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SUMMARY:  FK-506 is a widely used immunosuppressive drug for renal transplantation, but has a common side effect of
progressive tubulointerstitial fibrosis. Although fibroblasts have been receiving attention for the fibrogenesis, the roles of renal epithelial
cells are remained to be further investigated. Therefore, we aimed to assess the responses of renal epithelial cells compared to the renal
interstitial fibroblasts after FK-506 treatment for fibrogenesis. We adopted renal proximal tubule cells (NRK-52E) and interstitial fibroblast
cells (NRK-49F) isolated from rats for the FK-506-induced renal fibrogenesis. The responses after FK-506 treatment were assessed by
cell viability assay, spheroidogenesis, Western blotting, and immunocytochemistry. NRK-52E cells showed higher N-cadherin while
NRK-49F cells showed higher E-cadherin, fibronectin, and alpha-smooth muscle actin (αSMA). As compared to NRK-52E cells, NRK-
49F cells showed higher sensitivity to FK-506 by cell viability and spheroidogenesis. Spheroidogenesis was induced by the increased
fibronectin and vimentin in both cells, while cell adhesion molecules as well as αSMA were decreased. The more sensitive NRK-49F
cells showed a trend of increase in apoptosis after FK-506 treatment, but autophagy, ferroptosis, and cell cycle did not affect both cell
lines. Low-dose FK-506 transiently increased αSMA expression in NRK-52E cells, which was also confirmed by co-cultured NRK-52E
cells as accompanied by fibronectin. Taken together, NRK-52E cells showed fibrogenic responses following low-dose FK-506 treatment
with an increased αSMA and fibronectin expression, which was disappeared after high-dose FK-506 treatment. As fibrogenesis markers
were differentially expressed in various renal cell lines, further research through more detailed experimental design should be performed.
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INTRODUCTION

Calcineurin inhibitor (cyclosporine A and FK-506
(tacrolimus))-induced chronic nephropathy can occur
independently of acute renal dysfunction, dosage or blood
concentration and shows progressive tubulointerstitial
fibrosis (Olyaei et al., 1999). In spite of the therapeutic
benefits of calcineurin inhibitors, renal fibrosis still
represents a common side effect of long-term therapy
(Eberhardt et al., 2018). The calcineurin inhibitor-induced
increase in transforming growth factor-beta (TGF-β) and
subsequent activation of signaling pathways, especially on
Smad3 (Sakairi et al., 2011; Baba et al., 2015; Sasaki et al.,
2016; Chen et al., 2018; Zhou et al., 2021a), is known to be
closely associated with the chronic nephropathy.

FK-506-induced chronic nephrotoxicity animal model
is well-established in rats (Zheng et al., 2021; Nady et al.,

2024) and mice (Cao et al., 2023), which is comparable to
tubulointerstitial fibrosis with an increased alpha-smooth
muscle actin (αSMA) and/or fibronectin. While apoptosis is
increased simultaneously, autophagy is reported as increased
(Zheng et al., 2021) or decreased (Cao et al., 2023) in HK-2
human proximal tubule cells. FK-506 causes a fibrogenic
response (Deng et al., 2016) through profibrogenic TGF-β
activation, results in an increased αSMA as a fibroblast
activation marker (Shigematsu et al., 2022) in both renal
epithelial cells (NRK-52E) and renal interstitial fibroblasts
(NRK-49F) isolated from rats. Although αSMA is widely used
marker for TGF-β-induced fibrosis (Chang et al., 2012; Liang
et al., 2021; Zhou et al., 2021a; Huang et al., 2022; Hira et
al., 2022, Wang et al., 2024b), fibronectin and vimentin are
also adopted (Chang et al., 2012; Liang et al., 2021; Wang et
al., 2024b) in renal tubulointerstitial fibrosis research.
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More attention has been paid to the responses of
fibroblasts as compared to the tubular epithelial cells.
Cisplatin induces renal interstitial fibrosis with increased
αSMA in myofibroblast transformed NRK-49F cells, not
in NRK-52E cells (Yano et al., 2015). While cisplatin-
induced premature senescence was observed in NRK-52E
and NRK-49F cells (Zheng et al., 2023), repeated low dose
cisplatin induced fibroblast-to-myofibroblast
transformation more effectively than high dose cisplatin
in NRK-49F cells (Yu et al., 2022, 2024). When co-cultured
with NRK-49F and RAW264.7 cells, tubulointerstitial
fibrosis was augmented through epithelial-mesenchymal
transition (EMT) and macrophage-myofibroblast transition
through increased αSMA and fibronectin and decreased
E-cadherin (Cao et al., 2022). When co-cultured with
NRK-52E cells (Schulz et al., 2019; Liang et al., 2021;
Wang et al., 2024b) or purified exosome from hypoxic
NRK-52E cells (Zhou et al., 2021b) or TGFβ-stimulated
NRK-52E cells (Zhao et al., 2021), NRK-49F cells are
activated, secrete fibronectin, αSMA, or collagen I, and
then aggravate renal fibrosis. When co-cultured, NRK-52E
cells also activate NRK-49F cells through increased
fibronectin and vimentin (Schulz et al., 2019) or decreased
peroxisome proliferator-activated receptor alpha (Wang et
al., 2024a). In addition, NRK-49F cells when co-cultured
with mouse proximal tubule cells (BUMPT) showed
increased expression of fibronectin, αSMA, and type I
collagen (Wen et al., 2020).

We focused on the previous findings that tubular
epithelial cell vacuolation, atrophy and microcalcification
may be associated with the development of irreversible
interstitial fibrosis under FK-506 treatment (Finn, 1999).
Fibrogenesis characterized by an increased fibronectin as
well as type I collagen was not associated with an increase
in hyperplasia either in tubuloepithelial cells or in
interstitial fibroblasts (Ruiz-Ortega et al., 1998). Likewise,
increased fibronectin and αSMA and decreased E-cadherin
in NRK-52E cells were observed under cyclosporine A-
induced fibrosis (Ardura et al., 2008). Fibrogenesis was
also confirmed by an increased fibronectin in both NRK-
52E and NRK-49F cells, but αSMA only in NRK-52E cells
(Yang et al., 2010).

To clarify the cell type-dependent responses,
respective markers for renal epithelial cells and renal
interstitial fibroblasts have been used. Recently, E-cadherin
is used for renal proximal tubule (Ardura et al., 2008; Chen
et al., 2018; Schulz et al., 2019, 2022; Liang et al., 2021;
Cao et al., 2022; Sun et al., 2025) and N-cadherin for
fibroblasts (Schulz et al., 2019) in quantitative studies.
However, N-cadherin is the predominant cadherin in the
renal proximal tubule while E-cadherin is abundant in other

nephron segments (Prozialeck et al., 2003, 2004;
Nürnberger et al., 2010; Keller et al., 2012) in qualitative
studies. We noted that this discrepancy on specific markers
might be ignored without receiving particular interest.

Therefore, we aimed to investigate the respective
fibrogenic responses following FK-506 treatment, focusing
on the renal epithelial cells and interstitial fibroblasts. The
specific markers for renal epithelial cells and interstitial
fibroblasts, for fibrogenesis, and for programmed cell
deaths were adopted to assess the respective responses
following FK-506 treatment in a dose-dependent manner.

MATERIAL AND METHOD

Cell lines and culture. Normal kidney proximal tubule
cell line from human (HK-2), pig (LLC-PK1), rat (NRK-
52E), mouse (TCMK1), and cat (CRFK) and normal rat
kidney fibroblast cell line (NRK-49F) were kindly
provided by Professor Jinu Kim (Jeju National University,
Jeju, Republic of Korea). HK-2 cell line was cultured in
RPMI 1640 medium and others in Dulbecco’s Modified
Eagle Medium (DMEM) enriched with 10 % fetal bovine
serum, 100 unit/mL penicillin, and 0.1 mg/mL
streptomycin at 37 °C in a 5 % CO

2
 atmosphere. All cell

culture reagents were purchased from Corning Inc.
(Corning, NY, USA).

Co-culture with NRK-52E and NRK-49F. The indirect
co-culture method was used with a slight modification to
induce injury and fibrotic phenotype of renal tubular cells
as previously reported (Schulz et al., 2023), which
suggested the longest possible incubation time (48 h)
without critical decreased in cell viability. NRK-49F cells
were grown on permeable filter inserts (pore size 0.4 µm)
and NRK-52E cells were grown in 24-transwell plates
for cell viability assay or 6-transwell plates for western
blotting. In the transwell condition, there was no direct
contact between cells due to the pore size and the transwell
membrane. NRK-52E, NRK-49F, and the co-cultured
cells were treated with or without FK-506 at a
concentration of 10 µM for 48 h and then 30 µM for 48 h.
Thereafter, the cells were processed separately and used
for the following experiments. 

Cell viability assay. NRK-52E and NRK-49F cells were
seeded in triplicate wells of 96-well plates and tracked the
proliferation rate up to 48 h. Cells were treated with FK-
506 (0, 0.1, 1, 10, 30, and 100 µM) and incubated for 48 h
for cell viability assay. The cells in transwell co-culture
environment were treated with FK-506 (0 and 10 µM) for
48 h, and then further treated with FK-506 (0 and 30 µM)
with new culture medium for 48 h.
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MTT (ThermoFisher Scientific, Waltham, MA, USA;
#M6494) was utilized to assess cell viability following
established protocols (Yoon, 2024). Absorbance
measurements were obtained at 595 nm, with a reference
wavelength of 620 nm, using a VERSAmax microplate
reader (Molecular Devices Korea LLC.; Seoul, Republic
of Korea). Cell viability percentages were calculated based
on the average absorbance of triplicate wells, with the 50
% cytotoxicity concentration (IC

50
) calculated by MS Excel

2016.

Spheroid culture. Ultra-low attachment 96-well plates
were purchased from Corning Inc. to create an anchorage-
independent environment. NRK-52E and NRK-49F cells
were cultured with 1 % B27 supplement (#17504-044),
20 ng/ml epidermal GF (#PHG0311) and 20 ng/ml basic
fibroblast GF (#13256029; all from Thermo Fisher
Scientific) in DMEM/F12 medium (Corning Inc.) as
previously reported (Chang et al., 2021; Chang & Yoon,
2023).

The cells were treated with FK-506 (0, 0.1, 1, 10,
and 30 µM), and the spheroidogenic capacity was
calculated by multiplying the number by the size of
spheroids on day 7 in flat-bottom plates. The spheroids
were collected using a cell strainer with a pore size of 70
µm (Corning Inc., #CLS431751), washed with ice-cold
PBS, and then prepared for Western blotting.

The respective spheroidogenesis was checked by
morphometry on day 5 and up to day 15 in round-bottom
plates. To compare the spheroidogenic capacity, different
seeding condition was adopted as NRK-52E (200 cells/
well), NRK-49F (200 cells/well), and NRK-52E (100 cells/
well) co-seeded with a serial dilution of NRK-49F cell (100
to 3 cells/well).

Western blotting. Electrophoresis of the total protein in
cell lysis buffer was executed utilizing 12 % or 7.5 %
polyacrylamide gels in conjunction with the TGX FastCast
acrylamide kit (Bio-Rad Laboratories, Hercules, CA, USA;
#1610175 or #1610171) and a designated running buffer
(Bio-Rad Laboratories, # TR2015-100-00), followed by
transfer onto a polyvinylidene fluoride membrane (Bio-
Rad Laboratories, #162-0176) using a specific transfer
buffer (Bio-Rad Laboratories, #TR2028-100-00), as
described previously (Chang et al., 2021; Chang & Yoon,
2023; Yoon, 2024).

The membrane was subjected to incubation at 4 °C
for 18 h with various antibody-targeting proteins, including
αSMA (Sigma-Aldrich, St. Louis, MO, USA; #A5228),
vimentin (Santa Cruz Biotechnology, Santa Cruz, CA,

USA; #sc-6260), fibronectin (ABclonal, Woburn, MA,
USA; #A12932), N-cadherin (Cell Signaling Technology,
Beverly, MA, USA; #4061), E-cadherin (Santa Cruz
Biotechnology, #sc-7870), PARP1 (Cell Signaling
Technology, #9542), LC3 (Cell Signaling Technology,
#12741), GPX4 (Santa Cruz Biotechnology, #sc-166570),
P27 (Cell Signaling Technology, #2552), and b-actin (Santa
Cruz Biotechnology; #sc-47778). Subsequently,
peroxidase-conjugated anti-rabbit (Vector Laboratories,
Burlingame, CA, USA; #WB-1000) and peroxidase anti-
mouse (Vector Laboratories; #WB-2000) IgG antibodies
were applied for 1 h at room temperature. Protein
expression was subsequently visualized through the Azure
c300 imaging system (Azure Biosystems, Dublin, CA,
USA). Quantification of protein levels was performed
employing the AzureSpot analysis software (version 14.2;
Azure Biosystems).

Immunocytochemistry. Immunocytochemistry was
conducted on a 12 mm cover glass in 12-well plates,
following established protocols (Yu et al., 2024). Cells
underwent fixation with ice-cold methanol, blocked with
10 % normal horse serum for 1 h, and were subsequently
stained with aSMA antibody for overnight at 4 °C. Anti-
mouse (1:200 dilution; Vector Laboratories; #PI-2000) IgG
antibody was applied before counterstaining the nuclei with
Hematoxylin (#H3404, Vector Laboratories) for 1 min.
Immunolabelled images were directly captured using a
DP22 digital camera and BX-51 light microscope
(Olympus, Tokyo, Japan).

Statistics. Statistical analysis of the data was conducted
using MS Excel 2016. Data are expressed as the mean
values ± SD from a minimum of three replicate experiments
if not specified. Statistical significance was determined by
t-test between 2 groups or one-way analysis of variance
(ANOVA) over 3 groups followed by a post-hoc test. A
value of p < 0.05 was considered statistically significant.

RESULTS

General characteristics of NRK-52E and NRK-49F
cells. Two cell lines showed similar proliferation curves
without considerable difference (p=0.326). The IC

50
 value

of NRK-52E and NRK-49F cells against FK-506 was 53.5
µM and 48.5 µM. NRK-49F cells showed a significant
decrease in cell viability at 10 µM (90.1 ± 12.8 %,
p=0.026); while NRK-52E cells (94.3 ± 9.3 %; p=0.084)
did not. Intercellular differences were significant at 30 µM
(p=0.003) in NRK-52E (84.4 ± 8.5 %) and NRK-49F (65.3
± 16.5 %) cells. Collectively, NRK-49F cells showed more
sensitivity against FK-506 treatment than NRK-52E cells
(Fig. 1A).
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To reveal the general
characteristics of both cell lines,
Western blotting was adopted (Fig.
1B). As compared to NRK-52E
cells, NRK-49F cells showed lower
expression on N-cadherin (0.60 ±
0.18 fold; p=0.000) and vimentin
(0.76 ± 0.18 fold; p=0.014), but
higher on fibronectin (1.34 ± 0.33
fold; p=0.023) and αSMA (1.30 ±
0.26 fold; p=0.008). Taken together,
NRK-52E cells are compatible for
renal proximal tubule cells and
NRK-49F cells are renal fibroblasts.
The immunocytochemistry with
αSMA showed stronger intensity in
NRK-49F (Fig. 1C).

Spheroidogenic capacity of NRK-
52E and NRK-49F cells. FK-506
affects spheroidogenesis of NRK-
52E and NRK-49F cells (Fig. 2A).
When treated with FK-506, the
number (p<0.001) and the size
(p<0.001) of spheres were
significantly decreased in a dose-
dependent manner in both cell
lines. The spheroidogenic capacity
of NRK-52E cells was decreased
at 1 µM FK-506 (0.68 ± 0.21 fold,
p=0.003) and 10 mM (0.58 ± 0.22
fold, p=0.001). The spheroidogenic
capacity of NRK-49F cells was
decreased at 10 µM FK-506 (0.27
± 0.21 fold, p<0.001), which
showed a statistical significance
between cell lines (p=0.006).

Spheroidogenesis showed
the seeding number-dependency,
not the cell line (Fig. 2B). The total
seeding number was equal; the
respective sizes of spheres were
compatible among NRK-52E cells,
NRK-49F cells, and co-seeding.
When co-seeded with NRK-52E
and NRK-49F cells, spheres were
considerably decreased at 1:0.5
(0.94 ± 0.03 fold, p=0.001 vs.
NRK-52E; p=0.000 vs. NRK-49F;
p<0.001 vs. 1:1) and 1:0.125 (0.86
± 0.03 fold, p=0.000 vs. 1:0.5)
ratio.F
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Characteristics between 2D and 3D
of NRK-52E and NRK-49F cells.
Both cell lines were not proper for
long-term culture of spheres (Fig. 3A).
The spheres from both cell lines did
not grow as time goes by, in which
NRK-49Fcells considerably decreased
(194.8 ± 4.2 to 170.4 ± 4.7 µm;
p=0.000).

When compared with 2D
conventional culture, respective
spheroids from NRK-52E and NRK-
49F cells showed lower expression in
N-cadherin (0.73 ± 0.13 fold; p=0.001
vs. 0.74 ± 0.14 fold; p=0.004), E-
cadherin (0.48 ± 0.19 fold; p=0.000
vs. 0.39 ± 0.15 fold, p<0.001), and
aSMA (0.50 ± 0.06 fold, p<0.001 vs.
0.45 ± 0.11 fold, p<0.001), but higher
expression in fibronectin (2.29 ± 0.28
fold, p<0.001 vs. 2.17 ± 0.37 fold,
p<0.001) and vimentin (1.17 ± 0.16
fold, p=0.007 vs. 2.11 ± 0.21 fold,
p<0.001) (Fig. 3B).

Dose-dependent effects of FK-506 in
NRK-52E and NRK-49F cells. The
changes on fibrosis markers were
investigated after FK-506 treatment by
Western blotting (Fig. 4A).
Fibronectin did not show considerable
changes in both cell lines. Vimentin
expression was significantly increased
in a dose-dependent manner in both
NRK-52E (p<0.001) and NRK-49F
(p=0.039) cells. αSMA showed a dose-
dependent decrease (p=0.010 and
p=0.002), but transiently increased at
10 µM FK-506 treatment in NRK-52E
(1.28 ± 0.17 fold, p=0.010) and NRK-
49F (1.08 ± 0.15 fold, p=0.196) cells.

The changes on cell death or
cell cycle arrest markers were further
examined after FK-506 treatment (Fig.
4B). The activation of PARP1
(cleaved/precursor), LC3 (II/I), GPX4,
and p27 did not show any considerable
changes in both cell lines, while
PARP1 activation showed a dose-
dependent tendency in NRK-49F
(p=0.073).F
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Fibrogenic responses of co-
cultured NRK-52E cells focusing
on fibrosis. Following 2 days after
10 µM FK-506 treatment, NRK-49F
cells (96.29 ± 7.85 %; p=0.052)
decreased cell viability as compared
to NRK-52E cells (103.59 ± 2.47
%). Co-cultured NRK-52E cells
showed cell viability of 94.80 ± 3.14
% (p=0.000 vs. vehicle; p<0.001 vs.
single culture). Following
consecutive 2 days after 30 µM FK-
506 treatment, NRK-49F cells
(76.12 ± 12.38 %; p=0.092)
decreased cell viability as compared
to NRK-52E cells (83.43 ± 4.83 %).
Co-cultured NRK-52E cells showed
cell viability of 76.60 ± 4.34 %
(p<0.001 vs. vehicle; p=0.003 vs.
single culture). (Fig. 5A)

αSMA immunostaining
showed stronger in NRK-52E cells
after 10 µM FK-506 treatment, but
slightly weaker after consecutive 30
µM FK-506 treatment (Fig. 5B).

When NRK-52E cells were
co-cultured with NRK-49F cells, the
changes on fibrosis markers were
investigated after FK-506 treatment
by Western blotting (Fig. 5C).
Fibronectin increased in co-cultured
condition at 2 days (p=0.000), but
not at 4 days (p=0.061). Fibronectin
showed 1.81 ± 0.46 fold (p=0.002
vs. vehicle, p=0.002 vs. FK-506 10
µM) in co-cultured NRK-52E cells
at 2 days. Vimentin increased in co-
cultured condition at 2 days
(p<0.001) and 4 days (p=0.039).
Vimentin increased 1.09 ± 0.07 fold
(p=0.002 vs. vehicle) and 1.35 ± 0.22
fold (p=0.000 vs. vehicle; p=0.001
vs. FK-506 10 µM) at 2 days, and
1.11 ± 0.15 fold (p=0.081) and 1.31
± 0.40 fold (p=0.018 vs. vehicle,
p=0.073 vs. FK-506 10 µM) at 4
days. αSMA expression was
decreased in co-cultured condition
at 2 days (p=0.010) and 4 days
(p=0.002). αSMA transiently
increased at 10 µM FK-506 (1.28 ±
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0.17 fold, p=0.010 vs. vehicle) at 2 days, but not observed
in co-culture condition (0.89 ± 0.31 fold, p=0.200 vs.
vehicle, p=0.001 vs. single culture) at 2 days and any
condition at 4 days with 30 µM FK-506.

The cell death-related markers at 2 and 4 days, such
as PARP1 (p=0.169 and p=0.600), LC3 (p=0.535 and
p=0.025), and GPX4 (p=0.000 and p=0.210), were not
significantly affected by FK-506 treatment in co-culture
condition. P27 was significantly increased in co-cultured
NRK-52E cells at 2 days (p=0.018), but not at 4 days

(p=0.152). P27 increased up to 1.51 ± 0.15 fold (p=0.010
vs. vehicle, p=0.005 vs. single) at 2 days.

Selecting an appropriate cell line for renal fibrosis
research. Respective kidney cell line shows characteristic
expression for fibrosis markers (Fig. 6). Basal expression
levels of fibrosis markers were compared among various
kidney cell lines. Fibronectin was higher in HK-2 cell,
vimentin was lower in TCMK and CRFK cells, and aSMA
was lower in HK-2 and LLC-PK1 cells.

DISCUSSION

FK-506 remains a cornerstone in immunosuppressive
regimens for renal transplantation (Starzl et al., 1990), yet
its nephrotoxic effects, particularly tubulointerstitial fibrosis,
can compromise long-term graft function (Olyaei et al., 1999;
Eberhardt et al., 2018). In addition to FK-506-induced
nephrotoxicity, TGF-β-induced EMT of NRK-52E cells and
activation or myofibroblast transformation of NRK-49F cells
are considered as underlying mechanisms of renal fibrosis
induced by ureteral obstruction (Zhou et al., 2021a),
nephrectomy (Chang et al., 2012), and lupus nephritis (Ijima
et al., 2022). Therefore, the respective characteristics were

assessed after FK-506 treatment. Our results demonstrate
that low-dose FK-506, even below cytotoxic thresholds, can
induce fibrogenic responses in both renal tubular epithelial
cells and fibroblasts.

First of all, the cell type-specific characteristics were
confirmed. While both cell types showed similar proliferation
curves, NRK-49F cells showed more sensitivity to FK-506
than NRK-52E cells. NRK-52E cells showed higher N-
cadherin and lower E-cadherin expression in accordance with
the previous qualitative reports (Prozialeck et al., 2003, 2004;

Fig. 6. Selecting an appropriate cell line for renal fibrosis research. Cells were cultured in conventional 2-
dimensional environment for 2 days. Cells were harvested and whole cell extracts were subjected to
immunoblotting using the indicated antibodies. Signal intensities of fibronectin, vimentin, aSMA, and b-actin
were measured by AzureSpot analysis software. Each density was normalized as compared to b-actin, and data
are presented as the mean ± SD.
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Nürnberger et al., 2010; Keller et al., 2012). Among fibrosis
markers, NRK-52E cells showed higher vimentin expression
than NRK-49F cells. EMT-like phenotype as appeared in
spheroidogenesis was affected as conventional 2D culture.
NRK-49F spheroids showed more sensitivity to FK-506
treatment than NRK-52E spheroids. The spheroids did not
grow as time goes by, which means these cell lines might
not be proper to spheroid cultures. As compared to 2D culture
conditions, both spheroids showed lower N-cadherin, E-
cadherin, and αSMA expression, but higher fibronectin and
vimentin expression. Therefore, a careful concern on the
previous fibrotic alteration with increased N-cadherin in
NRK-49F cells and decreased E-cadherin in NRK-52E cells
(Schulz et al., 2019) might be needed. Taken together, NRK-
52E and NRK-49F cells represent the renal tubular epithelial
cells and interstitial fibroblast cells, respectively. Unlike the
marker of fibrosis of αSMA, spheroidogenesis with the
decreased αSMA might not be an appropriate method for
fibrosis research although it is believed to be mediated
through EMT.

Secondly, dose-dependent cell death or cycle
responses after FK-506 treatment (up to 30 µM, not IC

50
)

were checked. Apoptosis (PARP1) showed an increased
tendency in NRK-49F cells after FK-506 treatment, but not
in NRK-52E cells. Autophagy (LC3-II/I), ferroptosis
(GPX4), and cell cycle arrest (p27) responses were not
significantly changed in both cell lines. FK-506 treatment
did not affect cell death responses in any culture condition,
but cell cycle was transiently arrested by increased p27
expression in co-cultured NRK-52E cells. FK-506-induced
apoptosis is well known in previous reports (Zheng et al.,
2021; Cao et al., 2023; Nady et al., 2024), but autophagy
remains controversial (Zheng et al., 2021; Cao et al., 2023).
Nevertheless, there is controversy on the apoptosis of NRK-
52E cell or renal epithelial cells. Zhang et al. (2019) reported
that obstructive nephropathy-induced apoptosis of NRK-52E
cells could aggravate renal interstitial fibrosis, but Ardura
et al. (2008) suggested that increased fibronectin and aSMA
in NRK-52E cells were observed in lower apoptotic
tubulointerstitial cells in obstructive kidney. In addition,
supernatant from human embryonic kidney 293 (HEK293)
cells when mimicked like obstructive kidney could contribute
to the inhibition of DNA synthesis in the NRK-49F cells
(Nakamura et al., 2007). This study revealed that adequate
dose of FK-506 could induce apoptosis but has little effect
on autophagy, ferroptosis, and cell cycle. Therefore, low-
dose FK-506 might be more appropriate for the fibrogenic
researches.

Thirdly, dose-dependent fibrogenic responses after
FK-506 treatment were checked. Vimentin increased in a
dose-dependent manner in both cell lines, while fibronectin

did not show any considerable changes. Interestingly, αSMA
transiently increased in 10 µM FK-506 but normalized or
decreased in 30 µM FK-506. The transient increase of αSMA
was further confirmed in a co-culture environment. When
co-cultured with NRK-49F cells, NRK-52E cells showed a
significant change in cell viability compared to the respective
single culture. αSMA and fibronectin was transiently
increased, while vimentin increased in a time-dependent
manner in NRK-52E cells. When co-cultured with NRK-
49F cells, extracellular acidosis (Schulz et al., 2022, 2023)
decreased fibrosis and showed cytoprotective effects though
nuclear factor erythroid 2-related factor 2 (Nrf2) and
transketolase activation in NRK-52E cells. Thymocytes have
promoting effects on the EMT of NRK-52E cells by
downregulating E-cadherin and upregulating αSMA and
vimentin (Sun et al., 2025). Taken together, low dose FK-
506 might induce fibrosis in both cell lines based on αSMA
expression. But other fibrosis markers including fibronectin
and vimentin responded differently, which means complex
mechanisms in fibrosis need to be further investigated.

Lastly, the basal levels of fibrosis markers in various
renal cell lines were investigated to provide an appropriate
cell line for further renal fibrosis researches. Basal level of
fibronectin was higher only in HK2 cells, vimentin lower in
NRK-49F, TCMK, and CRFK cells, and αSMA lower in
HK2 and LLC-PK1 cells. Therefore, appropriate cell lines
should be adopted for the purpose of renal tubulointerstitial
fibrosis research in terms of fibrosis markers. However, there
are still extrinsic factors to consider when design the renal
fibrosis researches. Hypoxia (Yang et al., 2021; Zhou et al.,
2021b)- or obstruction (Zhao et al., 2021)-induced secretions
including exosomes from NRK-52E cells could aggravate
renal fibrosis by activating NRK-49F cells. Furthermore,
acidosis led to an increase in vimentin in both cell lines,
whereas co-culture, the effect was abolished. While acidosis
led to an increased secretion of fibronectin in NRK-52E cells,
not in NRK-49F cells, fibronectin secretion was decreased
in co-culture (Schulz et al., 2022). These findings emphasize
the need for early fibrosis biomarkers and support the
development of combination anti-fibrotic strategies.

To overcome its nephrotoxicity, therapeutic drug
monitoring is performed and suggested target ranges of 5-
15 ng/mL of FK-506 in kidney transplant recipients
(Marquet, 2025), which is comparable to 0.006 – 0.018 µM
in in vitro experiment condition. As the in vitro study might
be usually performed based on IC

50
 including this study,

relatively higher concentration might be adopted as
compared to the clinical situation. Therefore, long-term
treatment with lower concentration of FK-506 would be more
compatible to overcome the clinical unmet needs, the FK-
506-induced tubulointerstitial fibrosis.
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In conclusion, our findings suggest that FK-506
contribute to early-stage tubulointerstitial fibrosis through
epithelial-stromal interactions, even in the absence of overt
cell death. These insights provide a foundation for future
studies aimed at identifying early biomarkers of FK-506-
induced nephrotoxicity and developing targeted anti-fibrotic
strategies in the context of kidney transplantation and chronic
immunosuppressive therapy.

YOON, Y. KIM, H. L.; SHIN, B. C. & YOON, S. P.  FK-506
en dosis bajas contribuye a la fibrosis tubulointersticial
mediante interacciones epiteliales-estromales. Int. J. Morphol.,
43(5):1662-1673, 2025.

RESUMEN: El FK-506 es un fármaco inmunosupresor
ampliamente utilizado para el trasplante renal, sin embargo
presenta un efecto secundario común: la fibrosis
tubulointersticial progresiva. Si bien se ha prestado atención a
los fibroblastos por su papel en la fibrogénesis, aún queda por
investigar el papel de las células epiteliales renales. Por lo tanto,
nuestro objetivo fue evaluar las respuestas de las células
epiteliales renales en comparación con los fibroblastos
intersticiales renales tras el tratamiento con FK-506 para la
fibrogénesis. Se obtuvieron células del túbulo proximal renal
(NRK-52E) y células de fibroblastos intersticiales (NRK-49F)
aisladas de ratas para la fibrogénesis renal inducida por FK-
506. Las respuestas después del tratamiento con FK-506 se
evaluaron mediante ensayo de viabilidad celular,
esferoidogénesis, Western blotting e inmunocitoquímica. Las
células NRK-52E mostraron mayor N-cadherina, mientras que
las células NRK-49F mostraron mayor E-cadherina,
fibronectina y actina de músculo liso alfa (αSMA). En
comparación con las células NRK-52E, las células NRK-49F
mostraron mayor sensibilidad a FK-506 por viabilidad celular
y esferoidogénesis. La esferoidogénesis fue inducida por el
aumento de fibronectina y vimentina en ambas células, mientras
que las moléculas de adhesión celular, así como αSMA,
disminuyeron. Las células NRK-49F, más sensibles, mostraron
una tendencia al aumento de la apoptosis tras el tratamiento
con FK-506, pero la autofagia, la ferroptosis y el ciclo celular
no afectaron ninguna de las líneas celulares. El FK-506 a dosis
bajas aumentó transitoriamente la expresión de αSMA en las
células NRK-52E, lo que también se confirmó mediante el
cocultivo de células NRK-52E, acompañadas de fibronectina.
En conjunto, las células NRK-52E mostraron respuestas
fibróticas tras el tratamiento con FK-506 a dosis bajas, con un
aumento de la expresión de αSMA y fibronectina, que
desapareció tras el tratamiento con FK-506 a dosis altas. Dado
que los marcadores de fibrogénesis se expresaron de forma
diferencial en diversas líneas celulares renales, se recomienda
realizar más investigaciones mediante un diseño experimental
más detallado.

PALABRAS CLAVE: FK-506; Fibrosis; Célula del
túbulo proximal; Marcador.
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