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1. INTRODUCTION 
 

1.1 Acute tubular necrosis and ischemia-reperfusion injury 

There is still no effective therapy to treat an established acute kidney injury (AKI) 

alone. AKI remains a factor that dramatically increases the mortality of hospitalized 

patients, which drives a high clinical priority to nourish the endogenous repair processes 

and retard associated fibrosis. The most frequent causes of AKI are secondary, such as 

sepsis, nephrotoxic medication, and ischemia, each causing acute tubular necrosis (ATN) 

which leads to almost 50% mortality or chronic renal failure in 10% of the cases, in need of 

dialysis treatment. 

Ischemia/reperfusion injury (IRI) of the kidney is a major cause of ATN leading to 

acute kidney injury (AKI) and the primary targets are the proximal tubule cells. During 

ischemia, the cells lose their functional integrity; loss of cell polarity, cytoskeleton 

disorganization or cell-matrix adhesion loss leads to cell death. Damaged tubular cells 

release “cellular debris” into the tubular lumen, this leads to obstruction of the tubular 

lumen and consecutive increase of the tubular pressure while reducing glomerular filtration 

rate (GFR). Some effects extend beyond the ischemic injury to cause further tubular cell 

damage. Clinical symptoms are initially often indirect, which makes difficult to recognize 

the beginning of the ischemia.  

Tissue injury occurs in two phases due to an ischemic insult. The first phase of 

cellular damage is a direct consequence of oxygen and energy deprivation, while the tissue 

injury extends further during reperfusion phase. In the first phase, renal ischemia induces a 

broad range of cellular and molecular responses. The damaged tissue produces extreme 

amounts of reactive oxygen species (ROS), which causes deprived oxidative 

phosphorylation and disorder in ATP synthesis. ATP is degraded to ADP and AMP and 

AMP further metabolized to adenine nucleotides. Adenosine, inosine can pass through the 

cell membrane, which further cuts down the potential “energy supply”. Through the ATP 

depletion, the cell cannot get rid of excess intracellular calcium via the Ca2+-ATPases, 

which leads to increased intracellular calcium levels. The activity of plasma membrane 

Na+-K+ ATPase channels also decrease in parallel with the fall of intracellular ATP levels, 
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leading to increased intracellular Na+ concentration. These disorders are all reversible in 

case of a restored oxygen supply. Irreversible injury occurs when the above cellular 

changes lead to disruption of the cell membrane. 

In the reperfusion phase irreversible damage will not recover despite of the 

reperfusion. During the ischemic insult, renal tubular epithelial cells start to produce 

different chemokines, which regulate the expression of proinflammatory cytokines and cell 

adhesion molecules. These chemokines and cytokines activate leukocytes and promote 

endothelial cell injury through intracellular cascades. Increases of both caspase-1 and 

caspase-3 have been reported in ischemic injury. Oxidative stress play an important role in 

renal ischemia and upcoming AKI, with three major components: 1) indirect effect of the 

oxidant; 2) regulatory effect on cell signaling; 3) direct damage by RNOS (Reactive 

Nitrogen Oxide Species). There are several sources of reactive oxygen species (ROS) 

during reperfusion. Oxygen deprived mitochondria provide high amount of ROS, xanthine 

oxidase levels increase under hypoxic condition and in the presence of O2 xanthine 

dehydrogenase oxidizes hypoxanthine and xanthine to uric acid and produce ROS. Another 

source of free radicals is the inflammation during reperfusion; neutrophil activation 

produces superoxide by NADPH oxidase enzyme activation and ROS can cause lipid 

peroxidation of membrane phospholipids, and increase membrane permeability. Nitrosative 

stress, the reaction between superoxide ion and nitric oxide (NO), results in formation of 

peroxynitrite, which is a cytotoxic metabolite and can cause lipid peroxidation and DNA 

damage. 

After ischemic renal injury, the type of cell death depends primarily on the duration 

and extent of the ischemic insult, and the resistance of the cell type. However, cell death is 

more likely to be a series of interrelated events. Several type of cell death occurs in renal 

ischemic injury such as apoptosis, necroptosis, and four separate regulated necrosis 

pathways: 1) RIPK1/RIPK3-dependent necroptosis; 2) CYPD-mediated regulated necrosis; 

3)  pyroptosis; 4) ferroptosis. 
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1.2 Osmotic stress in the renal medulla 

Under physiological conditions, the renal medullary cells are exposed to significant 

changes in osmolarity. Hyperosmolar conditions induce the expression of several genes, 

including immediate early genes. For instance, hypersomolarity can lead to transforming 

growth factor-ß (TGF-ß) activation in cultured renal fibroblast cells. TGF-ß plays a pivotal 

and pathological role in fibrotic diseases of several organs, including myocardial, 

pulmonary and kidney fibrosis. TGF-ß can induce the expression of transcription factors 

Egr-1 (early growth response factor-1) and the activator protein-1 (AP-1) complex, which 

has been associated with upregulation of extracellular matrix production. In vitro studies 

have previously shown that short term osmotic stress upregulates Egr-1 expression in renal 

tubular cells. However, less is known about the possible effect of sustained  

hyperosmolarity on inner medellary collecting duct (IMCD) cell expression of TGF-ß, Egr-

1 and AP-1 components or collagens.  

 

2. HYPOTHESIS AND SPECIFIC AIMS 

 

Renal tubules are susceptible to injury of different etiologies, including ischemia, 

toxicity or sustained osmotic stress. Ischemia/reperfusion injury is a major cause of acute 

kidney injury. However, no effective modalities exist to prevent or treat ischemic tissue 

damage. Therefore, better understanding of ischemic cellular events, development of 

appropriate screening assays and cell based model systems are essential in order to identify 

new drug compounds that might fulfill the clinical demand in the near future.  

The expression of several profibrotic genes have been so far implicated in the 

molecular response to acute osmotic stress of renal medullary cells. However, the 

molecular effects of sustained hyperosmolarity have not been investigated yet. As sustained 

hypertonicity is present in the renal medulla, we aimed to investigate how increased 

osmolarity might affect TGF-ß, Egr-1 and AP-1 expressions of cultured inner medullary 

collecting duct (IMCD) cells. 
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During our studies, our specific aims were the following: 

1) set up cells-based hypoxia-reoxygenation model of tubular injury to mimic 

ischemia and reperfusion phase on LLC-PK cell line 

2) better characterize the mechanism of both ischemic and reperfusion phase 

3) apply the established in vitro model in order to search for compounds that 

ameliorate hypoxia-reoxygenation injury of renal proximal tubule cells 

4) screen hits’ confirmation 

5) mechanism identification of novel hits 

6) establish an in vitro model for sustained hyperosmolarity on IMCD cell line 

7) investigate the effect of sustained hyperosmolarity on the expression of 

immediate early genes and collagens 

 

3. MATERIALS AND METHODS 

 

Cell culture 

LLC-PK1 (porcine kidney proximal tubular cells) and NRK (rat renal proximal 

tubular epithelial cell) cells were maintained in Dulbecco’s modified Eagle’s medium 

(DMEM) containing 1 g/l glucose supplemented with 10% fetal bovine serum, 4 mM 

glutamine and 100 IU/ml penicillin and 100 µg/ml streptomycin. HK-2 (human renal 

proximal tubule epithelial cell) was maintained in DMEM containing 4.5 g/l glucose 

supplemented with 10% fetal bovine serum 4 mM glutamine and 100 IU/ml penicillin and 

100 µg/ml streptomycin. Murine IMCD cells were maintained in DMEM/F12 medium 

containing supplemented with 10% fetal bovine serum 4 mM glutamine and 100 IU/ml 

penicillin and 100 µg/ml streptomycin. LLC-PK1, NRK and HK-2 cells, were plated were 

plated into 96-well tissue culture plates (3 000 cells/well) and cultured for 5 days at 37 ºC 

at 5% CO2 atmosphere. IMCD cells were plated into 6 cm dishes (500 000 cells/dish) or 96 

well plates (25 000 cells/well) and cultured to reach confluency at 37 ºC at 5% CO2 

atmosphere. 
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In vitro model of acute tubular necrosis 

Culture medium was replaced with DMEM containing no glucose prior to the 

induction of hypoxia. In the pretreatment assay the drugs were added at 50 μM 

concentration in 5% of the culture volume (final concentration of DMSO was 0.5%). 

Culture plates were placed in gas-tight incubation chambers and the chamber atmosphere 

was replaced by flushing the chamber with 95% N2/5% CO2 mixture at 25 L/min flow rate 

for 5 min. The hypoxia was maintained by clamping and incubating the chambers for 20 

hours (or for the indicated period) at 37 °C. All assay plates subjected to hypoxia included 

vehicle-treated control wells with glucose-free medium (OGD) or medium containing 5 

mM glucose (CTL). After hypoxia, glucose and serum concentration was restored by 

supplementing the culture medium with glucose and FBS and the cells were incubated for 

24 hours at 37 °C at 5% CO2 atmosphere. In the post-treatment assay the drugs were added 

immediately after the hypoxia at 50 μM final concentration in 5% of the culture volume.  

In vitro model of sustained hyperosmolarity 

IMCD cells were cultured in DMEM/F12 medium containing 10% FBS and 

antibiotics. After confluency, the medium was switched to serum-free DMEM/F12 medium 

supplemented with 3,3′,5-Triiodo-L-thyronine (T3), insulin-transferrin-selenium (ITS-G), 

Bovine Serum Albumin and hydrocortisone. In order to mimic the hyperosmolar conditions 

of the renal medulla, the medium osmolarity was gradually increased by adding NaCl and 

urea, from 330 mOsm reaching 900 mOsm on day 7. At specific osmolarities (330, 600, 

900 mOsm), cells were harvested for MTT assay (on 96-well plates, n=8 replicates/group), 

RNA and protein isolation (on 6 cm dishes, n=4 replicates/group). 

MTT viability assay 

The cells were dissociated with 0.05 mM EDTA (at a final concentration of 2.5 µM) 

at 37 °C for 15 min at 5% CO2 atmosphere to allow complete dye uptake, then 1/10 volume 

FBS containing 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) 

was added in 1/10 volume to reach final concentration of 0.5 mg/mL, and the cells were 
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incubated for 3 hours at 37 °C at 5% CO2 atmosphere. Cells were washed with PBS and the 

formazan dye was dissolved in isopropanol. The amount of converted formazan dye was 

measured at 570 nm with background measurement at 690 nm on. 

Alamar Blue cell viability assay 

Following the 24 hour-long recovery period, the cells were pretreated with EDTA at 

a final concentration of 2.5 µM for 15 min at 37 °C to allow complete dye uptake. Then 

FBS was added to the cells to neutralize EDTA and Alamar Blue (resazurin, 7-hydroxy-3H-

phenoxazin-3-one-10-oxide) at a final concentration of 10 mg•mL-1. The cells were 

incubated for 3 h at 37 °C at 5% CO2 atmosphere and fluorescence was measured (Ex/Em: 

530/590 nm). 

Lactate dehydrogenase (LDH) assay 

The cell culture supernatant (30ul) was mixed with 100 μl freshly prepared LDH 

assay reagent to reach final concentrations of 85 mM lactic acid, 1040 mM nicotinamide 

adenine dinucleotide (NAD), 224 mM N-methylphenazonium methyl sulfate (PMS), 528 

mM 2-(4-Iodophenyl)-3-(4-nitrophenyl)-5-phenyl-2H-tetrazolium chloride (INT) and 200 

mM Tris (pH 8.2). The changes in absorbance were read kinetically at 492 nm for 15 min. 

Immunocytochemistry of TGF-ß 

IMCD cells were washed with ice-cold PBS and fixed with 4% paraformaldehyde 

for 30 minutes at room temperature. After washing with PBS, cells were blocked using 1x 

Powerblock for 10 minutes and incubated with rabbit polyclonal TGF-ß1 antibody (1:50 in 

PBS), overnight at 4 ˚C. The slide was washed twice with PBS and incubated with 

secondary rabbit antibody for 30 minutes, washed and developed with Fast Red. Nuclei 

were counterstained with hematoxylin solution, then slides were mounted using Aquatex 

and analyzed under light microscope. 
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Detection of TGF-ß, active Caspase-3 and PARP cleavage by western blotting 

Cells were lysed in 400 μl denaturing loading buffer (20 mM Tris, 2% SDS, 10% 

glycerol, 6 M urea, 100 μg/ml bromophenol blue, 200 mM ß-mercaptoethanol), sonicated 

and boiled. Lysates (10 μl) were resolved on 4-12% NuPage Bis-Tris acrylamide gels and 

transferred to nitrocellulose. Membranes were blocked in 10% non-fat dried milk and 

probed overnight with anti-TGFß1 antibody (1:200), anti-caspase-3 antibody (1:100), or 

anti-PARP antibody (1:2000).  Anti-rabbit-horseradish peroxidase conjugate (HRP, 1:2000) 

and Pierce enhanced chemiluminescent substrate were used to detect the chemiluminescent 

signal. To normalize signals, membranes were re-probed with an antibody against α-

tubulin. The chemiluminescent signal of TGF-ß at 25 kDa, active caspase-3 at 17 kDa, full 

length PARP-1 at 120 kDa and tubulin at ~50 kDa were quantitated with Genetools 

analysis software. 

Gene expression analysis of IMCD cells 

IMCD cells were harvested using 1 ml of Trizol reagent per well for 

phenol/chloroform extraction of total RNA according to the manufacturer’s protocol. 2 μg 

RNA was reverse transcribed using random primers. PCR reactions were performed on a 

BioRad CFX thermal cycler using the Power SYBR Green PCR Master Mix (Applied 

Biosystems). Specificity and efficiency of the PCR reaction was confirmed with melting 

curve and standard curve analysis, respectively. Duplicate samples were normalized to 

glyceraldehyde-3-phosphate dehydrogenase expression. Mean values are expressed with 

the formula 2-ΔΔCt.  

Measurement of caspase-3 activity using a fluorescent substrate 

LLC-PK1 cultures were exposed to 20 hours of combined oxygen-glucose 

deprivation in 96-well plates. Following 0-1-3-8-24 h reoxygenation, cells were lysed and 

caspase-3 activity was measured by CaspACETM Fluoremetric Assay System (Promega, 

Madison, WI) according to the manufacturer’s recommendations. The fluorescence signal 

of free AMC detected at Ex/Em: 360/460nm. 
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Trypan blue exclusion test 

LLC-PK1 cells were exposed to OGD or glucose deprivation only for 20 hours, 

then trypan blue dye was added to the cells at the final concentration of 0.01% for 10 min. 

Excess dye was aspirated and the cells were visualized using a phase contrast microscope 

(Nikon TS-100F, Nikon Instruments, Inc.). 

Measurement of cellular ATP content 

LLC-PK cultures were exposed to 20 hours of combined oxygen-glucose 

deprivation and 0-8-24 h reoxygenation in 96-well plates. ATP concentration was 

determined by the commercially available CellTiter-Glo® Luminescent Cell Viability 

Assay (Promega). The cells were lysed in 100 µL of CellTiter-Glo reagent according to the 

manufacturer’s recommendations and the luminescent signal was recorded for 1s on a high 

sensitivity luminometer. 

Bioenergetic measurements using the Seahorse analyzer 

An XF24 Analyzer was used to measure metabolic changes in LLC-PK cells. The 

XF24 creates a transient 7 µl chamber in specialized microplates that allows real-time 

measurement of oxygen and proton concentration changes via specific fluorescent dyes and 

calculates OCR (oxygen consumption rate) and ECAR (extracellular acidification rate), 

measures of mitochondrial respiration and glycolytic activity. The OCR and ECAR values 

represent the metabolism of cells. LC-PK cells underwent OGD as described above and 

were either used immediately for metabolic analysis or a 24 hour-long recovery period was 

allowed prior to metabolic measurements. For all bioenergetics measurements, the culture 

medium was changed to unbuffered DMEM (pH 7.4) containing 5 mM glucose, 2 mM L-

glutamine and 1 mM sodium pyruvate. After determining the basal OCR and ECAR values, 

oligomycin, FCCP and antimycin A were injected through the ports of the Seahorse Flux 

Pak cartridge to reach final concentrations of 1 μg/ml, 0.3 μM and 2 μg/ml, respectively, to 

determine the amount of oxygen consumption linked to ATP production, the level of non-
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ATP-linked oxygen consumption (proton leak) as well as the maximal respiration capacity 

and the non-mitochondrial oxygen consumption.  

Statistical analysis 

Data are shown as mean ± SEM values or mean ± SD. One-way analysis of variance 

(ANOVA) was used to detect differences between groups. Post hoc comparisons were 

made using Tukey's test. A value of p <0.05 was considered statistically significant. All 

statistical calculations were performed using Graphpad Prism 6 analysis software. 

 

4. RESULTS 

 

4.1 Oxygen-glucose deprivation induces cell death via various mechanisms in LLC-PK 

renal proximal tubule cells 

We established a cell culture model of acute renal injury that shares several 

common features with the human disease. We deprived proximal tubular cells, the primary 

targets of ATN, of both oxygen and glucose (OGD) for an extended period to mimic the 

ischemic origin of acute tubular necrosis and modeled reperfusion by providing glucose and 

oxygen back to the cells. OGD induced a gradual decrease in viability in our cellular model 

and the loss of viable cells was proportional to the exposure length.  

Severe reduction of the cellular ATP content was detectable after the OGD and the 

cellular LDH release did not increase significantly during OGD. The cellular ATP content 

reverted after recovery period, while there was a significant increase in the LDH release. 

Pharmacological inhibition of caspase activity exerted a partial protection against the OGD 

induced viability reduction either applied prior to or following the OGD, whereas neither 

the poly(ADP-ribose)polymerase (PARP) inhibitor PJ34, nor the necroptosis inhibitor 

necrostatin possessed any protective effect. 
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4.2 Cell-based screening identifies adenosine as the most potent cytoprotective agent 

in OGD injury in LLC-PK cells 

Lopac library of 1280 pharmacologically active compounds were screened in two 

ways for cytoprotective action in our cellular model of ATN. First, we applied the 

compounds simultaneously following the OGD after normalizing the oxygen level and the 

glucose concentration. Second, we pre-treated the cells with the compounds immediately 

before the onset of the OGD. In the post-OGD compound treatment screen the highest 

detected viability increase was around 15% for selected compounds, while the majority of 

the drugs did not possess any protective effect, in the pre-OGD treatment some of the 

compounds increased the viability by 40%. The purine nucleoside adenosine showed the 

highest potency in the pre-treatment screen and was between the most protective 

compounds in the post-treatment assay. Both inosine (metabolite of adenosine) and 

adenosine pretreatment increased the viability of the cells in a dose-response manner with 

similar potency. Their cytoprotective effect was detectable from 10 µM and increased up to 

1 mM, reaching complete protection against a severe OGD induced injury that caused more 

than 80% reduction in the cell viability and similar decrease in the LDH release. None of 

the nucleobases possessed a cytoprotective effect and the viability was only increased 

significantly by purine nucleosides.  

 

4.3. Adenosine exerts cytoprotection via ATP replenishment in renal proximal tubule 

cells 

Cellular ATP content diminished severely after the OGD in the cells in our model, 

reaching values below 10% of the control ATP concentration and gradual increase, 

reaching 20% of the control values after 24 hours of reoxygenation and glucose re-

supplementation. Adenosine or inosine pretreatment significantly increased the cellular 

ATP content and restored completely by 24 hours, while the presence of equimolar amount 

of glucose during the hypoxia supported the recovery of no more than 60% of ATP content 

by that time.  



12 
 

None of the adenosine antagonists receptor (A1 receptor antagonist-CDPX, A2A 

receptor antagonist-8-(3-Chlorostyryl)caffeine, A2B receptor antagonist-alloxazine, A3 

receptor antagonist-MRS 1523) blocked the protective action of inosine and adenosine. 

Direct P2 purinergic agonists (UDP, methylthio-ATP, 2-chloro-ATP) did not possess a 

cytoprotective potential also but 30 µM papaverine completely abolished the cytoprotective 

effect of adenosine in our screens. 

The pharmacological blockade of adenosine deaminase (metabolizes adenosine to 

inosine) with EHNA abolished most of the cytoprotective effects of adenosine, whereas 

EHNA had no effect on the protective potential of inosine or glucose. Adenosine kinase 

(convert adenosine to adenosine monophosphate) inhibition by ABT 702 significantly 

reduced the viability increase induced by adenosine and inosine, but had only negligible 

effect on the glucose-mediated protection. Combined blockade of AK and ADA completely 

abolished the protective effect of both adenosine and inosine. Also, post-hypoxic ADA and 

AK inhibition reduced the viability of both the adenosine and inosine pretreated, and the 

glucose-pretreated cells. 

We detected a severe blockade of the mitochondrial respiration after the OGD. The 

cells undergoing OGD had severely damaged aerobic and anaerobic metabolism, and 

showed very little improvement during the recovery period in spite of the presence of 

glucose and oxygen. In the adenosine-pretreated cells, the mitochondrial respiration 

increased steadily during the recovery period and the basal mitochondrial respiration of the 

cells reached 90% of the controls by 24 hours. In contrast, the mitochondrial potential, 

though also increased, remained approximately 30% lower than that of the controls. 

 

4.4. Sustained hyperosmolarity in the renal medulla might contribute to fibrosis via 

overexpression of profibrotic transcription factors 

We established an in vitro model where we were able to study the effects of 

sustained hyperosmolarity, which better resembles the in vivo environment. Murine inner 

medullary collecting duct cell line (mIMCD-3) has been treated with the combination of 
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urea and NaCl to gradually increase the medium osmolarity for 7 days up to 900 mOsm, 

which allowed a slow accomodation of the cells to the hyperosmolar environment. 

 Our study on IMCD cells showed that sustained hypertonicity induces the 

expression of TGF-ß, Egr-1 and AP-1 components in the renal medulla, facilitating the 

production of extracellular matrix components. 

 

5. CONCLUSION 

In a cellular model of ATN we screened a library of compounds possessing known 

biological function, searching for a novel function of these drugs, a renoprotective action in 

hypoxia. The purine nucleoside adenosine not only showed the highest cytoprotective 

potential in the pre-hypoxia setting, it represented the only compound in the tested 

collection that exerted a marked cytoprotective action both if applied after the hypoxic 

challenge or before the onset of the hypoxia. Inosine, the metabolite of adenosine, exerted 

similar protection and the viability increase these compounds achieved was comparable to 

the effect of equimolar glucose.  The cell surface adenosine receptors that were implicated 

in the renoprotective action of adenosine in various in vivo models, did not play a part in 

adenosine- and inosine-mediated cytoprotection in this model. The protective action of 

these purine nucleosides was solely dependent of their intracellular metabolism by ADA 

and AK. Both the ADA mediated conversion of adenosine to inosine and the AK mediated 

phosphorylation of adenosine or the phosphotransfer function of the enzyme were essential 

for the full protective effect of adenosine. These pathways complemented each other in 

supporting the ATP production of the cells during both the hypoxia and the following 

recovery period that yet again provided access to glucose and oxygen. 

Surprisingly, in the proximal tubule cells these nucleosides were better sources of 

energy under the hypoxic condition than similar amount of glucose. Though, the ATP 

content of the cells also decreased in the adenosine treated cells, nucleoside 

supplementation accelerated the recovery of the cellular ATP pool and completely restored 

the cellular viability in an OGD induced injury that resulted in 80% decrease in viability in 

non–treated cells. These results also underline the central role of the fluctuation of the 
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cellular energy resources and the significance of the metabolic changes that occur in severe 

ischemia and give us an example how these processes may determine the cell fate in the 

subsequent reperfusion period. Also, the energetic basis of renal injury and the multiple 

downstream components involved in the tissue damage emphasize that need for novel 

pharmacological approaches for successful therapy in ATN. These interventions do not 

necessarily involve a classic agonist/antagonist or one drug-one target approach, and 

instead of confirming the short-term benefits of interventions rather focus on the overall 

outcome of the disease, and aim the better preservation and functional recovery of proximal 

tubules. The protective effect of direct ATP replenishment has long been discovered, 

though the penetration of ATP through the cell membrane is still questionable.  However, 

no cell permeable alternatives or other methods were systematically searched to aim the 

rapid restoration of the ATP content in proximal tubule cells. Thus, the ATP restoring 

capacity of purine nucleosides may embody an essentially novel approach in which the 

control of the cellular metabolism represents the pharmacological target and a broadly 

functional substrate is the drug treatment. Also, the similar efficacy of other purine 

nucleosides and the additional benefits conferred by aspartic acid suggests that a 

combination therapy with various purine nucleosides and amino acids is a feasible 

alternative of a single nucleoside therapy that may be further supplemented with the 

blockade of various inhibitors of the high energy consumptive non-essential cellular 

pathways.  

 Moreover, we successfully established an in vitro model to study the effects of 

sustained hyperosmolarity on renal medullary cells, showing that chronic hyperosmolarity 

might facilitate interstitial fibrosis through the upregulation of profibrotic TGF-ß and the 

transcription factors Egr-1 and AP-1 in the inner medullary collecting duct cells. 
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