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Background/Aims: Tacrolimus has been used as an immunosuppressive agent 
in organ transplantation. Despite the therapeutic benefits, tacrolimus’s use is 
limited due to its nephrotoxicity. To reduce tacrolimus nephrotoxicity, effective 
humanized experimental models may be helpful. Here, we modeled tacrolimus 
nephrotoxicity using kidney organoids derived from human inducible pluripotent 
stem cells (iPSCs) in vitro. 
Methods: Kidney organoids were differentiated from the CMC11 iPSC cell line, 
re-seeded in 96-well plates, and treated with tacrolimus at doses of 0, 30, or 60 μM 
for 24 hours. This in vitro model was compared to a mouse model of tacrolimus 
nephrotoxicity and the associated mechanisms were investigated.
Results: The size of the kidney organoids and cell viability decreased in dose-de-
pendent manners after treatment with tacrolimus. The number of tubular cells 
decreased with a loss of polarity, similar to the effects seen in mouse tacrolimus 
nephrotoxicity. Ultrastructural analysis showed numerous vacuoles in the prox-
imal tubular cells of the kidney organoids treated with tacrolimus. Tacrolimus 
treatment induced oxidative stress and mitochondrial dysfunction, and autophag-
ic activity was enhanced in the kidney organoids. Rapamycin, an autophagy in-
ducer, accelerated cell death in the kidney organoid model of tacrolimus nephro-
toxicity, which was attenuated by treatment with 3-methyladenine, an autophagy 
inhibitor. These findings indicate that the augmentation of autophagy by rapamy-
cin treatment accelerated tacrolimus nephrotoxicity.
Conclusions: Our data suggest that human kidney organoids are an effective in 
vitro model of tacrolimus nephrotoxicity and that autophagy plays a critical role in 
tacrolimus nephrotoxicity. 
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Human kidney organoids model the tacrolimus 
nephrotoxicity and elucidate the role of autophagy
Jin Won Kim1,2, Sun Ah Nam1, Eunjeong Seo1, Jong Young Lee1, Dohui Kim3, Ji Hyeon Ju4, 
Sun Woo Lim5, Hong Lim Kim6, Hyung Wook Kim2,5, Chul Woo Yang5, Jin Kim1, Dong Sung Kim3, and 
Yong Kyun Kim1,2,5

INTRODUCTION

Tacrolimus, a calcineurin inhibitor, is currently the 
main calcineurin inhibitor used clinically as an immu-

nosuppressive agent in organ transplantation or glo-
merulonephritis [1,2]. Despite the therapeutic benefits 
of tacrolimus, its use is limited due to its nephrotoxic-
ity [1-4]. Tacrolimus nephrotoxicity occurs in acute and 
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chronic forms and affects arterioles, glomeruli, tubules, 
and the interstitium [1]. The pathologic features of acute 
nephrotoxicity of tacrolimus are arteriolopathy with ne-
crosis and hyalinization and tubulopathy with isometric 
vacuolation [1]. In chronic nephrotoxicity, hyaline arte-
riolopathy, segmental or global glomerulosclerosis, in-
terstitial fibrosis, and tubular atrophy are observed [1]. 
Identifying the precise mechanisms underlying tacro-
limus nephrotoxicity may help reduce or prevent tac-
rolimus nephrotoxicity and contribute to finding new 
biomarkers to predict tacrolimus nephrotoxicity [2,3].

To investigate mechanisms underlying tacrolimus 
nephrotoxicity, effective experimental in vivo or in vitro 
models are essential. Animal models have contributed 
to the investigation but have been limited by species 
differences from humans and animal ethics [5]. In vitro 
studies using primary cells or immortalized cell lines 
may overcome the limitation of animal studies, but 
also have some limitations associated with cell sourcing 
problems, inter-donor variability, and the loss of their 
functional characteristics during passaging [6]. Cell-to-
cell and cell-to-extracellular matrix interactions control 
cell phenotypes and functions, and maintaining these 
interactions is required for tissue-like responses in an 
in vitro model for drug toxicity testing [7,8]. However, 
two-dimensional (2D) cultures on culture plastics with 
a single renal cell type may have difficulty recapitulating 
these complex conditions [9].

Recently, we and others have established several dif-
ferent protocols for the generation of kidney organoids 
from human pluripotent stem (hPS) cells in the multi-
cellular 3D culture system. Kidney organoids have neph-
ron-like structures containing glomeruli, segmented 
tubules with proximal tubules and distal tubules, inter-
stitial cells, and endothelial cells and can recapitulate 
the development and diseases of the human kidney [10-
16]. For this reason, kidney organoids derived from hPS 
cells have been considered promising systems for drug 
nephrotoxicity testing and research on drug-induced 
nephrotoxicity in in vitro systems using kidney organ-
oids has been conducted [10,12,17]. So far, the predictive 
efficacy of an in vitro model using kidney organoids for 
drug nephrotoxicity investigations is still challenging, as 
is studying the mechanism of the nephrotoxicity. Here, 
we investigated the prediction of tacrolimus nephrotox-
icity using the human inducible pluripotent stem cell 

(iPSC)-derived kidney organoid model and identified 
the role of autophagy in regulating drug-induced cell 
death.

METHODS

Human iPS cell culture and kidney organoid  
differentiation 
The CMC11 iPSCs were obtained from The Catholic 
University of Korea (male donor). The cells were used 
between passages 20 and 40. The kidney organoid dif-
ferentiation was performed as described previously 
[10,11]. In brief, human iPSCs were plated at a density of 
5,000 cells/well on a 24-well plate in mTeSR1 medium 
(Stem Cell Technologies, Vancouver, BC, Canada) plus 
10 µM Y27632 (LC Laboratories, https://www.lclabs.com/) 
on glass plates (LabTek, Queensland, Australia) coated 
with 3 % GelTrex (Thermo Fisher Scientific, Waltham, 
MA, USA) (day 3). The medium was exchanged for 1.5% 
GelTrex in mTeSR1 (day 2), mTeSR1 (day 1), RPMI (Ther-
mo Fisher Scientific) plus 12 µM CHIR99021 (Tocris, 
Seongnam, Korea) (day 0), or RPMI plus B27 supplement 
(Thermo Fisher Scientific) (day 1.5) and the cells were fed 
every 2 to 3 days to promote kidney organoid differen-
tiation. 

Treatment of tacrolimus and rapamycin
Kidney organoids were re-seeded in a 96-well plate on 
day 18 and treated with tacrolimus at doses of 0, 30, and 
60 μM for 24 hours at 37°C in a 5% CO2 incubator. To 
examine the role of autophagy in tacrolimus nephro-
toxicity, the organoids were treated with rapamycin at 
doses of 25, 50, 75, and 100 μM, and tacrolimus at a dose 
of 60 μM.

Immunofluorescence analysis
For immunofluorescence analysis, the organoids were 
fixed on day 18, unless otherwise noted. For fixation, an 
equal volume of phosphate-buffered saline (PBS) (Ther-
mo Fisher Scientific) plus 8% paraformaldehyde (Elec-
tron Microscopy Sciences, Thermo Fisher Scientific) 
was added to the medium for 15 minutes, after which 
the sample was washed three times with PBS. The fixed 
organoid cultures were blocked in 5% donkey serum 
(Millipore, Burlington, MA, USA) plus 0.3% TritonX100/
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PBS, and incubated overnight in 3% bovine serum al-
bumin (BSA, Sigma, St. Louis, MO, USA) plus PBS with 
primary antibodies. Then, the cells were washed, in-
cubated with Alexa Fluor secondary antibodies (Invi-
trogen, Carlsbad, CA, USA), washed, and stained with 
4,6-diamidino-2-phenylindole (DAPI) or mounted in 
Vectashield H1000. The following primary antibodies 
were used: anti-lotus tetragonolobus lectin (LTL) (Vec-
tor Labs FL1321, Burlingame, CA, USA; 1:500 dilution), 
anti-ZO1 (Invitrogen 339100; 1:100), anti-NPHS1 (R&D 
AF4269, R&D Systems, Minneapolis, MN, USA; 1:500), 
anti-ECAD (Abcam ab11512, Cambridge, UK; 1:100), an-
ti-claudin 1 (Abcam an15098; 1:100), anti-WT1 (Abcam 
ab89901; 1:100), anti-laminin (Sigma-Aldrich L9393; 
1:200), and anti-PECAM1 (Abcam ab9498; 1:200).

3D cell viability assay and live/dead cell staining
For the 3D cell viability assay, an equal volume of Cell-
Titer-Glo 3D Reagent (Promega, Madison, WI, USA) was 
added to the kidney organoid culture medium in each 
well of the 96-well plate. The contents were mixed for 5 
minutes to induce cell lysis. The plate was incubated at 
room temperature for 25 minutes and the luminescence 
was recorded. For live/dead cell staining, the live/dead 
viability/cytotoxicity kit reagents (ethidium homodimer 
2 mM, calcein-AM 4 mM; Thermo Fisher Scientific) 
were added to the kidney organoids for 1 hour in the 
incubator after washing once with PBS. The cells were 
washed twice with PBS, and a z-stack fluorescence image 
was obtained using a fluorescence microscope.

Electron microscopy analysis
The kidney organoid in vitro samples were fixed in 4% 
paraformaldehyde and 2.5% glutaraldehyde in 0.1 M 
phosphate buffer overnight at 4°C. After washing in 0.1 
M phosphate buffer, the samples were post-fixed with 
1% osmium tetroxide in the same buffer for 1 hour at 
4°C. Next, the samples were dehydrated in a series of 
graded ethyl alcohol solutions, exchanged through ace-
tone, and embedded in Epon 812.

Ultrathin sections (70 to 80 nm) were cut using an ul-
tramicrotome (Leica Ultracut UCT, Wetzlar, Germany). 
The ultrathin sections were double-stained with uranyl 
acetate and lead citrate and examined under a trans-
mission electron microscope (JEM 1010, JEOL, Tokyo, 
Japan) at 60 kV. For quantitative analysis, 20 low-mag-

nification (× 6,000) fields were randomly selected from 
each section of the cortex and the number of autophago-
somes per 100 μm2 was determined.

Western blot analysis
The kidney organoids were homogenized in boiling ly-
sis buffer (1% sodium dodecyl sulfate [SDS], 1 mM so-
dium orthovanadate, and 10 mM Tris, pH7.4) and the 
protein concentration was determined with the BCA 
protein assay kit (Pierce Biotechnology Inc., Waltham, 
MA, USA). Equal amounts of the protein were separated 
on SDS-polyacrylamide gel and the gel was transferred 
onto a nitrocellulose membrane. For immunodetection, 
the blots were incubated overnight in PBS containing 
0.1% Tween-20 and 5% skim milk and the primary an-
tibody. The blots were washed and then incubated with 
a secondary antibody conjugated to horseradish per-
oxidase (Jackson ImmunoResearch Laboratories, West 
Grove, PA, USA) and the blots were visualized using a 
Western blotting luminol reagent kit (Santa Cruz Bio-
technology, Santa Cruz, CA, USA).

Mitochondria and lysosome staining and reactive 
oxygen species detection
For the mitochondrial staining, after washing once with 
PBS, 5 mM Mitotracker (Thermo Fisher Scientific) and 
200 mM Hoechst (Thermo Fisher Scientific) were added 
to the cells. For lysosome staining, 5 μM LysoMitotrack-
er (Thermo Fisher Scientific) and 200 mM Hoechst 
(Thermo Fisher Scientific) were added to the cells. After 
incubation for 1 hour, a z-stack fluorescence image was 
obtained using a fluorescence microscope. MitoSOX 
Red (Thermo Fisher Scientific) was applied to measure 
the superoxide anion levels. The kidney organoids were 
treated with Hoechst 33342 (200 mM) for 1 hour and Mi-
toSOX Red (5 μM) for 15 minutes at 37°C in the dark and 
washed with PBS. A z-stack fluorescence image was ob-
tained using a fluorescence microscope.

Detection of autophagosomes
The tacrolimus-treated kidney organoids were washed 
twice with 1X Assay buffer and treated with 100 μL of 
Microscopy Dual Detection Reagent (CYTO-ID Green 
Detection Reagent, Hoechst 33342, and 1X Assay buffer) 
per well and incubated for 30 minutes in the dark. After 
staining, the kidney organoids were washed with 1X As-
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say buffer and a z-stack fluorescence image was obtained 
using a fluorescence microscope.

Measurement of mitochondrial membrane potential 
and intracellular calcium potential
To measure the mitochondrial membrane potential, 
tacrolimus-treated kidney organoids were incubated 
with tetramethylrhodamine ethyl ester (TMRE; 200 nM; 
Thermo Fisher Scientific) for 30 minutes and Hoeschst 
33342 (200 mM) for 1 hour in the dark and washed with 
0.2% BSA in PBS. For the detection of intracellular cal-
cium potential, the kidney organoids were washed with 
PBS and treated with the Fluo-8 calcium assay kit re-
agent (5 μM; AAT Bioquest, Sunnyvale, CA, USA) for 1 
hour at 37°C in the dark. Then, the kidney organoids 
were washed with PBS, and a z-stack fluorescence image 
was obtained using a fluorescence microscope.

Real-time quantitative reverse transcription  
polymerase chain reaction
RNA was extracted from the cell lysates and mice kid-
ney samples using NucleoSpin RNA/Protein columns 
(Macherey-Nagel), and reverse-transcribed with M-MLV 
reverse transcriptase (Promega) according to the man-
ufacturers’ protocols. The complementary DNA was 
mixed with SYBR Green and primers for the target 
genes. The following primers were used: CDH16 (F: 
5; CCTCATCCTCATTTTCACC 3’, R: 5’ GGGCTTC-
TACTCTGTCCTG 3’), PCAM1 (F: 5’ TCATTACGGTCA-
CAATGACGA 3’, R: 5’ GAGTATCTGCTTTCCACGGC 
3’), NPHS1 (F: 5’ GGCTCCCAGCAGAAACTCTT 3’, R: 5’ 
CACAGACCAGCAACTGCCTA 3’), WT1 (F: 5’ GCGGAG-
CCCAATACAGAATA 3’, R: 5’ GATGCCGACCGTACAA-
GAGT 3’), SYNPO (F: 5’ GCTGAGGAGGTGAGATGCAG 
3’, R: 5’ CTCTGGAGAAGGTGCTGGTG 3’).

Mouse model of tacrolimus-induced renal injury
All experiments were conducted according to the rec-
ommendations and ethical guidelines of the Animal 
Care and Use Committee of The Catholic University of 
Korea. All experimental animals were euthanized un-
der xylazine (rompun) anesthesia. Eight-week-old male 
BALB/c mice (ORIENT BIO, Seongnam, Korea) were 
provided with a 0.01% salt diet (Research Diets Inc., New 
Brunswick, NJ, USA) and water ad libitum. After 1-week 
acclimatization, weight-matched mice were randomly 

sorted into four groups (n = 8/group) and treated sub-
cutaneously with 1.5 mg/kg/day of Tac (Prograf, Astellas 
Pharma, Ibaraki, Japan) or 10 mL/kg/day of the vehicle 
(Vh, olive oil; Sigma-Aldrich) for 4 weeks. The animals 
were then anesthetized, and blood samples and tissue 
specimens were obtained for further analysis.

Histologic analysis 
Some kidney sections were processed and stained with 
Periodic acid-Schiff or Masson’s trichrome stain. The 
degree of tubulointerstitial fibrosis was scored as fol-
lows: 0, normal tubules with no fibrosis; 1, mild inter-
stitial fibrosis with nearly normal tubules; 2, moderate 
interstitial fibrosis with some increased thickness of the 
tubular basement membrane; and 3, marked interstitial 
fibrosis with diffuse, increased thickness of the tubular 
basement membrane. Histopathological analysis was 
performed in randomly selected cortical fields. Tubular 
injury was scored based on the presence of tubular atro-
phy and isometric tubular vacuolization: 0, no changes 
present; grade 1, ≤ 25%; grade 2, 26% to 50%; and grade 3, 
> 50%. Glomerular injury was graded 0 to −3 for sclerosis 
and mesangial matrix expansion as a marker of glomer-
ular ischemia and damage [18].

Immunohistochemical analysis. 
Some kidney sections were processed for post-embed-
ding immunohistochemical analysis. After deparaffin-
ization, the sections were hydrated and incubated with 
0.5% Triton X-100/PBS solution for 30 minutes and then 
washed with PBS three times. The nonspecific binding 
sites were blocked with normal donkey serum diluted 
1:10 in PBS for 1 hour and the sections were incubat-
ed overnight at 4°C in primary antibody. After rinsing 
in PBS, the sections were incubated in peroxidase-con-
jugated anti-mouse or anti-rabbit immunoglobulin G 
(Jackson ImmunoResearch Laboratories) for 1 hour. For 
coloration, the sections were incubated with a mixture 
of 0.05% 3,3’ -diaminobenzidine containing 0.01% H2O2 
at room temperature until a brown color was visible and 
then the sections were washed with Tris buffer (pH 7.6), 
counterstained with hematoxylin, and observed under 
light microscopy. The sections were scanned and au-
tomatically digitized using a (Leica SCN400), and the 
images were analyzed using software (Tissuemorph/DP, 
Visiopharm, Denmark). The tissue slides were probed 
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with antibodies against collagen IV (SouthernBiotech, 
Birmingham, AL, USA; 1:100).

RESULTS

Cell viability in the model of tacrolimus nephrotox-
icity using human iPSC-derived kidney organoids 
To examine tacrolimus nephrotoxicity using iPSC-de-
rived kidney organoids, we applied an adherent culture 
differentiation protocol. The iPSC-kidney organoids 
had discrete nephron-like structures containing podo-
cytes, parietal epithelial cells, proximal tubules, and dis-
tal tubules (Fig. 1A). 

The kidney organoids were micro-dissected and 
re-seeded on day 18 of the differentiation to 96-well 
plates and treated with tacrolimus at doses of 0, 30, or 
60 μM for 24 hours. The size of the kidney organoids de-
creased with deformation of the tubule-like structures 
after tacrolimus treatment (Fig. 1B and 1D). Live/dead 
cell staining revealed that the proportion of dead cells 
increased in a dose-dependent manner (Fig. 1C and 1E). 
Nephrotoxicity was also assessed using the CCK-8 assay. 
Cell viability decreased from 100% at 0 µM tacrolimus to 
60% at 60 µM (Fig. 1F). 

Comparison of the structural changes between 
 iPSC-derived kidney organoids and the in vivo  
model of tacrolimus nephrotoxicity 
To determine whether iPSC-derived kidney organoids 
could recapitulate the structural changes of tacrolimus 
nephrotoxicity, we analyzed the structural changes of 
iPSC-derived kidney organoids in the tacrolimus neph-
rotoxicity model and compared them to those of the 
mouse model of tacrolimus nephrotoxicity. 

First, we examined the histological changes in the in 
vivo model of tacrolimus nephrotoxicity. The tubular 
injury scores reflected histological alterations including 
tubular atrophy and isometric tubular vacuolization, 
and the glomerular injury scores, reflecting glomerulo-
sclerosis, were increased in the mouse model of tacroli-
mus nephrotoxicity (Fig. 2A and 2B). Tubulointerstitial 
fibrosis was prominent in the mouse model of tacrolim-
us nephrotoxicity (Fig. 2C and 2D). 

Next, we examined the structural changes in iPSC-de-
rived kidney organoids after tacrolimus treatment. The 

proximal tubular cells (LTL-positive area), as well as the 
distal tubular cells (E-cadherin-positive area) in the iP-
SC-derived kidney organoids decreased according to 
the concentration of tacrolimus, similar to the in vivo 
model (Fig. 3). The apical expression of the brush border 
marker LTL in the kidney organoids as well as in the 
in vivo model was dispersed after tacrolimus treatment, 
suggesting disruption of the polarity of the proximal tu-
bules in tacrolimus nephrotoxicity (Fig. 4A).

Isometric tubular vacuolization is one of the typi-
cal pathologic findings in tacrolimus nephrotoxicity 
[1]. Ultrastructural analysis showed evenly distributed 
small and clear vacuoles throughout the cytoplasm of 
the tubule-like structures in the kidney organoids after 
tacrolimus treatment (Fig. 4B). The size of the vacuoles 
increased in a dose-dependent manner (Fig. 4C). 

Calcineurin inhibitors including tacrolimus can have 
a direct toxic effect on endothelial cells [1]. We exam-
ined the structural changes in endothelial cells in the 
iPSC-kidney organoids after tacrolimus treatment. Few 
PECAM1-positive vascular networks were observed after 
tacrolimus treatment (Fig. 4D). The mRNA expression 
of PECAM1 was also decreased in the kidney organoid 
model of tacrolimus nephrotoxicity (Fig. 4E).

Taken together, these findings suggest the capability 
of the iPSC-kidney organoids to recapitulate the struc-
tural changes in nephrons in tacrolimus nephrotoxicity.

Tacrolimus nephrotoxicity results in focal segmental 
glomerulosclerosis [1]. We examined podocyte injury in 
the in vitro model. The expression of NPHS1 decreased 
in a dose-dependent manner (Fig. 5A and 5B). The lin-
ear pattern of the junctional marker ZO-1 tracks was re-
duced, and a more unpolarized pattern was seen after 
tacrolimus treatment (Fig. 5A). Transmission electron 
microscopy (TEM) examination showed that the podo-
cytes in the controls were arranged along basement 
membrane-like tracks and separated from their neigh-
boring podocytes, and numerous microvilli filled the 
spaces between the podocytes, which was a structure 
similar to that of human neonatal kidneys (Fig. 5C) [11]. 
After tacrolimus treatment, the podocytes were irregu-
larly deformed with a disorganized arrangement along 
the basement membrane and spaces between the podo-
cytes, and the number of microvilli decreased (Fig. 5C). 
Podocyte detachment and numerous autophagic vacu-
oles were observed after treatment with 60 μM tacrolim 
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us (Fig. 5D and 5E).
We also examined the podocyte injury in the mouse 

model of tacrolimus nephrotoxicity. While NPHS1 lined 
the laminin, which consisted of a filtration barrier in the 
glomerulus in the vehicle group, NPHS1 was disrupted 
and partially dissociated from the laminin after tacroli-
mus treatment (Fig. 5F). These findings were similar to 
those in iPSC-kidney organoids after tacrolimus treat-
ment.

Previous studies suggested that the focal segmental 
glomerulosclerosis induced by tacrolimus nephrotox-
icity seemed to result from hyperfiltration in response 
to the loss of functional nephrons [1]. Our findings add 
the indication of podocyte injury induced by tacrolimus 

nephrotoxicity, which can be a direct effect of toxicity as 
well as hyperfiltration.

Accumulation of damaged mitochondria and  
increased oxidative stress in tacrolimus nephrotox-
icity model 
In tacrolimus nephrotoxicity, increased oxidative stress 
and reactive oxygen species (ROS) play important roles 
in its pathogenesis [19,20]. Thus, we examined the oxi-
dative stress in the iPSC-derived kidney organoid model 
of tacrolimus nephrotoxicity. Mitochondria is the main 
source of ROS generation and mitochondrial DNA is a 
target of ROS [19-21]. TEM showed the accumulation of 
damaged mitochondria with spherical shapes and cris-
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tolysis was abundantly observed in the tacrolimus neph-
rotoxicity model (Fig. 6A). To investigate the drug-in-
duced mitochondrial dysfunction, the kidney organoids 

were stained with Mitotracker. The intensity of staining 
decreased in a dose-dependent manner after tacrolimus 
treatment (Fig. 6B and 6C). We also examined superox-
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ide in the mitochondria by staining with MitoSOX Red, 
which is oxidized by superoxide in the mitochondria, 
resulting in the emission of red fluorescence. Tacroli-
mus nephrotoxicity led to a significant increase in Mi-
toSox fluorescence (Fig. 6D and 6E). These findings in-
dicated an increase in mitochondrial oxidative stress in 

the tacrolimus nephrotoxicity model. 
Oxidative stress and ROS alter ion transporters, which 

leads to changes in a second messenger system, primary 
calcium homeostasis resulting in an increase in calcium 
influx into the cytoplasm [21]. We examined intracellular 
calcium by staining with the calcium-sensitive fluores-
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cent dye, Fluo-8. The number of Fluo-8-positive cells in-
creased after tacrolimus treatment in a dose-dependent 
manner (Fig. 6F and 6G). 

Increased cytoplasmic calcium levels induce calcium 

influx into the mitochondria, which leads to dissipation 
of the mitochondrial membrane potential, and subse-
quently induces abnormal electrical activity and disturbs 
signal transduction, causing cellular apoptosis [22,23]. 
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We examined the mitochondrial membrane potential 
by staining with a fluorescent dye, TMRE. Decreased 
intensity of the mitochondrial membrane potential was 
observed in the tacrolimus nephrotoxicity model (Fig. 
6H and 6I). Taken together, these findings suggest that 
tacrolimus nephrotoxicity induced oxidative stress and 
mitochondrial dysfunction. Our data showed that the 
iPSC-derived kidney organoids were efficient for inves-
tigating the mechanisms of tacrolimus nephrotoxicity 
as well as modeling the structural nephrotoxicity of tac-
rolimus.

Autophagy was enhanced in tacrolimus nephrotox-
icity and augmentation of autophagy by rapamycin 
treatment accelerated tacrolimus nephrotoxicity
Autophagy is an evolutionarily conserved, lysosom-
al-mediated cellular degradation process of damaged 
organelles, protein aggregates, and other macromole-
cules in the cytoplasm and regulates cell death under 
normal physiological conditions as well as pathological 
conditions [24,25]. Oxidative stress in tacrolimus neph-
rotoxicity induces autophagy [20]. Thus, we analyzed the 
induction of autophagy in the tacrolimus nephrotoxic-
ity model. Western blot analysis revealed that the light 
chain 3 (LC3)-II/LC3-I ratio, a classic autophagy marker, 
increased in a dose-dependent manner (Fig. 7A and 7B). 
p62/SQSTM1 is a ubiquitin-binding scaffold protein and 
a substrate for selective autophagy [26]. p62/SQSTM1 has 
a critical role in the oxidative stress response pathway 
[26]. The immunoblot assays revealed that the protein 
expression of p62/SQSTM1 was increased after tacroli-
mus treatment (Fig. 7A and 7B). 

Cyto-ID Green dye can be used for autophagosome 
detection in live cells [27]. Staining with Cyto-ID Green 
fluorescent dye revealed the increased accumulation of 
autophagosomes after tacrolimus treatment (Fig. 7C and 
7D). Autophagosomes envelop damaged intracellular 
components and fuse with lysosomes to form autolyso-
somes, which degrade their contents to regenerate nu-
trients [28]. LysoTracker is valuable in detecting autoph-
agy-associated lysosomal activity such as autolysosomes 
in live cells [29]. LysoTracker Red staining showed an in-
creased extent and intensity of lysosomal activity in tac-
rolimus nephrotoxicity (Fig. 7E and 7F). TEM revealed 
that the number and size of the lysosomes in the kidney 
organoids increased after tacrolimus treatment (Fig. 7G-

7I). Taken together, these data suggest the enhancement 
of autophagy upon oxidative stress in tacrolimus neph-
rotoxicity. 

It remains unclear whether autophagy induction is 
protective or accelerates tacrolimus nephrotoxicity [3,19]. 
Rapamycin is a potent inducer of autophagy by nega-
tively regulating the mTOR pathway [30]. To determine 
the role of autophagy in tacrolimus nephrotoxicity, we 
treated iPSC-derived kidney organoids with 60 μM tac-
rolimus and/or rapamycin at doses of 0, 25, 50, or 75 μM 
for 24 hours in vitro. Rapamycin treatment decreased cell 
viability in a dose-dependent manner as well as struc-
tural deformity of the kidney organoids (Fig. 8A and 8B). 
These findings indicate that the augmentation of auto-
phagy by treatment with rapamycin in the tacrolimus 
nephrotoxicity model may accelerate nephrotoxicity. 

To examine the role of autophagy inhibition in this 
model, we treated the cells with 3-methyladenine, an 
autophagy inhibitor. Cell viability was recovered in the 
group treated with rapamycin at doses of 25 μM, but not 
in the groups treated with rapamycin at doses of 50 μM 
and 75 μM (Fig. 8C). These findings indicate that the reg-
ulation of autophagy can reduce tacrolimus nephrotox-
icity when the cellular damage from excessive autopha-
gy in tacrolimus nephrotoxicity is not severe.

DISCUSSION 

In this study, we demonstrated that human iPSC-de-
rived kidney organoids in vitro could recapitulate tacro-
limus nephrotoxicity comparable to in vivo tacrolimus 
nephrotoxicity and were applicable to investigating its 
mechanisms. Our data suggest that kidney organoids 
represent a platform for nephrotoxicity testing as well 
as finding strategies to rescue patients from nephrotox-
icity. 

Currently, toxicity assays in pre-clinical nephrotoxic-
ity testing have mainly focused on analyses of cell death 
or viability, although renal toxicity can also be mani-
fested by the loss of renal cell polarity, the disruption 
of membrane integrity, and mitochondrial dysfunction, 
which may limit the accuracy of the in vitro nephrotox-
icity test [31]. In this study, disruption of the polarity of 
the renal proximal tubules, unpolarized patterns be-
tween the podocytes and glomerular basement mem-
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brane, increased MitoSox fluorescence, increased calci-
um influx into the cytoplasm, and decreased intensity of 
the mitochondrial membrane potential were observed 
and measured in the tacrolimus nephrotoxicity in vitro 
model using human iPSC-derived kidney organoids. A 
recent survey reported that the majority of drug candi-
dates displaying nephrotoxicity in clinical trials did not 
show nephrotoxicity in pre-clinical nephrotoxicity test-
ing [31,32]. Recently, we reported that 3D cell bioprinting 
recapitulated perfusable complex renal tubular tissue 

with clinically relevant cellular heterogeneity [33]. Our 
data suggest that the 3D human iPSC-derived kidney or-
ganoid in vitro model may be an option as an advanced 
model for improving the prediction of nephrotoxicity.

Oxidative stress exerts a major toxic effect in calci-
neurin inhibitor-induced nephrotoxicity [2-4]. There-
fore, it is important to demonstrate whether human 
kidney organoids, as an effective in vitro model of tacro-
limus nephrotoxicity, can recapitulate oxidative stress. 
Our data provide evidence that they can (Fig. 6). Human 
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kidney organoids were efficient for recapitulating oxi-
dative stress as well as and its consequent phenomenon 
such as increased mitochondrial ROS, decreased mito-
chondrial membrane potential, and increased intracel-
lular calcium after tacrolimus treatment.

 In this study, we also showed the enhancement of au-
tophagy in association with increased oxidative stress in 
tacrolimus nephrotoxicity in the human kidney organ-
oid model. These findings are consistent with previous 
2D in vitro and in vivo studies [3]. Autophagy is an evolu-
tionarily conserved, lysosomal-mediated cellular process 
for degrading damaged organelles, protein aggregates, 
and other macromolecules in the cytoplasm [24]. Auto-
phagy regulates cell death under normal physiological 
conditions as well as pathological conditions [24,25].

Autophagy is activated by the calcineurin inhibitor, 
cyclosporine A (CsA) by inducing endoplasmic reticu-
lum stress and the oxidative stress pathway [3]. Howev-
er, it remains unclear whether CsA-induced autophagy 
causes cell death or survival [3]. Some researchers have 
shown that CsA-induced autophagy may protect against 
CsA nephrotoxicity, while others suggest that it may 
promote CsA nephrotoxicity [3,34,35]. In this study, we 
focused on clinical studies on transplantation report-
ing that the combination of a calcineurin inhibitor 
with rapamycin as immunosuppressants resulted in 
severe nephrotoxicity [36]. From these clinical studies, 
we hypothesized that rapamycin, an autophagy activa-
tor, might accelerate tacrolimus nephrotoxicity and de-
signed an in vitro experiment to investigate the role of 
autophagy in tacrolimus nephrotoxicity using human 
kidney organoids (Fig. 8). Our data demonstrated that 
the augmentation of autophagy by treatment with rapa-
mycin accelerated cell death in the tacrolimus nephro-
toxicity model. These findings highlight the role of au-
tophagy in tacrolimus nephrotoxicity.

In conclusion, our data suggest that human iPSC-de-
rived kidney organoids could recapitulate tacrolimus 
nephrotoxicity and were effective as an in vitro model to 
investigate its pathogenic pathway. To improve the effi-
cacy of the kidney organoid in vitro model as a nephro-
toxicity testing platform, challenges with large numbers 
of nephrotoxic or non-nephrotoxic drugs are needed. 
Autophagy plays an important role in regulating cell 
death in tacrolimus nephrotoxicity and may be a poten-
tial target for preventing tacrolimus nephrotoxicity.
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