R: 5'TCC CAG TTG GTG ACG ATG C 3'), FtH (F: S'TAA
GAG ACC ACA AGC GAC C 3’; R: S’CGT CCA AGC ACT
GTT GAA G 3'), FtL (F:5'AGC GTC TCC TGA AGA TGC
AA 3’; R: 5CAG CTG GCT TCT TGA TGT CC 3’), DMT1
(F:GCA GGA AGT TCG AGA AGC CA 3; R: S’AGA CTT
CAA CCA CCT GCT CG 3’),and TfR1 (F: S’ACT GGA CAG
CACAGACTT CAC3;R: S'TTGATT TTC AACATA CAA
CGC AAG A 3’). The primer sets for the kidney tissue of Wistar
rats were f-actin (F: 5’GCA GGA GTA CGATGA GTC CG 3;
R: $'TCA GTA ACA GTC CGC CTA G 3'), FtH (F:5'TGA
CCA CGT GAC CAACTT AC 3’; R:5'AGC TCT CAT CAC
CGT GTCC3'),FtL (F:5’AAC CTC CGT AGG GTG GCA G
3'; R: S'TAG TCG TGC TTC AGA GTG AG 3'), DMT1 (§':
CTT CCCTCC CACATT CCACC3’;R: 5’CCT GTG AAG
GCC CAGAGTTT3’),and TfR1 (F: 5GGC GGA CAA GTC
AGA AAA CG 3’; R:S'TCT GAG ATC CAG CCT CAC GA
3’). Expression levels were normalized to the housekeeping gene
P-actin. PCR was monitored in real time using the Universal
SYBR-Green Master (Thermo Fischer Scientific) according to
the manufacturer’s instructions on a CFX96 Touch real-time
PCR detection system (Bio-Rad). Fluorescence curves were
analyzed, and automated calculation was carried out by the
second-derivative maximum method to give 27 values.

4.5. Determination of the Labile Iron Pool (LIP). The
labile iron pool (LIP) was detected using the fluorescence probe
calcein-AM.” HEK-293 and HK-2 cells were grown on cover
slips in 6-well plates and treated with cisplatin. One hour prior to
completion of the treatment, media were replaced and loaded
with calcein-AM (working concentration: 1 nM in serum-free
media) and incubated at 37 °C in the dark. Then, the cells were
washed with 1X PBS twice and fixed with 4% formaldehyde (v/
v) in 1X PBS for 15 min at room temperature. The fluorescence
was monitored at an excitation of 488 nm and an emission of 538
nm using a fluorescence microscope (Carl Zeiss AxioVision).

The LIP level was also estimated as described earlier.*”* The
cells were grown in 96-well plates and treated with cisplatin after
transfecting with the control or Ft-H/Ft-L siRNA. After
treatment, the cells were washed with 1XPBS and incubated
with 1 uM calcein-AM (Sigma-Aldrich) for 30 min at 37 °C.
Then, the cells were washed again with 1X PBS and 100 uL of
145 mM NaCl, pH 7.2; 20 mM HEPES was added. Fluorescence
was monitored at an excitation of 488 nm and an emission of 538
nm using a Fluroskan Ascent FL (Thermo Fischer Scientific).
The quenching of calcein by the LIP was assessed by the
addition of 100 uM pyridoxal hydrazine (PIH) (Santa Cruz
Biotechnology).
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4.6. Preparation of the Cytosolic Extract. The cytosolic
extract was prepared as described earlier.””* In brief, the cells
were harvested in ice-cold 1X PBS after the treatment by
centrifuging at 1000g for S min at 4 °C. Pellets were resuspended
in lysis buffer containing SO0 mM Tris-Cl (pH-7.5), S0 mM
NaCl, 1 mM phenylmethysulfonylfluoride (PMSF), 0.5 mM
DTT, and 1X protease inhibitor cocktail (Roche Diagnostics).
The samples were subjected to multiple freeze—thaw cycles and
passed through a 30-gauge needle 10—12 times. The mixture
obtained was spun at 40,000g for 30 min to harvest the
supernatant.

4.7. Cytosolic Aconitase Assay. Cytosolic aconitase assay
was performed as described earlier.””*” Cytosolic extracts (50
ug) from untreated and cisplatin (0—50 pM)- and ferric
ammonium citrate (FAC, 10 uM)-treated cells were added to
0.2 mM cis-aconitate in 100 mM Tris-Cl (pH 7.4), 100 mM
NaCl, and 0.02% BSA to perform aconitase assay, and
disappearance of cis-aconitate followed at 25 °C at 240 nm.

4.8. Constructions of Vectors. The Ft-H 5'UTR and Ft-L
S'UTR were cloned between HindIII and Ncol restriction sites
upstream of the pGL3 control vector as described previously.*
An Ft-H IRE-containing pcDNA3 plasmid for in vitro
transcription was prepared as reported earlier.”

4.9. In Vitro Transcription and RNA-Gel-Shift Assay.
The pcDNA3 plasmid containing the Ft-H IRE was linearized
using BglIl and Xbal and transcribed using an in vitro
transcription kit (Roche Diagnostics). The cytosolic extract
(10 pug) was incubated with (**P) UTP-labeled IRE of the Ft-H
S’UTRin 10 mM Tris-Cl (pH 7.6), S mM MgCl,, 1S mM KC]J,
0.1 mM DTT, 10 units of RNasin, and 0.2 mg/mL yeast tRNA in
a volume of 20 uL to allow the RNA—protein (IRE—IRP)
interaction.’”*® After 15 min of incubation in ice, the mixture
was incubated with 1 unit of RNase T1 (10 min) followed by §
mg/mL heparin (10 min). RNA—protein complexes were then
resolved on 5% nondenaturing polyacrylamide gel in 0.5X Tris-
borate-EDTA buffer (pH-8) at 4 °C. The gel was dried and
subjected to autoradiography.

4.10. Silencing of Ft-H and Ft-L. Silencing of Ft-H and Ft-
L in HK-2 and HEK-293 cells was carried out by transfecting
siRNAs specific for Ft-H (Sigma Aldrich, SA-
SI_HSO01_00112824), Ft-L (Sigma Aldrich, SA-
SI_HS02 0030196,) and control siRNA (Santa Cruz Bio-
technology, sc37007). Transfection was carried out using
Lipofectamine-2000 (Thermo Fishcer Scientific) as per the
manufacturer’s protocol. The efficacy of silencing was verified by
immunoblot analysis.

4.11. Flow Cytometry. Cell death assay was performed
using a kit as per the manufacturer’s instruction (Molecular
Probes, Invitrogen, Cat #V13241). Briefly, HK-2 cells were
treated with cisplatin after appropriate transfection by siRNAs
and harvested by mild trypsinization, washed with 1X PBS, and
resuspended in 100 L of 1X Annexin V binding buffer (1 X 10°
cells/ml). The cells were then incubated with Alexa Fluor 488
Annexin and propidium iodide at room temperature for 15 min.
After that, 400 uL of 1X Annexin V binding buffer was added,
and the cells were kept on ice until analysis. The samples were
analyzed by flow cytometry (FACSCantoTM II, BD Bio-
sciences) using FACSDiva software and Flow]Jo software (Tree
Star). Average survival (%) from three different experiments was
plotted as a bar graph.

4.12. Dual-Luciferase Reporter Assay. The cells were
transfected with the pGL3 luciferase reporter vector (Promega,
E1741) containing the S'UTR of Ft-H/ Ft-L upstream of the

luciferase gene along with the thymidine kinase promoter
containing the Renilla luciferase reporter plasmid (pRL-TK,
Promega, E2231). Cells were kept in the transfection cocktail
containing both reporter vectors and Turbofect (Thermo
Fischer Scientific, R0531) in serum-free DMEM. The trans-
fection cocktail was replaced after 6 h with fresh media and left
overnight for recovery. Then, the cells were incubated with
cisplatin (0—50 #M) or ferric ammonium citrate (FAC, 10 M)
(as a positive control). Cells were lysed after 16 h, and
luminescence was measured as per the protocol of the Dual-
Luciferase Reporter (DLR) Assay System (Promega, E1910).
Results were normalized to Renilla luminescence.

4.13. Histopathology of the Kidney Tissue. Formalin-
fixed paraffin-embedded kidney tissues were cut into 5 uM
sections with periodic acid-Schiff (PAS) reagent and Masson’s
trichrome (MT) staining. Tubular damage was scored on a scale
of 0—S5, 0 indicating no tubular damage; 1 indicating <10%
damage; 2 indicating 10—25% damage; 3 indicating 25—50%
damage; 4 indicating 50—75% damage; and S indicating >75%
damage.44 The tubulointerstitial fibrosis score was calculated
from MT-stained sections varied from 0 to 3; 0 indicating no
evidence of fibrosis; 1 indicating <25% fibrosis; 2 indicating 25—
50% fibrosis; and 3 indicating >50% fibrosis.** For Perl’s
Prussian Blue staining, a fresh mixture containing an equal
proportion of 20% hydrochloric acid and 10% potassium
ferrocyanide was used, and nuclear fast red dye was used as a
counterstain.** Slides containing the stained sections were then
washed in water, air-dried, and mounted in DPX. Non-
overlapping microscopic fields were captured using a Nikon
Eclipse E600.

4.14. Estimation of Non-heme Iron. Non-heme iron
estimation in tissue was performed as described earlier.*® Briefly,
the tissue (50 mg) was homogenized in 1:10 (w/v) water. The
tissue homogenate (100 pL) was transferred to a fresh
microcentrifuge tube and mixed with protein precipitation
solution (1IN HCI and 10% TCA in water). The mixture was
vortexed and kept at 95 °C in a heating block for 1 h. Tubes were
cooled at room temperature for 5 min and vortexed again
followed by centrifugation for 2 min at 10,000g. A clear
supernatant was transferred to a 96-well flat-bottom plate and
mixed with 20 uL of chromogen solution (0.508 mmol/L
terrozine, 1.5 mol/L sodium acetate, and 0.1% thioglycolic acid
(TGA) in water). Blanks were prepared by adding 50 uL of
water and 50 L of protein precipitation solution mixed with 20
uL of chromogen solution. Serial dilutions of ferrous ammonium
sulfate solution were processed similarly like the tissue
homogenate to plot the standard curve. The samples, blank,
and standards were incubated at room temperature for 30 min
before calculating absorbance at 560 nm. Final results were
calculated as pg of iron per gram wet tissue weight.

4.15. Estimation of Serum Ferritin and Serum
Creatinine. Quantitative detection of ferritin in serum samples
collected from animals was done using a Sandwich ELISA kit (E-
EL-R3018, ElabScience Biotechnology) specific for rat ferritin as
per the protocol provided in the kit. Similarly, creatinine was
estimated in serum samples collected from animals using a kit
(Cat # ref No. CRS 100, Medsource Ozone Biomedicals Pvt.
Ltd.) as per the protocol provided in the kit.

4.16. Statistics. Quantitative and qualitative data represent
at least three independent experiments. The bar and line graphs
represent the mean, and the error bar represents the standard
deviation unless mentioned otherwise. Statistical analysis was
done using the “Data Analysis” tool of MS Excel version 15.26
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(160910). Student’s t-test and ANOVA were used as applicable
to calculate the p value. We used p < 0.05 as a statistically
significant difference.
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