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Low-Dose FK-506 Contributes to Tubulointerstitial
Fibrosis Through Epithelial-Stromal Interactions

FK-506 en Dosis Bajas Contribuye a la Fibrosis Tubulointersticial
Mediante Interacciones Epiteliales-Estromales

Youngmin Yoont; Hyun Lee Kim?; Byung Chul Shin' & Sang-Pil Yoor?

YOON, Y.; KIM, H. L.; SHIN, B. C. & YOON, S. P. Low-dose FK-506 contributes to tubulointerstitial fibrosis through epithelial-
stromal interactiondnt. J. Morphol., 43(5)1662-1673, 2025.

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, theerakesmthelial
cells are remained to be further investigated. Therefore, we aimed to assess the responses of renal epithelial cells twmeaedd t
interstitial fibroblasts after FK-506 treatment for fibrogenesis. We adopted renal proximal tubule cells (NRK-52E) atidlifibecttiast
cells (NRK-49F) isolated from rats for the FK-506-induced renal fibrogenesis. The responses after FK-506 treatment wefgyassesse
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 musclei&iA). As compared to NRK-52E cells, NRK-
49F cells showed higher sensitivity to FK-506 by cell viability and spheroidogenesis. Spheroidogenesis was induced laséue incre
fibronectin and vimentin in both cells, while cell adhesion molecules as we8M# 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 dithoibt eglect
lines. Low-dose FK-506 transiently increase®MA 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-&fl6 treatm
with an increased SMA 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 desigmpsihfounfddze
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INTRODUCTION

Calcineurin inhibitor (cyclosporine A and FK-5062024) and mice (Caet al, 2023), which is comparable to
(tacrolimus))-induced chronic nephropathy can occutbulointerstitial fibrosis with an increased alpha-smooth
independently of acute renal dysfunction, dosage or blo@guscle actingSMA) and/or fibronectin. While apoptosis is
concentration and shows progressive tubulointerstitilcreased simultaneously, autophagy is reported as increased
fibrosis (Olyaeiet al, 1999). In spite of the therapeutic(zhenget al, 2021) or decreased (Cabal, 2023) in HK-2
benefits of calcineurin inhibitors, renal fibrosis stillhuman proximal tubule cells. FK-506 causes a fibrogenic
represents a common side effect of long-term therapysponse (Dengt al, 2016) through profibrogenic TGE-
(Eberhardiet al, 2018). The calcineurin inhibitor-induced activation, results in an increasa®MA as a fibroblast
increase in transforming growth factor-beta (T@Fand activation marker (Shigematsai al, 2022) in both renal
subsequent activation of signaling pathways, especially efithelial cells (NRK-52E) and renal interstitial fibroblasts
Smad3 (Sakaigt al, 2011; Babat al, 2015; Sasakétal, (NRK-49F) isolated from rats. AlthougtSMA is widely used
2016; Cheret al,, 2018; Zhowet al, 2021a), is known to be marker for TGFB-induced fibrosis (Changf al, 2012; Liang
closely associated with the chronic nephropathy. et al, 2021; Zhotet al, 2021a; Huangt al, 2022; Hiraet

al., 2022, Wanget al, 2024b), fibronectin and vimentin are

FK-506-induced chronic nephrotoxicity animal modehiso adopted (Chareg al, 2012; Lianget al, 2021; Wangt

is well-established in rats (Zhemg al, 2021; Nadyet al,  al., 2024b) in renal tubulointerstitial fibrosigsearch.
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More attention has been paid to the responses méphron segments (Prozialeek al.,, 2003, 2004;
fibroblasts as compared to the tubular epithelial celldliirnbergeset al, 2010; Kelleret al, 2012) in qualitative
Cisplatin induces renal interstitial fibrosis with increasedtudies. We noted that this discrepancy on specific markers
aSMA in myofibroblast transformed NRK-49F cells, notmight be ignored without receiving particular interest.
in NRK-52E cells (Yancet al, 2015). While cisplatin-
induced premature senescence was observed in NRK-52E  Therefore, we aimed to investigate the respective
and NRK-49F cells (Zhengt al, 2023), repeated low dosefibrogenic responses following FK-506 treatment, focusing
cisplatin induced fibroblast-to-myofibroblaston the renal epithelial cells and interstitial fibroblasts. The
transformation more effectively than high dose cisplatispecific markers for renal epithelial cells and interstitial
in NRK-49F cells (Ywet al, 2022, 2024). When co-culturedfibroblasts, for fibrogenesis, and for programmed cell
with NRK-49F and RAW264.7 cells, tubulointerstitialdeaths were adopted to assess the respective responses
fibrosis was augmented through epithelial-mesenchymfallowing FK-506 treatment in a dose-dependent manner.
transition (EMT) and macrophage-myofibroblast transition
through increasedSMA and fibronectin and decreasedVATERIAL AND METHOD
E-cadherin (Caat al, 2022). When co-cultured with
NRK-52E cells (Schulzet al, 2019; Lianget al, 2021; Cell lines and culture.Normal kidney proximal tubule
Wanget al, 2024b) or purified exosome from hypoxiccell line from human (HK-2), pig (LLC-PK1), rat (NRK-
NRK-52E cells (Zhotet al, 2021b) or TGB-stimulated 52E), mouse (TCMK1), and cat (CRFK) and normal rat
NRK-52E cells (Zhacet al, 2021), NRK-49F cells are kidney fibroblast cell line (NRK-49F) were kindly
activated, secrete fibronectinSMA, or collagen |, and provided by Professor Jinu Kim (Jeju National University,
then aggravate renal fibrosis. When co-cultured, NRK-52Eeju, Republic of Korea). HK-2 cell line was cultured in
cells also activate NRK-49F cells through increase@PMI 1640 medium and others in Dulbecco’s Modified
fibronectin and vimentin (Schuét al, 2019) or decreased Eagle Medium (DMEM) enriched with 10 % fetal bovine
peroxisome proliferator-activated receptor alpha (Wengserum, 100 unit/mL penicillin, and 0.1 mg/mL
al., 2024a). In addition, NRK-49F cells when co-culturedtreptomycin at 37C in a 5 % CQatmosphere. All cell
with mouse proximal tubule cells (BUMPT) showecdtulture reagents were purchased from Corning Inc.
increased expression of fibronectlSMA, and type | (Corning, NY, USA).
collagen (Weret al, 2020).

Co-culture with NRK-52E and NRK-49F. The indirect

We focused on the previous findings that tubularo-culture method was used with a slight modification to
epithelial cell vacuolation, atrophy and microcalcificatiorinduce injury and fibrotic phenotype of renal tubular cells
may be associated with the development of irreversibéess previously reported (Schué&t al., 2023), which
interstitial fibrosis under FK-506 treatment (Finn, 1999)suggested the longest possible incubation time (48 h)
Fibrogenesis characterized by an increased fibronectinwishout critical decreased in cell viability. NRK-49F cells
well as type | collagen was not associated with an increasere grown on permeable filter inserts (pore sizethi
in hyperplasia either in tubuloepithelial cells or inand NRK-52E cells were grown in 24-transwell plates
interstitial fibroblasts (Ruiz-Ortega al., 1998). Likewise, for cell viability assay or 6-transwell plates for western
increased fibronectin amdSMA and decreased E-cadherinblotting. In the transwell condition, there was no direct
in NRK-52E cells were observed under cyclosporine Acontact between cells due to the pore size and the transwell
induced fibrosis (Ardur&t al, 2008). Fibrogenesis was membrane. NRK-52E, NRK-49F, and the co-cultured
also confirmed by an increased fibronectin in both NRKeells were treated with or without FK-506 at a
52E and NRK-49F cells, buiSMA only in NRK-52E cells concentration of 1AM for 48 h and then 3aM for 48 h.
(Yanget al, 2010). Thereafter, the cells were processed separately and used

for the following experiments.

To clarify the cell type-dependent responses,
respective markers for renal epithelial cells and ren&lell viability assay. NRK-52E and NRK-49F cells were
interstitial fibroblasts have been used. Recently, E-cadheseeded in triplicate wells of 96-well plates and tracked the
is used for renal proximal tubule (Ardwtal, 2008; Chen proliferation rate up to 48 h. Cells were treated with FK-
et al, 2018; Schulet al, 2019, 2022; Liangt al, 2021; 506 (0, 0.1, 1, 10, 30, and 1AM) and incubated for 48 h
Caoet al, 2022; Suret al, 2025) and N-cadherin for for cell viability assay. The cells in transwell co-culture
fibroblasts (Schulzt al, 2019) in quantitative studies. environment were treated with FK-506 (0 anduM) for
However, N-cadherin is the predominant cadherin in th& h, and then further treated with FK-506 (0 an@ii8Q
renal proximal tubule while E-cadherin is abundant in oth&rith new culture medium for 48 h.
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MTT (ThermoFisher Scientific, Waltham, MA, USA; USA; #sc-6260), fibronectin (ABclonal, Woburn, MA,
#M6494) was utilized to assess cell viability followingUSA; #A12932), N-cadherin (Cell Signaling Technology,
established protocols (Yoon, 2024). AbsorbancBeverly, MA, USA; #4061), E-cadherin (Santa Cruz
measurements were obtained at 595 nm, with a refererRi®@technology, #sc-7870), PARP1 (Cell Signaling
wavelength of 620 nm, using a VERSAmax microplat&éechnology, #9542), LC3 (Cell Signaling Technology,
reader (Molecular Devices Korea LLC.; Seoul, Republi#12741), GPX4 (Santa Cruz Biotechnology, #sc-166570),
of Korea). Cell viability percentages were calculated bas&27 (Cell Signaling Technology, #2552), and b-actin (Santa
on the average absorbance of triplicate wells, with the 8xuz Biotechnology; #sc-47778). Subsequently,
% cytotoxicity concentration (1) calculated by MS Excel peroxidase-conjugated anti-rabbit (Vector Laboratories,
2016. Burlingame, CA, USA; #WB-1000) and peroxidase anti-

mouse (Vector Laboratories; #WB-2000) IgG antibodies
Spheroid culture. Ultra-low attachment 96-well plates were applied for 1 h at room temperature. Protein
were purchased from Corning Inc. to create an anchoragepression was subsequently visualized through the Azure
independent environment. NRK-52E and NRK-49F cells300 imaging system (Azure Biosystems, Dublin, CA,
were cultured with 1 % B27 supplement (#17504-044))JSA). Quantification of protein levels was performed
20 ng/ml epidermal GF (#PHG0311) and 20 ng/ml basamploying the AzureSpot analysis software (version 14.2;
fibroblast GF (#13256029; all from Thermo FisheAzure Biosystems).
Scientific) in DMEM/F12 medium (Corning Inc.) as
previously reported (Chargt al, 2021; Chang & Yoon, Immunocytochemistry. Immunocytochemistry was
2023). conducted on a 12 mm cover glass in 12-well plates,
following established protocols (Yet al, 2024). Cells

The cells were treated with FK-506 (0, 0.1, 1, 1Qnderwent fixation with ice-cold methanol, blocked with
and 30uM), and the spheroidogenic capacity wad0 % normal horse serum for 1 h, and were subsequently
calculated by multiplying the number by the size oftained with aSMA antibody for overnight at@. Anti-
spheroids on day 7 in flat-bottom plates. The spheroidsouse (1:200 dilution; Vector Laboratories; #PI1-2000) IgG
were collected using a cell strainer with a pore size of &htibody was applied before counterstaining the nuclei with
pm (Corning Inc., #CLS431751), washed with ice-coltHematoxylin (#H3404, Vector Laboratories) for 1 min.
PBS, and then prepared for Western blotting. Immunolabelled images were directly captured using a

DP22 digital camera and BX-51 light microscope

The respective spheroidogenesis was checked @@lympus, Tokyo, Japan).
morphometry on day 5 and up to day 15 in round-bottom
plates. To compare the spheroidogenic capacity, differeédtatistics. Statistical analysis of the data was conducted
seeding condition was adopted as NRK-52E (200 cellgsing MS Excel 2016. Data are expressed as the mean
well), NRK-49F (200 cells/well), and NRK-52E (100 cellsivaluest SD from a minimum of three replicate experiments
well) co-seeded with a serial dilution of NRK-49F cell (100f not specified. Statistical significance was determined by
to 3 cells/well). t-test between 2 groups or one-way analysis of variance

(ANOVA) over 3 groups followed by post-hoctest. A
Western blotting. Electrophoresis of the total protein invalue of p < 0.05 was considered statistically significant.
cell lysis buffer was executed utilizing 12 % or 7.5 %
polyacrylamide gels in conjunction with the TGX FastCasRESULTS
acrylamide kit (Bio-Rad Laboratories, Hercules, CA, USA;
#1610175 or #1610171) and a designated running buff@eneral characteristics of NRK-52E and NRK-49F
(Bio-Rad Laboratories, # TR2015-100-00), followed byells. Two cell lines showed similar proliferation curves
transfer onto a polyvinylidene fluoride membrane (Biowithout considerable difference (p=0.326). Thg Malue
Rad Laboratories, #162-0176) using a specific transfef NRK-52E and NRK-49F cells against FK-506 was 53.5
buffer (Bio-Rad Laboratories, #TR2028-100-00), agM and 48.5uM. NRK-49F cells showed a significant
described previously (Chamgal, 2021; Chang & Yoon, decrease in cell viability at 10M (90.1 + 12.8 9%,
2023; Yoon, 2024). p=0.026); while NRK-52E cells (94:89.3 %, p=0.084)
did not. Intercellular differences were significant au80

The membrane was subjected to incubation°@&t 4 (p=0.003) in NRK-52E (84.4 8.5 %) and NRK-49F (65.3
for 18 h with various antibody-targeting proteins, including: 16.5 %) cells. Collectively, NRK-49F cells showed more
aSMA (Sigma-Aldrich, St. Louis, MO, USA; #A5228), sensitivity against FK-506 treatment than NRK-52E cells
vimentin (Santa Cruz Biotechnology, Santa Cruz, CAFig. 1A).
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Fig. 1. General characteristics of NRK-52E and NRK-49F cells.

A. NRK-52 and NRK-49F cells were mock-treated with dimethyl sulfoxide (0) or treated with indicated concentrations of FK25y$o The proliferation and extent of cell

viability was determined by MTT assay as described in Methods. Data are presented ASDegx0.05, ***p<0.001 vs. vehicle; ##p<0.01 vs. NRK-52E.

B. Cells were mock-treated with DMSO or treated with indicated dose of FK-506 for 2 days. Cells were harvested and whalets@lieze subjected to immunoblotting using

the indicated antibodies. Signal intensities of N-cadherin, E-cadherin, fibronectin, vim&MA, and b-actin were measured by AzureSpot analysis software. Each density was

normalized as compared feactin, and data are presented as the me2l. *p<0.05, **p<0.01, ***p<0.001 vs. vehicle.

C. NRK-52 and NRK-49F cells were immunostained wiSMA antibody as described in Methods.

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) andxSMA (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
aSMA showed stronger intensity in
NRK-49F (Fig. 1C).

Spheroidogenic capacity of NRK-
52E and NRK-49F cellsFK-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 1uM FK-506 (0.68t 0.21 fold,
p=0.003) and 10 mM (0.580.22
fold, p=0.001). The spheroidogenic
capacity of NRK-49F cells was
decreased at M 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<0.001vs 1:1) and 1:0.125 (0.86
+ 0.03 fold, p=0.000 vs. 1:0.5)
ratio.
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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 pm;
p=0.000).
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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 (2.290.28
fold, p<0.001 vs. 2.1% 0.37 fold,
p<0.001) and vimentin (1.1¥ 0.16
fold, p=0.007 vs. 2.1%* 0.21 fold,
p<0.001) (Fig. 3B).

E-cadherin
2D 3D
NRK-52E
Vimentin
*%
2D 3D
NRK-52E

.Hé

1.5

]
S
*
*

NRK-49F
k%
2D 3D

NRK-49F

2D 3D

4
i

- o N - o
(@e ‘s pioy angejal) (a2 ‘s pioy aAgefal)
Ajpwoyisueq Aijpwoyisuaq

2D 3D
NRK-52E
NRK-52E

Fibronectin
Fskok
2D 3D

N-cadherin
*%

n o Mm 1 N 1o~ 1y O

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
expressiorwas significantly increased
in a dose-dependent manner in both
NRK-52E (p<0.001) and NRK-49F
(p=0.039) cellsa SMA showed a dose-
dependent decrease (p=0.0a0d
p=0.002), but transiently increased at
10puM FK-506 treatment in NRK-52E
(1.28+0.17 fold, p=0.010) and NRK-
49F (1.08t 0.15 fold, p=0.196) cells.
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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 (1I/1), 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).
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A. NRK-52 and NRK-49F cells were cultured supplemented with growth factors in a round-bottom ultralow attachment wellyfrSigedaf spheroids were measured and

compared at day 5.
B. Cells were cultured in 2-dimensional (2D) or 3-dimensional (3D) environments for 2 days. Cells were harvested and extietsellere subjected to immunoblotting using

the indicated antibodies. Signal intensities of N-cadherin, E-cadherin, fibronectin, virn&WA, and b-actin were measured by AzureSpot analysis software. Each density was

normalized as compared to b-actin, and data are presented as the $fieaip<0.05, **p<0.01, ***p<0.001 vs. 2D.

Fig. 3. Characteristics between monolayer and spheroids of NRK-52E and NRK-49F cells.
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Fibrogenic responses of co-
cultured NRK-52E cells focusing
on fibrosis. Following 2 days after
10uM FK-506 treatment, NRK-49F
cells (96.29+ 7.85 %,; p=0.052)
decreased cell viability as compared
to NRK-52E cells (103.5% 2.47
%). Co-cultured NRK-52E cells
showed cell viability of 94.86 3.14

% (p=0.000vs vehicle; p<0.00%s
single culture). Following
consecutive 2 days after pM FK-
506 treatment, NRK-49F cells
(76.12 + 12.38 %; p=0.092)
decreased cell viability as compared
to NRK-52E cells (83.4% 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)
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aSMA immunostaining
showed stronger in NRK-52E cells
after 10uM FK-506 treatment, but
slightly weaker after consecutive 30
UM FK-506 treatment (Fig. 5B).
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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 1.8% 0.46 fold (p=0.002
vs.vehicle, p=0.00%s FK-506 10
UM) 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 1.080.07 fold
(p=0.002vs vehicle) and 1.350.22
fold (p=0.000vs. vehicle; p=0.001
vs FK-506 10uM) at 2 days, and
1.11+ 0.15 fold (p=0.081) and 1.31
+ 0.40 fold (p=0.018 vs. vehicle,
p=0.073vs FK-506 10uM) at 4
days. aSMA expression was
decreased in co-cultured condition
at 2 days (p=0.010) and 4 days
(p=0.002). aSMA transiently
increased at 1AM FK-506 (1.28+

o
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Fig. 4. Dose-dependent effects of FK-506 in NRK-52E and NRK-49F cells.
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0.17 fold, p=0.01@s vehicle) at 2 days, but not observedp=0.152). P27 increased up to 1:50.15 fold (p=0.010

in co-culture condition (0.8% 0.31 fold, p=0.200/s  vs. vehicle, p=0.008s.single) at 2 days.

vehicle, p=0.00lvs single culture) at 2 days and any

condition at 4 days with 30M FK-506. Selecting an appropriate cell line for renal fibrosis

research.Respective kidney cell line shows characteristic

The cell death-related markers at 2 and 4 days, suekpression for fibrosis markers (Fig. 6). Basal expression

as PARP1 (p=0.169 and p=0.600), LC3 (p=0.535 ardevels of fibrosis markers were compared among various

p=0.025), and GPX4 (p=0.000 and p=0.210), were nkidney cell lines. Fibronectin was higher in HK-2 cell,

significantly affected by FK-506 treatment in co-culturezsimentin was lower in TCMK and CRFK cells, and aSMA

condition. P27 was significantly increased in co-culturedas lower in HK-2 and LLC-PK1 cells.

NRK-52E cells at 2 days (p=0.018), but not at 4 days
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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 meaSD.

DISCUSSION

FK-506 remains a cornerstone in immunosuppressiassessed after FK-506 treatment. Our results demonstrate
regimens for renal transplantation (Staeizbl, 1990), yet that low-dose FK-506, even below cytotoxic thresholds, can
its nephrotoxic effects, particularly tubulointerstitial fibrosisjnduce fibrogenic responses in both renal tubular epithelial
can compromise long-term graft function (Olyeieal, 1999; cells and fibroblasts.

Eberhardtet al, 2018). In addition to FK-506-induced

nephrotoxicity, TGHB-induced EMT of NRK-52E cells and First of all, the cell type-specific characteristics were
activation or myofibroblast transformation of NRK-49F cell€onfirmed. While both cell types showed similar proliferation
are considered as underlying mechanisms of renal fibrosigrves, NRK-49F cells showed more sensitivity to FK-506
induced by ureteral obstruction (Zhet al, 2021a), than NRK-52E cells. NRK-52E cells showed higher N-
nephrectomy (Chargf al, 2012), and lupus nephritis (ljima cadherin and lower E-cadherin expression in accordance with
et al, 2022). Therefore, the respective characteristics weltee previous qualitative reports (Prozialetkl, 2003, 2004;
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Nurnbergeet al,, 2010; Kelleet al, 2012). Among fibrosis did not show any considerable changes. Interestm§IMA
markers, NRK-52E cells showed higher vimentin expressidransiently increased in M FK-506 but normalized or
than NRK-49F cells. EMT-like phenotype as appeared itecreased in 30M FK-506. The transient increasecdMA
spheroidogenesis was affected as conventional 2D cultuveas further confirmed in a co-culture environment. When
NRK-49F spheroids showed more sensitivity to FK-5060-cultured with NRK-49F cells, NRK-52E cells showed a
treatment than NRK-52E spheroids. The spheroids did neignificant change in cell viability compared to the respective
grow as time goes by, which means these cell lines migtihgle culture.aSMA and fibronectin was transiently
not be proper to spheroid cultures. As compared to 2D cultinereased, while vimentin increased in a time-dependent
conditions, both spheroids showed lower N-cadherin, Eranner in NRK-52E cells. When co-cultured with NRK-
cadherin, and SMA expression, but higher fibronectin and49F cells, extracellular acidosis (Schatzl., 2022, 2023)
vimentin expression. Therefore, a careful concern on tlecreased fibrosis and showed cytoprotective effects though
previous fibrotic alteration with increased N-cadherin imuclear factor erythroid 2-related factor 2 (Nrf2) and
NRK-49F cells and decreased E-cadherin in NRK-52E cellisansketolase activation in NRK-52E cells. Thymocytes have
(Schulzet al, 2019) might be needed. Taken together, NRKsromoting effects on the EMT of NRK-52E cells by
52E and NRK-49F cells represent the renal tubular epithelddwnregulating E-cadherin and upregulaton§MA and
cells and interstitial fibroblast cells, respectively. Unlike theimentin (Sunet al, 2025). Taken together, low dose FK-
marker of fibrosis oftSMA, spheroidogenesis with the 506 might induce fibrosis in both cell lines basedi&WA
decreasediSMA might not be an appropriate method forexpression. But other fibrosis markers including fibronectin
fibrosis research although it is believed to be mediateshd vimentin responded differently, which means complex
through EMT. mechanisms in fibrosis need to be further investigated.

Secondly, dose-dependent cell death or cycle Lastly, the basal levels of fibrosis markers in various
responses after FK-506 treatment (up tqu8@ not IC,)  renal cell lines were investigated to provide an appropriate
were checked. Apoptosis (PARP1) showed an increaseell line for further renal fibrosis researches. Basal level of
tendency in NRK-49F cells after FK-506 treatment, but ndioronectin was higher only in HK2 cells, vimentin lower in
in NRK-52E cells. Autophagy (LC3-Il/l), ferroptosis NRK-49F, TCMK, and CRFK cells, anadSMA lower in
(GPX4), and cell cycle arrest (p27) responses were ndkK2 and LLC-PK1 cells. Therefore, appropriate cell lines
significantly changed in both cell lines. FK-506 treatmerghould be adopted for the purpose of renal tubulointerstitial
did not affect cell death responses in any culture conditiofibrosis research in terms of fibrosis markers. However, there
but cell cycle was transiently arrested by increased p2re still extrinsic factors to consider when design the renal
expression in co-cultured NRK-52E cells. FK-506-inducetibrosis researches. Hypoxia (Yaegal, 2021; Zhowet al,
apoptosis is well known in previous reports (Zheb@l, 2021b)- or obstruction (Zhaat al, 2021)-induced secretions
2021; Cacet al, 2023; Nadyet al, 2024), but autophagy including exosomes from NRK-52E cells could aggravate
remains controversial (Zhemgal, 2021; Caet al, 2023). renal fibrosis by activating NRK-49F cells. Furthermore,
Nevertheless, there is controversy on the apoptosis of NR#eidosis led to an increase in vimentin in both cell lines,
52E cell or renal epithelial cells. Zhaegal (2019) reported whereas co-culture, the effect was abolished. While acidosis
that obstructive nephropathy-induced apoptosis of NRK-52Ed to an increased secretion of fibronectin in NRK-52E cells,
cells could aggravate renal interstitial fibrosis, but Arduraot in NRK-49F cells, fibronectin secretion was decreased
et al (2008) suggested that increased fibronectin and aSMrco-culture (Schulet al, 2022). These findings emphasize
in NRK-52E cells were observed in lower apoptotithe need for early fibrosis biomarkers and support the
tubulointerstitial cells in obstructive kidney. In addition,development of combination anti-fibrotic strategies.
supernatant from human embryonic kidney 293 (HEK293)
cells when mimicked like obstructive kidney could contribute To overcome its nephrotoxicity, therapeutic drug
to the inhibition of DNA synthesis in the NRK-49F cellsmonitoring is performed and suggested target ranges of 5-
(Nakamuraet al, 2007). This study revealed that adequat&5 ng/mL of FK-506 in kidney transplant recipients
dose of FK-506 could induce apoptosis but has little effe@arquet, 2025), which is comparable to 0.006 — O|{\XI8
on autophagy, ferroptosis, and cell cycle. Therefore, lovin in vitro experiment condition. As the vitro study might
dose FK-506 might be more appropriate for the fibrogenlwe usually performed based on, J@hcluding this study,
researches. relatively higher concentration might be adopted as

compared to the clinical situation. Therefore, long-term

Thirdly, dose-dependent fibrogenic responses aftéreatment with lower concentration of FK-506 would be more
FK-506 treatment were checked. Vimentin increased incmpatible to overcome the clinical unmet needs, the FK-
dose-dependent manner in both cell lines, while fibronects06-induced tubulointerstitial fibrosis.
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