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Abstract

Kidney fibrosis is a common step during chronic kidney disease (CKD), and its incidence has been
increasing worldwide. Aberrant recovery after repeated acute kidney injury leads to fibrosis. The
mechanism of fibrogenic changes in the kidney is not fully understood. Folic acid-induced kidney
fibrosis in mice is an established in vivo model to study kidney fibrosis, but the mechanism is
poorly understood. Moreover, the effect of higher concentrations of folic acid on kidney epithelial
cells in vitro has not yet been studied. Oxidative stress is a common property of nephrotoxicants.
Therefore, this study evaluated the role of folic acid-induced oxidative stress in fibrogenic changes
by using the in vitro renal proximal tubular epithelial cell culture model. To obtain comprehensive
and robust data, three different cell lines derived from human and mouse kidney epithelium were
treated with higher concentrations of folic acid for both acute and long-term durations, and the
effects were determined at the cellular and molecular levels. The result of cell viability by the
MTT assay and the measurement of reactive oxygen species (ROS) levels by the DCF assay
revealed that folic acid caused cytotoxicity and increased levels of ROS in acute exposure. The
cotreatment with antioxidant A-acetyl cysteine (NAC) protected the cytotoxic effect, suggesting
the role of folic acid-induced oxidative stress in cytotoxicity. In contrast, the long-term exposure
to folic acid caused increased growth, DNA damage, and changes in the expression of marker
genes for EMT, fibrosis, oxidative stress, and oxidative DNA damage. Some of these changes,
particularly the acute effects, were abrogated by cotreatment with antioxidant NAC. In summary,
the novel findings of this study suggest that higher concentrations of folic acid-induced oxidative
stress act as the driver of cytotoxicity as an acute effect and of fibrotic changes as a long-term
effect in kidney epithelial cells.
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1. INTRODUCTION

Approximately 15% of the U.S. adult population is known to be affected by chronic kidney
disease (CKD), and therefore this disease is still a major public health issue.! Fibrosis is a
common stage during the development of CKD. Repeated acute kidney injury is one of the
leading causes of kidney fibrosis.2 Kidney fibrosis is a failed repair process after repeated
acute kidney injury (AKI) that leads to continued deposition of the extracellular fibrotic
matrix in the peritubular space in the kidney, thereby decreasing kidney function. Kidney
fibrosis further progresses toward CKD and end-stage renal disease (ESRD).3 Currently,
there is no effective therapy for kidney fibrosis.* The mechanism of acute kidney injury
transitioning to kidney fibrosis is not well understood.

There are many risk factors, including both endogenous and exogenous, for kidney disease.
However, the generation of reactive oxygen species (ROS) causing oxidative stress is a
common feature among most nephrotoxicants.® Oxidative stress has also been implicated
in the development of kidney fibrosis and CKD. However, the precise role of ROS and the
molecular mechanism for oxidative stress-induced kidney fibrosis are not clear.

Folic acid (FA)-induced kidney fibrosis in mice is a widely used in vivo model to study
acute kidney injury and kidney fibrosis. Administration of a high concentration of folic acid
leads to the deposition of FA crystals in renal tubules, resulting in tubular necrosis, further
leading to epithelial regeneration and scarring. Generation of oxidative stress has been
reported during folic acid-induced AKI and fibrosis in animal mice models.” However, the
exact role of oxidative stress in the development of kidney fibrosis in this animal model is
not well understood. Additionally, there is no in vitro study to evaluate whether FA induces
oxidative stress in kidney epithelial cells, and if so then how elevated levels of oxidative
stress contribute to fibrogenic changes is also not clear.

Folic acid does not occur naturally and is a synthetic form of naturally occurring

folate. The active form folate is found in limited amounts in fruits and vegetables.

Folic acid consumed in the form of fortified foods or supplements gets converted into

the active form of tetrahydrofolate by the enzyme dihydrofolate reductase expressed

in the intestine. Dihydrofolate subsequently gets converted into the methylated form 5-
methyltetrahydrofolate (5SMeTHF). However, because of the limited capacity of the enzyme,
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excessive intake of folic acid saturates the enzyme capacity for conversion and results in

the appearance of unmetabolized folic acid (UMFA) in circulation.® Folic acid at lower
doses is known to have beneficial effects as an antioxidant by reducing the homocysteine
levels.® However, higher doses of FA can act as a pro-oxidant.19-11 Higher doses of folic
acid are usually considered as the amount of FA received is much higher than the body
usually can metabolize, and, because of this, it results in an unmetabolized form of folic acid
(UMFA) in circulation.12 The recommended doses of folic acid as a prenatal multivitamin
range from 400 to 500 /g in Australia to 800 wg/day in the U.S. and 1000 sg/day in
Canada.1? Accumulating evidence from recent studies suggests that excessive intake of

folic acid in the form of supplements and fortification in cereals may cause increased

levels of unmetabolized folic acid (UMFA) in blood serum either because of saturation
and/or inhibition of dihydrofolate reductase.1314 The increased levels of UMFA can lead

to disruption of the homocysteine to methionine conversion and therefore accumulation

of unmetabolized homocysteine that can act as a pro-oxidant.1 Homocysteine during
self-oxidization produces ROS directly® or indirectly by activating NADPH oxidase.1>
Homocysteine has also been shown to cause increased oxidative stress by mitochondrial
dysfunction® and oxidative stress-dependent collagen cross-linking modification.1” These
reports suggest that FA at a lower dose is beneficial as an antioxidant, but the higher doses of
FA can act as pro-oxidants.

Therefore, the objective of this study was to evaluate the role of FA-induced oxidative stress
in cytotoxicity (as an indicator of AKI) and fibrogenic changes (as an indicator of fibrosis)
in kidney epithelial cells using the in vitro cell culture model.

2. MATERIALS AND METHODS

2.1. Reagents.

Folic acid (FA), 2",7’-dichlorodihydrofluorescein diacetate (DCFH-DA), 3,3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), and N-acetyl cysteine
(NAC) were purchased from Sigma-Aldrich (St. Louis, MO). Primary and secondary
antibodies as well as DAPI (4”,6-diamidino-2-phenylindole) were purchased from Cell
Signaling Technology.

2.2. Cell Culture and Treatments.

Human renal epithelial adenocarcinoma cells (Caki-1), renal cortex/proximal tubular
epithelial cells (HK-2), and normal rat kidney epithelial (NRK) cells were purchased

from ATCC. Caki-1 cells were maintained in Mccoy 5A medium with 10% fetal bovine
serum (FBS) and 1% antibiotic. HK-2 cells were grown in serum-free keratinocyte medium
(K-SFM) supplemented with human recombinant epidermal growth factor (EGF), bovine
pituitary extract (BPE), and 1% antibiotic. NRK cells were propagated in DMEM/F12
growth medium with 5% FBS and 1% antibiotic.

For acute exposure, cells were treated with a range of concentrations (from 100 zM to 1
mM) of FA for 72 h. For long-term exposure, Caki-1 cells were treated for 6 months with
100, 200, and 400 xM of FA, which is hereafter termed as LT-Caki-1. HK-2 and NRK cells
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were exposed for the long-term (3 months) with 200 M, 400 1M, and 1 mM FA. In the
long-term treatment, semiconfluent cells were exposed to the respective concentrations of
folic acid and were allowed to grow and reach the confluency of around 75% in a medium
containing folic acid. These cells were then subcultured using a fresh medium and flask,
and again treated with the same concentrations of folic acid that were used previously.
Considering the mandatory fortification of cereal grain products with FA in the United
States, reference concentrations of FA in human serum have been set at 5.8-32.8 ng/mL.18
Therefore, in this study, much higher concentrations of FA (the lowest concentration used
was 100 /M, which is 44.14 (g/mL) were used to evaluate the adverse effects of higher
concentrations of FA.

2.3. MTT Cell Viability Assay.

To assess the effect of acute and chronic exposure to FA on cell viability, we performed

an MTT assay using Caki-1, HK-2, and NRK cells. The acute cytotoxic effect of FA was
measured by treating parental control cells. Long-term FA-treated cells were also used in
the MTT assay to determine the effect of long-term exposure to FA on these cells. Both
untreated control and long-term FA-treated cells were seeded at a cell density of 4000 cells
(for Caki-1 and NRK cells) or 5000 cells (for HK-2 cells) per well in 96-well plates. These
different cell seeding numbers were selected after optimization as Caki-1 grows faster than
HK-2 cells. After being seeded, cells were allowed to attach for 24 h, and they were treated
with the respective concentrations of folic acid with and without NAC for 72 h. After 72 h of
treatment, the medium was removed and washed with PBS. MTT solution at a concentration
of 1 mg/mL in fresh media was added to each well and incubated for 3 h at 37 °C. To
dissolve the formazan crystal formed in the viable cells, the MTT containing medium was
removed, and 150 s of DMSO per well was added. To dissolve the crystal, plates were
incubated for approximately 5 min with gentle shaking. The intensity of the color formed
was quantified by measuring the optical density using a plate reader at a wavelength of

570 and 630 nm. After the reference background was subtracted, the absorbance value was
converted into a percentage as compared to the control. Each experiment was performed in
triplicate and repeated twice.

2.4. DCF Fluorescence Assay.

The level of cellular reactive oxygen species (ROS) was quantified by usinga 2,7’ -
dichlorodihydro fluorescein diacetate (DCFH-DA) assay. Upon reaching into the cell,
esterase deacetylates DCFH-DA further get oxidized by intracellular ROS into 2°,7-
dichlorofluorescein (DCF), which is highly fluorescent. The level of intracellular ROS
determines the conversion of DCFH-DA to DCF. For the DCFH-DA assay, cells were seeded
in 96-well plates, allowed to attach for 24 h, and then treated with various concentrations of
FA both alone as well as in combination with antioxidant NAC. After 24 h of treatment, cell
culture media from wells were removed, and cells were washed with the 1X PBS, and then
DCFH-DA solutions (10 M) in 1X PBS were added to each well and incubated for the next
30 min in a CO» incubator. After incubation, cells were again washed with 1X PBS, and
respective treatments were added to each group. H,0O, at 250 ¢M concentration was used

as a positive control. The levels of ROS generated was measured by quantifying the DCF
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fluorescence at the emission wavelength of 535 nm using a plate reader. DCF fluorescence
was measured at different time points starting from 5 min to an hour of exposure.

2.5. Cell Cycle Analysis.

To confirm the effect of folic acid on the growth pattern of cells, cell cycle analysis by
flow cytometry was performed. After treatment as mentioned above, cells were harvested
by trypsinization and collected by centrifugation, washed with 1X PBS, and then fixed
into the 70% ethanol for 24 h at 4 °C. On the day of analysis, fixed cells were collected
by centrifugation, washed with 1X PBS, and then stained with Guava cell cycle staining
reagents for 30 min. Stained cells were then analyzed using a Guava Easy-Cyte HT flow
cytometer by counting 5000 events.

2.6. RNA Isolation and Quantitative Real-Time Reverse Transcriptase-Polymerase Chain
Reactions (QRT-PCR).

The effect of FA on the expression of genes at the transcript level was determined by
quantitative real-time reverse transcriptase-polymerase chain reactions (qQRT-PCR). The total
RNA from cells was isolated using Trizol reagent (Invitrogen). Using the total RNA and
one-step SYBR green RT-PCR kit (BioRad Inc.), gRT-PCR reaction mixtures were prepared,
and PCR amplification was performed using the CFX96 real-time PCR detection system
(BioRad Inc.). The following PCR amplification conditions were used: 50 °C for 15 min for
reverse transcription, 95 °C for 5 min for the inactivation of reverse transcriptase, followed
by 40 amplification cycles, each cycle consisting of step 1 denaturation at 95 °C for 10

s followed by primer annealing and extension at 60 °C for 30 s. The housekeeping gene
GAPDH was also amplified as the internal control, and the Ct value of GAPDH from each
sample was used for the normalization of each gene. Fold change in the expression of genes
was calculated by the delta—delta Ct method.1® The primer sequences of each gene analyzed
are given in Table 1.

2.7. Western Blot Analysis.

Western blot analysis to confirm the gene expression at the protein level was performed
with total protein lysates. Total cellular proteins were isolated from the respective groups
by using RIPA lysis buffer, and the concentrations were determined by the Bradford assay.
An equal amount of total protein from each sample was loaded on SDS-PAGE gel and
separated by electrophoresis. Proteins were then transferred from the gel onto the PVDF
membrane using a semidry transfer method. To prevent nonspecific binding, membranes
were incubated with 5% nonfat dried milk in 1X Tris or 1X phosphate buffer saline for an
hour. Membranes were then incubated with the diluted primary antibody in blocking buffer
overnight at 4 °C. After primary antibody incubation, membranes were given three washes
each for 5 min using washing buffer (1X PBS or TBS with 0.05% Tween 20). Membranes
were then incubated with horseradish peroxidase conjugated-secondary antibody with
appropriate dilutions for an hour at room temperature followed by three washes for 5

min each using washing buffer. To detect the chemiluminescence signal of protein bands,
membranes were incubated with luminol reagent (Santa Cruz) developing solutions. Bands
were visualized and documented by using the FluorChem gel documentation system. The
intensity of the bands was quantified by using ImageJ software. The band intensity of the

Chem Res Toxicol. Author manuscript; available in PMC 2023 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kandel and Singh Page 6

proteins of interest was normalized by the band intensity of GAPH as an internal control
from each sample, and the graph was plotted using fold changes in arbitrary units.

2.8. Immunofluorescence Analysis.

Caki-1 cells and HK-2 cells were seeded on sterile coverslips in six-well plates and allowed
to attach for about 48 and 72 h, respectively. Cells attached on coverslips were washed

with 1X PBS and fixed by incubation in 100% methanol at —20 °C for an hour. Cells were
again washed with 1X PBS and then incubated for 30 min in 0.2% Triton X-100 in PBS

for permeabilization. After permeabilization, cells were washed with 1X PBS three times
each for 5 min and incubated with the blocking solution containing 10% fetal bovine serum
in 1X PBS for an hour at room temperature. After being blocked, cells were incubated

with primary antibody (diluted in blocking solution) for an hour at room temperature.
Subsequently, cells were washed with 1X PBS three times and incubated with Alexa Fluor
555 conjugated secondary antibody for 1 h at room temperature. Afterward, cells were
washed with the 1X PBS three times and then incubated with DAPI at a 500 ng/mL final
concentration for 2 min at room temperature for nucleus staining. Finally, cells were washed
with 1X PBS three times and mounted on slides using mounting medium (90% glycerol in
1X PBS) and then sealed with tube sealant and stored at 4 °C for microscopic imaging.

2.9. Random Amplified Polymorphic DNA-Polymerase Chain Reaction (RAPD-PCR)
Analysis.

To evaluate the genotoxicity at the DNA sequence level, RAPD-PCR analysis was
performed using the total DNA. Total genomic DNA was isolated by the phenol-chloroform
method as described earlier.22 DNA was quantified spectrophotometrically, and the quality
was checked on the agarose gel. RAPD-PCR amplification was performed following our
previously published method.?! The reaction mixture in a total volume of 25 1 included
1X enzyme assay buffer, 100 zM each of dNTPs (Applied Biosystems, Foster City, CA),
100 nM of random (10-bp) primer, 2.5 mM MgCl,, 0.5 U of AmpliTag DNA polymerase
(Applied Biosystems, Foster City, CA), and 75 ng of genomic DNA. PCR amplification
was performed using the ABI GeneAmp PCR System 2700 with the following PCR
amplification condition: initial denaturation at 92 °C for 3 min followed by 44 cycles

with each cycle programmed for 1 min at 92 °C, 1 min at 34 °C, 2 min at 72 °C, and

a final extension cycle of 15 min at 72 °C. After the completion of PCR, amplification
products were separated by electrophoresis on 1.2% agarose gel. DNA bands on the gel
were visualized by ethidium bromide staining and documented by using The FluorChem gel
documentation system.

2.10. Statistical Analysis.

The statistical significance of the treatment group with the control was done using a two-
tailed paired ftest. The significance level was set at 0.05, and the difference having a p-value
< 0.05 was considered the statistical significance.
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3. RESULTS
3.1. Acute Exposure to High Concentrations of Folic Acid (FA) Causes Cytotoxicity.

To evaluate the effects of a high concentration of folic acid on cell viability, an MTT assay
was performed. The result of the cell viability assay revealed that the lowest concentration (5
4M) of FA did not have any significant effect on the viability of the Caki-1 cells. However,
the remaining higher concentrations (25-100 4M) of FA caused a concentration-dependent
and statistically significant growth inhibition with the lowest growth inhibition of 23% at 25
LM of FA, whereas the highest of 37% was at 100 M of FA (Figure 1A). For the HK-2

and NRK kidney epithelial cells, FA at concentrations up to 100 4M, however, did not affect
the growth (Figure 1B and C). Higher concentrations of FA at 200 M caused statistically
significant growth inhibition by 10% of HK-2 cells as compared to the control (Figure 1B),
but no significant changes in the growth of NRK cells. The maximum concentration used for
FA tested was 1 mM, which resulted in significant growth inhibition of both HK-2 and NRK
cells by 20% and 22%, respectively. The result suggests that Caki-1 kidney cancer epithelial
cells with relatively faster growth rates are more sensitive to FA-induced cytotoxicity than
are HK-2 and NRK normal kidney epithelial cells with slower growth rates.

3.2. Folic Acid Causes Increased Levels of Reactive Oxygen Species (ROS).

To evaluate whether FA causes cytotoxicity and growth inhibition through the generation of
ROS, a DCFH-DA assay was performed. A concentration-dependent increase in ROS levels
was observed in FA-treated Caki-1, HK-2, and NRK cells as compared to the respective
untreated control cells. FA at concentrations of 100, 200, and 400 #M increased the ROS
levels by 18%, 25%, and 35%, respectively, in Caki-1 cells as compared to the untreated
control cells (Figure 1D). FA at concentrations of 400 4/M and 1 mM increased ROS
production by 22% and 39%, respectively, in HK-2 cells (Figure 1E) and 30% and 45%

in the NRK cells (Figure 1F). FA at 2 mM concentration also significantly increased ROS
production by 52% in the HK-2 cells (Figure 1E).

3.3. Acute Exposure to Folic Acid Causes Cell Cycle Arrest and a Decrease in the S

Phase.

To further confrm the growth inhibitory effects of FA, cell cycle analysis using flow
cytometry was performed with Caki-1 cells. The result revealed a decrease in the population
of cells in the S-phase from 15% in control to 10.85% and 7.74% in cells treated with 100
and 200 M concentrations of FA, respectively (Figure 2).

3.4. Scavenging Folic Acid-Induced ROS by Antioxidant NAC Abrogates the Cytotoxic
Effect of Folic Acid.

To further confirm the pro-oxidant activity of FA in kidney epithelial cells, ROS levels were
measured by the DCF assay using cells with coexposure to FA and antioxidant NAC. In
Caki-1 cells, as compared to an 18% increase in ROS in 100 M FA alone-treated cells,

the cotreatment of NAC completely scavenged the ROS level back to the control level
(Figure 1D). NAC partially scavenged the ROS levels from 25% and 35% in Caki-1 cells
exposed to 200 and 400 M concentrations of FA alone-treated cells to 16% and 17%,
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respectively, in cotreated Caki-1 cells (Figure 1D). Similarly, 22%, 39%, and 52% increases
in ROS in HK-2 cells by 400 4M, 1 mM, and 2 mM, respectively, of FA were decreased

by NAC cotreatment to 21%, 25%, and 35% (Figure 1E). In NRK cells, although the

NAC cotreatment decreased the ROS levels, those decreases were statistically not significant
(Figure 1F).

To evaluate whether FA-induced cytotoxicity is mediated by ROS, cell viability was further
determined in cells coexposed to FA and NAC. FA at concentrations of 50 and 100 /M
resulted in the decreased cell viability of Caki-1 cells by 23% and 37%, respectively,
whereas cotreatment with NAC resulted in a 12% and a 14% decrease in cell viability,

and thereby 11% and 23% protection in FA-induced cytotoxicity (Figure 1A). Similarly,
treatment of HK-2 cells with 200 ¢M and 1 mM of FA alone resulted in decreased cell
viability by 9% and 20%, respectively, whereas cotreatment with NAC resulted in 8% and
1% increases as compared to the untreated control, and thereby protection of 17% and 21%,
respectively (Figure 1B). The protective effect of NAC in FA-induced cytotoxicity was also
observed in NRK cells, but these protections were statistically not significant (Figure 1C).

3.5. Acute Exposure to Folic Acid Alters the Expression of Marker Genes for Cell Cycle,
Cell Survival, Antioxidant, and Oxidative DNA Damage and Repair.

To further evaluate the cytotoxic and genotoxic effects of FA at the molecular level, the
expression of representative marker genes for cell cycle, cell survival, antioxidant, and
oxidative DNA damage and repair was determined by quantitative real-time PCR analysis
only in Caki-1 cells (Figure 3A). Acute exposure to FA at 100 M concentration resulted
in a small but statistically significant increase by 1.5-fold in the expression of the survivin,
whereas no significant change was observed in the expression of cyclin D1 and Bcl-2
(Figure 3A). A statistically significant decrease in the expression of the DNA damage
marker gene PARPI by 2-fold was observed, whereas an increase in the expression of
oxidative DNA damage repair gene OGG1 by 2.8-fold was observed (Figure 3B). A
decreased expression of antioxidant genes MnSOD by 1.8-fold and an increased expression
of GPx1 by 1.4-fold were also statistically significant (Figure 3B).

3.6. Acute FA Exposure-Induced Altered Expression of Genes Is Partially Restored by
Antioxidant NAC.

Interestingly, the cotreatment of FA with NAC restored the expression of PARPI to the
control level, whereas it further increased the expression of cyclin D1, survivin, Bcl-2,
GPx1, and MnSOD. For example, treatment with FA alone caused an increased expression
of cyclin D1 and survivinby 1.5-fold each, and GPx1 by 1.4-fold, whereas cotreatment
with NAC resulted in a further increase by 2.2-, 1.8-, and 2.5-folds, respectively (Figure
3A and B). As compared to the untreated control cells, the expressions of MnSOD and
PARPI in FA alone-treated cells were decreased by 1.8- and 2-fold, respectively, whereas
the cotreatment with NAC resulted in increased expression of these two genes by 8- and
1.5-fold, respectively (Figure 3B). The expression of OGGI was increased by 2.8-fold in
FA-treated cells, whereas it was partially restored to 2.6-fold in NAC-cotreated cells (Figure
3B).

Chem Res Toxicol. Author manuscript; available in PMC 2023 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kandel and Singh Page 9

3.7. Long-Term Exposure to a High Concentration of Folic Acid Causes Increased Cell
Growth.

In contrast to the cytotoxic effect of acute exposure to FA, chronic exposure to FA resulted
in the increased growth and survival of Cakil cells. Among the three concentrations of FA
tested for chronic exposure, the 100 £M did not have any effect on cell viability, whereas the
200 and 400 1M of FA caused statistically insignificant but increased growth by 18% and
15%, respectively (Figure 4A).

3.8. Long-Term Exposure to a High Concentration of Folic Acid Alters Intracellular ROS
Levels.

Long-term treated Caki-1 cells without further acute treatment showed an increased level of
ROS as compared to the parental control. For example, increases in the ROS levels by 28%
and 45% were observed in 200 and 400 &M long-term FA-treated Caki-1 cells (Figure 4B).
Additional acute treatment of those long-term FA-treated cells further increased the ROS
levels in a concentration-dependent manner. For example, the levels of ROS in 100, 200,
and 400 M long-term FA-treated cells increased from 85%, 128%, and 145% to 126%,
152%, and 167%, respectively, after further one-time acute treatment of FA at the same
concentrations (Figure 4B). This further acute FA treatment-mediated increase in ROS was
scavenged by NAC cotreatment back to the level of long-term FA-treated (200 and 400

4M) Caki-1 cells (Figure 4B). In long-term FA-treated HK-2 and NRK cells, there was no
change in ROS production as compared to their parental untreated control cells (Figure 4C
and D). However, further acute treatment of these cells with FA increased the ROS levels.
For example, the levels of ROS in 200 M, 400 M, and 1 mM long-term FA-treated HK-2
cells increased from the base level in untreated parental control to 9%, 27%, and 40%,
respectively, after further one-time acute treatment of FA at the same concentrations (Figure
4C). Similarly, in long-term FA-treated NRK cells, there was no increase in the level of ROS
as compared to the parental untreated control cells. However, one-time acute treatment with
200, 400, and 1 mM of FA resulted in statistically significant increased production of ROS
by 36%, 77%, and 83%, respectively, from the base levels of ROS in their parental control
cells (Figure 4D).

3.9. Long-Term Exposure to Folic Acid Causes Altered Expression of Marker Genes for
Cell Cycle, Cell Survival, Antioxidant, and Oxidative DNA Damage and Repair.

To further confirm the MTT data showing increased growth of Caki-1 cells chronically
exposed to FA, the expression of cyclin D1, survivin, and Bcl-2was determined by qRT-
PCR. The result revealed the 4.9-fold and 2.5-fold increased expression of cyc/in D1 and
Bcl-2, respectively, in FA-treated cells as compared to untreated control cells. Cotreatment
of these cells with NAC resulted in a 3.94-fold and 1.7-fold increase of cyclin D1 and Bcl-2,
respectively, as compared to the control, thereby suggesting partial protection from FA
effects on the expression of these genes (Figure 3A). No significant change in the expression
of survivinin FA-exposed cells was observed. A statistically significant increase by 3.8-fold
in the expression of antioxidant genes MnSOD and by 1.5-fold in the expression of DNA
damage marker PARPI was observed in long-term FA-treated Caki-1 cells as compared to
the control cells (Figure 3B). There was no significant change in the expression of DNA
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damage repair gene OGG1 in long-term FA-treated cells. NAC cotreatment did not have any
significant effect on the expression of these genes.

3.10. Long-Term Exposure to Folic Acid Causes Altered Expression of the Epithelial-
Mesenchymal Transition (EMT) and Fibrosis Marker Genes.

3.11.

3.12.

To evaluate the chronic exposure of FA to EMT and fibrogenic changes, the expression

of marker EMT marker genes (E-cadherin, N-cadherin, and vimentin) and fibrosis

marker genes (fibronectin and alpha-SMA) was analyzed by quantitative real-time PCR.
Interestingly, the expression of fibronectin and alpha-SMA was increased by 11-fold and
5.7-fold in Caki-1 cells with chronic exposure to FA as compared to the untreated passage-
matched control cells (Figure 5A). Treatment of NAC to cells with chronic exposure to

FA did not have any significant effect on the expression of fibronection, whereas alpha-
SMA expression was further increased to 7.1-fold (Figure 5A). Among the EMT marker
genes, a 4-fold decreased expression of E£-cadherinand a 2.2-fold increased expression of
N-cadherin were observed in long-term FA-treated Caki-1 cells (Figure 5B). NAC treatment
did not have any significant impact on the expression of these two genes. Expression of
vimentinwas increased by 6.3-fold, and the NAC treatment restored partially but statistically
significant to the 3.2-fold level (Figure 5B).

Folic Acid Causes Altered Expression of GSTP1 and EMT Associated Proteins.

The expression of E-cadherin, g-catenin, and GSTP1 at the protein level was determined by
Western blot analysis (Figure 5C). As compared to the control, the expression of E-cadherin
was decreased by 2.3-fold and 2.9-fold in acute and long-term FA-treated cells, respectively
(Figure 5C and D). As compared to 2.3-fold and 2.9-fold decreases in FA-alone treatment,
the expression of E-cadherin in acute and long-term FA and NAC cotreated groups was
1.4-fold and 1.7-fold decreased, thereby suggesting a statistically significant restoration

of expression by NAC (Figure 5C and D). There was no change in the expression of
B-catenin in cells with acute treatment of FA. However, the long-term FA treatment resulted
in a significant increase by 1.8-fold in the expression of S-catenin as compared to the
untreated control group (Figure 5C and D). Acute cotreatment of Caki-1 cells with FA and
NAC caused a further significant increase in the expression of S-catenin by 1.7-fold as
compared to the untreated control (Figure 5C and D). In the long-term FA-treated group, the
cotreatment with NAC did not cause any significant change as compared to FA alone (Figure
5C and D). Expression of GSTP1 was increased by acute exposure of FA, whereas there was
no change in long-term FA-treated cells (Figure 5C and D). The cotreatment FA with NAC
in acute exposure partially restored the FA-induced changes in GSTP1 protein levels.

Immunofluorescence Analysis Confirmed the Increased Expression of Fibrosis

Marker Protein Fibronectin in Long-Term Folic Acid Exposed Caki-1 and HK-2 Cells.

The immunofluorescence analysis was performed to confirm the expression fibronectin,

a most commonly used marker of fibrogenic changes, in long-term folic acid-treated
Caki-1 and HK-2 cells, and the results are shown in a photomicrograph (Figure 6).
Immunofluorescence staining of fibronectin revealed the increased intensity of staining

of this protein and thereby suggested the increased expression of fibronectin in long-term
folic acid exposed Caki-1 cells as compared to untreated control cells (Figure 6, upper two
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panels). The effect of FA on the expression of fibronectin protein was further confirmed
by using another cell line HK-2 with long-term exposure to folic acid. The staining of
fibronectin in long-term FA-treated HK-2 cells was much more intense as compared to
the untreated passage-matched control, thereby confirming the increased expression of
fibronectin in long-term FA-treated kidney epithelial cells (Figure 6, lower two panels).

3.13. RAPD Analysis Revealed Folic Acid-Induced DNA Damage.

The results of the RAPD-PCR fingerprint generated by using primer OPK 17 (5-
CCCAGCTGTG-3") revealed changes in the banding pattern in the 200 M long-term
FA-treated group of cells and therefore the target regions for FA-induced genotoxicity as
compared to the untreated control cells. Among the four amplification products amplified
in the RAPD fingerprint by OPK 17 primer, the three bands (2.5 kbp, 1.4 kbp, and 400 bp)
were absent or undetectable in the RAPD fingerprint of 200 M long-term FA-treated group
of cells (lane number 6) as compared to the untreated control group of cells (lane number
2) (Figure 7). The band intensity of another amplification product of 1.3 kbp in the RAPD
fingerprint from a 200 M long-term FA-treated group of cells was significantly reduced

as compared to its intensity in the untreated control group of cells (Figure 7). Interestingly,
the long-term FA-treated cells when cotreated with NAC resulted in the restoration in the
intensity of the 1.4 and 1.3 kbp bands (lane number 7), suggesting the protective effect of
NAC in FA-induced genotoxicity in these cells (Figure 7). The RAPD fingerprint generated
by another primer OPK19 (5"-CACAGGCGGA-3") shows a similar fingerprint pattern,
indicating unaffected genomic regions by FA treatment (Figure 7).

4. DISCUSSION

Although there are several reports on the analysis of AKI and fibrosis using a well-
established folic acid-mice model, there is no report on the effect of FA in human or rodent
kidney epithelial cells using the in vitro cell culture model. To our knowledge, this is the first
report of an in vitro cell culture model-based analysis of the effects of higher concentrations
of FA in both human and mouse kidney epithelial cells. The important findings of this

study suggest that (a) FA at higher concentrations caused increased levels of oxidative

stress in kidney epithelial cells, (b) FA altered the expression of antioxidant and oxidative
DNA damage marker genes, and (c) acute exposure decreased growth, whereas long-term
exposure caused increased survival, DNA damage, and fibrogenic changes. This study with
an in vitro cell culture model not only confirmed the adverse effects of high concentrations
of FA in the kidney of the animal model but also provides the underlying molecular
mechanism. Most importantly, the data of this study showing protection by antioxidant NAC
from FA-induced cytotoxicity, DNA damage, and changes in the expression of genes suggest
that oxidative stress is a driver of the FA-induced acute cytotoxic effect and long-term
fibrogenic changes in kidney epithelial cells.

Our data revealed increased levels of oxidative stress in kidney epithelial cells exposed
to FA. Several reports suggest that folic acid, at low concentration, produces beneficial
effects and it acts as an antioxidant.? However, it is well-established that high-dose FA
causes oxidative stress as evidenced by lipid peroxidation in animal models.22 The basis
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for the high-dose FA-induced oxidative stress is not fully understood. In this context,

a recent study using the C. elegans model suggests that high-dose FA results in the
accumulation of unmetabolized FA, causing disruption in the methionine cycle that results
in the accumulation of homocysteine and ultimately oxidative stress.23 Increased levels of
homocysteine can increase the ROS levels by self-oxidation as well as through activation
of NADPH oxidase.1124 It is also known that the kidney has a higher affinity for folate
than other organs because kidney epithelial cells contain much higher levels of folate
receptors than other cells, and therefore there is accumulation of FA in the kidneys.2>
Additionally, among the different cellular compartments, the mitochondria, a major source
of ROS, accumulate approximately 40% of total folate inside the cell.26:27 Antioxidant
NAC has been shown to abrogate mitochondrial dysfunction and oxidative stress and
kidney damage in the FA-induced AKI model in mice.2” These previous reports and

our findings suggest that FA at higher concentrations can act as a pro-oxidant in kidney
epithelial cells potentially through its accumulation in mitochondria, a major source of
intracellular ROS. The observation of decreased expression of antioxidant genes MnSOD
in cells with acute exposure to FA and its restoration by NAC further suggests that FA can
increase mitochondrial ROS indirectly by decreasing the antioxidant system in the kidney.
In contrast, an increased expression of glutathione transferase P1 (GSTP1) was observed in
cells after acute exposure to FA. GSTPL1 is a cytoplasmic enzyme that plays an important
role in the detoxification process and in protection from oxidative damage. Similar to the
finding of this study, increased expression of GSTP1 was also reported from a mice model
of acute renal failure induced by Ischemia-reperfusion injury.28 The increased expression of
GSTP1 could be in response to increased oxidative stress and oxidative DNA damage.

The folic acid-induced kidney fibrosis model is a well-established model for studying AKI
and kidney fibrosis because it recapitulates the pathological processes of kidney disease
and is highly reproducible. However, the mechanism of FA-induced AKI and fibrosis is not
clear. The cell culture model is an ideal and commonly used in vitro model for mechanistic
study. Although numerous studies used in vivo mice models of FA-induced AKI and kidney
fibrosis, surprisingly there is no in vitro cell culture-based study analyzing the effect of

FA in kidney cells. In this context, this is the first study using the in vitro cell culture

of human and mouse kidney epithelial cells to analyze the effect of FA. The result of

this study revealed that acute exposure to folic acid causes cytotoxicity and genotoxicity,
whereas long-term exposure resulted in fibrogenic changes. This observation is similar to
the acute effect of AKI and the long-term effect of fibrosis in a well-established folic
acid-induced kidney disease animal model of mice or rats.252% Although acute exposure to
higher concentrations of FA was cytotoxic to all three kidney epithelial cell lines used in
this study, the concentrations at which FA was cytotoxic were different for these three cell
lines. The concentration required for cytotoxicity is higher in NRK cells and HK-2 cells
derived from normal kidneys than in Caki-1 cells derived from kidney tumors, which could
be due to the normal cell’s slow growth rate. FA at the same concentration caused greater
growth inhibition and cytotoxic effects in Caki-1 cells that have a relatively faster growth
rate as compared to the HK-2 and NRK cells (both derived from the normal kidney). To our
knowledge, this is the first report on the acute and long-term effects of higher concentrations
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of folic acid using the in vitro model of kidney epithelial cells as well as the underlying
molecular mechanism.

The role of FA-induced ROS in cytotoxicity, genotoxicity, and fibrogenic changes was the
next logical question that was addressed in this study. The mechanistic basis for FA-induced
AKI and kidney fibrosis in animal mice models is still unclear. Previous studies suggest
that a high dose of folic acid is nephrotoxic because it accumulates in the kidney via

a folate receptor, which is highly abundant in kidneys.2> The higher levels of FA result

in the deposition of FA crystals in lumens obstructing the kidney tubules and therefore
direct toxicity to the proximal tubular epithelial cells.30 The previous study has shown
increased levels of oxidative stress in the in vivo folic acid-induced kidney fibrosis models
and other in vivo models of kidney diseases.3! However, the role of oxidative stress in

the induction of AKI and fibrosis is unclear. In this context, this study for the first time
using an in vitro cell culture model provided evidence for the role of a high concentration
of FA-induced oxidative stress as a driver of cytotoxicity, which is also observed in

AKI in vivo, and fibrogenic changes in kidney epithelial cells. The result of FA-induced
cytotoxicity, production of ROS, and changes in the expression of marker genes confirm
these adverse effects of FA, and partial abrogation of most of these effects by antioxidant
NAC provides evidence for the role of FA-induced ROS in cytotoxicity and fibrogenic
changes. Interestingly, in long-term FA-treated cells, the increased ROS level persisted
until 2 weeks even without further FA treatment. This could potentially be due to the
accumulation of unmetabolized FA in the cells; however, this needs to be confirmed with
further experimentation. This finding is similar to the previous report of unmetabolized FA
causing increased ROS in the C. elegans model.?3 The observations of DNA damage as
detected by RAPD analysis and the altered expression of oxidative DNA damage repair gene
OGG1 and DNA strand break sensor PARPI further suggest FA-induced oxidative DNA
damage as a basis for the FA-induced cytotoxicity.

To further understand the molecular basis of FA-induced fibrogenic changes, marker genes
for EMT and fibrosis were also analyzed in this study. The role of kidney tubular epithelial
cells and EMT has been a topic of debate in kidney fibrosis.32:33 Renal proximal tubular
cell injury is the common pathological process reported in folic acid-induced AKI. The
transition of AKI to the CKD and kidney fibrosis depends upon the nature and extent of
kidney injury.34 If the injury is repairable, tubular epithelial cells try to repair and recover
from the injury and get back to normal function. However, persistent and repetitive injuries
cause an inappropriate repair process due to cellular reprogramming that in the long term
leads to chronic kidney disease and fibrosis.3> The role of kidney tubular epithelial cells

in kidney fibrosis has been a topic of debate. Earlier reports suggest the reprogramming

of injured tubular epithelial cells into mesenchymal cells through the EMT process that
leads to the onset and progression of kidney fibrosis.36 However, relatively recent reports
suggest that epithelial cells themselves do not get converted into the extracellular matrix
producing mesenchymal cells but produce inflammatory cytokines that activate the resident
fibroblast into myofibroblast causing kidney fibrosis.3” In either case, tubular epithelial cells
are important, either directly converting them into mesenchymal phenotype or initiating
other inflammatory chemokines, or activating and differentiating the resident fibroblast into
ECM-producing myofibroblasts.38
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Our data of Western blot analysis revealed the downregulation of epithelial marker protein
E-cadherin in both acute and long-term treated cells, and the expression was restored by
antioxidant NAC, suggesting the role of oxidative stress in the regulation of this EMT
marker protein. Similarly, the mesenchymal marker gene N-cadherinand vimentin, as well
as the fibrosis marker genes such as fibronectin and alpha-SMA, were also upregulated at
the transcript level in both acute and long-term FA-treated cells. The immunofluorescence
staining of fibronectin in long-term FA-treated cells further confirmed the fibrogenic
changes by folic acid in kidney epithelial cells. The expressions of these genes at transcript
levels were partially restored by antioxidant NAC mostly in acutely treated but not in long-
term FA-treated cells, suggesting that scavenging FA-induced oxidative stress can protect
the initiation of EMT and fibrogenic process in the initial stages, but the long-term repeated
exposure to oxidative stress permanently reprograms this gene expression that cannot be
restored by antioxidant. Therefore, our data support the role of kidney tubular epithelial cells
through EMT in FA-induced fibrogenic changes. Additionally, for the first time, this study
provides evidence for the regulation of EMT and fibrosis marker genes by oxidative stress
during FA-induced fibrogenic changes in the vitro cell culture model.

Among the various signaling pathways, S-catenin has been shown to play an important role
in the regulation of EMT and fibrosis-related genes.3940 The fB-catenin pathway regulates
multiple target genes including the upregulation of fibronectin via the snail-mediated
pathway*1:42 and the downregulation of £-cadherin*3 The finding of this study of a
decreased expression of £-cadherin in both acute and long-term FA-treated cells but an
increased expression of the mesenchymal markers N-cadherinand vimentinin long-term
FA-treated cells and their partial restoration by antioxidant NAC further suggest FA-induced
oxidative stress as a driver of EMT and fibrogenic changes in kidney epithelial cells.
Additionally, the increased expression of S-catenin in long-term FA-treated cells and its
partial restoration by NAC further suggest that FA-induced oxidative stress, through the
[S-catenin pathway, regulates the fibrogenic changes in these cells. Sustained activation of
WNT-g-catenin signaling has been shown to promote kidney fibrosis.4 A link between
oxidative stress and B-catenin during CKD has also been reported.*> Together, these
previous reports and the result of increased level of B-catenin in FA-treated cells and its
restoration by NAC suggest that FA potentially through oxidative stress causes g-catenin
pathway-mediated fibrogenic changes in kidney epithelial cells.

In summary, this is the first study with the in vitro cell culture model to evaluate the

effects of higher concentrations of FA in kidney epithelial cells. The novel findings of

this study suggest that FA-induced ROS acts as a driver for the acute genotoxicity and
cytotoxicity as well as long-term exposure associated with EMT and fibrogenic changes

in kidney epithelial cells. These effects of FA observed in the in vitro cell culture model

are similar to the acute effect of FA-induced AKI and the long-term effects of fibrosis in
animal models. The results of this study suggest the potential of antioxidants in abrogating
the pro-oxidant nephrotoxicants-induced AKI and fibrosis. The findings of this study also
have significance in understanding the higher FA exposure that has recently been reported to
cause an increased unmetabolized form of FA in serum and a high homocysteine level.
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Figure 1.

Effect of acute exposure to folic acid (FA) on the growth of kidney epithelial cells as
measured by the MTT assay (upper panel: A-C) and on the level of intracellular ROS as
measured by the DCF assay (lower panel: D—F). Upper panel: Bar graph representing the
cell viability (in percentage) in FA-treated Caki-1 cells (A), HK-2 cells (B), and NRK cells
(C) as compared to their respective untreated control cells (as 100%). Lower panel: Bar
graph representing DCF fluorescence (in percentage) in FA-treated Caki-1 cells (D), HK-2
cells (E), and NRK cells (F) as compared to their respective untreated control cells (as
100%). Different concentrations (as given in the graph) of FA either alone or in combination
with 25 M NAC were used for cotreatment. Error bar showing the standard deviation (£SD)
of the mean of triplicate values. Statistically significant (P < 0.05) changes as compared to
control are shown by the symbol “*”. A statistically significant change in the FA and NAC

cotreated group as compared to FA alone is shown by the symbol “#”.
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Figure 2.
Histogram of flow cytometry data showing the effects of FA exposure on the cell population

in GO/G1, S, and G2/M phases of the cell cycle from Caki-1 cells. Cells were given

acute treatment with different concentrations of FA alone or cotreated with FA and NAC
combination, and the population of the cells in various phases of the cell cycle was analyzed
by flow cytometry as described in the Materials and Methods.
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Figure 3.
Effect of acute and long-term exposure to folic acid (FA) on the expression of marker

genes for cell proliferation/survival (cyclin D1, survivin, and Bcl-2), antioxidant (GPx1

and MnSOD), and DNA damage (OGGI and PARPI) in Caki-1 cells as measured by
quantitative real-time PCR. Bar graphs represent the fold changes in the expression of

the cell proliferation marker genes (A) and antioxidants as well as DNA repair genes (B)

in acute (acute FA) and long-term (LT-FA) FA-treated Caki-1 cells as compared to the
untreated control cells (control = 1-fold). Error bar showing the standard deviation (£SD) of
the mean of triplicate values. Statistically significant (£ < 0.05) changes in treated groups
as compared to control are shown by the symbol “*”. The statistical significance of the
cotreatment of NAC as compared to folic acid alone acute treatment is shown by the symbol
“#”, whereas statistically significant changes in the cotreatment of NAC and FA as compared
to FA alone in long-term treated cells are shown by the symbol “%"”.
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Figure 4.
Effect of long-term exposure to folic acid (FA) on the growth and intracellular ROS

production in kidney epithelial cells. Bar graph representing cell viability in percentage
(control = 100%) in long-term FA-treated cells as measured by the MTT assay in Caki-1
cells (A), as well as intracellular levels of ROS in Caki-1 cells (B), HK-2 cells (C), and NRK
cells (D). Different concentrations of FA as mentioned in the graph were used both alone
and in combination with 25 ¢M of NAC. Error bars represent the standard deviation (£SD)
of the mean of triplicate values. Statistically significant (P < 0.05) changes in treated groups
as compared to control are shown by the symbol “*”. Statistically significant changes in the
NAC and FA cotreatment groups as compared to FA alone are shown by the symbol “#”.
Statistically significant changes in the NAC and FA cotreatment groups as compared to the
untreated control are shown by the symbol “oco”,
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Figure 5.
Effect of acute and long-term exposure to folic acid (FA) on the expression of marker

genes transcripts for fibrosis and EMT (in Caki-1 cells as measured by quantitative real-
time PCR (gRT-PCR)) (A,B) and on the expression of E-cadherin, g-catenin, and GSTP1
proteins as measured by Western blot analysis (C,D). Bar graphs represent the fold changes
in the expression of gene transcripts of fibronectinand alpha-SMA (A), and E-cadherin,
N-cadherin, and vimentin (B), in both acute (acute FA) and long-term (LT-FA) FA-treated
Caki-1 cells as compared to untreated control cells (control = 1-fold). Images of Western
blots of E-cadherin, S-catenin, GSTP1, and GAPDH (internal control) proteins in Caki-1
cells (C), and their band intensities (in arbitrary units) as measured by ImageJ software
(D). The band intensity of each protein was normalized by the band intensity of the
internal control GAPDH from each sample, and the bar graph was plotted using values

in arbitrary units. Error bar showing the standard deviation (£SD) of the mean of triplicate
values. Statistically significant (£ < 0.05) changes in treated groups as compared to the
control are shown by the symbol “*”. A statistical significance of the cotreatment of NAC
as compared to folic acid alone acute treatment is shown by the symbol “#”, whereas
statistically significant changes in the cotreatment of NAC and FA as compared to FA alone
in long-term treated cells are shown by the symbol “%”.
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Figure 6.
Microscopic images of the immunofluorescence detection of fibronectin in long-term FA-

treated and untreated control Caki-1 and HK-2 cells. Representative immunofluorescence
microscopic photographs showing the expression of fibronectin in untreated control and
long-term FA-treated cells of Caki-1 (upper two panels) and HK-2 (lower two panels).
Fibronectin staining is in red, whereas the nuclear staining by DAPI is in blue. The
immunofluorescence staining of fibronectin was performed as described in the Materials
and Methods. Scale bar = 100 zm.
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Figure 7.
Representative RAPD fingerprints showing genotoxicity at the DNA sequence level in

long-term FA-treated Caki-1 cells. RAPD-PCR fingerprints were generated by using primer
OPK-17 (lanes 2-9) and OPK-19 (lanes 10-17). Samples in each lane are as follows: lane 1,
DNA size marker; lanes 2 and 10, control; lanes 3 and 11, control + NAC; lanes 4 and 12,
LT-FA 100 /M; lanes 5 and 13, LT-FA 100 xM + NAC; lanes 6 and 14, LT-FA 200 /M; lanes
7 and 15, LT-FA 200 xM + NAC; lanes 8 and 16, LT-FA 400 #M; and lanes 9 and 17, LT-FA
400 M + NAC.
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List of Genes and Primer Sequence Used for Quantitative Real-Time Reverse Transcriptase-Polymerase Chain

Reactions (QRT-PCR)

gene forward primer (5'—3")
GAPDH GGTGGTCTCCTCTGACTTCAACA
cyclin D1 AACTACCTGGACCGCTTCCT
Bcl-2 GGATGCCTTTGTGGAACTG
survivin AGCCAGATGACGACCCCATT
MnSOD GGGAGCACGCTTACTACCTT
GPx1 TATCGAGAATGTGGCGTCCC
OGG1 GGCTCAACTGTATCACCACTGG
PARP1 AAGGCGAATGCCAGCGTTAC
E-cadherin  AACTACCTGGACCGCTTCCT
alpha-SMA  CCCTTGAGAAGAGTTACGAGTTG
vimentin AGCCAGATGACGACCCCATT
fibronectin - CTGGCCAGTCCTACAACCAG
N-adherin CCTTTCACTGCGGATACGTG

reverse primer (5’—3")
GTTGCTGTAGCCAAATTCGTTGT
CCACTTGAGCTTGTTCACCA
AGCCTGCAGCTTTGTTTCAT
GCAACCGGCCGAATGCTTTT
GCTTACTGTATTCTGCAGTACTCT
TCTTGGCGTTCTCCTGATGC
GGCGATGTTGTTGTTGGAGGAAC
GCACTCTTGGAGACCATGTCA
CCACTTGAGCTTGTTCACCA
ATGATGCTGTTGTAGGTGGTTTC
GCAACCGGCCGAATGCTTTT
CGGGAATCTTCTCTGTCAGC C
GATCCAGGGGCTTTGTCACC

size (base pair)
116
204
231
119
197
143
228
121
204
145
119
118
110
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