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Abstract: The primary function of the kidney includes the elimination of waste products and the maintenance of fluid and 

electrolyte composition of the body. The functioning unit of the kidney is the nephron including the glomerulus with a  

filtration function and the tubule with a reabsorption and secretion function. The fluid and electrolyte homeostasis is 

achieved largely through selective, vectorial transport facilitated by the renal tubular epithelium. This involves both trans- 

cellular and paracellular transport. Paracellular transport across renal tubular epithelial tight junctions (TJs) varies in dif-

ferent parts of the nephron. The relative concentrations of different claudins that are located in the TJ at any time deter-

mine the ion and size selectivity of the paracellular diffusion pathway in the kidney as in other tissues. In this article, we 

review work from our own laboratory and others providing evidence that immunosuppressive drugs, especially cyclosporine 

A (CsA) and sirolimus (SRL) and can alter transport molecules in kidney tubules. We outline evidence that CsA and SRL 

can enhance renal epithelial barrier function as indicated by transepithelial electrical resistance (TEER). The possible  

signalling mechanisms involved in altering the TJs and claudins by CsA and SRL are outlined and involve both TGF- 1 

and the ERK 1/2. These effects of CsA and SRL on kidney epithelia cell barrier function may help to explain some of the 

renal transport defects and nephrotoxicity seen with CsA and SRL. However if similar effects occur systemically in vivo, 

with these two immunosuppressive drugs, the enhancement of barrier function in areas of the body may decrease luminal 

antigen presentation, decreasing immune activation and support the immunosuppressive action of these drugs. 
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BARRIER FUNCTION OF THE RENAL TUBULAR 

EPITHELIUM 

 The primary function of the kidney includes the elimina-
tion of waste products and the maintenance of fluid and elec-
trolyte composition of the body. The functioning unit of the 
kidney is the nephron including the glomerulus with a filtra-
tion function and the tubule with a reabsorption and secre-
tion function. The fluid and electrolyte homeostasis is 
achieved largely through selective, vectorial transport facili-
tated by the renal tubular epithelium. The reabsorption and 
secretion of various solutes across the renal tubular epithe-
lium constitutes a major aspect of kidney function. The pri-
mary characteristic of all epithelial cells, including kidney 
epithelial cells, is the ability to act as selective barriers be-
tween compartments in the body. This is accomplished by 
the fact that epithelial cells are polarized (i.e. they have dis-
tinct apical and basolateral domains). Therefore, epithelial 
layers can act as asymmetric transporters of salts, non-
electrolytes and water thereby regulating the volume and 
composition of the compartments on either side. Epithelial 
cells adhere to each other through molecular complexes that 
form junctions between the cells. These intercellular junc-
tions not only fulfil a structural, adhesive function but also  
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exert significant influence over epithelial cell proliferation, 

differentiation, and over the barrier function of the layer  
[1, 2].  

 There are two routes by which ions may traverse the re-

nal tubular epithelium - transcellular and paracellular trans-
port. The regulation and maintenance of transcellular and 

paracellular transport is vital for the normal function of 

many organs, including the kidney. These routes facilitate 
movement of solutes, water and essential ions such as 

sodium, chloride, calcium and magnesium across epithelia 

and are critical for the maintenance of electrolyte balance 
and total body fluid and electrolyte homeostasis. Trans- 

cellular transport is mainly catalyzed by specific membrane 

pumps and channels on the apical and basolateral membrane. 
These transport processes generate transepithelial electro- 

chemical and osmotic gradients which then drive the passive 

movement of solutes through the paracellular pathway, 
which is size and charge selective for small molecules and 

electrolytes [1, 2]. The ‘tightness’, or conversely, the ‘leaki-

ness’ of an epithelial barrier layer is largely determined by 
the intercellular junctions including the adherens junctions, 

desmosomes and especially the tight junctions (also known 

as the zonula occludens). The adherens junctions and desmo-
somes act largely as structural adhesive junctions and are 

anchored to the actin cytoskeleton and intermediate filaments 

respectively.  
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RENAL EPITHELIAL TIGHT JUNCTIONS 

 The tight junctions (TJs) however, are the most apical 

junctional structure encircling the cell at the apical portion of 
the lateral membrane and forming the primary paracellular 

diffusion barrier which regulates epithelial permeability [2, 

3]. Paracellular transport across renal tubular epithelial TJs 
varies in different parts of the nephron. The TJ barrier is 

perforated by aqueous pores and dictates the specific tight-

ness characteristics of different epithelia, ranging from al-
most complete sealing (in the bladder) or forming paracellu-

lar pores for specific ions in specific segments of renal tu-

bules. TJs also play a crucial role in the organisation of the 
transcellular pathway, since they establish the polarity of the 

epithelial plasma membrane, forming an intramembrane dif-

fusion barrier which restricts the apical–basolateral diffusion 
of membrane components [1]. This polarization allows ion 

channels, pumps and enzymes to be differently distributed in 

apical and basolateral membrane domains establishing the 
vectorial nature of transepithelial transport in an epithelium 

[2]. TJs are comprised of three major groups of transmem-

brane proteins occludin, claudins and junctional adhesion 
molecules, and a large group of cytoplasmic proteins that 

form large macromolecular complexes (for full review see 

[4]). The transmembrane proteins form the paracellular and 
intramembrane diffusion barriers.  

 The relative abundance of different claudins that are lo-

cated in the TJ at any time determine the ion and size selec-
tivity of the paracellular diffusion pathway in that tissue. The 

studies on the role and distribution of different claudins 

along the nephron and in renal function has been reviewed in 
detail by Balkovetz [5]. These studies suggest that the ex-

pression of specific claudins along different nephron seg-

ments plays a key role in the specific physiological proper-
ties of the different nephron segments and leads to the hy-

pothesis that physiological regulation of TJs in the kidney 

can be controlled in part by modulation of the composition 
of individual claudin isoforms. In a more recent publication, 

Balkovetz also summarises the evidence that alterations in 

claudins in specific nephron segments can be associated with 
specific kidney diseases including familial hypomagnesae-

mia and also in a genetic form of human hypertension [6]. 

Therefore, the regulation of claudins in TJs and the signal-
ling process involved has become a major topic of interest in 

epithelial cells including renal epithelial cells. The cytoplas-

mic members of the TJs include a range of adaptor mole-
cules such as the zonula occludens (ZO) proteins, other 

PDZ-domain-containing proteins and other regulatory com-

ponents [7]. The adaptor proteins are thought to act as intra-
cellular organising centers to transduce signals between the 

transmembrane proteins and cytosolic signalling components 

such as GTPases and protein kinases. Several characterised 
TJ adaptor molecules interact with the actin cytoskeleton, 

and signalling to the actin cytoskeleton is thought to play a 

critical role in regulating TJ function and barrier permeabil-
ity [7]. TJs are subject to physiologic regulation and undergo 

dynamic modulation by agents as diverse as cytokines, cal-

cium, phorbol esters, adenosine triphosphate (ATP), bacte-
rial toxins, and fatty acids. The crosstalk of tight junction 

components with signalling pathways has been reviewed by 

Gonzalez-Mariscal et al. [8]. In this article we will review 

work from own laboratory and others providing evidence 

that immunosuppressive drugs alter kidney barrier function. 

The signalling mechanisms involved in altering the TJs and 
specifically the claudins will also be discussed. 

 Immunosuppressive drugs are used extensively in organ 

transplantation and autoimmune disease. The most sensitive 
indicator of epithelial barrier function in vitro is trans-

epithelial electrical resistance (TEER), which provides a 

measurement of the degree to which ions can traverse the 
cell layer [9]. TEER measurement relies on simplified 

equivalent circuit models where the epithelium is considered 

as a parallel circuit consisting of two resistive arms - the 
paracellular and transcellular pathways. The paracellular arm 

consists of a TJ resistance in series with the lateral 

intercellular space. The transcellular arm of the circuit 
consists of an apical membrane resistance in series with a 

basolateral membrane resistance. Alterations in TEER are 

generally used as an index of TJ permeability since TJs are 
rate limiting to paracellular solute movement [9]. It is gener-

ally accepted that TEER measurements in relatively low re-

sistance epithelia largely reflects the permeability of the 
paracellular pathway [10, 11]. Due to the plasticity and 

adaptability of TJs, they exert the greatest influence over 

paracellular permeability of the epithelial barrier, allowing 
for sensitive modulation of barrier permeability to ions and 

small molecules. 

CYCLOSPORINE A AND SIROLIMUS (RAPAMY-

CIN): CLINICAL STUDIES 

 Cyclosporine A (CsA) is a calcineurin inhibitor (CNI) 
which has revolutionized organ transplantation and remains 

the cornerstone of immunosuppressive therapies to prevent 

allograft rejection following solid organ transplantation [12]. 
CsA is also extremely useful in treating autoimmune dis-

eases including severe rheumatoid arthritis and severe pso-

riasis. The introduction of CsA led to a dramatic reduction in 
the incidence of acute allograft rejection and an improve-

ment in short-term kidney transplant survival [12]. However 

CsA has had much less impact on long-term graft survival 
due to nephrotoxic side effects in patients which ultimately 

lead to the development of chronic allograft nephropathy 

(CAN). CAN remains the primary cause of kidney transplant 
failure [13]. The immunosuppressive actions of CsA are be-

lieved to be mediated through prevention of T-cell activation 

by inhibition of calcineurin, thereby preventing the phos-
phorylation of NFAT family members responsible for the 

transcriptional activation of the interleukin-2 and interleukin-

4 genes [14]. While the underlying cause of CAN is unde-
fined, its development is associated with a number of patho-

physiological features such as glomerular and vascular al-

terations, abnormalities in tubular function and hemody-
namic changes (including hypertension). Renal biopsies re-

veal arteriolar hyalinosis, focal interstitial fibrosis, tubular 

atrophy, and glomerulosclerosis with focal atrophy [15-17]. 
A number of mechanisms are proposed to contribute to the 

observed pathophysiology including systemic, and renal 

hemodynamic changes, and direct toxic effects of CsA on 
tubular epithelial cells [18]. Strategies implemented to limit 

CsA exposure in patients include avoidance, minimisation, 

and withdrawal [19]. CsA avoidance is associated with in-
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creased rates of acute rejection and these protocols have 

largely been discontinued [20]. CsA reduction is associated 

with a modest improvement in renal function, but the  
development of CAN persists if the CsA exposure continues 

[20]. The most widely used CsA withdrawal strategies are 

replacement with, and co-administration with sirolimus 
(SRL).  

 SRL is an inhibitor of mammalian target of rapamycin 
(mTOR) [21]. mTOR phosphorylates a variety of cell cycle 
intermediates and catalyzes processes necessary for gene 
transcription and protein translation. SRL inhibits the p70S6 
kinase necessary for the synthesis of endoplasmic reticulum 
structural proteins [22]. Inhibition of mTOR also affects 
critical events later in the cell cycle including p27

kip1
 

degradation [23] and release of elongation initiation factor 
(eIF) 4A, which facilitates protein synthesis by ribosomes 
[24]. Together, these effects result in inhibition of IL-2-
mediated signal transduction pathways and results in 
inhibition of proliferation and clonal expansion of T and B 
cells stimulated by cytokines or growth factors. This mecha-
nism of action complements that of CNIs.  

 The two major strategies for SRL therapy in clinical or-
gan transplantation are de novo use of SRL in combination 
with reduced amounts of CsA, or complete conversion from 
a CNI-based protocol to SRL in cases where well-recognized 
adverse effects of CNIs (such as impaired renal function) are 
prevalent [20]. Although the hemodynamic and renal side 
effects of SRL are significantly less, compared to those of 
CsA, other serious adverse effects such as lipid abnormali-
ties and thrombocytopenia have been reported [25]. Fur-
thermore, there is increasing evidence of enhanced nephro-
toxicity and proteinuria in clinical studies where CsA and 
SRL are used in combination [26-28]. These findings have 
prompted much discussion and long-term follow-up studies 
in large cohorts are required to determine whether replace-
ment of CsA with SRL provides any significant improve-
ment in patient and graft survival [20].  

CSA AND SRL: IN VIVO EXPERIMENTAL STUDIES  

 The apparent contradictory nature of clinical findings 
regarding CsA and SRL combination therapies has prompted 
a significant number of in vivo and in vitro experimental 
studies. By and large, these studies have attempted to deline-
ate the effects of CsA and SRL, individually or in combina-
tion. Since CsA was developed much earlier than SRL, it is 
understandable that many more in vivo studies have been 
performed using CsA. A range of rodent models of CsA 
nephrotoxicity have been developed. Earlier work from our 
laboratory demonstrated altered magnesium homeostasis 
involving renal magnesium wasting in a rat model of CsA 
nephrotoxicity [29]. More recently, we have developed a 
mouse model of CsA nephrotoxicity and used proteomic 
techniques to identify possible novel biomarkers [30]. How-
ever, for this present discussion, the focus will be on studies 
that examined potential effects on renal transport. Kim et al. 
[31] demonstrated that CsA treatment significantly reduced 
proteinuria and the diminished glomerular ZO-1 expression 
in puromycin aminonucleoside induced nephrosis in rats. 
However, in another model of protein overload involving 
repeated injections of bovine serum albumin, Cai et al. [32] 
demonstrated that SRL aggravated proteinuria.  

 A number of studies have investigated alterations in 
epithelial transporters with CsA treatment. Esteva-Font et al. 
[33] demonstrated an increase in the Na-K-2Cl (NKCC2) 
cotransporter in the loop of Henle in rats treated with CsA 
(25 mg/kg/day IP for 7 days). Lee et al. [34] demonstrated a 
decrease in Na-Cl cotransporter in renal cortex of rats treated 
with CsA and also demonstrated that occludin was also in-
creased in rat kidneys exposed to CsA. Our earlier finding of 
magnesium wasting in CsA toxicity [29] may be provided a 
mechanistic basis in a study of Chang et al. [35] who dem-
onstrated in an immortalized cultured thick ascending limb 
cell line that CsA significantly reduced parcellin-1 (claudin 
16). Paracellin-1 is a tight junction protein which regulates 
the paracellular transport of magnesium in the tick ascending 
limb. 

EFFECTS OF CSA AND SRL ON TUBULAR 
EPITHELIAL CELLS 

 Since the renal tubular interstitium is a primary site of 
toxicity during CAN, there has been particular focus on tu-

bular epithelial cells of the nephron (primarily proximal and 
distal tubule cells) in investigations of CsA and SRL effects 
on the kidney. Tubular epithelial cells play a central role in 
the initiation and development of CAN via a variety of 

mechanisms including secretion of profibrotic chemokines 
and growth factors [36, 37], epithelial-to-mesenchymal tran-
sition, extracellular matrix accumulation and renal fibrosis 
[38]. A wide range of studies have examined the direct ef-

fects of CNIs on tubular epithelial cells in vitro primarily 
focusing on models of the proximal and distal tubules, how-
ever some data relating to the loop of Henle is also available. 
However, one has to carefully consider the experimental 

conditions in which studies on the renal epithelial cells has 
been carried out in vitro. For example, many studies have 
been carried out on cells under sub-confluent conditions 
when the transport properties of the cells have not fully  

established. None the less, these studies do show clearly that 
CsA and SRL have direct effects on kidney epithelial cells.  

 CsA has been shown to increase apoptosis in tubular [39] 
and interstitial cells by inducing tubular atrophy [40], 
inflammatory mediators, enhanced immunogenicity [41, 42] 
and epithelial–mesenchymal transition in tubular epithelial 
cells [43, 44]. In the porcine proximal tubule cell line LLC-
PK1, CsA caused increased apoptosis, cell cycle arrest and 
decreased cell proliferation [39, 45]. CsA has also been 
shown to increase levels of the tumor suppressor p53 in 
LLC-PK1 cells with associated cell cycle arrest [46]. In the 
human proximal tubular cell line, HK-2, CsA exposure re-
sults in stress-induced senescence in both HK-2 cells and 
primary proximal tubular cells, characterized by a reduced 
proliferation, decreased DNA synthesis and p53 activation 
[47]. In sub-confluent HK-2 cells, CsA has been shown to 
induce epithelial mesenchymal transition (EMT) and pro-
mote fibrotic effects [43, 44]. In the distal tubular Madin-
Darby canine kidney (MDCK) cell line, CsA induced cell 
cycle arrest, apoptosis and significant increases in lactate 
dehydrogenase activity [48].  

 By comparison, the direct effects of SRL on tubular 
epithelial cells have been less well studied. SRL has been 
shown to inhibit TGF- 1-induced EMT in proximal tubular 
cells suggesting an anti-fibrotic effect [49]. Pallet et al, [50] 
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demonstrated that SRL dramatically decreased the prolifera-
tive response of tubular epithelial cells to mitogenic stimuli 
at clinically relevant concentrations. In 2008, the same  
group reported on a toxicogenomic study of CsA and  
SRL effects on the tubular epithelial cell gene transcription 
profile [51]. In summary, this study demonstrated that SRL 
elicited dramatically different effects on the gene expression 
profile, dependent on whether it was administered alone  
or in combination with CsA. On one hand, CsA and 
CsA+SRL induced similar transcriptional changes, inducing 
profibrotic genes and affecting genes concerned with ion 
transport or ligand receptor interaction. In contrast, SRL, 
when administered alone, was reported to regulate genes 
involved in transcriptional activity, cell death and cellular 
metabolism.  

EFFECTS OF CYCLOSPORINE A AND SIROLIMUS 
ON TUBULAR EPITHELIAL CELL BARRIER 

FUNCTION 

 While these studies provide clear evidence of direct ef-
fects of CsA and SRL on tubular epithelial cells, they did not 
directly examine the effects of CsA and SRL on tubular 
epithelial cell transport and barrier function. In a series of 
studies from our group, the effects of CsA on barrier func-
tion in MDCK II cells were investigated [52-54]. It was 
demonstrated that sub-cytotoxic concentrations of CsA de-
creased the paracellular permeability of MDCK II cell mono-
layers, detected as an increase in TEER [53]. Inhibitor stud-
ies demonstrated that activation of the extracellular signal-
regulated kinase 1/2 (ERK1/2) mitogen-activated protein 
kinase (MAPK) cascade was central to the CsA-induced in-
crease in TEER. In follow up studies, we demonstrated that 
alterations in claudin-1 and zonula occludens 2 (ZO-2) ex-
pression were observed following CsA. [52]. We also dem-
onstrated that induction of TGF- 1 and the TGF-  type II 

receptor were involved in the CsA-mediated increase in bar-
rier function and TEER. We extended the findings with the 
MDCK cells into a model of the proximal tubule using the 
LLC-PK1 cell line [54]. In these studies with LLC-PK1 
cells, CsA exposure induced a significant increase in TEER 
and this effect coincided with alterations in the expression of 
TJ proteins, claudins-1, -2 and -4 with claudins -1 and -4 
being upregulated and claudin-2 being downregulated. TGF-

1 induction and ERK1/2 signaling were also central to the 
CsA-mediated alterations in proximal tubular epithelial cell 
barrier function. Furthermore, the effects of SRL alone and 
in combination with CsA were also examined in these stud-
ies. A subcytotoxic concentration of SRL was also found to 
significantly decrease paracellular permeability of LLC-PK1 
cell monolayers. Surprisingly, cotreatment of cells with SRL 
and CsA was found to further decrease paracellular perme-
ability revealing a significant synergistic effect between the 
two drugs. The effects of CsA and SRL alone and in combi-
nation on the TEER are shown in Fig. (1). This synergism 
appeared to be underpinned by co-regulation of TGF- 1 
production resulting in downstream ERK1/2 signalling, and 
alterations in claudin-1, -2 and -4 regulation. Additional un-
published data from our laboratory indicates that TGF- 1-
induced ERK 1/2 signalling is critical for the effects of CsA 
and/or SRL on barrier function and that SMAD signalling is 
of lesser significance.  

 A recent study by Lee et al. [34] also observed modula-
tion of TEER by CsA, but in MDCK I cells which exhibit a 
very high basal TEER. They reported that CsA at a concen-
tration of 83nM decreased TEER but, in agreement with our 
previous findings in MDCKII cells, observed that CsA at a 
higher concentration of 0.4μM induced a significant increase 
in TEER. Alterations in ZO-1 and occludin 1 were observed 
but no changes in claudin-1 or -4 were reported by the inves-
tigators. Any possible mechanistic differences are likely due 

 

 

 

 

 

 

 

 

 

 

Fig. (1). Effects of CsA and SRL on proximal tubular epithelial cell barrier function. Adapted from Martin-Martin N et al. Am J 

Physiol Renal Physiol 2010; 298: F672-F682 (©2010 by American Physiological Society). Cyclosporine A (CsA), sirolimus (SRL), and 

CsA/SRL cotreatment increased transepithelial electrical resistance (TEER). LLC-PK1 cells were grown on 24-Costar Transwell filters and 

treated with either vehicle control (EtOH), 4.2 μM CsA, 1 μM SRL, or 4.2 μM CsA + 1 μM SRL for periods up to 72 h. Results are ex-

pressed as the change in TEER ( TER) compared with time-matched control filters and are given as means ± SE of 3 independent experi-

ments performed in triplicate. TER is expressed as ·cm2. 
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to physiological differences between the MDCK I and 
MDCK II cell lines. For example, MDCK II cells exhibit a 
lower basal resistance than MDCK I cells (~100 /cm

2 
ver-

sus 4,000-10,000 /cm
2
). This difference in basal TEER is 

likely mediated by the fact that MDCK I cells do not express 
claudin-2 (a major pore-forming claudin), where as MDCK 
II cells do. However, it is also possible that CsA at a concen-
tration of 83nM may have induced apoptosis as we previ-
ously provided evidence that CsA in the nano molar range 
can induce apoptosis [39]. 

  To our knowledge, there has been only one other study 
apart from our own [54] discussed above which reported 

effects of SRL on TEER in kidney cells [55]. Zhang et al. in 

a study investigating the role of AMP-activated protein 
kinase in regulation of the assembly of epithelial tight junc-

tions in MDCK I cells reported that SRL at a concentration 

of 20nM had a beneficial effect on TEER and partially res-
cued delayed ZO-1 localization caused by dominant negative 

AMPK expression [55]. SRL has been shown to inhibit re-

ceptor mediated endocytosis of albumin in human proximal 
tubular cells in an angiotensin II-dependent manner [56]. 

With respect to the distal tubule, SRL has been shown to 

inhibit GLUT12 translocation in MDCK cells [57]. It re-
mains to be established if CsA, SRL or indeed CsA and SRL 

in combination modulate the expression and/or localisation 

of a range of other transcellular transporters and of other TJ 
proteins including additional claudins in proximal and distal 

tubular epithelial cells.  

 The effects of CsA and/or SRL on kidney cells in vitro 
may appear contradictory. On the one hand observed effects 
include cell cycle arrest, apoptosis, ER stress and EMT, and 
on the other increased barrier function and increased TEER. 
However, it is likely that these different effects are mainly 

due to the specific conditions under which the experiments 
were carried out. We have summarized these reports and 
effects observed in Table 1. This clearly shows that the ef-
fects induced by CsA and/or SRL such as cell cycle arrest, 
apoptosis and EMT have been reported in studies with sub-
confluent cells grown on plastic. On the other hand, the stud-
ies on barrier function and TEER have, of course, been car-
ried out on confluent cells grown on filters. The hypothesis 
would be that these latter conditions may be closer to the in 
vivo situation with intact epithelial barrier function. However 
during situations of injury and repair, sub-confluency of cells 
and cell division may also be very relevant. 

CONCLUSIONS 

 In conclusion, evidence presented indicates that CsA, 
SRL, and CsA/SRL in combination significantly alter renal 
transport including the paracellular permeability of renal 
tubular epithelial cells, resulting in enhanced barrier func-
tion. While the synergism observed between CsA and SRL is 
somewhat surprising considering their indicated diverse 
mechanisms of immunosuppressive action. The results from 
our laboratory identified TGF- 1 and ERK MAPK signalling 
as potent regulators of paracellular permeability in both 
proximal and distal tubular cells after treatment with CsA, 
SRL and CsA/SRL. The possible mechanisms are presented 
diagrammatically in Fig. (2). The fact that the CsA and SRL 
effects on TEER and barrier function are mediated, at least in 
part by TGF- 1 also suggests that the effects may be ob-
served in other epithelia. TGF- 1 treatment has been shown 
to enhance the barrier function of intestinal epithelial mono-
layers and promoted intestinal epithelial restitution [58, 59]. 
Conversely, TGF- 1 inhibited glucocorticoid-stimulated 
tight junction formation and decreased TEER in murine 
mammary epithelial cells [60]. Together, these observations 

Table 1. Effects of CsA and SRL on Tubular Epithelial Cells In Vitro 

Cell Type  Confluency  

Support  

Effect of CsA  Effect of SRL Effect of CsA/SRL References 

Confluent 

Filter 

4.2μM  TEER  1μM  TEER  4.2/1μM  TEER [54]  LLC-PK1 

Sub-confluent  

Plastic 

4.2nM  

4.2μM  

42μM  

Cell cycle arrest Apoptosis 

Cell cycle arrest  

Cell cycle arrest Necrosis  

N/A  N/A  N/A  N/A  [39, 45, 46]  

HK-2  Sub-confluent  

Plastic 

4.2μM  

42μM  

Cell cycle arrest EMT, 

Fibrosis 

Necrosis  

100nM  albumin  

endocytosis  

N/A  N/A  [43, 44, 47, 56] 

Primary human 

tubular epithelial 

cells  

Confluent 

Plastic  

2μM  ER Stress 40nM  Cell cycle 

 arrest  

ER Stress 

2μM/40nM  ER 

Stress  

[50, 51]  

MDCK I  Confluent 

Filter  

4.2μM TEER  20nM  TEER  

(rescue 

from 

AMPK DN)  

N/A  N/A  [52, 53, 55]  

MDCK II  Confluent 

Filter  

80nM 

0.4μM  

TEER 

TEER  

N/A N/A  N/A  N/A  [34]  
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suggest that TGF- 1 elicits diverse effects on epithelial bar-
rier function in different tissues.  

 The effects of CsA and SRL on kidney epithelial cell 
barrier function may provide explanation of some of the re-
nal transport defects and nephrotoxicity observed in patients 
treated with CsA and SRL. However, if similar effects occur 
systemically in vivo with these two immunosuppressive 
drugs, the enhancement of barrier function in areas of the 
body may decrease luminal antigen presentation, decreasing 
immune activation and support the immunosuppressive ac-
tion of these drugs. The mechanisms underlying these effects 
may differ subtly between cell models but the overarching 
importance of these observations and their potential clinical 
implications highlight the need for further characterization of 
the molecular mechanisms underlying these drug-induced 
alterations in barrier function.  
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