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Abstract 1 

Abstract 

Calcineurin inhibitors (CNI) such as cyclosporine A (CsA) and tacrolimus (Tac), are 

widely-used as immunosuppressants after solid organ transplantations to prevent allo-

graft rejection. However, their therapeutic benefits are limited by nephrotoxicity. In partic-

ular, CsA is associated with greater nephrotoxicity than Tac. CNI inhibit calcineurin indi-

rectly by building complexes with different immunophilins: CsA binds to cyclophilins and 

Tac interacts with the FK506-binding protein (FKBP). These complexes then bind to and 

inhibit calcineurin. We hypothesized that the stronger nephrotoxicity of CsA may be as-

sociated with suppression of cyclophilins, whose chaperone function is crucial in proteo-

stasis. Imbalanced proteostasis may lead to endoplasmic reticulum (ER) stress and mal-

adaptive unfolded protein response (UPR) in kidney epithelia. To this end, the effects of 

CsA and Tac treatment (10 µM, for 6 hours each) on UPR and apoptosis markers were 

evaluated in human embryonic kidney 293 (HEK 293) cells, primary human renal proximal 

tubular epithelial cells (HRPTEpC) and freshly isolated rat proximal tubules (PT). CsA 

treatment in cultured cells and isolated PTs induced significant increases to the levels of 

UPR and proapoptotic markers, whereas Tac treatment resulted in either mild or no effect. 

Knockdown of cyclophilin A (CYPA) or cyclophilin B (CYPB) via small interfering RNA 

(siRNA) stimulated proapoptotic UPR and apoptosis, similar to CsA treatment. Concom-

itant application of the chemical chaperones tauroursodeoxycholic acid (TUDCA) or 4-

phenylbutyric acid (4-PBA) alleviated CsA-induced ER stress and UPR. Similarly, inacti-

vation of critical UPR pathways by CRISPR/Cas9 mediated deletion of protein kinase 

RNA-like ER kinase (PERK) or activating transcription factor 6 (ATF6) in HEK 293 cells 

also blunted CsA-induced UPR. 

In summary, CsA induces stronger expression of UPR and proapoptic markers than Tac, 

which suggests that higher nephrotoxicity associated with CsA treatment may be, at least 

in part, derived from the suppression of cyclophilins rather than calcineurin inhibition. In-

deed, concomitant treatment with chemical chaperones alleviated the CsA-induced UPR, 

and genetic suppression of the UPR also blunted the detrimental effects of CsA. Thus, 

modulation of the UPR may be an effective adjuvant approach to mitigate the nephrotox-

icity associated with CsA. 
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Zusammenfassung 

Der Einsatz der Calcineurin-Inhibitoren (CNI), Cyclosporin A (CsA) oder Tacrolimus 

(Tac), gehört zu den Standards bei immunsuppressiver Therapie nach Organtransplan-

tation. Die nephrotoxischen Nebenwirkungen von CNI stellen jedoch ein Problem für de-

ren klinische Verwendung dar. Im Vergleich mit Tac hat CsA eine stärker toxische Wir-

kung. Calcineurin wird durch CNI indirekt über dessen Komplexbildung mit verschiede-

nen Immunophilinen gehemmt. Dabei bindet CsA an Cyclophiline und Tac an FK506-

bindendes Protein (FKBP). Die dadurch entstehenden Komplexe binden dann an Calci-

neurin und hemmen es. Wir stellten die Hypothese auf, dass eine angenommene höhere 

Nephrotoxizität von CsA mit der Unterdrückung von Cyclophilinen in Verbindung steht, 

weil deren Chaperonfunktion für die Erhaltung der zellulären Proteostase entscheidend 

ist. Eine unausgeglichene Proteostase kann zu Stress des endoplasmatischen Retiku-

lums (ER) und zu maladaptiver Unfolded protein response (UPR) in Nierenepithelien füh-

ren. Zur Überprüfung der Hypothese wurden Effekte von CsA und Tac (10 µM, 6 Stunden, 

jeweils) auf UPR- und Apoptosemarker in humanen embryonalen Nierenzellen 293 (HEK 

293), primären humanen proximalen tubulären Nierenepithelzellen (HRPTEpC) und 

frisch isolierten proximalen Tubuli (PT) von Ratten vergleichend untersucht. Die Behand-

lung mit CsA induzierte eine signifikant stärkere Expression von UPR- und Apoptosemar-

kern in kultivierten Zellen und isolierten PTs als mit Tac. Die Synthesehemmung (Knock-

down) von Cyclophilin A (CYPA) oder Cyclophilin B (CYPB) mittels kleiner interferieren-

der RNA (siRNA) stimulierte proapoptotische UPR und Apoptose in ähnlicher Weise wie 

die CsA-Behandlung. CsA-induzierte UPR und Apoptose wurden durch die gleichzeitige 

Anwendung der chemischen Chaperone, Tauroursodeoxycholsäure (TUDCA) oder 4-

Phenylbuttersäure (4-PBA), gelindert. In ähnlicher Weise wurden die zelltoxischen Ef-

fekte von CsA durch Hemmung der kritischen UPR-Komponenten, Proteinkinase-RNA-

ähnliche ER-Kinase (PERK) und Transkriptionsfaktor 6 (ATF6), in HEK 293 Zellen über 

CRISPR/Cas9-vermittelte Gen-Edition jeweils deutlich gemildert. 

Zusammenfassend verursacht CsA ein höheres Ausmass an epithelialer UPR und 

Apoptose als Tac. Die mit CsA-Behandlung einhergehende höhere Nephrotoxizität 

kommt offenbar anteilig durch Unterdrückung der zugehörigen Cyclophiline zustande. Die 

Dämpfung der UPR durch chemische Chaperone oder Hemmung ihrer genetischen Kom-

ponenten sollte dazu beitragen können, die zelltoxischen Effekte von CsA zu vermindern.
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1 Introduction 

1.1  Calcineurin structure and function 

Calcineurin is a calcium (Ca2+) and calmodulin dependent serine/threonine phosphatase 

(Rusnak & Mertz, 2000). Its heterodimeric structure consists of a catalytic subunit, cal-

cineurin A, and a regulatory subunit, calcineurin B (Bandyopadhyay et al., 2004). Cal-

cineurin A exists in three isoforms, namely α, ß and γ. While calcineurin Aα and ß are 

broadly distributed, calcineurin Aγ is expressed primarily in the brain and testes (Williams 

& Gooch, 2012). 

Increases in intracellular Ca2+ levels induce the formation of Ca2+-calmodulin complexes 

that then bind to and activate calcineurin. Activated calcineurin dephosphorylates tran-

scription factors of the nuclear factor of activated T cells (NFAT) family. Consequently, 

dephosphorylated and activated NFATs translocate into the nucleus and induce a variety 

of transcriptional programs including T cell activation (Creamer, 2020; Park et al., 2019). 

1.2  Calcineurin inhibitors 

Calcineurin inhibitors (CNI), cyclosporine A (CsA) and tacrolimus (Tac) are the most com-

monly-used drugs for immunosuppression to prevent allograft rejection after solid organ 

transplantation (Farouk & Rein, 2020; Kitamura, 2010). Since their introduction in 1980s, 

the use of CNIs after transplantation has dramatically improved graft and patient survival 

(Ume et al., 2021). However, nephrotoxic effects of CNI substantially limit their therapeu-

tic benefits at long term (Farouk & Rein, 2020). In particular, CsA administration is asso-

ciated with higher nephrotoxicity than Tac, alongside less favourable side-effects. For 

instance, comparative studies have shown long term Tac use is associate with a more 

favourable cardiovascular risk profile and better renal function, as determined by glomer-

ular filtration rate or serum creatinine levels, than CsA (Jurewicz, 2003; Lucey et al., 

2005). It is also reported that, CsA has more impact on dyslipidemia; CsA but not Tac 

significantly increases total cholesterol and low density lipoprotein cholesterol levels 

(Deleuze et al., 2006). It should be noted, however, that Tac use is strongly associated 

with post-transplant diabetes (Haddad et al., 2006; Martins et al., 2004). Interestingly, 

CsA and Tac have opposing effects on hair growth: CsA may trigger hypertrichosis 

whereas Tac use may lead to alopecia areata (Gafter-Gvili et al., 2003; Tricot et al., 2005). 
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Differences in toxicity profiles of the two CNIs may be related to their mechanism of cal-

cineurin inhibition. CsA and Tac do not inhibit calcineurin directly. Instead, they build com-

plexes with different immunophilins, so called for their action as receptors for immuno-

suppressive drugs (Calderón-Sánchez et al., 2011; Steiner & Haughey, 2010). While CsA 

builds complexes with cyclophilins (CYP), Tac (FK-506) interacts with FK-506 binding 

proteins (FKBP). Thus, immunosuppressant-immunophilin complexes bind to and inhibit 

calcineurin function (Figure 1; Dutz et al., 1993). 

 

Figure 1: Calcineurin inhibition mechanism: Upon increase in intracellular calcium levels, cal-

cium ions (Ca+) bind to calmodulin (Calm) that then in turn activates calcineurin. Consequently, 

calcineurin dephosphorylates and activates nuclear factor of activated T cells (NFAT) transcrip-

tion factors. Dephosphorylated NFATs translocate to the nucleus and regulate the expression of 

genes responsible for T cell proliferation, differentiation and activation, such as interleukin-2. Cal-

cineurin inhibitors cyclosporine A (CsA) and tacrolimus (Tac) build complexes with cyclophilins 

(CYP) and FK-binding proteins (FKBP), respectively, which then inhibit calcineurin activity and 

the T cell immune response. Source: Own elaboration. 

Immunophilins are ubiquitous peptidylprolyl cis-trans isomerases (PPI) that are ex-

pressed in a variety of human organs such as brain, liver, heart and kidney (Calderón-

Sánchez et al., 2011). Immunophilins, particularly cyclophilins, act as chaperons assisting 
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protein folding, for this reason deficiency of cyclophilins can give rise to endoplasmic re-

ticulum (ER) stress induced unfolded protein response (UPR; Cho et al., 2014; Yilmaz et 

al., 2022). 

1.3 Endoplasmic reticulum stress-induced unfolded protein response     

The endoplasmic reticulum (ER) is one of the largest organelles in eukaryotic cells. It 

plays key roles in protein synthesis, folding and structural maturation (Oakes & Papa, 

2015). ER homeostasis may be challenged by pathophysiological alterations that result 

in accumulation of unfolded or misfolded proteins within the ER lumen, causing ER stress 

(Hetz et al., 2020). ER stress triggers a compensatory intracellular signal transduction 

pathway known as the unfolded protein response (UPR), which acts to reduce protein 

synthesis, improve protein folding, and induce ER-associated degradation (ERAD) of mis-

folded proteins. However, should overwhelming or prolonged ER stress occur, the UPR 

can instead activate apoptotic pathways (Hetz et al., 2020; So, 2018; Walter & Ron, 

2011). 

The UPR comprises three major signaling pathways initiated by different ER resident 

transmembrane proteins: activating transcription factor 6 (ATF6), inositol-requiring pro-

tein 1 α (IRE1α) and protein kinase RNA-like ER kinase (PERK; Figure 2). Luminal do-

mains within these proteins sense the accumulation of unfolded proteins via dissociation 

of the binding immunoglobulin protein (BiP, GRP78), initiating the UPR signaling cascade 

(Hetz, 2012; Hetz et al., 2020; Lemmer et al., 2021). After activation of the UPR, ATF6 is 

transported from the ER to the Golgi apparatus to be cleaved by site-1 protease (S1P) 

and site-2 protease (S2P), releasing the 50 kDa cytosolic domain of ATF6 (ATF6 p50; 

Hetz et al., 2020; Pachikov et al., 2021). As a soluble and active transcription factor, ATF6 

p50 translocates to the nucleus to enhance the transcription of UPR-related genes (Nada-

naka et al., 2007). In association with UPR activation, IRE1α undergoes autotransphos-

phorylation and causes the splicing of unspliced X-box-binding protein-1 (uXBP1). 

Spliced XBP1 (sXBP1) is an active transcription factor that regulates the expression of 

genes involved in protein folding and ERAD (Pavlović & Heindryckx, 2021; Walczak et 

al., 2019). PERK, as the third branch of UPR, undergoes homodimerization and phos-

phorylation upon UPR induction, similar to IRE1α. Activation of PERK leads to phosphor-

ylation of eukaryotic translation initiation factor 2A (eIF2a), which causes a general down-



Introduction 6 

regulation of translation to decrease ER workload. However, under prolonged stress con-

ditions, preferential translation of activating transcription factor 4 (ATF4) may lead to ex-

pression of proapoptotic factors such as C/EBP homologous protein (CHOP; Bergmann 

& Molinari, 2018; Metcalf et al., 2020; Sano & Reed, 2013). 

 

Figure 2: Unfolded protein reponse (UPR): Three UPR sensor proteins – activating transcrip-

tion factor 6 (ATF6), inositol-requiring protein 1 α (IRE1α) and protein kinase RNA-like ER kinase 

(PERK) – sense the accumulation of unfolded or misfolded proteins and initiate UPR signaling. 

BiP, binding immunoglobulin protein; ER, endoplasmic reticulum; S1P, site-1 protease; S2P, site-

2 protease; uXBP1, unspliced X-box-binding protein-1; sXBP1, spliced X-box-binding protein-1; 

ERAD, ER-associated degradation; eIF2a, eukaryotic translation initiation factor 2A; ATF4, acti-

vating transcription factor 4. Source: Own elaboration. 

In summary, the ER is a crucial organelle that plays essential roles in protein folding and 

quality control. Accumulation of unfolded or misfolded proteins can cause stress in the 

ER that leads to the UPR (Chadwick & Lajoie, 2019; Lücke & Weiwad, 2011). Pharma-

cological inhibition of calcineurin via CsA or Tac is enacted through the inhibition of CYP 

or FKBP immunonphilins, respectively. Cyclophilins function as chaperones and play a 

key role in the proteostasis. Thus, CsA-induced suppression of cyclophilin chaperone 
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activity may aggravate cell toxicity via impaired cellular proteostasis and ER stress (Yil-

maz et al., 2022). 

1.4 Aim of this study                                             

The present study addresses the hypothesis that differential suppression of distinct im-

munophilins – cyclophilins or FKBP12 – may contribute to differences in the toxicity pro-

files of the clinically relevant calcineurin inhibitors, CsA and Tac. To this end, the effects 

of CsA and Tac on cellular proteostasis were compared in cultured kidney cells and 

freshly isolated rat proximal tubules, where a focus was placed on ER stress and UPR. 

The results demonstrated that CsA caused more pronounced cellular toxicity due to the 

suppression of cyclophilin chaperone function. This conclusion was corroborated by 

siRNA-mediated knockdown of cyclophilins, which recapitulated the effects of CsA with 

respect to the ER stress and proapoptotic UPR. In contrast, Tac induced only mild or no 

activation of the proapoptotic UPR pathways. Pharmacologic or genetic interventions that 

suppressed the proapoptotic UPR alleviated the CsA toxicity, making them promising 

therapeutic avenues (Yilmaz et al., 2022). 
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2 Methods 

2.1 Cell culture and treatments 

Human embryonic kidney 293 (HEK 293) cells were purchased from German Collection 

of Microorganisms and Cell Cultures (DSMZ, Catalog no: ACC 305) and cultured in Min-

imum Essential Medium Eagle (Sigma) supplemented with 5% FBS (Thermo Fisher Sci-

entific) and 1% L-glutamine (Corning). Human renal proximal tubular epithelial cells 

(HRPTEpC, Catalog no: 93005A, Sigma-Aldrich) were cultured in RenaEpi Growth Me-

dium (Sigma-Aldrich) supplemented with 10% FBS (Thermo Fisher Scientific). Cells were 

incubated at 37 °C, in a humidified atmosphere with 5% CO2. PERK knockout (PERK KO) 

and ATF6 knockout (ATF6 KO) HEK293 cells were generated using CRISPR/Cas9 me-

diated gene editing as previously described (Ran et al., 2013). Briefly, oligonucleotides 

(PERK: CACCGGGAAAATCTCTGACTACATA, AAACTATGTAGTCAGAGATTTTCCC; 

ATF6: CACCGTGAAATGGGGGAGCCGGCTG, AAAC-

CAGCCGGCTCCCCCATTTCAC) were cloned into pSpCas9(BB)-2A-GFP (catalog no: 

PX458, Addgene) vector. After transfection, cells were sorted into 96-well plates using a 

FACS Aria III (Becton Dickinson). Single-cell clones were expanded, and CRISPR/Cas9-

mediated mutations verified by Sanger sequencing of the respective genomic loci.  

Cells were treated with the calcineurin inhibitors cyclosporine A (CsA, Sigma-Aldrich) or 

tacrolimus (Tac, Sigma-Aldrich) dissolved in DMSO (Roth); 0.1 µM thapsigargin (Tg, 

Sigma-Aldrich) treatment served as the positive control. To detect the effect of chemical 

chaperones, either 5 µM sodium 4-phenylbutyrate (4-PBA, Abcam) or 300 µM taurour-

sodeoxycholic acid (TUDCA, Calbiochem) was combined with CsA (Yilmaz et al., 2022). 

2.2 Ex vivo experiments 

Animal experiments were conducted in line with the German Animal Welfare Regulation 

Authorities for the protection of animals used for scientific purposes (T0351/11). Male 

Wistar rats (7-9 weeks old, N=4) were sacrificed via coadministration of ketamine (0.4 

mg/g body weight) and xylazine (0.04 mg/g body weight) intraperitoneally. The kidneys 

of each animal were removed immediately, and dissected into thin cortical slices that 

were then digested by collagenase II (2 mg/mL) in a defined incubation solution (140 mM 

NaCl, 0.4 mM KH2PO4, 1.6 mM K2HPO4, 1 mM MgSO4, 10 mM sodium acetate, 1 mM α-

ketoglutarate, 1.3 mM calcium gluconate, 5 mM glycine, 48 mg/L trypsin inhibitor, 25 mg/L 
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DNase I, pH 7.4) at 37°C under continuous agitation (850 rpm; Pohl et al., 2010; Yilmaz 

et al., 2022). Proximal tubules (PTs) were collected using a dissection microscope (+4°C). 

Subsequently, each sample was divided into four sets of c. 20-40 PTs, which were then 

transferred into vials containing 10 μM CsA, 10 μM Tac, 0.1 μM Tg, or 0.04% DMSO (v/v) 

in 150 μl of Dulbecco's modified Eagle's medium solution (low glucose; PAN Biotech) 

supplemented with 1% L-glutamine (200 mM), and 1% penicillin/streptomycin (PAA La-

boratories). After 6 h incubation (37 °C, 8% CO2, open lid), PTs were harvested for RNA 

and protein isolation (Yilmaz et al., 2022). 

2.3 Cell viability 

Cell viability was assessed via 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-

mide (MTT, Biofroxx GmbH) assay. Cells were inoculated at a concentration of 1 × 105 

cells/mL to a 96-well plate and incubated overnight at 37 °C with 5% CO2. Afterwards, 

the culture medium was replaced with CsA or Tac supplemented media at concentrations 

of 0, 5, 10, 20, 40 and 80 µM for 6 hours. Meanwhile, 5 mg/mL MTT was dissolved in 

phosphate-buffered saline (PBS) and sterile filtered (0.22 µm, Whatman). After 6 h, 5 µL 

MTT solution was added to each well and incubated at 37 °C for a further 90 minutes. 

Subsequently, the medium was discarded and intracellularly precipitated formazan crys-

tals dissolved in DMSO (100 µL per well) followed by incubating at 37 °C for 15 minutes 

under gentle agitation. The light absorbance of the resulting solutions were then meas-

ured at 560 nm with a microplate reader (Biochrom ASYS Expert 96). Untreated cells 

were considered to be 100% viable and used to calculate relative viability of the treated 

cells (Yilmaz et al., 2022). 

2.4 Immunofluorescence staining 

Calcineurin inhibitor (CNI) treated cells were fixed in 4% paraformaldehyde for 10 minutes 

and permeabilized for 30 minutes in tris-buffered saline (TBS) supplemented with 0.5% 

Triton X-100 (v/v; Merck). Subsequently, the samples were blocked with 5% BSA in TBS 

for 30 minutes at room temperature. Primary antibodies (1:500 CHOP, Cell Signaling 

Technology, 2895; 1:500 Cleaved Caspase-3, Cell Signaling Technology, 9661) were in-

cubated overnight at 4°C in a humidified chamber. After washing, the samples were in-

cubated for a further hour with a TBS solution containing DAPI (0.1 µg/mL, 4′,6-diamidino-

2-phenylindole, Sigma-Aldrich), phalloidin (1:100, Alexa Fluor 488 phalloidin, Invitrogen) 
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and a Cy3-labelled secondary antibody (1:300, Dianova) at room temperature in a dark, 

humidified chamber. Coverslips were mounted (ProLong Glass Antifade Mountant, Invi-

trogen) on glass slides and fluorescent signals imaged using a confocal microscope (LSM 

5 Exciter, Zeiss). Signal intensities were quantified using ImageJ software (version 1.48v, 

NIH; Yilmaz et al., 2022). 

2.5 Ultrastructural analysis 

CNI treated cells were fixed in 2.5% glutaraldehyde in cacodylate buffer. Later, cells were 

scraped and postfixed in 1% osmium tetroxide, 0.8% potassium hexacyanoferrate(II) in 

0.1 M sodium cacodylate buffer for 90 minutes. Afterwards, cell suspension were firstly 

embedded to 2% agarose (Sigma) and incubated overnight at +4°C. The samples were 

then dehydrated in increasing concentrations of ethanol. Subsequently, the samples were 

immersed in propylene oxide for 1 h and in propylene oxide-EPON (SERVA) mixtures 

(2:1, 1:1 and 1:2 for 1 h each). Finally, the samples were infiltrated in pure EPON that 

was then polymerized through overnight incubation. Ultra-thin 70 nm thick sections were 

cut (Ultracut S, Leica) and imaged with an electron microscope (EM906, Zeiss; Yilmaz et 

al., 2022). 

2.6 Western Blot (Immunoblotting) 

After treatment, cells were harvested and homogenized in homogenization buffer (250 

mM sucrose, 10 mM triethanolamin, protease inhibitor (cOmplete, Roche) and phospha-

tase inhibitor (PhosSTOP EASYpack, Roche)). Next, cells were sonicated for 1 second, 

5 times. Cell debris were pelleted by 10 min centrifugation at 1000 × g (4 °C). Supernatant 

were collected and protein concentrations measured using a copper-based total protein 

quantification kit (Micro BCA Protein Assay Kit, Thermo Scientific). Equal amounts of pro-

tein were then placed into a sodium dodecyl sulfate polyacrylamide gel, separated by 

electrophoresis (SDS-PAGE), and transferred to a nitrocellulose membrane (Macherey-

Nagel). Membranes were blocked with 5% BSA (SERVA) and subsequently incubated 

with a primary antibody of interest overnight (4 °C; Table 1). 
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Table 1: List of primary antibodies used for immunoblotting 

Primary antibody Company Host 

species 

Primary antibody dilution Catalogue 

number 

ATF-6 (D4Z8V) Cell Signaling 

Technology 

rabbit 1:500, 5% BSA in PBS 65880 

Bax Abcam rabbit 1:1000, 5% BSA in TBST ab32503 

BCL-2 Santa Cruz Bio-

technology 

mouse 1:1000, 5% BSA in TBST sc-7382 

Calcineurin Aß Pineda Antikörper-

Service 

rabbit 1:1000, 5% BSA in PBS - 

Calcineurin Aα Pineda Antikörper-

Service 

rabbit 1:1000, 5% BSA in PBS - 

CHOP (L63F7) Cell Signaling 

Technology 

mouse 1:500, 5% BSA in TBST 2895 

Cleaved Caspase-

3 (Asp175) 

Cell Signaling 

Technology 

rabbit 1:500, 5% BSA in TBS 9661 

Cyclophilin A Abcam rabbit 1:1000, 5% BSA in PBS ab41684 

Cyclophilin B Abcam rabbit 1:1000, 5% BSA in PBS ab41684 

FKBP12 Abcam rabbit 1:1000, 5% BSA in PBS ab2918 

GAPDH Abcam rabbit 1:2000, 5% BSA in TBS ab181602 

IRE1α Cell Signaling 

Technology 

rabbit 1:1000, 5% BSA in TBST 3294 

NFAT4/NF-ATc3 

(phospho S165) 

Abcam rabbit 1:500, 5% BSA in TBST ab59204 

PERK (C33E10) Cell Signaling 

Technology 

rabbit 1:1000, 5% BSA in PBS 3192 

Phospho-IRE1α 

(phospho S724) 

Abcam rabbit 1:1000, 5% BSA in TBST ab48187 

ß Actin Sigma mouse 1:2000, 5% BSA in TBST A2228 

sXBP1 Abcam rabbit 1:1000, 5% BSA in PBS ab220783 

Table 1 was modified from Duygu Elif Yilmaz et al. 2022, J Biol Chem (Yilmaz et al., 2022). 

After washing, membranes were incubated with horseradish peroxidase (HRP)-conju-

gated secondary antibodies (1:2000 dilution, Dako) for an hour under gentle agitation at 

room temperature. Amersham ECL Western Blotting detection reagent (GE Healthcare) 

was used to visualize the membrane via Intas ECL ChemoCam Imager (Intas Science 
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Imaging). Densitometry of the bands were evaluated via ImageJ software (version 1.48v, 

NIH; Yilmaz et al., 2022). 

2.7 RNA Extraction and quantitative real-time PCR 

Total RNA was isolated using PeqGOLD TriFast (VWR Life Science), according to the 

manufacturer’s instructions. Reverse transcription was performed using 1 µg of RNA with 

Tetro Reverse Transkriptase kit (Bioline GmbH). The following sets of primers (Metabion) 

were used (Oslowski & Urano, 2011): BiP (human): forward 5’-TGTTCAAC-

CAATTATCAGCAAACTC-3’; reverse 5’-TTCTGCTGTATCCTCTTCACCAGT-3’, sXBP1 

(human): forward 5’-CTGAGTCCGAATCAGGTGCAG-3’; reverse 5’-ATCCATGGGGA-

GATGTTCTGG-3’, CHOP (human) forward 5’-AGAACCAGGAAACGGAAACAGA-3’; re-

verse 5’-TCTCCTTCATGCGCTGCTTT-3’, BiP (rat): forward 5’-TGGGTACATTT-

GATCTGACTGGA-3’; reverse 5’-CTCAAAGGTGACTTCAATCTGGG-3’, CHOP (rat) for-

ward 5’- AGAGTGGTCAGTGCGCAGC-3’; reverse 5’-CTCATTCTCCTGCTCCTTCTCC-

3’. Quantitative real-time PCR (RT PCR) was performed using HOT FIREPol EvaGreen 

qPCR Mix (Solis BioDyne) and the 7500 Fast Real-Time PCR system (Applied Biosys-

tems). The relative quantity (RQ) of mRNA was normalized to a housekeeping gene, 

GAPDH, forward: 5'-GCACCACCAACTGCTTAGC-3', reverse: 5'-

GGCATGGACTGTGGTCATGAG-3' (Yilmaz et al., 2022). 

2.8 siRNA Knockdown 

HEK 293 cells were transfected with siRNA (Ambion GmbH) at 40% confluency using 

INTERFERin (Polyplus Transfection) according to the manufecturer’s instructions. The 

following siRNA target sequences were used; CYPA: sense 5’-AGGUCCCAAAGACAG-

CAGAtt-3’, antisense 5’-UCUGCUGUCUUUGGGACCUtg-3’ and CYPB: sense 5’-

CCGUCAAGGUGUAUUUUGAtt-3’, antisense 5’-UCAAAAUACACCUUGACGGtg-3’ (Yil-

maz et al., 2022). 

2.9 Statistics 

The presented results were obtained from at least three biological replicates. Compara-

tive analysis between two groups was performed by unpaired t-test via GraphPad Prism 
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8 (GraphPad Software Inc). A probability of p < 0.05 was considered significant (Yilmaz 

et al., 2022).
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3. Results 

In order to identify suitable CNI doses, MTT assays were performed to evaluate the via-

bility of HEK 293 cells in the presence of increasing concentrations of CsA or Tac (0 to 

80 µM). CNI doses over 20 µM caused substantial decreases in viability: 43% viability in 

CsA and 60% in Tac. Thus, 10 µM CsA and Tac treatments were chosen for further ex-

periments in which the treatment duration was determined (Figure 3A; Yilmaz et al., 

2022). 

 

Figure 3: Effects of cyclosporine A (CsA) and tacrolimus (Tac) on cell viability and mor-

phology in HEK 293 cells: A Cell viability assay of HEK 293 cells after 6 hours of CsA or Tac 

treatment (0-80 µM). N = three independent experiments. Data are the means ± SD, ∗p < 0.05, 

∗∗p < 0.01, ∗∗∗∗p < 0.0001. B-D Electron microscopy images showing 10 µM CsA or 10 µM Tac 

treatment do not alter the cellular morphology after 6 hours of treatment. E-G Treatment with 10 

µM of CsA but not Tac for 24 hours causes cytoplasmic vacuolization. Figure 3 was modified from 

Duygu Elif Yilmaz et al. 2022, J Biol Chem (Yilmaz et al., 2022). 

Following 6 or 24 h CsA and Tac treatments were done and cell ultrastructural analyses 

were performed on transmission micrographs. While no obvious morphological differ-

ences were seen between the treatment groups after 6 h of treatment, 24 h treatment 

caused apparent vacuolization in CsA-treated but not in Tac-treated HEK 293 cells (Fig-

ure 3B-G). Therefore, the doses of 10 µM CsA or Tac and the time duration for 6 h were 
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chosen for the treatment protocol to study ER stress and UPR in response to CNI (Yilmaz 

et al., 2022).  

Next, we evaluated the effects of CsA vs. Tac on UPR related genes in HEK 293 cells 

using quantitative real-time PCR (RT PCR). Thapsigargin (Tg, 0.1 µM) treatment, an es-

tablished ER stress-inducer, was also included as a positive control (Oslowski & Urano, 

2011). The results revealed that CsA, but not Tac, induces UPR in HEK 293 cells, as 

evident by increased BiP, sXBP1 and CHOP expression levels (BiP: +231%, p < 0.01; 

sXBP1: +2142%, p < 0.05; CHOP: +751%, p < 0.05), similar to those induced by Tg 

(Figure 4A-C; Yilmaz et al., 2022). 

 

Figure 4: Effects of cyclosporine A (CsA) or tacrolimus (Tac) on unfolded protein response 

(UPR) markers in HEK 293 cells detected by real time PCR (RT PCR) analysis: A-C Graphs 

show the mRNA expression levels of BiP (A), sXBP1 (B) and CHOP (C) in HEK 293 cells after 

10 µM CsA or 10 µM Tac treatment for 6 hours. Vehicle (Veh) is DMSO and thapsigargin (Tg, 0.1 

µM) served as positive control. N = four independent experiments. Data are the means ± SD, ∗p 

< 0.05, ∗∗p < 0.01, NS – not significant. Figure 4 was modified from Duygu Elif Yilmaz et al. 2022, 

J Biol Chem (Yilmaz et al., 2022). 

Immunoblotting results also showed that UPR marker proteins were increased after CsA, 

but not Tac treatment (Figure 5 A-E). CsA increased the phosphorylation of IRE1α 

(+230%, p < 0.01 for p-IRE1α) while total IRE1α amount remained the same (Figure 5A-

C). On the other hand, sXBP1 and CHOP were significantly increased by CsA treatment 

(sXBP1: +223%, p < 0.001; CHOP: +227%, p < 0.01; Figure 5A, D-E (Yilmaz et al., 2022). 
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Figure 5: Effects of cyclosporine A (CsA) or tacrolimus (Tac) on unfolded protein response 

(UPR) markers in HEK 293 cells detected by immunoblotting: A Representative immunoblots 

show the protein expression levels of p-IRE1α (110 kDa), total IRE1α (110 kDa), sXBP1 (56 kDa) 

and CHOP (27 kDa) in HEK 293 cells after 10 µM CsA or 10 µM Tac treatment for 6 hours. Vehicle 

(Veh) is DMSO, thapsigargin (Tg, 0.1 µM, 6 h) served as positive control, ß actin (42 kDa) or 

GAPDH (37 kDa) served as loading controls. B-E Graphs represent the densitometric evaluation 

of p-IRE1α (B), total IRE1α (C), sXBP1 (D) and CHOP (E) expressions. Protein expressions were 

normalized to ß actin or GAPDH expressions. N = three independent experiments. Data are the 

means ± SD, ∗∗p < 0.01, ∗∗∗p < 0.001, ∗∗∗∗p < 0.0001, NS – not significant. Figure 5 was modified 

from Duygu Elif Yilmaz et al. 2022, J Biol Chem (Yilmaz et al., 2022). 

Next, we evaluated the anti- and proapoptotic markers B-cell lymphoma 2 (BCL-2) and 

Bcl-2-associated X protein (Bax), respectively (Szegezdi et al., 2009). Immunoblots show 

that CsA and Tg treatments resulted in diminished expression of anti-apoptotic BCL-2 

(CsA: −76%, p < 0.05; Tg: −58%, p < 0.01) and increased Bax levels (CsA: +218%, p < 

0.0001; Tg: +234, p < 0.01) in HEK 293 cells (Figure 6A-B). Tac treatment did not affect 

the BCL-2 expression, but did cause a slight increase in the expression of Bax protein 

(Tac: +168%, p < 0.05; Figure 6A-B; Yilmaz et al., 2022). 
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Figure 6: Effects of cyclosporine A (CsA) or tacrolimus (Tac) on apoptosis markers in HEK 

293 cells detected by immunoblotting: A-B Representative immunoblots show the protein ex-

pression levels of BCL-2 (26 kDa; A) and Bax (21 kDa; B) in HEK 293 cells after 10 µM CsA or 

10 µM Tac treatment for 6 hours. Vehicle (Veh) is DMSO, thapsigargin (Tg, 0.1 µM) served as 

positive control and ß actin (42 kDa) served as loading control. Graphs represent the densitomet-

ric evaluation of BCL-2 (A) and Bax (B) expressions. Protein expressions were normalized to ß 

actin. N = three independent experiments. Data are the means ± SD, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗∗p 

< 0.0001, NS – not significant. Figure 6 was modified from Duygu Elif Yilmaz et al. 2022, J Biol 

Chem (Yilmaz et al., 2022). 

Apoptotic parameters were also evaluated via immunofluorescence staining. Confocal 

microscopy images revealed that CHOP signal intensity was significantly higher after CsA 

and Tg treatments (CsA: +235%, p < 0.0001; Tg: +137%, p < 0.001).Tac and Veh treat-

ments, by comparison, did not cause a significant change to CHOP expression (Figure 

7A-B; Yilmaz et al., 2022). cCas-3 positive cells were counted as another apoptotic 

marker (Sharma et al., 2021). cCas-3 positive cell number was explicitly higher only in 

CsA and Tg treated cells (CsA: +422%, p < 0.01; Tg: +448, p < 0.01; Figure 7A, C). Tac 

induced no increase compared to vehicle (Yilmaz et al., 2022). 
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Figure 7: Effects of cyclosporine A (CsA) or tacrolimus (Tac) on apoptotic markers in HEK 

293 cells detected by immunofluorescence staining: A Representative confocal microscopy 

images show the protein expression levels of CHOP (red signal) or cCas-3 (red signal) in HEK 

293 cells treated with 10 µM CsA or 10 µM Tac for 6 hours. Vehicle (Veh) is DMSO and thapsigar-

gin (Tg, 0.1 µM) served as positive control. To detect the cellular localization of proteins, nuclei 

were labeled with DAPI (blue signal) and cytoskeleton with phalloidin, a phallotoxin that binds to 

F-actin (green signal). B-C Graphs represent the evaluation of CHOP (B) or cCas-3 (C) expres-

sions. Protein signals were normalized to DAPI. Data are the means ± SD, ∗∗p < 0.01, ∗∗∗p < 

0.001, ∗∗∗∗p < 0.0001, NS – not significant. Figure 7 was modified from Duygu Elif Yilmaz et al. 

2022, J Biol Chem (Yilmaz et al., 2022). 

We have then corroborated the data obtained from HEK 293 cells with primary human 

renal proximal tubular epithelial cells (HRPTEpC). RT PCR results showed that CsA in-

duced an increase of UPR related genes including BiP, CHOP and sXBP1 (BiP: +233%, 

p < 0.0001; sXBP1: +288%, p < 0.0001; CHOP: +278%, p < 0.01) compared to vehicle 
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treated cells (Figure 8A-C). Tac induced only a moderate increase in BiP mRNA (+135%, 

p < 0.01; Figure 8A). Analysis of sXBP1 abundance by immunoblotting revealed signifi-

cant increases in CsA or Tg treated cells compared to Tac or Veh treated cells (CsA: 

+188%, p < 0.01; Tg: +309 p < 0.0001; Figure 8D; Yilmaz et al., 2022). 

 

Figure 8: Effects of cyclosporine A (CsA) or tacrolimus (Tac) on unfolded protein response 

(UPR) markers in HRPTEpC cells by real time PCR (RT PCR) and immunoblotting: A-C 

Graphs show the mRNA expression levels of BiP (A), sXBP1 (B) and CHOP (C) in HRPTEpC 

cells after 10 µM CsA or 10 µM Tac treatment for 6 hours. Vehicle is DMSO and thapsigargin (Tg, 

0.1 µM) served as positive control. N = three independent experiments. Data are the means ± 

SD, ∗∗p < 0.01, ∗∗∗p < 0.001 ∗∗∗∗p < 0.0001, NS – not significant. D Representative immunoblot 

shows the expression of sXBP1 (56 kDa) in HRPTEpC cells after 10 µM CsA or 10 µM Tac treat-

ment for 6 hours. Vehicle (Veh) is DMSO, thapsigargin (Tg, 0.1 µM) served as positive control 

and ß actin (42 kDa) as loading control. Graph represents the densitometric evaluation of sXBP1 

expression. Protein expressions were normalized to ß actin. N = three independent experiments. 

Data are the means ± SD, ∗∗p < 0.01, ∗∗∗∗p < 0.0001, NS – not significant. Figure 8 was modified 

from Duygu Elif Yilmaz et al. 2022, J Biol Chem (Yilmaz et al., 2022). 

Supporting experiments were performed in freshly isolated proximal tubules obtained 

from 7-9 weeks old male Wistar rats. Each set of tubules was divided into four subsets 

(Figure 9A), which were incubated with Veh, Tac, CsA or Tg in 2 mL reaction tubes (Fig-

ure 9B). Subsequent RT PCR analyses revealed that CsA induced BiP and CHOP mRNA 
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levels (BiP: +234%, p < 0.05; CHOP: +366%, p < 0.05) while Tac did not, in line with 

previous results (Figure 9C-D; Yilmaz et al., 2022). 

 

Figure 9: Isolation of rat proximal tubules and effects of cyclosporine A (CsA) or tacrolimus 

(Tac) on unfolded protein response (UPR) markers detected by real time PCR (RT PCR): A 

A set of proximal tubules divided in 4 subsets. B Tubule subsets were then separated into indi-

vidual 2 mL reaction tubes and treated with 10 µM CsA or 10 µM Tac, for 6 hours. Vehicle is 

DMSO and thapsigargin (Tg, 0.1 µM) served as positive control. C-D Graphs show the mRNA 

expression levels of BiP (C) and CHOP (D) in proximal tubules. N = four independent experi-

ments. Data are the means ± SD, ∗p < 0.05, NS – not significant. Figure 9 was modified from 

Duygu Elif Yilmaz et al. 2022, J Biol Chem (Yilmaz et al., 2022). 

To test the role of cyclophilin activity in CsA mediated cell toxicity, CYPA or CYPB were 

suppressed by siRNA-mediated knockdown in HEK 293 cells. The knockdown experi-

ments resulted in decreased protein expression levels of CYPA (-53%, p < 0.001) and 

CYPB (-57%, p < 0.0001; Figure 10A-D) in HEK 293 cells. Immunoblotting analysis of 

CHOP and cCas-3 revealed that knockdown of either cyclophilin increased CHOP and 

cCas3 levels (CYPA knockdown: CHOP: +247%, p < 0.0001; cCas-3: +284%, p < 0.001 

and CYPB knockdown: CHOP: +364%, p < 0.0001; cCas-3: +327%, p < 0.001) similar to 

CsA treatment (CHOP: +343%, p < 0.0001; cCas-3: +214%, p < 0.01; Figure 10E-G). 

These results suggested that CsA induced UPR depends, at least in part, on the sup-

pression of cyclophilin activity (Yilmaz et al., 2022). 
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Figure 10: Knockdown of cyclophilins and its effects on CHOP and cCas-3 expression in 

HEK 293 cells detected by immunoblotting: A-B Representative immunoblots verify the siRNA 

mediated knockdown of cyclophilin A (18 kDa; A) and B (21 kDa; B) in HEK 293 cells. C-D Graphs 

represent the densitometric evaluation of CYPA (C) or CYPB (D) expression. Protein expressions 

were normalized to GAPDH. Data are the means ± SD, ∗∗∗p < 0.001, ∗∗∗∗p < 0.0001. E Repre-

sentative immunoblots show the expression of CHOP (27 kDa) or cCas-3 (19 kDa) in CsA (10 

µM) treated or CYPA or CYPB knockdown HEK 293 cells. GAPDH (37 kDa) or ß actin (42 kDa) 

served as loading controls. F-G Graphs represent the densitometric evaluation of CHOP (F) or 

cCas-3 (G) expression. Protein expressions were normalized to loading controls, GAPDH or ß 

actin. N = three independent experiments. Data are the means ± SD, ∗∗p < 0.01, ∗∗∗p < 0.001, 

∗∗∗∗p < 0.0001. Figure 10 was modified from Duygu Elif Yilmaz et al. 2022, J Biol Chem (Yilmaz 

et al., 2022). 
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Next, we tested whether concomitant use of chemical chaperons may alleviate the CsA 

induced UPR. The results showed that use of chemical chaperones such as TUDCA or 

4-PBA diminished the expression of proapoptotic UPR marker, CHOP. Immunoblots 

show that, CsA alone induced an expression of CHOP (+625%, p < 0.0001) which was 

blunted by concomitant application of TUDCA (+274%, p < 0.001; Figure 11A). Similar 

results were seen with concomitant application of 4-PBA (from +712%, p < 0.0001 to 

+238%, p < 0.0001; Figure 11B; Yilmaz et al., 2022). 

 

Figure 11: Effects of concomitant treatment of chemical chaperones, TUDCA or 4-PBA, on 

CHOP expression in cyclosporine A (CsA) treated HEK 293 cells detected by immunoblot-

ting: A-B Representative immunoblots show the expression of CHOP (27 kDa) in HEK cells 

treated with CsA (10 µM), CsA+TUDCA (300 µM; A) or CsA+4-PBA (5 µM; B). GAPDH (37 kDa) 

served as loading control. Graphs represent the densitometric evaluation of CHOP expression. 

Protein expressions were normalized to loading control, GAPDH. Data are the means ± SD, ∗∗∗p 

< 0.001, ∗∗∗∗p < 0.0001. Figure 11 was modified from Duygu Elif Yilmaz et al. 2022, J Biol Chem 

(Yilmaz et al., 2022). 

In order to genetically suppress CsA-induced UPR in HEK 293 cells, two of the key UPR 

sensors, PERK and ATF6, were deleted via CRISPR/Cas9 mediated gene knockout 

(Figure 12A-C). Next, unmodified (control), PERK knockout, and ATF6 knockout HEK 

293 cells were treated with vehicle, Tac or CsA. RT PCR results showed that expression 

of CHOP mRNA levels were decreased in modified HEK 293 cells. CsA treatment caused 
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a strong increase in CHOP expression in unmodified HEK 293 cells (+905%, p < 0.05), 

while PERK knockout and ATF6 knockout HEK 293 cells showed comparatively blunted 

CHOP increases (+486%, p < 0.05 and +343%, p < 0.05, respectively; Figure 12D). 

These RT PCR results suggest that genetic modulation of UPR sensors has a promising 

potential for alleviating CsA-induced UPR (Yilmaz et al., 2022). 

 

Figure 12: Knockout of two unfolded protein response sensors, PERK or ATF6, and its 

effects of CHOP mRNA expression in HEK 293 cells detected by real time PCR (RT PCR): 

A Representative immunoblots verify the knock out of PERK (125 kDa) or ATF6 (75 kDa) proteins 

in HEK 293 cells. GAPDH (37 kDa) or ß actin (42 kDa) serves as loading controls. B-C Graphs 

represent the densitometric evaluation of PERK (B) or ATF6 (C) expression. Protein expressions 

were normalized to loading controls. Data are the means ± SD, ∗∗∗∗p < 0.0001, NS – not signifi-

cant. D Graph shows mRNA expression levels of CHOP in native (CTRL), PERK knockout (PERK 

KO) and ATF6 knockout (ATF6 KO) HEK 293 cells. N = three independent experiments. Data are 

the means ± SD, ∗p < 0.05, ∗∗p < 0.001. Figure 11 was modified from Duygu Elif Yilmaz et al. 

2022, J Biol Chem (Yilmaz et al., 2022). 
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4. Discussion 

Currently, immunosuppressive regimens that prevent allograft rejection in organtrans-

planted patients typically include calcineurin inhibitors (Naesens et al., 2009). Retrospec-

tive analysis of CNI induced renal side effects suggested that Tac may exhibit a more 

favourable profile than CsA (Jurewicz, 2003). Several lines of evidence suggest that CsA-

derived toxicity is associated with impaired proteostasis that causes a maladaptive un-

folded protein response and eventual apoptotic induction as a consequence of this (Ad-

ams et al., 2019; Fedele et al., 2020; Ram & Ramakrishna, 2014). In line with this, the 

results of the present study revealed induction of a proapoptotic UPR after CsA applica-

tion in cultured renal cells and freshly isolated rat tubules. CsA treatment caused in-

creased expression of the UPR markers BiP, p-IRE1α, sXBP1 and CHOP. CsA treatment 

also led to decreased levels of anti-apoptotic protein BCL-2, as well as upregulated levels 

of apoptotic proteins Bax and cCas-3, indicating the failure of the adaptive UPR branch 

and the activation of proapoptotic pathways (Hetz & Papa, 2018; Yilmaz et al., 2022). By 

contrast, Tac treatement showed no effect on the aforementioned UPR markers with the 

exception of a mild increase in BiP mRNA levels in cultured proximal tubular cells 

(HRPTEpC) and Bax in protein levels in HEK 293 cells (Yilmaz et al., 2022). These results 

corroborate and extend on previous work demonstrating that CsA induces ER stress (Han 

et al., 2008; Lhoták et al., 2012). 

To gain mechanistic insights into CsA-driven cell toxicity, we tested for potential calcineu-

rin-independent effects of the drug through siRNA-mediated knockdown of cyclophilin 

(CYP) A or B (Yilmaz et al., 2022). Cyclophilins are a subgroup of the immunophilin family 

exerting peptidyl-prolyl cis-trans isomerase (PPIase) activity. They exhibit a ubiquitous 

expression pattern and a high degree of evolutional conservation from prokaryotes to 

eukaryotes (Kumari et al., 2013; P. Wang & Heitman, 2005). Cyclophilins play important 

roles in protein folding due to their PPIase activity. Previous studies have reported on the 

protective effects of CYPA and B activity in CsA-induced nephrotoxicity or aldosterone-

induced proximal tubular cell injury models (Hong et al., 2004; B. Wang et al., 2016). In 

the present work, cyclophilin knockdown in HEK 293 cells produced significant increases 

in CHOP and cCas-3 levels, similar to CsA treatment. This suggests that CsA-induced 

inhibition of cyclophilin chaperone function may be responsible for ER stress and mala-

daptive UPR, rather than calcineurin inhibition. Since Tac treatment caused a compara-

tively mild effect on the UPR, it is conceivable that the roles of cyclophilins in maintaining 
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intact cellular proteostasis are more crucial than those of FKBP12, at least in relation to 

UPR induction (Yilmaz et al., 2022). Although Tac seems to have a more favorable drug 

profile than CsA in terms of renal side effects, Tac treatment in vivo has been shown to 

promote hypertension as subsequences of vasoconstriction and renal sodium retention 

(Hoorn et al., 2011). Moreover, Tac has been associated with new onset of diabetes 

mellitus, which may then aggravate cardiovascular disorders (Farouk & Rein, 2020; 

Heisel et al., 2004; Song, 2016). 

Previous studies have shown that protein misfolding and ER stress occur in acute kidney 

injury, diabetic nephropathy, and chronic kidney disease leading to renal fibrosis. Chem-

ical chaperones that improve protein folding may alleviate this ER stress and reduce kid-

ney injury subsequently (Cybulsky, 2017; Liu et al., 2016). Concordantly, the present 

study demonstrates concomitant application of chemical chaperones such as TUDCA or 

4-PBA reduced CSA-induced cellular toxicity in HEK 293 cells (Yilmaz et al., 2022).  

In addition to pharmacological modulation of UPR, genetic approaches may also add to 

our understanding of CsA mediated nephrotoxicity. In the present study, CRISPR/Cas9 

gene editing was performed to knockout two of the three UPR sensors: ATF6 and PERK 

(Yilmaz et al., 2022). While the knockout was also attempted for IRE1α, the resulting cells 

were unviable highlighting the essential role of this gene in the cell survival (Raymundo 

et al., 2020; Yilmaz et al., 2022). Our results revealed that knockout of either PERK or 

ATF6 blunted the effects of CsA-induced UPR as demonstrated by the reduced expres-

sion of CHOP. (Yilmaz et al., 2022). A previous study also showed that liver-specific 

knockout of PERK caused a sharp reduction in UPR-related genes during ER stress 

(Teske et al., 2011). Similarly, another study reported that deletion of ATF6α in mouse 

embryonic fibroblasts showed a decreased expression of CHOP and BiP in response to 

the ER stress-inducer, thapsigargin (Diedrichs et al., 2018). Although our results demon-

strate that knockout of PERK or ATF6 in HEK 293 cells show promising outcomes to 

alleviate the proapoptotic UPR, animal experiments are mandatory for further interpreta-

tions (Yilmaz et al., 2022). 
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5. Conclusions  

In conclusion, the present study describes a calcineurin-independent mechanism of CsA-

induced cellular toxicity that can be explained by the suppression of cyclophilin activity, 

which results in uncompensated ER stress and proapoptotic UPR. This mechanism may 

be, at least in part, responsible for the more pronounced nephrotoxic effects of CsA as 

compared to Tac. Using chemical chaperones and genetic approaches to ameliorate the 

CsA-induced UPR may provide new avenues for rational therapeutic strategies. 
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