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Epithelial-mesenchymal transition (EMT) is a widely recognized molecular 

event of vital significance in the progression of renal tubulointerstitial fibrosis (TIF). 

EMT is characterized by the downregulation of E-cadherin, de novo expression of α-

SMA and vimentin, actin cytoskeleton reorganization and increased cell migration. A 

number of factors have been stated as potential inducers of tubular EMT in diverse 

experimental models. Nevertheless, growing evidence establishes a crucial role for 

transforming growth factor-β1 (TGF-β1) signaling in mediating renal fibrosis. TGF-β1 

plays an important role in altering the phenotype of renal epithelial cells and is capable 

of initiating and completing the whole process of EMT.  

N-methyl-D-aspartate receptor (NMDAR) is an ionotropic glutamate receptor 

that acts as a calcium channel and its presence in proximal tubular epithelium is 

important in the maintenance of normal renal function. An important feature of 

NMDAR is its high permeability to calcium, placing this receptor in a unique position 

to control numerous calcium-dependent processes. Taking into consideration 

knowledge of multiple characteristics of NMDAR in a variety of tissues, including 

renal itself, we sought to examine the role of this receptor in the maintenance of the 

proximal tubular epithelial phenotype and its role in tubular EMT in vitro. 

Furthermore, we examined the role of channel activation in TIF induced by unilateral 

ureteral obstruction (UUO) in mice.   

To assess the function of the NMDAR in HK-2 cells in basal conditions, we 

designed NR1 shRNA vector for lentiviral infection and the expression of the 

NMDAR1 subunit was disrupted by short hairpin RNA. Knockdown of an essential 

NR1 subunit of the NMDAR induced remarkable changes in epithelial phenotype of 

HK-2 cells, evident as a decrease of E-cadherin and an increase of α-SMA, alongside 

with the changes in cell morphology.  

Having established that the basal NMDAR activation had a role in preserving 

the epithelial phenotype of HK-2 cells, we assessed if the activation of the channel 

could be a possible strategy in attenuating the phenotypic changes induced by TGF-β1. 

In vitro, HK-2 exposed to TGF-β1 demonstrated downregulation of E-cadherin and 

membrane-associated β-catenin, F-actin reorganization, de novo expression of 

mesenchymal markers such as α-SMA and vimentin, upregulation of Snail1 and 

elevated cell migration. Co-treatment with NMDA attenuated all described signs of 
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EMT induced by TGF-β1. Furthermore, TGF-β1 increased cell velocity on collagen 

and fibronectin matrices, which was inhibited by co-treatment with NMDA.

Once determined that the activation of NMDAR managed to attenuate EMT 

induced by TGF-β1 in HK-2 cells, we investigated the signaling events that had led to 

NMDAR-induced blockade of TGF-β1-initiated EMT. There is a growing body of 

evidence linking the activation of extracellular signal-regulated kinase Erk and 

serine/threonine kinase Akt pathways to the induction of TGF-β1-mediated EMT. 

Indeed, in our experimental set up, treatment of HK-2 cells with TGF-β1 resulted in a 

rapid increase in the phosphorylation of Erk1/2 and Akt within 30 min after 

stimulation, which was prevented by co-treatment with NMDA in the case of both 

investigated kinases. In addition, NMDAR activation remarkably blocked TGF-β1-

mediated activation of Ras pointing to the inhibition of the Ras-MEK pathway as the 

mechanism by which NMDA antagonizes TGF-β1-induced EMT.  

In vivo, administration of NMDA significantly inhibited expression of α-SMA 

in the obstructed mouse kidneys at 5 and 15 days after UUO. Collagen I expression 

was significantly diminished in obstructed kidneys of NMDA-treated mice at day 15 

after UUO. Furthermore, administration of NMDA blunted the downregulation of E-

cadherin and an increase of FSP1 induced by UUO. 

Results obtained point to a paramount role of NMDAR in the preservation of 

normal epithelial phenotype of proximal tubular cells and in the modulation of 

important steps of tubular EMT. 
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La transición epitelio-mesenquimal (EMT) es un mecanismo molecular 

extensamente reconocido por su importante papel en la progresión de la fibrosis renal 

tubulointersticial (TIF). La EMT se caracteriza por la supresión de la expresión de E-

cadherina, la expresión de novo de alpha-SMA y de vimentina, la reorganización del 

citoesqueleto y el aumento de migración celular. Se ha identificado un número de 

factores como inductores potenciales de EMT tubular en diversos modelos 

experimentales. Sin embargo, la creciente evidencia establece un papel crucial para la 

señalización por el factor de crecimiento transformante-beta1 (TGF-β1) en la 

mediación de la fibrosis renal. TGF-β1 juega un papel importante en la alteración del 

fenotipo de las células epiteliales renales y tiene la capacidad de iniciar y terminar 

todo el proceso de la EMT in vitro.

El receptor N-metil-D-aspartato (NMDAR) es uno de los receptores 

ionotrópicos de glutamato que funciona como canal de calcio de membrana. Su 

presencia en el epitelio de túbulo proximal es importante en el mantenimiento de la 

función renal normal. Una característica prominente de la NMDAR es su alta 

permeabilidad al calcio que coloca este receptor en una posición única para controlar

los procesos dependientes del mismo. Teniendo en cuenta las características diversas 

del NMDAR en una variedad de tejidos, incluyendo tejido renal, hemos tratado de 

examinar el papel de este receptor en el mantenimiento del fenotipo epitelial de túbulo 

proximal y su papel en la EMT tubularin vitro. Además, hemos investigado el papel 

de la activación del NMDAR en la TIF inducida por la obstrucción ureteral unilateral 

(UUO) en ratones. 

Para evaluar la función del receptor de NMDA en las células HK-2 en los 

condiciones basales, hemos diseñado un vector lentiviral (NR1 shRNA) y la expresión 

de la subunidad NMDAR1 fue interrumpida por la técnica de short hairpin RNA. La 

supresión de la expresión de NR1, una subunidad fundamental del receptor de NMDA, 

indujo cambios importantes en el fenotipo epitelial de las células HK-2, evidentes

como una disminución de E-cadherina y un aumento de alpha-SMA, junto con 

cambios en la morfología celular. 

Una vez establecido que la activación basal del NMDAR tiene un papel 

significativo en el mantenimiento del fenotipo epitelial de las células HK-2,

investigamos si la activación del canal podría ser una estrategia eficaz para atenuar las 
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alteraciones fenotípicas inducidas por el TGF-β1. In vitro, el tratamiento de células 

HK-2 con el TGF-β1 indujo la supresión de E-cadherina, la translocación de beta-

catenina al núcleo, la reorganización de F-actina, la expresión de novo de alpha-SMA 

y de vimentina, la elevación de Snail1 y el aumento de migración celular. El co-

tratamiento con NMDA redujo todos los signos de la EMT inducidos por el TGF-β1.

Además, el aumento de velocidad de células HK-2 inducido por el TGF-β1 en matriz 

de colágeno y de fibronectina fue inhibido por el co-tratamiento con NMDA.

Una vez determinado que la activación del NMDAR ha tenido la capacidad de 

atenuar la EMT inducida por el TGF-β1 en células HK-2, investigamos los eventos de 

señalización implicados en el efecto del NMDA inhibiendo la transición epitelio-

mesenquimal. Hay una evidencia creciente que vincula la activación de la proteína 

cinasa regulada por señal extracelular (Erk) y la proteína cinasa serina/treonina (Akt) a 

la inducción de la EMT por el TGF-β1. En nuestro modelo experimental, el 

tratamiento de las células HK-2 con el TGF-β1 resultó en un aumento de la 

fosforilación de Erk1/2 y Akt 30 minutos después de la estimulación, que se inhibió 

por el co-tratamiento con el NMDA en el caso de ambas cinasas investigadas.

Además, la activación del NMDAR bloqueó notablemente la activación de Ras 

inducida por el TGF-β1, apuntando a la inhibición de la vía Ras-MEK como el 

mecanismo por el cual NMDA antagoniza la EMT inducida por el TGF-β1. 

In vivo, la administración de NMDA inhibió significativamente la expresión de 

alpha-SMA en los riñones obstruidos 5 y 15 días después de UUO. Los ratones 

tratados con NMDA demostraron una disminución significativa de fibras intersticiales 

de colágeno en sus riñones obstruidos en el día 15 después de UUO. Además, la 

administración de NMDA inhibió la supresión de la expresión de E-cadherina y el 

aumento de FSP1, ambos inducidos por la UUO.

Los resultados obtenidos apuntan a un papel fundamental del NMDAR en el

mantenimiento del fenotipo epitelial de células de túbulo proximal y en la modulación 

de los pasos importantes de la EMT tubular. 
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La transició epiteli-mesenquimal (EMT) és un esdeveniment molecular 

àmpliament reconegut de vital importància en la progressió de la fibrosi túbul-

intersticial renal (TIF). La EMT es caracteritza per la supressió de l’expressió d'E-

cadherina, l'expressió de novo de l’alpha-SMA, de la vimentina, per la reorganització 

del citoesquelet d'actina i l’augment de la migració cel·lular. Una sèrie de factors han 

estat establerts com a potencials inductors de l'EMT tubular en diversos models 

experimentals. No obstant això, l'evidència creixent estableix un paper crucial per a la 

senyalització del factor de creixement transformant-β1 (TGF-β1) en la mediació de la 

fibrosi renal. El TGF-β1 juga un paper important en l'alteració del fenotip de les 

cèl·lules epitelials renals i té capacitat d'iniciar i finalitzar tot el procés de l'EMT. 

El receptor N-metil-D-aspartat (NMDAR) és un dels receptors ionotròpics de 

glutamat, que actua com un canal de calci. La seva presència en l'epiteli tubular 

proximal és important en el manteniment de la funció renal normal. Una característica 

important del NMDAR és la seva alta permeabilitat al calci que posa aquest receptor 

en una posició única per controlar els processos dependents de calci. Tenint en compte 

les característiques múltiples del NMDAR en una varietat de teixits, incloent teixit 

renal, hem tractat d'examinar el paper d'aquest receptor en el manteniment del fenotip 

epitelial tubular proximal i el seu paper en l'EMT tubulars in vitro. A més, es va 

examinar el paper de l'activació del canals en la TIF induïda per l'obstrucció ureteral 

unilateral (UUO) en ratolins. 

Per avaluar la funciό del receptor NMDA en les cèl.lules HK-2 en conditions 

basals, hem dissenyat un vector lentiviral (NR1 shRNA) i l'expressió de la subunitat 

NMDAR1 va ser  interrompuda per la forma de short hairpin RNA. La supressió de 

l'expressió de NR1, la subunitat fonamental del receptor de NMDA, va induir canvis 

notables en el fenotip epitelial de les cèl lules HK-2, evidenciant una disminució d'E-

cadherina i un augment de l’alpha-SMA, juntament amb els canvis en la morfologia 

cel·lular . 

Un cop establert que l'activació basal del receptor de NMDA va tenir un paper 

en el manteniment del fenotip epitelial de les cèl·lules HK-2, es va avaluar si 

l'activació del canal podria ser una estratègia eficaç per atenuar els canvis fenotípics 

induïts pel TGF-β1. In vitro, el tractament de les cèl·lules HK-2 amb el TGF-β1 va 

induir la supressió d'E-cadherina, la translocació de la beta-catenina al nucli, la 
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reorganització de la F-actina,  l'expressió de novo de l’alpha-SMA i de la vimentina, 

l’elevació de Snail1 i l'augment de la migració cel·lular. El co-tractament amb NMDA 

va reduir tots els signes descrits de l'EMT induïda per TGF-β1. A més, l'increment de 

velocitat de cèl·lules HK-2 induït pel TGF-β1 en matriu de col·lagen i fibronectina va 

ser inhibit pel co-tractament amb NMDA. 

Un cop determinat que l'activació del NMDAR ha tingut la capacitat d'atenuar 

l'EMT induïda pel TGF-β1 en cèl·lules HK-2, hem investigat els esdeveniments de 

senyalització implicats en l'efecte del NMDA inhibint la transició epiteli-

mesenquimal. Hi ha una gran evidència que vincula l'activació de la proteïna cinasa 

regulada per senyal extracel·lular (Erk) i la proteïna cinasa serina/treonina (Akt) en la 

inducció de l'EMT pel TGF-β1.En efecte, en el nostre model experimental, el 

tractament de les cèl·lules HK-2 amb el TGF-β1 va produir un augment de la 

fosforilació de Erk1/2 i Akt dins els 30 minuts després de l'estimulació, la qual cosa es 

va impedir amb el co-tractament amb NMDA en el cas de les dues cinases 

investigades. A més, l'activació del receptor de NMDA va bloquejar notablement 

l'activació de Ras induïda pel TGF-β1 que apunta a la inhibició de la via Ras-MEK 

com a mecanisme pel qual el NMDA antagonitza l'EMT induïda pel TGF-β1. 

In vivo, l'administració de NMDA va inhibir significativament l'expressió de 

l’alpha-SMA en els ronyons obstruïts als 5 i 15 dies després de la UUO. Els ratolins 

tractats amb NMDA van demostrar una disminució significativa de les fibres 

intersticials de col·lagen en els seus ronyons obstruïts el dia 15 després de la UUO. A 

més, l'administració de NMDA va inhibir la supressió de l'expressió d'E-cadherina i 

l'augment de FSP1, induïda per la UUO.  

Els resultats obtinguts apunten a un paper fonamental del NMDAR en el 

manteniment del fenotip epitelial de les cèl·lules del túbul proximal i en la modulació 

dels passos importants de l'EMT tubular. 
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1. The Kidney 

Kidneys are essential excretory and homeostatic organs of the body that are 

responsible for preserving the internal environment of the organism. Glomerular 

filtration, tubular reabsorption, and tubular excretion are the three mechanisms by 

which kidneys accomplish the homeostasis of the internal environment. Every kidney 

performs an essential function such as excretion of most of the end products of 

metabolism by filtering the blood, reabsorbing necessary substances while excreting 

toxins and other waste products through urine. Furthermore, kidney controls the 

concentration of certain constituents of the body’s fluids, such as sodium salt and uric 

acid, by controlling their excretion and reabsorption1.  

The kidney can be divided into three segments: cortex, outer medulla and inner 

medulla (Figure 1).   

         

Figure 1. Schematic representation of the kidney and nephron. The kidney consists 

of a papilla, inner and outer medulla and the cortex (A). Each kidney consists of about 
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one million nephrons (B), which contain the glomerulus, proximal tubule, Loop of

Henle, distal tubule and the collecting duct.  

1.1. Nephron – basic urine-producing unit of kidney 

Nephron (from Greek νεφρός – nephros, meaning ‘‘kidney’’) is the basic 

structural and functional unit of the kidney. In humans, a normal kidney contains about 

one million nephrons2. The nephron takes the responsibility of nearly all of the 

kidney’s functions, especially functions concerning reabsorption and secretion of 

different soluble substances such as ions (e.g., sodium salts), carbohydrates and amino 

acids. Each nephron is composed of the principal filtering component – the renal 

corpuscle and a part specialized for reabsorption and secretion – the renal tubule.  

1.1.1. Renal corpuscle 

The renal corpuscle is the initial filtering component of the kidney nephron 

(Figure 2). The renal corpuscle of each nephron has two parts – glomerulus, which 

represents the network of small blood vessels called capillaries, and the Bowman’s 

capsule, which is the double-walled epithelial cup composed of visceral inner layer 

formed of specialized cells called podocytes and a parietal outer layer composed of 

squamous epithelium. Glomerulus is located in the Bowman’s capsule. Glomerulus 

receives blood from an afferent arteriole of the renal circulation; fluids in the 

glomerulus are filtered through the visceral layer of podocytes, and the remaining 

blood is drained away from the glomerulus by the efferent arteriole (Figure 2). The

resulting glomerular filtrate is further processed along the renal tubule of the nephron.  
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1.1.2. Renal tubule 

The renal tubule is the part of the kidney nephron into which the glomerular 

filtrate passes after it has reached the Bowman’s capsule (Figure 2). The first part of 

the renal tubule is the proximal convoluted tubule (PCT). The water and solutes that 

have passed through the proximal convoluted tubule enter the U-shaped tube called 

Loop of Henle, which consists of two portions - a descending branch and an ascending 

branch.   

      

Figure 2. Schematic representation of the nephron – basic urine-producing unit of 

kidney. Each nephron is composed of the renal corpuscle and the renal tubule.                       

The renal corpuscle has two parts – glomerulus and the Bowman’s capsule. The renal 

tubule starts with proximal convoluted tubule (PCT), continues as the Loop of Henle 

and through the ascending branch connects to the distal convoluted tubule. Many 

distal convoluted tubules converge into a single collecting duct leading to the pelvis of 

the kidney, also known as the ‘‘renal pelvis’’. 

The Loop of Henle begins in the cortex where it extends from the proximal 

tubule. After receiving the filtrate from the proximal tubule, it continues into the 
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medulla as a descending branch, and then returns to the cortex as an ascending branch 

where it connects to the distal convoluted tubule (Figure 2). The distal convoluted 

tubules of many individual nephrons converge into a single collecting duct while many 

collecting ducts join together to form several hundred papillary ducts. The content of 

the papillary ducts drain into specialized channels, and via the major calyx passes into 

the centre of the kidney called renal pelvis, and finally into the urinary bladder via 

ureter. 

1.1.2.1. Proximal tubular epithelial cells (PTECs)

Proximal tubular cells lining the proximal convoluted tubule form a polarized 

monolayer of cells tightly connected to each other through intercellular junctional 

complexes. On their basal side, PTECs are connected with the tubular basement 

membrane (TBM) via cell-extracellular matrix (ECM) interactions (Figure 3A, B). 

Both the cell-ECM and cell-cell adhesion complexes are linked to the actin 

cytoskeleton through a complex of cytoskeletal/signalling proteins3. Regulation of 

these two types of adhesion is important in the maintenance of cell polarity4 and 

influences pathological events in the renal interstitium. 

1.1.2.1.1. Intercellular adhesion complexes 

Proximal tubular epithelial cells form multiple cell-cell interactions which 

consist of adherens junctions (AJ) and tight junctions (TJ). Adherens junctions are 

composed of cadherin-catenin complexes linked to the actin cytoskeleton5. Having a 

single transmembrane-spanning region, an extracellular domain and an intracellular 

domain, cadherins mediate Ca2+-dependent homotypic interactions between adjacent 

cells. The extracellular part of an E-cadherin protein binds to the extracellular domain 
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of an E-cadherin protein from an adjacent cell, thereby linking two cells in a zipper-

like way6 (Figure 3 B). The intracellular/cytoplasmic domain of the cadherin interacts 

with either β- or γ-catenin. α-catenin binds with β-catenin and γ-catenin, forming a 

link with the actin cytoskeleton5. Within the complex, β-catenin binds directly to the 

F-actin cytoskeleton, which is required for the formation of cell-cell junctions3,7

(Figure 3 B). The stability of cell-cell interactions is essential for the maintenance of 

the epithelial phenotype of PTECs. Loss of cell-cell junctions via disruption of the 

cadherin-catenin complex results in loss of adhesiveness, which leads to renal PTEC 

detachment, and, in the end, loss of renal tubular function8,9. 

                       

Figure 3. Tubular cell-cell and cell-ECM adhesion complexes. (A) Proximal tubule.

(B) Tubular cell adhesion is mediated via cell-cell adhesion complexes and cell-

extracellular matrix (ECM) interactions. Intercellular adherens junctions are 

composed of cadherin-catenin complexes linked to the actin cytoskeleton. Adhesion of 

PTECs to the tubular basement membrane is mediated through focal adhesions (FAs) 
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consisted of integrins interacting with different signaling- and cytoskeletal-related 

proteins such as FAK, Src and paxilin (scheme modified from Radisky, 200510).  

1.1.2.1.2. Cell-ECM adhesion complexes 

Another type of interactions necessary for maintaining the normal function of 

proximal tubular cells is their adhesion to the tubular basement membrane (TBM). The 

adhesion is mediated by heterodimeric transmembrane proteins called integrins 

(Figure 3B). After binding to the extracellular matrix, integrins cluster leading to the 

formation of a specialized structure known as focal adhesion (FA) through an 

interaction of cytoplasmic domain of integrins with a large complex of signalling- and 

cytoskeletal-related proteins11. These FAs mediate cell attachment to the ECM and 

serve as anchor points for organization and remodelling of actin filaments. The loss of 

interaction between PTECs and the basement membrane leads to denudation of the 

proximal tubule which alongside with the tubular obstruction, induced by aggregation 

of detached cells in the tubular lumen, could lead to an impairment in renal function8.  

Properties of the cells that line the nephron vary considerably along its length, 

but each segment of the nephron has highly specialized functions and contributes to 

the transport function of the kidney. As a result of this transport function, cells within 

the particular segments of the nephron may be extensively exposed to different toxins. 

The cells of the PTEC layer are believed to be the major target for cellular injury, due 

to an intensive reabsorption of large volumes of fluid and the high activity of several 

enzymes within these cells. Persistent injury of kidney cells could lead to chronic 

progressive renal fibrosis which results in formation of a scar in the kidney and 

disruption of renal function. 
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2. Chronic kidney disease (CKD) 

Chronic kidney disease (CKD) is a gradual loss of renal function over a period 

of months or years which finally leads to well known complications such as 

cardiovascular disease, anemia or pericarditis12. CKD is a growing epidemic 

worldwide, primarily driven by the rise of obesity, hypertension and diabetes13 and 

over the past decade it has become an area of intensive clinical and epidemiological 

research. Chronic kidney disease is defined by a sustained reduction in glomerular 

filtration rate or evidence of structural or functional abnormalities of the kidneys on 

urinalysis, biopsy or imaging14. On 2002, the National Kidney Foundation’s Kidney 

Disease Outcomes Quality Initiative (KDOQI) created guidelines that define CKD as 

the presence of kidney damage or glomerular filtration rate (GFR) of < 60 

ml/min/1.73m2 for 3 month15.  

Regardless of the fact that a range of diseases such as glomerulonephritis, 

diabetes mellitus, atherosclerosis, obstructive nephropathy, interstitial nephritis, and 

polycystic kidney disease can be the major causes of CKD, renal fibrosis is always the 

common pathologic result/pathway in nearly every type of chronic kidney disease16-18.  

2.1. Renal fibrosis 

Renal fibrosis, as the final manifestation of CKD, represents a dynamic and 

complex spectrum of changes in the renal tissue that engage constituents of 

extracellular matrix and different renal and infiltrating cell types19. The involved cells 

exhibit enormous plasticity or phenotypic variability19. It is generally accepted that 

renal fibrosis initiates as a beneficial reaction to injury of the renal tissue17. 

Nevertheless, if an injurious condition is sustained, which is the situation in most 
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progressive renal diseases, pathologic renal fibrosis sets up developing in a disorder 

characterized by glomerulosclerosis, tubulointerstitial fibrosis, inflammatory cell 

infiltration and loss of renal parenchyma denoted by tubular atrophy, capillary loss and 

podocyte depletion16,17. 

2.1.1. Pathogenesis of renal fibrosis 

The pathogenesis of renal fibrosis is a progressive process that finally leads to 

an end-stage renal failure, a severe disorder that requires dialysis or kidney 

transplantation17. The pathogenic mechanisms underlying renal fibrosis are extremely 

complex and not entirely understood. After an initial injury such as high ambient 

glucose, protein overload, hypoxia, persistent infection, autoimmune reaction, or 

chemical insults, the affected renal tissue undergoes a series of events in an attempt to 

recover from the damage17,20. First of all, resident tubular epithelial cells become 

activated which subsequently leads to the production of proinflammatory molecules 

that contribute to renal fibrosis17,19-21. Due to the activation of various chemokines and 

chemoattractants, many inflammatory cells such as monocytes/macrophages and 

lymphocytes (T cells) are becoming directed to the glomerular or interstitial areas, 

depending of the site of injury (Figure 4). Arriving to their final destination, these 

inflammatory cells become activated leading to the secretion of inflammatory and 

fibrogenic cytokines, as well as injurious molecules such as reactive oxygen species 

(ROS)16,17. As a final outcome, these challenging stimuli induce activation of 

mesangial cells, fibroblasts and especially tubular epithelial cells to undergo 

phenotypic transition via common pathway known as epithelial-mesenchymal 

transition (EMT), all together leading to an excessive production of ECM components 
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(Figure 4). As the process progresses, ECM proteins are deposited in the extracellular 

compartment, they become crosslinked and resistant to degradation. The continuation 

of the process leads to the formation of fibrous scars, distorts the subtle architecture of 

the kidney, leading to the destruction of renal parenchyma and the loss of kidney 

function17. 

                         

Figure 4. Pathogenic mechanism underlying renal fibrosis. Initial injury of renal 

tissue leads to activation of different cell types and diverse signalling molecules. 

Cellular activation, from its side, could provoke activation of many profibrotic 

cytokines. Synergistic effect of fibroblast activation, EMT, monocyte infiltration, 

apoptosis, on one side, and molecular activation such as TGF-β1, Angiotensin II and 

other profibrotic molecules, on another side, result in excessive accumulation and 

deposition of extracellular matrix components which subsequently leads to loss of 

renal function (scheme modified from Cho, 201016).
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Epithelial-mesenchymal transition, fibroblast activation, 

monocyte/macrophage infiltration and cellular apoptosis, together with the activation 

of different signalling molecules lead to the final pathologic result of renal fibrosis – 

accumulation of extracellular matrix (ECM) components. 

2.1.2. The origin of fibroblasts and ECM production in renal fibrosis 

Normal kidney with proper tubular structure contains small amount of 

fibroblasts in the renal interstitium19,21. During kidney fibrosis, activated fibroblasts or 

myofibroblasts are the primary collagen-producing cells22. A variety of mechanisms, 

including paracrine signals derived from lymphocytes and macrophages, autocrine 

factors secreted by myofibroblasts, as well as mechanical stress, could all be potential 

sources of myofibroblast activation22. 

The origin of myofibroblasts has long been a matter of debate and still remains 

unclear as they demonstrate poor antigenicity and a lack of reliable cell markers23. 

Until the late 1980s, resident interstitial fibroblasts were considered the only source of 

ECM in the fibrotic kidney24. However, it is now believed that fibroblasts during 

kidney fibrosis can also derive from other sources. In addition to resident 

mesenchymal cells, around 36% of myofibroblasts in fibrotic kidney originate from 

epithelial cells through process of epithelial-mesenchymal transition (EMT)20,21,25

(Figure 5). Furthermore, it has been suggested that a similar process occurs with 

endothelial cells, termed endothelial-mesenchymal transition (EndMT)21. More 

recently, it has been proposed that bone-marrow-derived cells may also give rise to the 

population of ECM-producing cells in kidney fibrosis26. These, so called, “fibrocytes”-

marrow-derived and blood-borne cells are capable to leave the blood, penetrate into 
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tissue and become fibroblasts24 (Figure 5). They share markers of both leukocytes and 

mesenchymal cells and their contribution to the myofibroblast population has been 

reported to account for ~14-15% of all tubulointerstitial fibroblasts in the fibrotic 

kidney25.  

                    

Figure 5. Origin of fibroblasts during kidney fibrosis. (A) Normal kidney with 

proper tubular structures contains very few fibroblasts. (B) Fibrotic kidney displays 

accumulation of numerous fibroblasts (blue arrow), damaged kidney tubules (yellow 

arrow), and blood vessels (green arrow). (C) Schematic illustration of possible 
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mechanisms via which fibroblasts can originate during kidney injury. The traditional 

concept states that myofibroblasts primarily derive from local stromal cells in the 

kidney such as resident fibroblasts and pericytes/perivascular fibroblasts. Recent data 

suggest that approximately 36% of fibroblasts can arise via local EMT involving 

tubular epithelial cells under inflammatory stress21,24. Other possible mechanism of 

myofibroblast engaging includes endothelial cells (via endothelial-mesenchymal 

transition, EndMT). The current literature suggests that about 14–15% of fibroblasts 

derive from bone marrow (scheme modified from Kalluri et al. 200321 and Grgic et al. 

201124).  

In this work the main attention will be focused on the role of tubular epithelial-

mesenchymal transition (EMT) in interstitial fibrosis, pointing out at the most 

important key steps of EMT and the possibility for these EMT steps to be attenuated as 

a therapeutic target to prevent progressive kidney disease. 

2.1.3. Epithelial-Mesenchymal Transition (EMT) 

Epithelial-mesenchymal transition represents a dynamic course of events that 

characterizes physiological developmental processes, but it also denotes pathological 

conditions such as fibrosis and carcinogenesis21,27.  

2.1.3.1.  EMT in embryogenesis and adults

EMT was initially defined as an early embryonic event enabling primitive 

epithelia to migrate as mesenchymal cells forming the mesoderm and allowing 

primitive neuroepithelia to move as neural crest cells28. Without the mechanism of 

EMT, complex organisms could not exist28. EMTs are classified into three different 

subtypes based on the phenotype of the output cells (Figure 6)29,30. EMT associated 

with implantation, embryo formation, and organ development constitutes one EMT 
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subtype termed type 1 EMT28,29,31. Type 1 EMT generates cells with the mesenchymal 

phenotype to create new tissue(s) with diverse functions and never leads to fibrosis nor 

to unsuppressed systemic invasion of epithelial cancer cells (Figure 6 A)29,31.  

         

Figure 6. Different subtypes of epithelial-mesenchymal transition. (A) Type 1 EMT 

is associated with implantation of the embryo, embryonic gastrulation and organ 

development. Among other outcomes, type 1 EMT can produce mesenchymal cells 

(primary mesenchyme) that are capable of undergoing a mesenchymal-epithelial 

transition (MET) generating secondary epithelia30. (B) Type 2 EMT is associated with 

wound healing, tissue regeneration and organ fibrosis and could subsequently lead to 

organ destruction if the primary inflammatory insult is not abolished. (C) Type 3 EMT 

is the part of the metastatic process where secondary epithelia transform into cancer 

cells and metastasize via circulation into distant organs (from Kalluri and Weinberg 

200930). 
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During development, primitive epithelium, specifically the epiblast, gives rise to the 

first set of mesenchymal cells, which are known as the primary mesenchyme via an 

EMT29. Following tissue expansion, primary mesenchyme gives rise to secondary 

epithelia via mesenchymal-epithelial transition (MET), as seen during kidney 

development29. It is believed that secondary epithelia can undergo further 

differentiation giving rise to other types of epithelial tissues and could subsequently 

undergo EMT forming the cells of connective tissue and muscle cells30.  

The second EMT subtype refers to adult epithelial and endothelial cells 

transitioning into fibroblasts. Type 2 EMT is associated with wound healing, tissue 

regeneration, and organ fibrosis and it begins as a part of a renewal process where new 

fibroblasts are generated to repair the damage of the tissue (Figure 6 B)29-31. Type 2 

EMT associated with wound healing and tissue regeneration stops when the repair is 

achieved and inflammation attenuated29. Type 2 EMT related with organ fibrosis can 

continue to respond to current inflammation, leading eventually to organ destruction29.  

Type 3 EMT is the third proposed subtype of EMT30,31 and is part of the 

metastatic process (Figure 6 C). Cells generated by type 3 EMT may invade and 

metastasize via circulation creating systemic manifestations of malignant cancer 

progression29. 

2.1.3.2. Tubular epithelial-mesenchymal transition in renal fibrosis

Tubular epithelial-mesenchymal transition, a process by which differentiated 

tubular epithelial cells undergo a phenotypic conversion that gives rise to the matrix-

producing fibroblasts and myofibroblasts20, has been described as one of the key 

mechanisms in the pathogenesis of renal tubulointerstitial fibrosis32 and an important 
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pathway for progression of CKD28,33. It has been proposed that tubular EMT is an 

orchestrated, highly regulated, step-wise process that relies on an excitable 

transforming growth factor-β1 (TGF-β1) signaling, and is composed of several key 

events necessary for the fulfillment of the entire EMT process in vivo3. In response to 

injury and local activation, renal tubular cells lose cell-cell contacts and apical-basal 

polarity, leading to separation and destabilization of neighboring cells (Figure 7)3,13.  

           

Figure 7. Schematic illustration of four key events essential for the fulfillment of 

the entire process of tubular epithelial-mesenchymal transition at cellular level.

Four key events of EMT include: 1) loss of epithelial adhesion properties, 2) de novo 

expression of α-SMA and actin reorganization, 3) disruption of the TBM that 

surrounds the renal tubule, and 4) enhanced cell migration and invasion toward the 

interstitial compartments of the kidneys (scheme taken and modified from Yang and 

Liu, 20013). 

This step is associated with the loss of epithelial adherent junction proteins, 

such as E-cadherin. While losing their epithelial markers, tubular cells acquire de novo
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synthesis of mesenchymal markers, such as α-smooth muscle actin (α-SMA), vimentin 

and fibroblast specific protein-1 (FSP1) which now defines their new morphology and 

phenotype. This stage is also associated with the reorganization of the cytoskeleton 

which provides a structural foundation in defining the morphology of the transformed 

migratory cell3,13. The third step of tubular EMT is characterized by the upregulation 

of matrix metalloproteinases (MMP-2 and MMP-9)3,13,21,34 that disrupt the TBM. TBM 

is the substantial component of renal tubules that promotes diverse cell-matrix 

interactions crucial for the maintenance of the epithelial phenotype and normal 

function of tubular epithelial cell34. Disruption of TBM is a delayed event that follows 

the loss of epithelial adhesion and de novo expression of α-SMA and it is of vital 

importance because it facilitates the subsequent step of tubular EMT - process of 

invasion and migration of transformed cells toward the interstitial compartments of the 

kidneys.  

2.1.3.3. Induction of epithelial-mesenchymal transition in the kidney  

In the past few decades, EMT has become one of the most fascinating topics in 

the studies of embryonic development, organ fibrosis and tumor metastasis20. The 

concept that epithelial cells can undergo conversion after stress/injury, giving rise to 

fibroblasts and contributing to the pathogenesis of kidney fibrosis, became a very 

attractive and intensively investigated matter. It has already been reported that the 

healthy tubular epithelium is composed of highly polarized cells closely attached to 

each other by adherens junctions containing specialized cadherins and catenins11,35, 

while basal actin cortex attaches the cells, through integrins, to the underlying ECM11. 

Change of phenotype of tubular epithelial cells during EMT, toward the loss of cell 
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polarity, adherens and tight junctions and actin cytoskeleton rearrangement, requires 

specific molecular shift of tubular epithelium in the direction of a new biochemical 

and transcriptional program. A growing list of different extracellular and intracellular 

factors and mediators that could induce EMT has been identified recently, but despite 

this progress many questions regarding mechanisms that control EMT still remain 

unanswered. 

EMT could be efficiently employed through the miscellany of diverse growth 

factors (e.g. TGF-β1, EGF, IGF-II or FGF) and enzymes which promote proteolitic 

degradation of the basement membrane (e.g. MMPs)4,21. It has been reported that at 

the place of injury versatile factors could be cooperatively expressed, which makes 

difficult to distinguish their priority in contribution to EMT. In general, TGF-β1 has 

been identified as the main inducer of EMT in the kidney, as well as, in other organs. 

In addition, participation of other cytokines alongside with TGF-β1 has been reported 

to contribute in completing the process of EMT. For instance, cultured cells exposed to 

epidermal growth factor (EGF) or fibroblast growth factor (FGF) exhibit only a mild 

EMT transition, whereas EGF and FGF have an important synergistic affect when 

combined with TGF-β136,37. Additionally, many other cytokines seem to have effects 

on EMT on an indirect way via the induction of TGF-β1. Interleukin-1 was shown to 

induce tubular EMT through a TGF-β1-dependent mechanism while incubation with a 

neutralizing TGF-β1 antibody prevented this outcome38. Similarly, angiotensin II, a 

central component of the renin-angiotensin system, when combined with TGF-β1 

increased TGF-β1’s ability to induce EMT, while when used alone failed to induce 

conversion of epithelial cells to mesenchymal39,40. It is of interest to mention that 

hepatocyte growth factor (HGF) induces EMT during somitogenesis through its c-
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Met/Crk adaptor proteins41,42, but in the tissue affected by fibrosis it has completely 

opposite effect of protecting epithelium from EMT21,43. In addition to stimulation by 

growth factors, disruption of the underlying tubular basement membrane by MMP-2 or 

other MMPs, can also induce EMT of tubular epithelial cells32 and it is suggested that 

MMP-2 is both necessary and sufficient for induction of EMT44. Except of soluble 

factors, some components of interstitial matrix and TBM such as collagens may play 

an important role in regulating EMT. It is reported that type I collagen promoted 

EMT37,45,46, while type IV collagen suppressed it47. TBM integrity is essential for 

normal cell functioning and disruption of its composition induces EMT in vitro47. 

2.1.3.4.  Transforming growth factor-β1-induced EMT in the kidney

Although a number of factors have been stated as potential inducers of tubular 

EMT in diverse experimental models13,46,48, a growing evidence establishes a crucial 

role for TGF-β1 signaling in mediating EMT20,49-51 and tissue fibrosis52. In particular, 

it has been previously shown that TGF-β1 plays an important role in altering the 

phenotype of renal epithelial cells48 and it appears to be able to both initiate and 

complete the whole course of EMT3,45. Transforming growth factor-β1 (TGF-β1) is the 

prototypic member of the TGF-β1 super family and exerts a broad range of biological 

activities. Taking into account an evident increase of its expression in the fibrotic 

kidney, TGF-β1-induced EMT is especially pertinent to the pathogenesis of kidney 

fibrosis20. It has been reported that in the diseased kidneys TGF-β1 receptors are 

quickly up-regulated specifically in tubular epithelium3,53, implicating that tubular 

cells are the natural targets of TGF-β1 under pathological conditions in vivo3. 

Expression of exogenous TGF-β1, either via gene delivery in vivo or in transgenic 
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mice, causes renal fibrosis17. Conversely, inhibition of TGF-β1 by multiple strategies 

suppresses renal fibrotic lesions and prevents progressive loss of kidney function17. 

Recent results from Yang et al (2001) point to a pro-fibrogenic role of TGF-β1 in 

promoting myofibroblast activation via tubular epithelial-myofibroblast transition3.   

TGF-β exerts its various biological and immunological functions via complex 

signaling pathways54,55. The 3 isoforms of TGF-β (TGF-β1, TGF-β2, and TGF-β3) are 

generally expressed in almost every cell type in mammals. Nearly all renal studies to 

date have analyzed TGF-β1 in the context of kidney fibrosis and other isoforms, β2 

and β3, possibly have similar profibrotic effects on kidney cells, but their exact role 

remains to be elucidated55. TGF-β binds to cell surface type II receptors (TβRII), 

which then recruit the type I receptors (TβRI) with kinase activity. The activated 

receptor complex phosphorylates downstream proteins of the Smad pathway but also 

of other pathways (e.g. p38MAPK, JNK or Rho, etc). 

2.1.3.5. Signaling pathways leading to EMT

EMT is a dynamic and complex process that requires the cooperation and 

conjunction of multiple signaling pathways at different stages therefore the current 

comprehension of the molecular mechanism underlying EMT is generally incomplete. 

A plethora of intracellular signal transduction pathways have been implicated in 

mediating EMT in different model systems. From the point of CKD, it is believed that 

TGF-β1/Smad, integrin/ ILK, and Wnt/-β-catenin signaling pathways are essential for

conferring tubular epithelial-mesenchymal transition20 (Figure 8).
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Figure 8. Scheme of major intracellular signaling pathways and mediators 

involved in the regulation of EMT in the fibrotic k idney. It has been proposed that 

three major signaling pathways (i.e., TGF-β/Smad, integrin/ILK, and Wnt/β-catenin 

signaling) are characteristic in mediating tubular EMT. These pathways are

connected and integrated at different levels (from Liu, 201020). 

These pathways correlate and integrate in a complex way and it has been 

proposed that they could converge at the point of activation of β-catenin which 

subsequently leads to the activation of EMT transcriptional programs20 (Figure 8). 

In this work, the main attention regarding the intracellular signaling pathways 

of epithelial-mesenchymal transition was focused on TGF-β1–induced EMT and the 

downstream cascades/routes that this cytokine subsequently activates. 
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2.1.3.5.1. TGF-β1/Smad signaling pathway 

One of the most important mediators of TGF-β1 signaling seems to be the 

Smad family of transcriptional activators (Figure 9). The Smad family consists of three 

groups of Smad proteins: the R-Smads (receptor-regulated Smads) which include 

Smad2 and 3 (recognized by TGF-β1 and activin receptors) and Smad1, 5 and 8 

(recognized by BMP receptors), the Co-Smads (common-partner Smads) including 

Smad4, and the I-Smads (inhibitory Smads) which includes Smads6 and 713,56. Upon 

stimulation by TGF-β, transmembrane type II TGF-β receptor forms tight complexes 

with the type I receptor which results in the phosphorylation and activation of the type 

1 receptor (Figure 9)20,56.  The activated type 1 receptor phosphorylates Smad2 and/or 

3, which subsequently heterodimerizes with common partner Smad4, which is not 

subject of phosphorylation by the TGF-β type I receptor51,57,58. Complex composed of 

R-Smads and Smad4 translocates into the nucleus where it controls the transcription of 

diverse genes implicated in EMT54,59 such as connective tissue growth factor, ILK, β1-

integrin, Wnt, Snail, Id1, α-SMA, collagen IA2, and MMP-260-62. 

The importance of Smad molecules in TGF-dependent signaling during EMT 

was demonstrated by Sato et al. (2003)63 in an in vivo experiments with Smad3 

knockout mice. Mice lacking Smad3 were protected from EMT and subsequently from 

renal interstitial fibrosis and showed reduced collagen accumulation after unilateral 

ureteral obstruction63. Consistent with previous finding, primary tubular epithelial cell 

from the Smad3 null mice were resistant to induction of EMT and activation of key 

EMT regulatory genes63,64.  
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Figure 9. Activation of the Smad pathway through TGF-β1 signaling. Activation of 

the transmembrane TGF-β receptor occurs when TGF-β induces the activation of two 

type I and two type II receptors. Type II receptor phosphorylates the GS domain of 

type I receptor and activates it. Activated type I receptor phosphorylates R-Smads, 

which decreases the affinity of R-Smads for SARA (Smad anchor for receptor 

activation) and increases their affinity for co-SMADs. R-Smads form a complex with 

co-Smad (Smad4) and the activated complex translocates into the nucleus, where it 

regulates transcription of target genes and associates with transcriptional 

coactivators or corepressors. Smads can contact DNA, but effective binding to 

particular gene regulatory sites is enabled by specific DNA-binding cofactors. R-

Smads that shift into the nucleus may return to the cytoplasm, but their ubiquitylation- 

and proteasome-dependent degradation in the nucleus provide a way to terminate 

TGF-β responses65,66 (from Massagué 200065).  
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2.1.3.5.2. Non-Smad pathways of TGF-β1 signaling 

Alongside with Smad signaling, TGF-β1 is capable of activating several other 

signaling cascades in epithelial cells leading to manifestations characteristic for 

epithelial-mesenchymal transition. TGF-β1 can rapidly activate Ras pathway66, 

extracellular-signal-regulated kinase (Erk1/2)67 and phopshatidylinositol-3-kinase 

(PI3K)/Akt pathway68,69, the Rho-GTPase RhoA70, Jun N-terminal kinase (JNK)67 and 

p38 mitogen-activated protein kinase (p38MAPK)71 (Figure 10). Oftentimes activation 

of these non-Smad pathways could give a background for induction and specification 

of EMT and is necessary for some points of EMT20.  

      

Figure 10.  Non-Smad pathways of TGF-β1 signaling. Apart from Smad signaling 

pathway, TGF-β1 activates other signaling cascades such as MAPK/Erk, JNK, 

p38MAPK, RhoA, PP2A/p70S6K and TAK1/MEKK1 (from Derynck and Zhang, 

2003)66. 
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Extracellular-signal-regulated kinase (Erk) is one of the three major kinase 

cascades that belong to the MAPK family of signaling molecules that serves to 

connect extracellular stimuli to intracellular responses72. Two other members are c-Jun 

N-terminal kinase and p38MAPK73. It has been demonstrated that tubular levels of 

pErk correlate with renal dysfunction and interstitial fibrosis in human 

glomerulopathies74. It is proposed that the Erk signaling activation is one of the crucial 

pathways whereby TGF-β1 promotes EMT67 and fibrosis54,75-77. There are different 

mechanisms proposing the ways of activation of Erk, JNK or p38 MAPK by TGF-β1 

in different cell types and one of them suggests that the rapid activation of Ras by 

TGF-β1 in epithelial cells may associate Ras in TGF-β1-induced MAPK/Erk 

signaling78,79. 

Phosphatidylinositol-3-kinase (PI3K) could also be activated by TGF-β1, as 

indicated by the phosphorylation of its effector serine/threonine protein kinase Akt69,80. 

The activation of Akt could be direct, with possible involvement of RhoA69, or it can 

be a result of TGF-β-induced TGF-α expression and consequent EGF receptor 

activation66,80. Phosphatidylinositol 3-kinase (PI3K), signaling through the Akt/PKB, 

is required for TGF-ß–induced disassembly of cell-cell junctions and F-actin 

remodeling69,70. Evidence indicates that Akt could subsequently mediate β-catenin 

accumulation in EMT through inhibition of GSK-3β20. Both PI3K/Akt and MAPK/Erk 

signaling pathways have been implicated in TGF-β1-induced EMT69,81. 

Ras is one of the most common pathways leading to the activation of Erk and 

Akt, which represent important signalling events responsible for TGF-β1-induced 

EMT in different epithelial cell types67,69,79,82. A growing body of evidence describes 
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the role of TGF-β1 in activation of Ras pathway83-87. Ras proteins are small GTPases 

that control a wide number of biological functions including proliferation and 

apoptosis in physiological conditions. Ras cycle between their two conformational 

states, a guanosine diphosphate (GDP)-bound inactive state, and active, guanosine 

triphosphate (GTP)-bound state (Figure 11). Conversion of the inactive to active state 

is mediated by guanine nucleotide-exchange factors (GEFs) that stimulate the 

exchange of GDP for GTP88. In the active GTP-bound form, Ras proteins activate a 

wide spectrum of signaling pathways and effector proteins such as already mentioned 

PI3K/Akt and MAPK/Erk, as well as Raf89 and GEF90 (Figure 11). 

            

Figure 11. Ras activation and its effector proteins. (ERK, extracellular signal 

regulated kinase; GAP, GTPase-activating protein; GEF, guanine nucleotide 

exchange factor;GDP, guanosine diphosphate; GTP, guanosine triphosphate; MEK, 

mitogen-activated protein kinase kinase; PI3K, phosphatidylinositol 3-kinase; PKCg, 
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protein kinase C gamma; PLCe, phospholipase C epsilon; Ral-GDS, GEF for the Ral 

subfamily; SOS, Son of Sevenless (modified from Martinez-Salgado et al. 200888). 

TGF-β1 can quickly activate Rho-like GTPases (Figure 10), including RhoA, 

Rac and Cdc4266 which are important for TGF-β1-induced changes in cytoskeletal 

organization and epithelial-mesenchymal transition. Rac and Cdc42 regulate JNK and 

p38 MAPK pathway activation, presumably by directly interacting with MAPKKKs 

upstream of JNK and p38 MAPK, whereas Rho, Rac and Cdc42 affect the cytoskeletal 

organization66. Activation of Rac and RhoA signaling has been implicated in TGF-β1-

induced stress-fiber formation during process of EMT, while RhoA is important for 

the activation of α-SMA promoter and for the rapid membrane ruffling and 

lamellipodia formation in response to TGF-β170,91-94.

2.1.3.6.  Markers of epithelial-mesenchymal transition

Turning an epithelial cell into a mesenchymal cell through process of 

epithelial-mesenchymal transition requires a multitude of changes in cellular 

morphology and architecture, cell adhesion and migration capacity. This phenotypic 

conversion requires a completely new molecular program in the cell. A diversity of 

biomarkers has been used to determine the presence of epithelial-mesenchymal 

transition and fibrosis in different in vitro or in vivo experimental settings. Table 1 

represents common markers used in different studies of EMT.  

Commonly used markers of EMT include increased expression of N-cadherin 

and vimentin, nuclear localization of β-catenin and increased production of the 

transcription factors such as Snail1, Snail2, Twist that inhibit E-cadherin production95. 
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Additionally, proteins that have an evident increase in their expression/activity during 

EMT process are matrix metalloproteinases (MMP-2, MMP-9), fibronectin, collagen 

type I and type III, ILK and GSK-3β. A change in expression of E-cadherin toward its 

decrease in epithelial cells affected by EMT is the typical marker of EMT31 and the 

loss of E-cadherin function promotes EMT21. Cytoskeletal markers of EMT are also 

dramatically changed during process of transition. 

Table 1. EMT markers (taken from Lee at all., 200695).   

     

FSP1, a member of the family of Ca2+-binding S100 proteins96, is a 

prototypical fibroblast marker for detection of EMT in cancer and fibrogenesis31. FSP1 

identifies tubular epithelial cells undergoing transition in nephrons affected by 
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interstitial injury97, that are capable to traverse through damaged tubular basement 

membrane (TBM) and accumulate in the interstitium of the kidney21. Another marker 

of EMT is the intermediate filament vimentin which is expressed in various cells, 

including fibroblasts, endothelial cells and cells of the hematopoietic lineage, and glial 

cells98,99.  

Alpha-smooth muscle actin (α-SMA) is the member of the actin family of 

cytoskeletal proteins and is normally expressed in vascular smooth muscle cells and 

myoepithelial cells. α-SMA is very often used for detection of activated fibroblasts 

(myofibroblasts) in in vitro and in vivo experimental models of EMT and fibrosis. β-

catenin, a binding partner for E-cadherin, plays a dual role in EMT: it links cadherins 

to the cytoskeleton promoting cell-cell adhesion and also serves as a transcriptional 

coactivator upon entry into the nucleus31,100. Other proteins that accumulate in the 

nucleus alongside with β-catenin are Smad2/3, NF-kB, Snail1, Snail2 and Twist, all of 

which are used as important markers of EMT. 

Phenotypic markers of an EMT process include an increased ability for cell 

migration and invasion, elongation of cell shape, as well as resistance to anoikis95

(Table 1). 

2.1.4. Experimental models of renal fibrosis 

Current knowledge regarding the pathogenesis of renal fibrosis is generally 

based on experimental studies of kidney fibrosis in animals. Typical experimental 

models of kidney fibrosis in mice or rats include progressive glomerulonephritis from 

anti-glomerular basement membrane disease101, Alport syndrome102 with an intended 

disruption of the COL4A3 gene, nephrotoxic serum nephritis (NSN)103, and NOD or 



                                                                      __________________  Introduction

45 

db/db nephritic mice (models for diabetic nephropathy)104. The closest human 

analogue is pediatric obstructive nephropathy, that is, an infrequent, usually 

nonproteinuric and normotensive disease19. The most widely used and well-established 

model of renal interstitial fibrosis is unilateral ureteral obstruction (UUO). Similar to 

human obstructive nephropathy, UUO is induced by the ligation of a ureter of one 

kidney, while the contralateral kidney serves as a normal control. It has been reported 

that as early as 3 days after UUO surgery, it is possible to detect interstitial fibrosis 

associated with interstitial deposition of type IV collagen and tubular cell apoptosis25. 

UUO is characterized by interstitial infiltration of macrophages, tubular atrophy, and 

subsequent interstitial fibrosis105. A study by Iwano et al.25 using mice with a LacZ 

reporter expression system, under proximal tubule-specific γ-glutamyl transferase 

promoter control, is the most frequently cited as providing functional evidence for 

EMT in UUO. Following obstruction, 36% of activated (fibroblast-specific protein-1 

positive) fibroblasts in the interstitium appeared to derive from epithelium (fibroblast-

specific protein-1 positive and LacZ positive), suggesting a large contribution of 

proximal tubular EMT. Mechanisms by which UUO gives rise to renal damage include 

mechanical stretch from urine accumulation and tubular distension106, increased 

oxidative stress107, hypoxia caused by reduced renal perfusion108 and upregulation of

inflammatory factors such as monocyte chemoattractant peptide109, vasoconstrictors 

including angiotensin II110 and endothelin111 as well as transforming growth factor-

β1112 which together contribute to obstruction-induced renal damage113.  
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3. N-methyl-D-aspartate receptor (NMDAR) 

3.1. Introduction and general background 

NMDAR (N-methyl-D-aspartate (NMDA) receptor) is a cation channel which 

belongs to a large family of excitatory ionotropic glutamate receptors (iGluRs) that has 

been extensively studied in the nervous system. The most rapid excitatory synaptic 

transmission in the central nervous system (CNS) is mediated by GluR channels114-121

that are classified into two major groups termed ionotropic and metabotropic 

glutamate receptors122. Based on their electrophysiological and pharmacological 

properties, the ionotropic receptors can be subdivided into three distinct types of 

receptors118: N-methyl-D-aspartate (NMDA) receptors, α-amino-3-hydroxy-5-methyl-

4-isoxazolepropionate (AMPA) receptors and kainate receptors122-124. Dysfunction of 

the glutamatergic pathways has been implicated in many progressive degenerative 

diseases, such as Huntington’s disease, Alzheimer’s disease, Parkinson’s disease, 

encephalopathy, lathyrism, acquired immunodeficiency syndrome, dementia complex 

and pain/hyperalgesia, as well as schizophrenia and other psychiatric disorders118,125-

131.

The NMDAR is a crucial receptor for the neurotransmitter glutamate, which is 

the most important excitatory transmitter in the brain132. NMDAR is characterized by a 

specific molecular composition and unique pharmacological and functional 

properties133,134. An essential feature of the NMDAR is that its activation and 

subsequent influx of calcium (Ca2+) ions could trigger a series of Ca2+-mediated 

intracellular events and via this Ca2+ entry NMDAR performs its important 

physiological functions. High permeability to calcium ions is thought to be responsible 
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for the NMDAR’s important role in neuronal plasticity under physiological conditions 

and neuronal death under excitotoxic pathological conditions135,136. 

3.2. Structural characteristics of the NMDAR 

NMDAR is a heteromeric protein complex composed of different subunits 

from two separate protein families, termed as NMDAR1 (NR1; zeta 1 for mice) and 

NMDAR2 (NR2; epsilon for mice) protein family137,138 (Figure 12). There is a 99% 

amino acid homology between the rat and human NR1 and the mouse zeta 1 

subunit139-141. There are at least four members of the NR2 family of subunits that show 

high homology between species139,140,142 and are designated as NR2A-D for the 

rat143,144 and human140 and as epsilon 1-4 for the mouse137,139,145,146.  

         

Figure 12. Schematic representation of the N-methyl-D-aspartate receptor.

NMDARs are tetramers that most often comprise of two NR1 and two NR2 subunits of 

the same or different subtypes. The NR1 subunit is the essential subunit for the activity 

of the NMDAR, while NR2 subunits have important modulatory properties. The 

NMDAR is a non-specific cation channel which allows the flow of Ca2+ and Na+ ions 

into the cell and K+ ions out of the cell. Nevertheless, the main function of the NMDAR 

is transmission of calcium ions into the cell. 
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The channel properties are highly dependable on the subunit composition of 

the receptor147. Functional NMDARs usually require members from each family and 

probably exist as a tetramer or a pentamer in vivo138. The stoichiometry of NMDARs 

has not yet been definitely established, but the consensus is that NMDARs are 

tetramers that most often comprise of two NR1 and two NR2 subunits of the same or 

different subtypes133,136,136,148 (Figure 12). The NR1 subunit is the main subunit of the 

NMDAR and it is essential for channel activity118,149,150, whereas the NR2 subunits, 

although not essential for function, can confer modulatory properties151. The diversity 

of the NMDAR NR1 subunit is created by alternative splicing from a single gene 

giving eight functional splice forms of NR1 subunit152.  Splice variants arise via the 

insertion or deletion of three short exon cassettes in the N-terminal (N1) and C-

terminal (C1, C2) domains of the subunit protein152,153. The NR1 subunit family 

consists of eight different splice variants (NR1a–h) that can influence the properties of 

the channel153-155. The splice variants are now designated by several nomenclatures 

based on the presence or absence of these specific cassettes156. 

The NR2 subunit family is composed of four members (NR2A, 2B, 2C and 

2D) produced from separate but related genes139,143,157. Within recent years, a novel 

subunit of the NMDAR family has been cloned and characterized156,158. This subunit, 

initially termed chi-1 or NMDAR-L, is now reviewed in the literature as NR3. The 

NR3 subunit, found in the form of NR3A and NR3B, has been demonstrated to be 

developmentally and spatially regulated, as all other NMDAR subunits159. It has been 

shown that NR3A subunit, when forming the NMDAR complex together with NR1 

and NR2 subunits, has the ability to decrease NMDA-evoked current160 and Ca2+

permeability of the NMDAR in heterologous cells135,161.  
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According to their conductance properties, NMDARs can be subdivided into 

two classes: ‘high conductance channels’ that are composed of NR2A or NR2B 

subunits and ‘low conductance channels’ that are composed of NR2C and NR2D 

subunits. The low conductance channels are characterized by reduced sensitivity to 

Mg2+ block118,132,134.  

3.2.1. Functional domains in NMDAR subunits 

Every subunit of the NMDAR contains a long extracellular N-domain, a 

membrane region composed of three transmembrane segments plus a re-entrant pore 

loop, an extracellular loop and an intracellular C-domain, which varies in size 

depending of the receptor subunit133,136,148,148,162,163 (Figure 13). The N-terminal 

domain (NTD; first 350 amino acids) plays an important role in subunit assembly164. 

In NR2A and NR2B, the NTD contains binding sites for Zn2+ and ifenprodil, known 

allosteric inhibitors of the channel136. The cytoplasmic C-terminus of both NR1 and 

NR2 subunits is subject to phosphorylation and may link the receptor to calcium-

activated intracellular signaling pathways165. The interactions of the receptor with 

signal transduction systems may be modulated by the association of the NMDAR C-

terminal domain with anchoring proteins or other cytoskeletal elements166,167. By 

providing multiple sites of interaction with different intracellular proteins, C-terminal 

domain is involved in the regulation of receptor trafficking and function148.  

The NMDAR is a ligand-gated ion channel that requires simultaneous binding 

of two agonists, glutamate and glycine, for the proper channel activation and its 

opening133,168. Glutamate binds to the NR2 subunit while the co-agonist glycine binds 

to the allosteric site located at NR1 subunit169,170 (Figure 13). Magnesium (Mg2+) acts 
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as a voltage-dependent antagonist of the NMDAR, within the M2 domain of NR2 

subunits (Figure 13), and depolarization of the membrane will relieve this block.  

         

Figure 13.Functional domains of NMDAR and potential sites for ligand binding.

NMDAR subunits are characterized by a large extracellular N-domain, a membrane 

region comprising three transmembrane segments (TM1, 3 and 4) plus a re-entrant 

pore loop (M2), an extracellular loop between TM3 and TM4, and a cytoplasmic C-

terminus136. The extracellular N-domain of each subunit is made up of a tandem of 

domains, the NTD and the ABD. The NR2 ABD binds glutamate, whereas the NR1 

ABD binds the co-agonist glycine (or D-serine). Allosteric modulators such as 

endogenous zinc (Zn2+) bind to sites on NTDs of NR2A and NR2B, while ifenprodil-

like compounds bind to NR2B NTDs, both acting as non-competitive antagonists. The 

ion-channel domain forms binding sites for pore blockers such as endogenous Mg2+, 

MK-801, memantine or ketamine, acting as uncompetitive antagonists136. Arrows 

indicate assumed modulatory sites for either positive or negative allosteric 
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modulators. For better understanding only one of the two NR1/NR2 heterodimers is 

shown in this schematic representation. NTDs – N-terminal domains; ABDs – agonist-

binding domains; CTDs – C-terminal domains (taken and modified from Paoletti and 

Neyton, 2007136). 

Therefore, it has been suggested that the opening of the NMDAR requires at 

least 3 distinct events to happen - binding of two agonists, glutamate and glycine, and 

membrane depolarization156. N-methyl-D-aspartic acid (NMDA), a non-metabolic 

agonist of NMDAR mimics the action of glutamate thus regulating only this receptor. 

NMDA binding site is located at NR2 subunit. 

3.3. Localization of the NMDAR 

NMDAR is the receptor widely investigated in the CNS; therefore the 

significant amount of data describes the presence and its localization in the neuronal 

tissues. Nevertheless, over the past few years, NMDAR and its presence outside of the 

central nervous system have emerged as an interesting subject worldwide. Growing 

evidence implicate that the functional NMDAR is also expressed in a variety of non-

neuronal cells and tissues.  

3.3.1. Localization of the NMDAR in embryonic and adult brain 

Regarding the distribution of the NMDAR in the brain, NR1 subunit is 

expressed in nearly all neurons and at all developmental stages in the brain171. On the 

other hand, NR2 subunit genes display diverse regional and developmental expression 

patterns. While NR2B and NR2D are predominant subunits of the NMDAR in the 

embryonic brain, NR2A and NR2C are absent154. On the contrary, in the adult brain 



                                                                      __________________  Introduction

52 

NR2A predominates as a widely expressed subunit, while NR2B expression is 

restricted to forebrain areas, and NR2C is highly enriched in the cerebellum154,171,172.

In the mature nervous system, NMDARs are presented as complexes composed 

primarily of NR1, NR2A, NR2B and NR2C subunits. Certain receptors contain only 

NR1 subunit combined with either NR2A or NR2B118.  In very rare occasions, 

receptor could contain the NR2D subunit. The presence of NR2B reflects a high 

affinity for glycine and its agonists and the interaction between the NR1 and NR2 

subunits regulates glycine affinity. Presence of NR2A subunit brings high affinity for 

glutamatergic agonists118. The NR3 subunit (NR3A and NR3B) has been shown to be 

developmentally and spatially regulated, as all other NMDAR subunits, with the 

highest levels of mRNA expression during the first 2 postnatal weeks156,159. NR3A is 

widely expressed subunit, while NR3B is predominantly expressed in motor neurons 

in the spinal cord, pons and medulla160,161. NMDARs are also present in 

oligodendrocytes and astrocytes154, but their function in these localizations is not 

completely understood. 

3.3.2. Localization of the NMDAR in peripheral tissues 

In addition to NMDAR’s broad distribution in neurons, it has become evident 

that functional NMDAR is also expressed in a variety of non-neuronal cells and tissues 

such as human keratinocytes173,174, lymphocytes175, bone cells176,177, rat heart, lung, 

thymus, stomach151, parathyroid gland178 and the kidney151,179. According to the study 

of differential binding of NMDAR’s antagonists, Nasstrom et al. (1993) suggested the 

presence of this receptor in various tissues outside the central nervous system, such as 

heart, stomach, pancreas, and kidney180. For instance, it was reported that the NR2C 
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subunit was present in the adult rat pancreas181, while the NR2B subunit was 

transiently expressed in the newborn rat heart182. Leung et al. (2002) demonstrated 

presence of NR1 in total rat kidney, cortex and medulla, while of other subunits of 

NMDAR, only NR2C was detectable in the rat kidney151. Both NR1 and NR2C are 

present in Madin-Darby canine kidney, opossum kidney and LLC-PK1 cells151. The 

same authors showed presence of an essential NR1 subunit in the rat heart while the 

expression of NR2 subunits was not detected in this organ151.

Importance of NMDAR in peripheral tissues, such as kidney, and its functional 

role is becoming an interesting research topic worldwide. It has been shown that the 

abundance of an essential NR1 subunit of the NMDAR increases with kidney 

development151. Results from Deng et al.179 showed the presence of NR1 subunit of 

NMDAR in the basolateral proximal tubules of the rat kidney where it plays a role in 

regulation of the normal kidney function183. Furthermore, functional NMDAR was 

found present in human184 and mouse184,185 podocytes, where glutamatergic signaling 

driven by these visceral epithelial cells contributes to the integrity of the glomerular 

filtration barrier185. Sproul et al. (2011) showed high expression of NMDAR subunits 

NR3A and NR3B in the neonatal kidney and suggested that there is continued 

expression of NR3A in the renal medulla and papilla of the adult mouse. These authors 

showed specific presence of NR3A in basolateral membrane of collecting duct cells 

where this subunit may play an important reno-protective role186.  

3.4. Modulation of N-methyl-D-aspartate receptor activity  

The NMDAR is a complex protein assembly with multiple binding sites for 

different ligands that could be modulated by endogenous and exogenous factors118
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(Figure 14). NMDAR contains the NMDA binding site, a glycine binding site and a 

binding site within the channel for specific non-competitive antagonists137,187.  

                                      

Figure 14. Binding sites for different modulators of the NMDAR complex.

NMDAR complex has numerous binding sites for various ligands. NMDAR contains 

NMDA binding site which also binds L-glutamate, L-aspartate (endogenous agonists) 

and AP5 (antagonists). The glycine site binds, except of glycine, serine and D-

cycloserine (agonists) and certain antagonists of this site.  Within the channel there is 

a binding site for some non-competitive antagonists such as MK-801, ketamine, etc. 

Diagram adapted from Corsi, et al. (9). (taken and modified from Magnusson 

1998137). 

L-glutamate and L-aspartate both interact with NMDA binding site and 

represent endogenous agonists of this receptor137. NMDA site is also specifically 

recognized by a competitive antagonist of NMDAR, D-2-amino-5-

phosphonopentanoic acid (AP5)137. The glycine site binds serine and D-cycloserine, 

which act as agonists and 7-chlorokynurenic acid (7-Cl-KYNA) which is an antagonist 
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for this site137,188. Non-competitive antagonists, such as (+)-5-methyl-10,11-dihydro-

5H-dibenzo[a,d]cyclohepten-5,10-imine maleate (MK-801), ketamine, phencyclidine 

(PCP) and 1-(1-thienyl-cyclohexyl) piperidine (TCP) can bind within the channel137.  

3.4.1. Agonists of the NMDAR 

As already mention above, extracellularly, NMDARs can be modulated by 

glycine and D-serine, which act as co-agonists to stimulate NMDAR function148,169. 

Binding site for glycine is located on the NR1 subunit wile glutamate binds to the NR2 

subunits. Structural variation among diverse NR2 subtypes could explain the 

heterogeneity in glutamatergic effects among native NMDARs156. 

Activation of Src family of protein kinases could increase phosphorylation of 

NR2A and NR2B and therefore could upregulate NMDAR function118,148. 

Furthermore, PKC could potentiate NMDAR function through activation of subunits 

NR2A and NR2B alone or in conjunction189. NR2C and NR2D are unaffected by 

PKC118. The C-terminal domain of NMDAR subunits contains many serine/threonine 

phosphorylation sites, which are substrates not only for protein kinase C (PKC), but 

also for cAMP-dependent protein kinase A (PKA), protein kinase B (PKB), CaMKII, 

cyclin-dependent kinase-5 (Cdk5) and casein kinase II (CKII)190. For instance, PKC 

and PKA activation increase NMDAR-mediated currents and Ca2+

permeability148,191,192. Activation of Ephrin B receptors could be another mechanism 

for the regulation of NMDAR Ca2+ permeability, through tyrosine phosphorylation of 

NR2A/B subunits118,193. Activation of numerous G protein-coupled receptors enhances 

NMDAR function via phosphorylation of the NMDAR194. Different G protein-coupled 
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receptors seem to coincide onto Src-family kinases which constitute a molecular hub 

for signaling pathways that enhance NMDAR activity194.  

3.4.2. Antagonists of the NMDAR 

One of the important characteristics of the NMDAR ion channel is the voltage-

dependent block by magnesium(Mg2+), which varies developmentally156. Magnesium 

is capable of blocking NMDARs both intracellularly and extracellularly195 and this

property is subunit specific. It has been demonstrated that NMDARs with a 

predominant composition of NR1/NR2A and NR1/NR2B are susceptible to a stronger 

block by magnesium than NR1/NR2C or NR1/NR2D receptors156,196. Mg2+ blocks the 

NMDA channels in a voltage dependent manner118,168. At positive membrane 

potential, Mg2+ acts as a potentiator of NMDA-induced responses. The blocking action 

of Mg2+ is determined by specific residues within the M2 domain of NR2 subunits197. 

The residues mediating this block have been identified as asparagines and serine.  

NMDARs could be partially inhibited by ambient H+118. Zinc (Zn2+) is both 

voltage dependent and independent inhibitor of NMDAR. The NR1 subunit is 

important in mediating the inhibitory effect of Zn2+ and H+, as well as responses to 

polyamines118,198-200. Extracellular zinc (Zn2+) can inhibit NMDAR function by 

binding to the N-terminal domain of NR1 or NR2 subunits148,201of the NMDAR and 

mediates both voltage dependent and voltage independent NMDAR blockade148,201.

The lead (Pb2+) cation is also an inhibitor of NMDAR. Inhibition by Pb2+ is 

most potent in NR2A receptors containing NR2A subunit and less potent with 

receptors with predominant composition of NR2C and NR2D118,202,203.  
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In excitatory CNS synapses, Ca2+ transients result in Ca2+-dependent 

inactivation of the NMDAR activity. This inactivation is mediated by Ca2+/calmodulin 

interaction with α-actinin at the C-terminus of NR1 subunits, which is essential for 

inactivation. The NR2 subunit modulates Ca2+-dependent inactivation since this does 

not occur in NR2C-containing receptors, but does occur in the presence of NR2A. 

Ethanol is a potent inhibitor of NMDARs, but its precise mode of action 

remains obscure118,204. 

Polyamines are polybasic aliphatic amines that have been reported to influence 

NMDAR function. Polyamines are widely distributed throughout the body and are 

found at high intracellular levels, where they interact with nucleic acids and proteins, 

including plasma membrane ion channels171. Polyamines, such as spermine and 

spermidine, block the channel in a voltage-dependent manner at higher 

concentrations156, while the low micromolecular concentrations promote channel 

opening by increasing the affinity of the receptor for glycine133,168.  

The NMDAR complex contains several potential binding sites for extracellular 

modulators. The highly selective NMDAR blocker dizolcipine (MK-801) is more 

potent at inhibiting NR1/NR2A and NR1/NR2B receptors than NR1/NR2C and 

NR1/NR2D receptors136. Except for dizocilpine, there are other antagonists that 

directly block the ion channel such as phencyclidine, ketamine, dextromethorphan and 

amantidine156,205,206.  

Ifenprodil is a selective inhibitor of the NMDAR. This compound selectively 

inhibit NR2B-containing NMDARs by binding to the NR2B N-terminal domain207-209. 

Ifenprodil and related drugs appear to work through enhancement of proton 
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inhibition156. These compounds are non-competitive antagonists because their action 

requires prior pore opening207-209. 

3.5. Functional properties and physiological roles of the NMDAR 

The NMDAR is a non-specific cation channel with a specific property of 

voltage-dependent activation. Activation of NMDAR allows the flow of Ca2+ and 

sodium (Na+) ions into the cell and potassium (K+) ions out of the cell. However, the 

main function of this receptor is transmission of calcium ions into the cell210. Due to 

its high Ca2+ permeability122,133,134,211, NMDAR plays an essential role in neuronal 

developmental and many neurophysiological and neuropathological processes161.  

NMDAR has an affinity to interact with a variety of intracellular molecules 

such as cytoskeletal proteins and components of signal transduction pathways, which 

is important for its structural function and activity modulation212. Association of 

NMDAR with the actin cytoskeleton through α-actinin, has been shown to be 

important for channel activity212,213.  

3.5.1. Physiological roles of the NMDAR in neuronal tissues 

NMDARs are vital for the brain function214. They play a principal role in 

synaptic plasticity during development215,216, learning and memory138,154. NMDAR is 

essential for induction of long term potentiation, a long lasting change in neuronal 

responsiveness that is thought to underlie learning and memory122,143. Recent evidence 

suggests that NMDARs are critical for corticogenesis, neuronal migration, and 

synaptogenesis during brain development152. NMDAR is crucial for a process known 

as excitotoxicity where excessive release of glutamate leads to over-excitation of 



                                                                      __________________  Introduction

59 

neurons producing neuronal injury and death156,217. According to Hardingham & 

Bading (2003), physiological levels of synaptic NMDAR activity are very important 

for the survival of many types of neurons216 (Figure 15).  

      

Figure 15. Physiological levels of NMDAR activation are necessary for normal 

neuronal function. Normal level of NMDAR activity is required for normal survival 

of neurons. Excessive NMDAR activity leads to excitotoxic trauma and cell death. 

Different levels of NMDAR activity can make neurons more susceptible (’’death- 

promoting’’) or more resistant (’’survival-promoting’’) to subsequent trauma (taken 

and modified from Hardingham and Bading, 2003216).

On the other hand, if the activation of the NMDAR is sustained, it can provoke 

cell death in many neuropathological conditions218.  

Upon activation of the NMDAR, Ca2+ that comes into the cell, through the 

receptor, is taken up by mitochondria219,220. Extremely high levels of NMDAR-
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induced Ca2+ influx will likely cause an initial depolarization of the mitochondria and 

mitochondrial dysfunction, which subsequently leads to excitotoxic cell death219,221. 

Blockade of NMDAR activity in vivo promotes neuronal death associated with 

oxidative damage222. In vitro, NMDAR blockade also leads to neuronal vulnerability 

to oxidative insults through the weakening of antioxidant defenses154,222. Therefore, 

physiological levels of NMDAR activity generally promote neuronal survival, and a 

complete absence of NMDAR activity is, thus, deleterious to the cell216.

3.5.2. Physiological roles of the NMDAR in peripheral cells and tissues 

A wide spectrum of cellular functions in a variety of cell types is being 

controlled by the activity of ion channels. While the activity of calcium channels is 

important in the regulation of cell migration174,223-225, calcium signaling is significant 

in mediating actin rearrangement226,227 and organization of cadherins and catenins into 

intercellular junctions228. Indeed, NMDAR activation has been shown to induce 

changes in actin organization in cerebellar granule cells213 and retinal neurons229 and 

to inhibit cell migration in neuronal cells223 and keratinocytes174. Numerous function 

have been ascribed to NMDAR such as proliferation174,175, apoptosis175,177, cell 

adhesion and migration174,175,230, actin rearangament213,231, cell growth and 

differentiation174 in different non neuronal cells and tissues. Nahm et al. (2004) 

demonstrated that the Ca2+ entry through functional NMDAR in human keratinocytes 

had an influence on the cycle of keratinocyte proliferation, differentiation, and 

migration during epithelialization174. Moreover, the same authors suggested that 

NMDAR activation might play a role in contact-mediated inhibition of growth, a 

process that is absent during neoplastic pathology174. 
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Importance of the NMDAR in the kidney and its functional role has emerged 

as an interesting research topic, although experimental data are scarce. Results from

Deng et al.179 showed the presence of NR1 subunit in the basolateral proximal tubules 

of the rat kidney and confirmed a role for renal NMDAR in the regulation of renal 

vasodilatation. Recently, this group demonstrated that renal NMDARs independently 

stimulate proximal tubular reabsorption and glomerular filtration183. It has been 

reported that NMDAR plays an important role in maintaining the stability of the 

glomerular filtration barrier, while derangements in glutamatergic signaling driven by 

podocytes may lead to proteinuric kidney disease185. Recent data from Anderson et al. 

(2011) suggested that, as in the brain, basal activation of NMDAR may be essential for 

normal podocyte and kidney function, but excessive activation may trigger a number 

of pathophysiological processes184.  

Recently, Sproul et al. (2011) have demonstrated the reno-protective role of 

NR3A subunit of the NMDAR in inner medullary collecting duct (IMCD) cells. 

NR3A knockdown IMCD cells exhibited consistent elevation of basal intracellular 

calcium concentration, reduced cell growth, higher rate of cell death and reduced 

water transport in response to the addition of vasopressin. Generally, these authors 

concluded that NR3A subunit of the NMDAR may have a protective role in collecting 

duct cells through regulation of the intracellular calcium levels which enables the 

principal cells of the collecting duct to reabsorb water and thereby increase medullary 

osmolality186.

However, the function of NMDAR in tubular cells is not yet fully understood. 
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The N-methyl-D-aspartate receptor (NMDAR) is a member of a heterogeneous 

family of ionotropic glutamate receptors, with a wide spectrum of functions in a 

variety of cell types and tissues. Importance of NMDAR in the kidney and its 

functional role has emerged as an interesting research topic, although the function of 

this receptor in tubular cells is not fully understood. 

Taking into consideration knowledge of multiple characteristics of NMDAR in 

a variety of tissues, including renal itself, we sought to examine the role of this 

calcium receptor in the maintenance of normal proximal tubular epithelial cell’s 

(PTEC) phenotype and its role in tubular EMT in vitro. Furthermore, we wished to 

examine its effect in a mouse model of tubulointerstitial fibrosis (TIF) induced by 

UUO.   

The main objectives of this Doctoral Thesis are: 

I. To investigate the role of basal NMDAR activation in the maintenance of 

the epithelial phenotype of human proximal tubular epithelial cells. 

1. To study the role of NMDAR activation in human proximal tubular 

epithelial cell migration. 

2. To study the role of NMDAR activation in actin cytoskeleton distribution in 

human proximal tubular epithelial cells. 

3. To determine if the absence of NMDAR1 subunit, therefore lack of 

glutamatergic signaling driven by the NMDA receptor, affects normal 

phenotype and functionality of proximal tubular epithelial cell. 

II. To investigate the role of NMDAR activation in modulation of tubular 

epithelial-mesenchymal transition (EMT) in vitro. 

1.  To study the effects of NMDAR activation on important key steps of 

tubular  EMT in vitro. 

2. To study the role of NMDAR activation in TGF-β1-stimulated proximal 

tubular epithelial cell (PTEC) migration.     
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3. To study the molecular mechanisms that stand behind the effect of NMDA 

on tubular EMT in vitro. 

4. To study the specific effects of Ca2+ entry through NMDA receptor on EMT 

modulation. 

III. To investigate the potential role of NMDAR activation in a mouse model 

of tubulointerstitial fibrosis induced by unilateral ureteral obstruction 

(UUO). 

  

1. To study the effects of NMDA administration on expression of important 

markers of renal fibrosis such as α-SMA, Collagen I and FSP1 in obstructed 

mouse kidney. 

2. To study the effects of NMDAR activation on preservation of epithelial 

phenotype in vivo.  
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MATERIALS 

1. Reagents and cell culture material 

COMPANY PRODUCT 
Applied Biosystems 
(New Jersey, USA) TaqMan Universal PCR Master Mix, no AmpErase® UNG 

BD Biosciences
(Bedford, MA, USA) growth-factor-free MatrigelTM

Biological Industries 
(Israel) EZ ECL Chemiluminescence Detection kit for HRP 

BioRad Laboratories 
(CA, USA) 

30% Acrylamide/Bis solution, 29:1 
Colorimetric kit for detection of proteins 

BIOTOOLS 
(B&M Labs, S.A., Spain) DNA markers 100bp Ladder 

Corning Life Sciences 
(Amsterdam, Netherlands) 500ml Vacuum Filter/Storage Bottle System, 0.22µm 

Falcon 
(BD Labware, USA)

Plates 100x20 
Serological pipet (different volumes) 
Transwell inserts (polyethylene terepthalate (PET) track-etched membrane-
diameter 6,4 mm; 8 µm

Fermentas 
(Madrid, Spain) Fermentas Gene Ruler 1kb DNA Ladder 

Fisher Scientific 
(Madrid, Spain) 

Centrifuge tubes (different volumes) 
Methanol 

GE Healthcare 
 (UK) 

Amersham ECL Advance Western Blotting Detection Kit  
Glutathione Sepharose 4B beads  
ECL Advanced blocking agent 

GIBCO-Invitrogen 
(NY, USA) 

BenchMark Pre-Stained Protein Ladder 
Dulbecco’s modified Eagle’s medium (DMEM) 
EpiLife (Ca2+-free medium) 
Fetal bovine serum (FBS) 
Ham’s F-12 mixture  
HEPES 
Non-essential amino acids (NEAA) 
Sodium Pyruvate  
Streptavidin Alexa Fluor 594 
SYBR Safe DNA gel stain 
Taq DNA polymerase 
Trypsin-EDTA 

Fisher Scientific 
(Madrid, Spain) 

Centrifuge tubes (different volumes) 
Methanol 

Iwaki 
(Asahi Glass, Japan) Microplates (6, 24, 48, 96 well plates) 

Merck 
(Barcelona, Spain) β-mercaptoethanol 

Millipore 
(Bedford, MA)

Polyvinylidine fluoride (PVDF) membrane, Immobilon-P 
Syringe-driven filter unit MILLEX-OR 0.22µm 

Takara Bio Inc 
(Japan) 

Age I 
Bam HI 

Thermo Scientific 
(MA, USA) NE-PER Nuclear and Cytoplasmic Extraction kit 

Roche 
(Germany) First Strand cDNA Synthesis Kit for RT-PCR (AMV) 
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COMPANY PRODUCT
R&D Systems 

(Minneapolis, MN, USA) Human Transforming Growth Factor-β1 (TGF-β1)

Sigma Aldrich 
(Barcelona, Spain) 

3,3′�����������	�
�����������������
 (T3) 
3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) 
Ammonium persulfate (APS) 
Aprotinin 
Bovine serum albumin (BSA) 
Bromphenol blue 
Citric acid 
Chromotrope 2R 
Collagen type I 
Crystal violet 
Dexamethasone   
D-Glucose 
Dimethyl sulfoxide (DMSO) 
Dodecyl sodium sulfate (SDS) 
DPX mounting medium 
Epidermal growth factor (EGF) 
Ethylenediaminetetraacetic acid (EDTA) 
Fibronectin  
Glycerol 
Glycine 
Hoechst (Bisbenzimide H) 33258 
Hydrogen peroxide 
Igepal CA-630 
Insulin 
Isopropyl-β-D-thiogalactopyranoside (IPTG) 
N,N,N′�N′���
����
����
��������������������

N-methyl-D-aspartic acid (NMDA) 
Penicillin  
Phenylmethanesulfonyl fluoride (PMSF) 
Polyethylenimine (PEI) 
Phosphatase substrate 
Protein inhibitor cocktail (PIC) 
Sodium azide (NaN3) 
Sodium chloride (NaCl) 
Sodium deoxycholate 
Sodium fluoride (NaF) 
Sodium orthovanadate (Na3VO4) 
Sodium pyrophosphate (NaPPi) 
Sodium selenite (Na2SeO3) 
Streptomycin 
Thapsigargin 
Transferrin 
Tris base 
Triton X-100 
TRIzol reagent 
Tween-20 
β-glycerophosphate 

Tocris Bioscience
(Bristol, UK) (+)-MK-801 maleate 

Pronadisa 
(Madrid, Spain) Agarose MS-12 

Nunc GmbH
(Germany) 

4-well plates
 Thermanox Plastic Coverslips 

Knittel glass 
(Germany) Microscopic slides 
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COMPANY PRODUCT

Panreac 
(Barcelona, Spain) 

Ethanol 
Formol 
Hydrochloric acid (HCl) 
Isopropanol 
NP-40 
Xylene 

Vector Laboratories 
(Burlingame, CA, USA) 

Vector Vectastain Universal ABC kit PK-6200 
Peroxidase substrate kit DAB SK-4100 

All other reagents were from the best commercial grade available.

2. Antibodies 

COMPANY Antibody 
Abcam 
(UK) 

Rabbit anti-FSP-1 (S100A4) polyclonal 
Rabbit anti-Snail1 polyclonal 

BD Biosciences 
(Bedford, MA, USA) 

Mouse anti-β-Catenin monoclonal 
Mouse anti-E-cadherin monoclonal 
Mouse anti-NMDAR1 monoclonal 
Mouse anti-NMDAR2B monoclonal 
Mouse anti-Vimentin monoclonal 

Cell Signaling Technology 
(UK) 

Mouse anti-total Akt monoclonal 
Mouse anti-total Erk-1/2 monoclonal 
Rabbit anti-phospho-specific Akt (Ser 473) polyclonal 
Rabbit anti-phospho-specific Erk-1/2 (Thr 202, Tyr 204) polyclonal 
IgG, HRP linked Antibody 

Invitrogen 
(NY, USA) 

Goat-anti-mouse Alexa Fluor 488 
Goat-anti-mouse Alexa Fluor 546  
Rabbit-anti-mouse Alexa Fluor 488 

Jackson Immunoresearch 
(UK) Peroxidase-conjugated affiniPure Goat Anti-mouse IgG (H+L) 

Molecular Probes  
(Eugene, OR, USA) 

Alexa Fluor® 488 phalloidin 
Alexa Fluor® 568 phalloidin 
ProLong antifade reagent 

Santa Cruz Biotech 
(UK) 

Mouse anti-Histone 1 monoclonal 
Goat anti-phospho-Smad2/3 (Ser 423/425) polyclonal 

Sigma 
(Barcelona, Spain) 

Mouse anti-α-SMA monoclonal 
Mouse anti-α-Tubulin monoclonal 

Upstate Biotechnology 
(Barcelona, Spain) Mouse anti-Ras monoclonal
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3. Primers 

Gene Species forward reverse 

NMDAR1 human 5’-AGA CGT GGG TTC GGT ATC AG-3’ 5’-AGG ACC CAT CAG TGT CCT TG-3’ 

NMDAR2A human 5’-GTC CTT CTC CGA CTG TGA GC-3’ 5’-ACT GCC CGT TGA TAG ACC AC-3’ 

NMDAR2B human 5’-GCC TGA GCG ACA AAA AGT TC-3’ 5’-CAT CTC CCC ATC TCC AAA GA-3’ 

NMDAR2C human 5’-CGC TGG TCT TCA ACA ACT CA-3’ 5’-GTC CTT GCC TGC CAT GTA GT-3’ 

NMDAR2D human 5’-TTC ACC ATT GGG AAA TCC AT-3’ 5’-GGA TAG TTG CTG CGG ATG TT-3’ 

GAPDH human 5’-GAA GGT GAA GGT CGG AGT-3’ 5’-GAA GAT GGT GAT GGG ATT TC-3’ 

NMDAR1 mouse 5’-CCA ATA CGC TTC AGC ACC TC-3’ 5’-GTG GGA GTG AAG TGG TCG TT-3’ 

NMDAR2A mouse 5’-TAC TCC AGC GCT GAA CAT TG-3’ 5’-TCA GCT GGA CCT GTG TCT TG-3’ 

NMDAR2B mouse 5’-AGA ACT GAA AGG GCA AGC AA-3’ 5’-GAT CCT GCA GTC AAG CTT CC-3’ 

NMDAR2C mouse 5’-GCA GAA CTT CCT GGA CTT GC-3’ 5’-CTC TTC ACG GGA GCA GTA GG-3’

NMDR2D mouse 5’-TTT TGA GGT GCT GGA GGA GT-3’ 5’-GTC TCG GTT ATC CCA GGT GA-3’ 

Real time PCR gene-specific primers for mouse α-SMA, collagen I, GAPDH 

and human NMDAR1 and GAPDH, were purchased from Applied Biosystems. 
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METHODS 

1. Cell culture  

HK-2 cells (human renal proximal tubular epithelial cells immortalized by 

transduction with human papilloma virus (HPV) 16 E6/E7 genes232 obtained from 

ATCC (USA), were maintained in Dulbecco’s modified Eagle’s medium with Ham’s 

F-12 mixture (DMEM/F-12) supplemented with 2% FBS, Hepes buffer, insulin (5 

µg/ml), transferrin (5 µg/ml), sodium selenite (60 nM), D-glucose (2.24 g/L), 

dexamethasone (5.10-8M), EGF (5 ng/ml), T3 (2.10-9/L), penicillin (100 U/ml) and 

streptomycin (100 µg/ml). Cells were grown at 37°C in a humidified atmosphere under 

5% CO2 and 95% air. Fresh growth medium was changed every 2 to 3 days. At 80% of 

confluence, cells were growth-arrested in serum-free medium for 24 hours and then 

used for experiments (unless otherwise indicated). Experiments were done in serum-

free medium; cells were treated separately with serum-free medium (control), TGFβ-1 

(1.3 ng/ml), TGFβ-1 (1.3 ng/ml) plus N-methyl-D-aspartic acid (NMDA) (0.5 mM), 

TGF-β1 plus Thapsigargin (TG) (2 µM), TGF-β1 plus MK-801 (NMDAR antagonist; 

0.1 mM), MK-801 or NMDA alone for indicated periods of time. For the experiments 

in Ca2+-free conditions, adequate treatments were prepared in EpiLife (calcium free) 

medium.  
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1.1. Trypsinization of adherent cells     

In order to facilitate subculture or harvesting, cells were trypsinized under the 

commonly used procedure for trypsinization of cells in monolayer culture. Briefly, 

after reaching an adequate confluence, cells were rinsed with warm phosphate 

buffered saline (PBS, pH 7.4, 37°C) to eliminate traces of serum from the medium and

then incubated with 0.25% Trypsin/EDTA solution for 3-5 minutes at 37°C. 

Trypsinization was stopped by dilution with 2%FBS/DMEM/F-12 and resuspended 

cells were centrifuged at 1000 rpm, 5 minutes, RT. Supernatant was discarded and cell 

pellet was resuspended in 1ml of fresh medium. From this cell suspension, cells were 

counted and subsequently seeded in adequate dishes depending of the experimental 

design. 

1.2. Freezing and thawing cultured cells 

Cells were grown until approximately 80% of confluence and 24 hours before 

freezing, fresh growth medium was replaced. On the day of freezing, cells were 

trypsinized as previously described. After centrifugation, cell pellet was resuspended 

in special freezing medium composed of complete growth medium supplemented with 

7.5% DMSO. Cell suspension was aseptically aliquoted into sterile cryovials which 

were placed in styrofoam container. Cells underwent process of gradual freezing (48 

hours at -80ºC), to avoid formation of intracellular crystals and then were transferred 

to a liquid nitrogen freezer for long time storage. Thawing out cells was done in a 

37°C water bath by gentle agitation for approximately 1-2 minutes. As soon as the 

content was thawed, cryovial was removed from the water bath and decontaminated by 

spraying with 70% ethanol. All the operations were carried out under strict aseptic 
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conditions. Vial content was transferred to a centrifuge tube containing 9 ml complete 

culture medium and centrifuged at 1000 rpm for 5 minutes. Cell pellet was 

resuspended with the complete medium and dispensed into a 100x20 mm culture dish 

for further propagation.  

1.3. Viability assay  

In order to determine the range of NMDA and MK-801 concentrations to be 

used, the MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) assay 

was performed on treated and untreated HK-2 cells upon incubation for 24, 48, 72 

hours with selected drugs, according to the method previously described233. Briefly, 

HK-2 cells were plated in 96-well plates at 104 cells/well in 200 µl of 

2%FBS/DMEM/F-12 with different concentrations of NMDA and MK-801 for the 

indicated periods of time. After treatments, growth medium was aspirated and 100 

µl/well of MTT (1mg/ml) in 0%FBS/DMEM/F-12 was added. After incubation for 2 

hours at 37°C, medium was replaced by isopropanol (100 µl/well) and the plates were 

gently shaken for 10 minutes until complete dissolution of MTT formazan crystals. 

Active mitochondrial dehydrogenases of living cells convert the yellowish MTT to an 

insoluble purple formazan, a conversion that doesn't take place in dead cells. MTT 

conversion is therefore a good indicator of mitochondrial enzyme activity as well as 

viability and proliferation. Absorbance was measured at 570 nm using a microplate 

reader (Biorad Model 680). 
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2. Cell migration study 

2.1. In vitro wound migration assay 

Wound migration was assayed utilizing a monolayer wounding system as 

described previously234. Briefly, before plating the cells into 6-well plate, two parallel 

lines are drawn at the underside of each well of the 6-well plate with a marker, 

representing the wound areas to be analysed. HK-2 cells were grown until 100% of 

confluence and then were growth-arrested in serum-free medium for 24 hours. Cell 

monolayer was injured in a linear fashion with a sterile 200-µl pipette tip, gently 

washed with warm PBS and then incubated with 0%FBS/DMEM/F-12 alone (control), 

TGF-β1, TGF-β1 plus NMDA or NMDA alone. All treatments were made in serum-

free medium. Cells were incubated for 24 and 48 hours. Closure of the denuded area 

was monitored using a LEICA Microsystems DFC 480 inverted microscope and 

digital images were obtained at 0, 24 and 48 hours (4 images per treatment). The width 

of the wounds was measured using LEICA Quantity Software IM50 Image Manager v. 

4.0 (Cambridge, UK). The progression of migration was estimated by subtracting the 

width of the wound (at 24 or 48 hours) from the initial width of the wound (at 0 hour). 

The experiments were repeated 8 times and every treatment group was done in 

triplicate.

2.2. Transwell migration assay 

Transwell inserts (polyethylene terepthalate (PET) track-etched membrane-

diameter 6,4 mm; 8 µm porosity) were coated with 20 µL of growth-factor-free 

Matrigel (1:10 dilution) in 0%FBS/DMEM/F-12 and incubated at 37°C for 30 
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minutes. After 24 hours of deprivation in serum-free medium, HK-2 cells were seeded 

(5x104) in the upper wells of Matrigel coated  transwell chambers in 200 µL of 

0%FBS/DMEM/F-12 in the presence of TGF-β1, TGF-β1 plus NMDA or NMDA 

alone. The bottom compartments of transwell chambers were filed with 500µL of 

DMEM/F-12 with 10% FBS. Media in the upper and bottom chambers were 

supplemented with the same concentrations of corresponding treatments. Control 

group of cells were grown in medium without TGF-β1 or NMDA. After 24 hours of 

incubation, medium was removed, cells were washed with PBS and fixed with 4% 

paraformaldehyde for 10 minutes and 0,1% Triton X-100 for 5 minutes at RT. Cells 

remained on the upper side of the filter membranes were gently removed with a cotton 

swab. Membranes were cut out from the inserts with a scalpel blade and the cells from 

the bottom side of the membrane were stained with 1% Hoechst 33258 (cell nuclei) or 

0.2% crystal violet (cell body; not shown) for 10 minutes at RT. After gentle washing, 

membranes were mounted on microscope slides using ProLong antifade reagent, with 

the lower surface facing up. Cells/nuclei were counted and analyzed using LEICA 

Microsystems DFC 480 fluorescent microscope. Fifty random fields were examined 

and the results were plotted as the percentage of control. The experiments were 

repeated 4 times and every treatment group was performed in triplicate.  

2.3. Time-lapse phase-contrast imaging of cell migration

Time-lapse phase-contrast microscopy is a useful approach that affords an 

opportunity to observe dynamic processes such as cell migration. It allows us to 

analyze specific cell motion parameters such as average speed, persistence and 
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directionality, important information for many research and therapeutic applications 

such as drug development or wound healing. 

2.3.1. ECM coating  

For analysis of human proximal tubular cell motility, non-tissue culture treated 

polystyrene 48-well plates were prepared as described previously235. Briefly, plates 

were coated with different concentrations of fibronectin or collagen type I from calf 

skin and incubated overnight at 4°C. Next day, plates were washed 3 times with PBS 

and blocked with 1% heat denatured bovine serum albumin (BSA) in PBS for 30 

minutes at 37 °C. 

2.3.2. Live cell imaging 

For the purpose of this experiment, HK-2 cells were trypsinized and seeded in 

fibronectin or collagen-coated or non-coated 48-well plates in an amount of 

2.5x103/well or 4x103/well depending of the incubation time planned. Next day, 

medium was changed to serum-free medium and after 24 hours of deprivation, 

adequate treatments were added. Cells were treated separately with 0%FBS/DMEM/F-

12 (control), TGF-β1, TGF-β1 plus NMDA or NMDA alone. Cells were incubated for 

24 and 48 hours. Prior to imaging, wells were completely filled with adequate medium 

and the plate was sealed using silicon grease and a glass plate. Images were acquired 

using a 10×0.5 NA Plan objective lens and a 0.5 NA ELWD condenser with a Zeiss 

Axiocam camera on a Zeiss Axiovert 200 M microscope in climate-controlled 

incubator. A robotic stage (Zeiss MCU 28) with linear position feedback encoders was 

used to collect images at different stage positions over time. All electronic microscope 
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functions were controlled using Axiovision software (Zeiss). Phase-contrast images 

were taken in rapid succession at multiple positions (3 positions/well for each 

condition), evenly distributed over the chambers to exclude differences due to 

experimental variation, at 3 minutes intervals for 5 hours. 

2.3.3. Analysis of cell migration in time-lapse movies 

To analyse cell behaviour during migration, software was written in Matlab 

(Mathworks) by de Rooij J and G. Danuser235  that automatically segments phase-

contrast images based on pixel intensity and determines the presence of nuclei 

(centroids) based on phase-density, size and shape. Using nearest neighbour and gap-

closing algorithms, it tracks the nuclei throughout time-lapse image series to determine 

cell velocity. Software was used to detect and track single cells in the time-lapse 

images of migrating cells and to determine their velocity and persistence throughout 

the process of migration. The velocity was calculated as the displacement (µm) over 

three consecutive frames, divided by the elapsed time (3 minutes). The persistence is 

defined as the ratio of the vectorial distance travelled to the total path length described 

by the cell. Detection fidelity in our experiments was over 80%, which was confirmed 

by eye for each individual time-lapse. To distinguish single cells from clustered cells 

in this program, areas occupied by the cells were determined by edge detection and 

overlaid with the detected nuclei to determine if one (single cell) or more (clustered 

cells) nuclei were present in a detected cell-area. Only cells that were faithfully 

tracked for at least six consecutive frames and stayed “single” during that period of 

time were taken in consideration.  
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3. Adhesion assay study 

To assay cell adhesion, the appropriate ECM substrates were prepared (as 

described in sections 2.2 and 2.3.1) in 96-well polystyrene plates. HK-2 cells were 

trypsinized, washed once in DMEM containing 2% FBS, and allowed to recover 

surface proteins for 1 hour in suspension in DMEM containing 0.5% FBS, antibiotics, 

and 10 mM Hepes, pH 7.4, at 37°C with constant, gentle shaking. 2x104 cells were 

plated per well, and adhesion was allowed to proceed for the indicated time at 37°C. 

Unbound cells were discarded by washing three times with PBS preheated to 37°C. 

Detection of total cellular protein per well was performed by acid phosphatase activity 

as previously described235. In brief, cells were lysed in the wells by adding 200 µl/well 

of assay buffer containing 0.4% Triton X-100, 50 mM sodium citrate, and 10 mg/ml 

phosphatase substrate. The reaction was incubated for 20 hours at 37°C and terminated 

by addition of 100 µl/well of 1 N NaOH. Absorbance was measured at 405 nm. Every 

condition was measured at least in triplicate.  

4. Flow cytometry analysis of filamentous actin (F-actin) 

To investigate possible effect of TGFβ-1 and NMDA on filamentous actin in 

HK-2 cells, flow cytometry analysis was employed. Cells were grown in 100x20 mm 

culture dishes in 2%FBS/DMEM/F-12. At 80% of confluence, cells were serum 

deprived for 24 hours and then incubated in 0%FBS/DMEM/F-12 with or without 

TGF-β1, TGF-β1 plus NMDA or NMDA alone for another 24 hours. After incubation, 

cells were washed in PBS and briefly exposed to Trypsin-EDTA (0.05%). 

Trypsinization was stopped by dilution with 2%FBS/DMEM/F-12 and suspended cells 

were centrifuged at 2000 rpm, 5 minutes, RT. Cell pellets were washed once in PBS 
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and again centrifuged at 2000 rpm, 5 minutes, RT. HK-2 were then stained for flow 

cytometry analysis. Briefly, cells were first fixed in 4% Paraformaldehyde for 10 

minutes at RT, washed in PBS and then incubated with 0,1% Triton X-100/PBS for 5 

minutes at RT. After subsequent washing in PBS and centrifugation at 2000 rpm for 5 

minutes at RT, cells were incubated with 1%BSA/PBS for 30 minutes at RT (blocking 

of non-specific binding). HK-2 cells were stained with Alexa Fluor® 488 phalloidin 

(dilution 1/150 in 1%BSA/PBS) for 1 hour at RT in the dark. During incubation in the 

staining solution, content of the incubation tube was gently resuspended few times. 

Ten thousand HK-2 cells were aspirated into a flow cytometer (Epics XL flow 

cytometer). The cells were examined on fluorescence channel 1 (FL1) which measures 

excitation at 488 nm and emission at 530 nm. The resulting histogram is a measure of 

Phalloidin staining per cell, which is indicative of the amount of F-actin structure to 

which the fluorescent phallotoxin is bound. 

5. Immunofluorescence microscopy 

For immunofluorescence analysis, HK-2 cells were grown on glass cover slips 

in 4-well plates in already described conditions. After adequate incubation, culture 

medium was removed and cells were gently washed twice with cold PBS and fixed in 

ice-cold 100% Methanol for 10 minutes (vimentin staining) or 4% Formol for 4 

minutes and subsequently in 100% Methanol for 2 minutes at RT (β-catenin staining). 

Blocking of non-specific binding was performed by incubation of cells in 1% 

BSA/PBS for 30 minutes. Cells were incubated with primary antibody against 

vimentin over night at 4°C or primary antibody aganst β-catenin for 2 hours at RT and 

then with corresponding fluorescently labeled secondary antibody for another 1 hour at 
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RT. Nuclear counterstaining was performed by 1% Hoechst 33258 for 10 minutes. 

Between each step, cells were washed with PBS. For examination of cytoskeleton 

organization, after described incubation treatments, cells were washed twice in PBS, 

fixed in 4% Paraformaldehyde/PBS for 8 minutes at RT and permeabilized with 0.1% 

Triton X-100/PBS for 5 minutes at RT. After fixation, cells were incubated in 

1%BSA/PBS for 30 minutes and then with Alexa Fluor® 568 phalloidin diluted (1:40) 

in 1%BSA/PBS for another hour at RT. After washing in PBS, nuclear staining was 

performed by incubating cells with 1% Hoechst 33258 for 10 minutes at RT. Negative 

controls were performed routinely. Omission of the primary antibody or use of 

1%BSA/PBS in place of a specific antibody or fluorescent dye resulted in complete 

absence of staining. Cover slips with stained cells were mounted on microscope slides 

using ProLong antifade reagent and were examined using a LEICA Microsystems 

DFC 480 fluorescent microscope with a Digital Camera System. 

6. Measurements of cell volume 

For cell volume measurements, HK-2 cells were cultured in 6-well plates in 

2%FBS/DMEM/F-12 medium with or without NMDA (0.5 mM). After 2 and 24 hours 

of incubation, cells were washed with PBS, trypsinized and resuspended in the culture 

media. Cell volume was measured in Coulter Counter (Model Z2). 

7. Determination of Ras activation  

Ras activation was assessed by specific binding of Ras-GTP (activated form) to 

the Ras binding domain (RBD) of Raf-1236 as described previously237. Ras binding 

domain (Raf-1 residue 1–149) was expressed as glutathione-S-transferase (GST) 

fusion protein. 
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7.1. Expression of fusion protein GST-RBD Raf1 in Escherichia coli  

The plasmid pGEX-RBD, encoding the Ras binding domain of Raf-1 fused to 

glutathione-S-transferase (GST-RBD) (provided by Dr. P. Crespo from the University 

of Cantabria, Spain) was transfected into E. coli (DH5α) and the GST-RBD expression 

was induced by 1 mM isopropyl-β-D-thiogalactopyranoside (IPTG) for 3 hours at 

37°C. Transformed E. coli were harvested and resuspended in a solution containing 25 

mM Tris (pH 7.5), 150 mM NaCl, 1 mM EDTA, 2 mM PMSF and PIC (50 µl/ml). 

Cells were lysed in the same buffer containing 0.5% Triton X-100 by sonication and 

centrifuged at 10.000 rpm at 4°C for 10 minutes. Glutathione Sepharose 4B beads 

were washed thoroughly with PBS and incubated with the supernatant containing 

GST-RBD for 2 hours at 4°C. Beads coupled with GST-RBD were washed 3 times 

with PBS and resuspended in PBS (pH 7.4) buffer containing 20% glycerol and 0.5 

mM PMSF (stored at -20°C). Adequate amount of bound GST-RBD was eluted by 

boiling in SDS sample buffer and subjected to SDS-PAGE electrophoresis and 

Coomassie blue staining. The band corresponding to the fusion protein was quantified 

by Quantity One software (Bio-Rad Laboratories) by comparing its intensity to the 

band intensities of known amounts of bovine serum albumin (BSA) run on the same 

gel. 

7.2. Ras-GTP pull-down assay  

For determination of Ras-GTP, HK-2 cells were treated separately with serum-

free medium (control), TGF-β1, TGF-β1 plus NMDA and TGF-β1 plus TG. After 

treatments, cells were incubated with magnesium-containing lysis buffer (MLB: 25 

mM HEPES (pH 7.5), 150 mM NaCl, 1% NP-40, 0.25% Na-deoxycholate, 10% 
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glycerol, 25 mM NaF, 10 mM MgCl2, 1 mM EDTA, 1 mM Na3VO4, 2 mM PMSF and 

PIC (50µl/ml) for 10 minutes at 4°C. Cells were cold centrifuged for 10 minutes at 

10.000 rpm and supernatant was collected. Following measurement of protein 

concentrations, 10 µg of lysate proteins were employed in the detection of total Ras 

after mixing with Laemmli sample buffer and boiling for 5 minutes. Amount of 70 µg 

of lysate proteins were incubated with 2 µg of GST-RBD pre-coupled with 

glutathione-Sepharose at 4°C for 2 hours. The sepharose conjugates were recovered by 

short centrifugation, washed 2 times with MLB buffer, resuspended in Laemmli 

sample buffer and boiled for 5 minutes. Sample supernatants were subjected to 15% 

SDS-PAGE and used in western blot detection of Ras-GTP. 

8. Lentiviral-driven gene knockdown 

8.1. Design of siRNAs

The human NMDAR1 subunit (GRIN1) sequence was obtained from GenBank 

(transcript variant accession numbers: NM_000832.5, NM_007327.2 or 

NM_021569.2). Candidate siRNA sequences were designed using the shRNA design 

tool (http://www.broad.mit.edu/genome_bio/trc/publicSearchForHairpinsForm.php) 

from the RNAi Consortium (TRC), Broad Institute. This computational tool 

implements several algorithms to identify siRNAs with a high probability of silencing 

the target gene. The program presents information about properties of the 21-mers, 

including the guanine cytosine base content and other features that may contribute to 

the effectiveness of a siRNA238. The 21-mer sequence to NMDAR1 was 

CGCCAACTACAGCATCATGAA and is predicted to be specific only for NMDAR1 

as determined by basic local alignment search tool (BLAST) (National Center for 
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Biotechnology Information). The corresponding DNA sequence of each siRNA was 

converted into a short hairpin by the addition of a loop sequence TTCAAGAGA239 and 

the end nucleotide overhangs that are compatible with the restriction enzymes AgeI 

and BamHI. The complementary oligonucleotide strands were purchased from Sigma 

Aldrich and annealed in buffer (150 mmol/L NaCl; 50 mmol/L Tris, pH 7.6) to 

produce the desired sequence. Each double-stranded sequence was then cloned into the 

AgeI-BamHI restriction site of FSVsi lentiviral vector for RNA interference-mediated 

gene silencing under the control of U6 promoter for expression of short hairpin 

shRNAs. Transduction efficiency was analyzed by detection of the green fluorescence 

protein (GFP) expression, whose coding sequence (Venus variant) is present in the 

FSVsi vector and is under the control of SV40 promoter. FSVsi vector and the virion 

packaging plasmids were kindly provided by Dr. M. Encinas (Cell Signaling and 

Apoptosis Group, University of Lleida, Spain).  

8.2. Lentiviral production 

Human embryonic kidney cell line (HEK293T) was used to produce infective 

lentiviral particles. HEK293T cells were grown in DMEM supplemented with 10% 

FBS, 1 mM sodium pyruvate, 10% non-essential amino acids (NEAA), 20 U/ml 

penicillin and 20 µg/ml streptomycin, at 37°C in a humidified atmosphere under 5% 

CO2 and 95% air. One or two days before transfection, cells were seeded in 100x20 

mm culture dishes at a density of 3x106/dish. At approximately 70-80% of confluence, 

growth medium was replaced with DMEM without serum and antibiotics. 293T cells 

were cotransfected by the polyethylenimine (PEI) transfection method with the virion 

packaging plasmids (pMD2G encoding VSV-G virus envelope and psPAX2 encoding 
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viral packaging proteins) and the shRNA-producing vector (FSVsi-NMDAR1 or 

FSVsi as a control). Total amount of 40 µg of DNA were transfected according to the 

following scheme: 

Plasmid amount
Vector FSVsi/FSVsi-NMDAR1 20µg

psPAX2 13µg

pMD2G 7µg

DNA and PEI were diluted in 150 mM NaCl to an adequate concentration for 

transfection and mixed by adding PEI directly to the DNA solution. After 10 minutes 

of incubation at room temperature, prepared PEI-DNA mix was added drop by drop to 

a HEK293T cell monolayer. Cells were incubated for 3 hours and medium was 

replaced with complete growth medium to avoid cell toxicity. HEK293T cells were 

allowed to produce lentiviral particles during 48-60 hours. Culture medium was 

collected and centrifuged at 3000 rpm for 10 minutes. Collected supernatant was 

concentrated by centrifugation through Vivaspin 20 ultrafiltration spin columns 

(Sartorius) at 4000 rpm for 30 minutes and subsequently aliquoted in sterile vials for 

long term storage at -80°C. Virus titer was determined by infecting HK-2 cells with 

different amounts (µl) of concentrated lentiviruses.  

8.3. Cell transduction 

For lentiviral transduction, HK-2 cells were seeded in 24-well plates at a 

density of 2x104/well in a complete growth medium. On the day of infection, fresh 

growth medium was replaced and 1-10 µl of the concentrated lentiviruses were added 
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to the medium and incubated overnight. Next day, fresh growth medium (DMEM/F12) 

supplemented with L-Glutamine (2 mM) and 5% FBS was replaced and the cells were 

grown for additional 3-4 days to allow endogenous gene knockdown. Western blot and 

real-time PCR were performed to check for gene knockdown.  

9. Western blot analysis 

After desired treatments, cells were rinsed twice in cold PBS and collected in 

adequate lysis buffer, depending of the experimental design. 

9.1. Cell lysis and whole cell protein extraction 

For the analysis of E-cadherin and α-SMA expression in HK-2 cells, total cell 

lysates were obtained by scraping the cell monolayer in lysis buffer containing 125 

mM Tris (pH 6.8), 2% SDS, 2 mM PMSF and PIC (50 µl/ml). Lysates were sonicated 

3 times for the interval of 6 seconds at 10% amplitude. Between two cycles of 

sonication lysates were placed on ice for 5 seconds. For the analysis of pAkt, pErk1/2, 

pSmad2/3 and Snail1 expression, after adequate treatments cells were collected in 

lysis buffer containing 20 mM Tris (pH 7.5), 120 mM NaCl, 0.5% NP-40, 100 mM 

NaF, 0.25% Na-deoxycholate, 1 mM EDTA, 10% glycerol, 1 mM Na3VO4, 2 mM 

PMSF and PIC (50µl/ml). Cell extracts were centrifuged at 12.000 rpm at 4°C for 10 

minutes and concentration of proteins was measured from supernatants. Kidney tissue 

was homogenized in lysis buffer containing 20 mM Tris (pH 7.4), 120 mM NaCl, 

0.5% NP-40, 100 mM NaF, 2 mM Na3VO4, 50 mM β-glycerophosphate, 10 mM 

NaPPi, 100 U/ml aprotinin, 2 mM PMSF and PIC (50 µl/ml) using a polytron 

homogenizer. Homogenized tissue was incubated 20 minutes on ice and the 

supernatant was collected after centrifugation at 12.500 rpm at 4°C for 10 minutes.  
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9.2. Nuclear protein extraction  

HK-2 cells were serum deprived for 24 hours and subsequently incubated in 

serum-free medium (control), TGF-β1 and TGF-β1 plus NMDA for 120 minutes. 

After incubation, cells were washed in cold PBS and nuclear protein fraction was 

extracted using NE-PER Nuclear and Cytoplasmic Extraction kit. 

9.3. Isolation of NMDAR1 subunit 

For detection of the NMDAR1 subunit, HK-2 cells were grown in 100x20 mm 

culture dish in an adequate growth medium. At approximately 80% of confluence, 

cells were rinsed in PBS, trypsinized as previously described and centrifuged at 1000 

rpm for 5 minutes. Supernatant was discarded and the cell pellet was resuspended in 

Lysis buffer 1 (20 mM Tris (pH7.5), 120 mM NaCl, 0.5% Igepal CA-630, 100 mM 

NaF, 1 mM EDTA, 10% Glycerol, 1 mM Na3VO4, 2 mM PMSF and PIC (50 µl/ml)). 

After incubation in lysis buffer for 5 minutes on ice, cells were centrifuged at 13.000 

rpm for 20 minutes at 4°C. Supernatant was transferred in a new tube and pellet was 

resuspended in Lysis buffer 2 (125 mM Tris (pH 6.8), 2% SDS, 2 mM PMSF and PIC 

(50µl/ml)) and sonicated as described previously. Samples were vortexed and 

concentration of proteins was measured. 

Protein concentration was determined using a DC protein assay kit (Bio Rad). 

20 µg (or 80-100 µg for NMDAR1 detection) of proteins were electrophoresed on 8%, 

10%, 12% or 15% SDS-PAGE gels, as appropriate, and transferred to PVDF 

membranes. Membranes were probed with primary antibodies against E-cadherin 

(1:2500), NMDAR1 (1µg/ml), Snail1 (1:1000), phospho-Smad2/3 (Ser 423/425) 
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(1:1000), Histone 1 (1:1000), α-SMA (1:24000), α-tubulin (1:5000), phospho-specific 

Akt (Ser 473) (1:2000) and total Akt (1:1000), phospho-specific Erk-1/2 (Thr 202, Tyr 

204) (1:2000) and total Erk-1/2 (1:1000) or Ras (1:1000) over night at 4ºC. 

Horseradish peroxidase-conjugated secondary antibodies were used at 1:10000. The 

immunoreaction was visualized using EZ ECL or ECL Advanced Western Blotting 

Detection Kits. Images were digitally acquired by VersaDoc Imaging system Model 

4000 (Bio-Rad). Positive immunoreactive bands were quantified by densitometry and 

compared with the expression of adequate loading control. 

10.  The polymerase chain reaction (PCR) 

The polymerase chain reaction (PCR) is a rapid procedure for in vitro enzymatic 

amplification of a specific segment of DNA. In the present study, semi-quantitative 

and real-time PCR techniques were employed. 

10.1. Isolation of RNA and cDNA synthesis 

Total RNA was extracted from cultured cells or from whole kidney tissue using 

TRIzol reagent and the final concentration was determined by Nanodrop (ND-1000) 

spectrophotometer. Reverse transcription was performed using First Strand cDNA 

Synthesis Kit for RT-PCR (AMV). Both experimental procedures mentioned above 

were done according to the manufacturer’s instructions.  

10.2. Semi-quantitative PCR 

For semi-quantitative PCR analysis of NMDAR subunits in HK-2 cells and 

mouse kidney, following oligonucleotide primers were used:  human and mouse 

NMDAR1, NMDAR2A, NMDAR2B, NMDAR2C, NMDAR2D and GAPDH as an 
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internal control. Twenty microlitre (20 µL) reaction contained 10x reaction buffer (2 

µL), MgCl2 (50 mM, 0.6 µL), dNTP’s (2 mM, 2 µL), sterile water (10.2 µL), Taq 

Polymerase (0.2 µL), adequate NMDAR subunit primer (forward and reverse; 10 µM, 

1 µL each), GAPDH primer (forward and reverse; 5 µM, 1 µL each) and cDNA (1 

µL). Reaction was run in a termocycler Techne TC-412.  Forty cycles of PCR 

amplification included: denaturation at 95°C for 1 minute, annealing at 60°C (human 

NMDAR primers) or 62ºC (mouse NMDAR primers) for 1 minute and extension at 

72°C for 1 minute. Equal volumes of PCR product (10µl) taken at PCR cycle 40 were 

loaded and electrophoresed in a SYBR Safe-stained 2% agarose gel. The images of 

agarose gels were taken using Kodak EDAS 290 imaging system with Kodak 1D 3.6 

software. Experiments were performed in triplicates and representative images were 

presented.  

10.3. Real time PCR 

Real time PCR amplification with gene-specific primers for human NMDAR1, 

mouse α-SMA and collagen I was performed with an ABI Prism 7000 Sequence 

Detection System (Applied Biosystems) using TaqMan Universal PCR Master Mix. 

This detection system determines the absolute quantity of a target nucleic acid 

sequence in a test sample by analyzing the cycle-to-cycle change in fluorescent signal 

as a result of amplification during PCR. Forty cycles at 95°C for 15 seconds and 60ºC 

for 1 minute were performed. The results are obtained in the form of a value Ct (cycle 

threshold) which represents the cycle of PCR where the exponential growth of PCR 

product starts. Therefore, the higher expression of the gene in the sample is detected - 

the lower value of Ct will be obtained as a result. The relative quantity of mRNA for 
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every gene was calculated in the following manner: ∆Ct = Ct of the target gene – Ct of 

GAPDH gene; ∆(∆Ct) = ∆Ct of the sample – ∆Ct of the control. Relative mRNA 

levels were calculated and expressed as fold induction over contralateral controls 

(value=1.0) following the formula 2-∆(∆Ct). Every experiment was carried out three 

times, all samples were amplified in triplicate and data were normalized using 

GAPDH as an endogenous control. 

11. In vivo animal study 

11.1. Animal housing and experimental groups  

In vivo animal study was performed on female mice (B6CBJ) weighing 18 to 

22 g, obtained from Charles River (Barcelona, Spain). Mice were housed and 

maintained in a barrier facility and pathogen-free procedures were employed in all 

mouse rooms. Animals were kept in a 12-hour light/dark cycle at 22°C with ad libitum

access to food (standard chow) and water. Mice were randomly assigned to two 

groups.  

(1) UUO group (n=7). These mice underwent left ureteral obstruction. They 

received injections of the vehicle (0.9% saline solution, intraperitoneally). 

Parameters of renal fibrosis of the post-obstructed left kidney were 

compared with the healthy non-obstructed right kidney of the same animal. 

Therefore, contralateral right kidneys of UUO group acted as a control 

group. 

(2) UUO+NMDA group (n=7). These mice underwent left ureteral obstruction 

and received NMDA treatment 3 days prior and every day after the surgery 
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(20 mg/kg body weight per day dissolved in 0.9% saline solution (vehicle), 

intraperitoneally). 

All efforts were made to minimize both animal suffering and the number of 

animals used throughout the experiment. All procedures performed in this study 

followed the National Institute of Health Guide for the Care and Use of Laboratory 

Animals. 

11.2. Unilateral ureteral obstruction (UUO) 

Mice were subjected to a left unilateral ureteral obstruction (UUO) using an 

established procedure240,241. Briefly, under general anesthesia with isoflurane and 

oxygen, ureteral obstruction was performed by double ligation of the left ureter using 

2.0 silk after a lateral abdominal incision. At the end of the operation, the incision was 

closed in layers under sterile conditions. The animals were allowed to recover from 

anesthesia and returned to their cages. At 5 and 15 days after the surgery, both 

obstructed and contralateral kidneys were removed under general anesthesia. Kidneys 

were perfused in PBS and cross section of each kidney were fixed over night in 4% 

paraformaldehyde/PBS and embedded in paraffin. Four µm sections were cut and 

mounted for histological examinations. The remaining portion of each kidney was 

snap-frozen in liquid nitrogen and stored at -80ºC for protein and mRNA extraction.  

11.3. Histological and histochemical analysis of kidney tissue  

11.3.1. Immunohistochemistry of paraffin-embedded tissue sections 

Immunostaining was carried out on 4 µm thick tissue sections that were first 

baked at 60ºC for 1 hour and then taken through xylene and graded ethanols (100%, 
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95%, 90% and 70%) into distilled water. For α-SMA staining, antigen retrieval was 

done by incubating tissue sections with trypsin for 30 minutes at 37ºC and for E-

cadherin and FSP1 staining, antigen retrieval was performed by boiling the slides in 10 

mM citrate buffer (pH 6) for 10 minutes. Endogenous peroxidase quenching was done 

by 30 minutes incubation in 0.66% (v/v) H2O2/PBS which was followed by blocking 

of non-specific binding with 4% BSA/PBS (α-SMA staining) or normal horse 

blocking serum from Vector Vectastain Universal ABC kit (E-cadherin and FSP1 

staining) for 1 hour at RT. All primary antibodies in single immunostaining 

experiments were incubated overnight at 4ºC. After washing in PBS, slides were 

treated with universal biotinylated secondary antibody (30 minutes, RT) which was 

followed by the avidin-biotin-peroxidase complex (30 minutes, RT) and 3, 3’-

diaminobenzidine (DAB) as chromogen (10 minutes, RT). Sections were 

counterstained with Hematoxylin to visualize the nuclei. In addition, double 

fluorescent immunostaining experiments were performed. After deparaffinization, 

rehydratation, antigen retrieval and blocking of non-specific binding as previously 

explained, sections were incubated with primary rabbit anti-FSP1 antibody (1/500) 

over night at 4°C. After washing in PBS, slides were incubated with universal 

biotinylated secondary antibody for 30 minutes at RT, then with Streptavidin Alexa 

Fluor 594 (1/2000) for 1 hour, in the dark. Between steps, sections were washed 3 

times in PBS. After the first cycle of immunohistochemistry, slides were incubated 

with primary mouse anti-E-cadherin antibody (1/200) over night at 4°C. The 

corresponding secondary anti-mouse-Alexa 488 (1/500) antibody was applied for 1 

hour in the dark. After washing in PBS, nuclear staining was performed by incubating 

slides with 1% Hoechst 33258 for 10 minutes. Negative controls were performed 
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routinely. Omission of the primary antibody or use of non-immune serum in place of a 

specific antibody resulted in complete absence of staining. After immunostaining, all 

slides except ones stained with double-fluorescent immunostaining technique, were 

dehydrated, cleared in xylene and mounted with DPX permanent mounting medium. 

Double stained slides were mounted using ProLong antifade reagent. Tissue sections 

were examined using a Nikon Eclipse 80i microscope with a Nikon automatic camera 

system. The images were taken using NIS-Elements F2.20 (Build 232) or Isis FISH 

imaging system v.5 software. 

11.3.1.1. Immunohistochemical evaluation

Immunoreactivity of tubular cells for E-cadherin and FSP1 was independently 

evaluated by semiquantitative method. Kidney sections stained with anti-E-cadherin 

antibody were scored for the staining intensity as well as for the percent of tubular 

cells stained. For the staining intensity of tubular proximal cells, samples were scored 

as follows: 0 for no reactivity, 1 for the presence of both negative and trace positive 

cells, 2 for weak, 3 for moderate, and 4 for strong staining. The percent of E-cadherin 

stained tubular cells was scored as follows: 0 for no positive cells, 1 for 1-20% cells 

positive, 2 for 21-50% cells positive, 3 for 51-80%, and 4 for 81-100% positive cells. 

Samples were considered positive when both scores were ≥2. The sum of the two 

scores gave a final score between 0 and 8. Semiquantitative analysis of 

immunohistochemical staining for FSP1 positive interstitial fibroblasts in non-

obstructed mouse kidney was done by counting the positive fibroblasts in 15 optical 

fields per section. 
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11.3.2.  Morphometric analysis of interstitial fibrosis  

For histological examination of interstitial collagen deposition, paraffin-

embedded kidney sections were stained with Masson’s Trichrome and Sirius Red.  

11.3.2.1. Masson’s Trichrome staining

Masson’s Trichrome is a multi-step technique used for the detection of 

collagen fibers in different tissues on formalin-fixed, paraffin-embedded and frozen 

sections. Following this procedure, collagen fibers will be stained green, nuclei will be 

stained black and cytoplasm, muscle, and erythrocytes will be stained red. 

After deparaffinization and rehydratation as previously described, tissue 

samples underwent process of fixation in Bouin’s reagent for 1 hour at 56°C. Slides 

were washed in running tap water to remove yellow color from sections and incubated 

in Weigert’s Iron Hematoxylin solution for 5 minutes. After washing in running tap 

water, samples were incubated in Trichrome solution (0.6% Chromotrope 2R, 0.3% 

Light green, 1% glacial acetic acid, 0.8% phosphotungstic acid) for 15 minutes which 

was followed by one minute incubation in 2% Light green solution. Samples were 

quickly washed in water and subsequently in 100% ethanol. Slides were dehydrated, 

cleared in xylene and mounted with DPX permanent mounting medium. Tissue 

sections were examined using a Nikon ECLIPSE 80i microscope with an Nikon 

automatic camera system. The representative images were taken using NIS-Elements 

F2.20 (Build 232) software. 
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11.3.2.2. Sirius Red staining

For Sirius red staining, slides were baked at 60°C for 1 hour and then taken 

through xylene and graded ethanols (100%, 95%, 90%, and 70%) into distilled water. 

Slides were then incubated in Picrosirius Red solution (1% Sirius red in saturated 

picric acid) for 30 minutes at RT. Slides were dehydrated in absolute ethanol, cleared 

and mounted with DPX permanent mounting medium. After staining, the connective 

tissue fibers, except elastin, were brightly red stained and the remaining tissue showed 

light yellow color. Samples from each animal were examined in a blind manner. 

Quantification of collagen content was done by determining the % of staining area in 

20 randomly chosen fields (x40) using computerized image analyzer and Image-Pro 

Plus software. Data are expressed as positive stained area vs. total analyzed area. 

12.  Statistical analysis  

Statistical significance was evaluated by Student’s t-test or by one-way 

ANOVA followed by a Tukeys´s posthoc test (SPSS Inc., Chicago, IL), as 

appropriate. Values of P<0.05 was considered statistically significant. All data 

examined are expressed as mean ± standard error of the mean (SEM).  
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Objective 1 

I. Basal activation of NMDA receptor is essential for the 

preservation of the epithelial phenotype of PTECs 
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1. Expression of NMDA receptor in human PTECs 

Expression of NMDA receptor in human proximal tubular epithelial cells 

(PTECs) was first studied by a semi-quantitative PCR analysis of mRNA purified 

from HK-2 cells using specific PCR primer pairs detected against human NR1 and 

NR2 (A-D) subunits (Section 3 in Material & Methods).  

                

Figure 16. Expression of NMDA receptor subunits in HK-2 cells. (A) Total RNA 

was submitted to RT with an oligo dT reverse primer followed by PCR with different 

set of primers for NMDAR subunits and GAPDH as an internal control. 

Representative image after agarose gel electrophoresis shows differential expression 

of investigated receptor subunits (NMDA R1~370 bp; R2A~300 bp; R2B~376 bp; 

R2C~397 bp; R2D~280 bp). (B) Representative Western blot demonstrates the 

expression of NMDAR1 protein (120 kDa) in HK-2 cells. The same samples were 

reprobed with tubulin to ensure equal loading. (C) Immunofluorescence staining was 

performed on permeabilized HK-2 cells using specific anti-NR1 monoclonal antibody. 

Original magnification x40. 
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The results demonstrate that HK-2 cells express mRNA encoding NR1, an 

NMDAR subunit essential for receptor functioning. In addition, transcript for NR2B 

subunit was the main NR2 subunit expressed in this cell line, as indicated by the 

presence of amplicon of appropriate size (Figure 16 A). The expression of NR1 

subunit was further investigated at the protein level by Western blot analysis and 

immunofluorescence. Immunoblotting studies revealed presence of NR1 subunit 

protein (120 kDa) in human proximal tubular cell line (Figure 16 B). 

Immunofluorescence microscopy showed diffuse cell membrane and cytoplasmic 

staining in HK-2 cells incubated with anti-NR1 antibody (Figure 16 C) and absence of 

staining in the negative control (not shown). Therefore, a functional NMDA receptor 

was expected to be present in HK-2 cell line. 

2. Effects of NMDAR agonist and antagonist on viability of PTECs 

Viability of HK-2 cells upon treatment with different concentrations of NMDA 

and MK-801 was estimated using MTT assay, as described in Material and Methods. 

We first assessed “24-hour drug concentration screening” by evaluating cell 

population’s response upon 24-hour-incubation with increasing concentrations of 

NMDAR agonist (NMDA; 5-1000 µM) and a specific uncompetitive antagonist ((+)-

MK-801; 5-1000 µM). Results show that none of the concentrations tested had 

statistically significant effect on cell viability after 1 day of incubation, except 1 mM 

dose of MK-801 (P<0.01) (Figure 17 A). Afterwards, we tested the viability of cell 

population with selected doses of NMDA (0.1-1 mM) for time points (24, 48, 72 

hours) we considered important to investigate in further experiments. As shown in 

Figure 17 B, NMDA treatment did not affect significantly cell viability in any treated 



                                                                                           _________________  Results

103 

group of cells compared with control. Only very high dose of NMDA (10 mM) 

reduced cell viability down to 66% of the control (P<0.01) after 72 hours of incubation 

(Figure 17 C).   

    

Figure 17. Concentration-response curves of the effects of NMDA receptor 

agonist (NMDA) and antagonist (MK-801) on HK-2 cell viability. HK-2 cells were 

treated with increasing concentrations of either NMDA (5-1000 µM and 2-10 mM) or 

(+)-MK-801 (5-1000 µM). Cell viability was measured by MTT colorimetric assay 

after 24 hours (A, B), 48 hours (B), or 72 hours (B, C) of drug treatment. Data are 

presented as a percentage of control. Values are means ± SEM of at least 3 

experiments, run as six replicates per treatment. None of the concentrations tested had 

statistically significant effect on cell viability except very high concentration of 10 mM 

NMDA (C) and 1 mM MK-801 (A) *P<0.01 vs. control.
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According to the results obtained, we decided to use NMDA at the 

concentration of 0.5 mM and MK-801 at 0.1 mM for our further experiments. 

3. NMDAR activation alters human PTEC’s migration in vitro

Migration of kidney proximal tubular cells is an important physiological and 

pathophysiological process in renal tissue. PTEC’s migration is critical during 

embryogenesis for tubule formation but after reaching an adult stage of the kidney, 

tubular cells do not normally migrate242. Evidence suggests that upon injury tubular 

cells do migrate and this migratory behaviour is common for both tubular repair and 

epithelial-mesenchymal transition243. Taking into consideration the fact that NMDAR 

plays an important role in modulating cytoskeletal migration machinery in many 

different cell types thus regulating optimal cell locomotion, we sought to examine the 

role of NMDAR in basal migration of PTECs. 

3.1.  NMDA inhibits basal cell migration in wound-healing and transwell 

migration assay 

The role of NMDAR in human proximal tubular cell migration was studied 

using in vitro wound-healing and transwell migration assays. Figure 18 shows wound 

closure in control and NMDA treated group of cells after making a wound in confluent 

monolayer. After 24 hours of incubation, NMDA inhibited cell migration, by 30% at 

0.1 mM (not shown) and 0.5 mM (Figure 18 B, E, H), compared with the control. 

Similarly, after 48 hours of incubation, cell migration was decreased by 30% with 

NMDA (0.5 mM) compared with the control (Figure 18 C, F, H). To obtain more 

quantitative estimation of cell motility, we assessed the ability of HK-2 cells to 
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migrate through a matrix barrier, in a modified Boyden chamber assay, in the absence 

or presence of NMDA (Figure 18 G, I).  

           

Figure 18. NMDA inhibits basal cell migration in wound-healing and transwell 

migration assay.(A-F) Wound-healing assay. Contrast phase micrographs of HK-2 

cells migrating into the denuded area of the scratch wound at various times after 

monolayer wounding. One representative experiment is shown to illustrate the wound 

closure after 24 (B, E) and 48 hours (C, F) in control conditions (B, C) and NMDA 
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(E, F) compared with the corresponding wounds at the point 0 hour for the control 

(A) and NMDA (D) Magnification x4. (G) Transwell migration assay. Representative 

photos show parts of transwell inserts for control and NMDA treated group of cells 

after 24 hours of incubation. Nuclei were stained with Hoechst. Magnification x20. 

Quantification of cell migration in wound-healing assay after 24 and 48 hours (H) 

and transwell migration assay after 24 hours (I ). Data are presented as means ± SEM 

(wound-healing assay) or percentage of control (means values ± SEM; transwell 

migration assay) of 5 independent experiments assayed in triplicate for each time 

point and condition. (H) *P<0.05 vs. control at both time points. (I ) *P<0.05 vs. 

control. 

As shown in Figure 18, treatment with NMDA reduced cell migration down to 

60% of the control, after 24 hours of incubation (Figure 18 I). Immunofluorescence 

microscopy of randomly chosen fields of the insert membrane shows occupied pores 

after transwell migration assay (Figure 18 G). As tested previously in MTT assay, 

viability of HK-2 cells was not significantly affected after 24 and 48 hours of 

incubation with NMDA (Figure 17 B), indicating that the detected decrease in 

migration was not due to reduced cell viability.  

Here, we demonstrate by two independent methods that the activation of 

NMDA receptor has an inhibitory effect on HK-2 cell migration which supports its 

important role in regulation of human proximal tubular cell migration. 

3.2. NMDA modulates basal cell velocity and persistence     

Taking into consideration the fact that during migration cells use different 

migrational modes to move with varying degrees of speed and directionality244, we 

wished to examine the effect of NMDA on cell velocity and persistence. We 

performed several migration assays on different matrices where we measured cell 
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velocity and persistence using time-lapse phase contrast microscopy. Matlab analysis 

of image sequences allowed us to quantitatively estimate differences in persistence and 

velocity between treated and untreated cultures. Incubation with NMDA for 24 hours 

on non-coated plates did not cause significant differences in cell persistence (Figure 19 

A) compared with control.  

Figure 19. NMDAR activation modulates basal cell directionality of human 

proximal tubular cells. HK-2 cells were seeded in non-coated (A), fibronectin (30 

µg/ml) and collagen I-coated (10 µg/ml) (B) 48-well plates and incubated with or 

without NMDA (0.5 mM). Cell’s migratory behavior was recorded by time-lapse video 

microscopy during a 5 hour period (3 min frame interval) after 24 or 48 hours of 

treatment. Migrational persistence of each cell population was quantified using 

Matlab software. Persistence is defined as the ratio of the vectorial distance traveled 

to the total path length described by the cell. Cell densities of both populations were 
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equivalent (not shown). Histograms represent the average persistence during 0-300 

minute’s period after 24 hours (A, B) of treatment. Values are average cell persistence 

(averaging values from all time-points during 0-300 minutes) ± SEM. 

All tested cell populations showed analogous migrational persistence with 

values under 0.6 which is generally considered as not very directional. Cells grown on 

type I collagen and fibronectin showed comparable random migration behavior as ones 

grown on non-coated plates (directionality under 0.6) but with statistically significant 

difference between control and NMDA when grown on fibronectin coated surface 

(Figure 19 B). 

In order to get more insights into the nature of proximal tubular cell migration, 

we analyzed migrational velocity in the settings of already described treatments. 

NMDA incubation caused statistically significant reduction in cell velocity of HK-2 

cells grown on non-coated plates for 24 hours compared with non-treated controls 

(Figure 20 A, B). Taking into account that the cell migration is modulated in a great 

deal by the extracellular matrix (ECM) composition245, we wished to assess the cell 

velocity on different matrices. Consistent with the results on non-coated plates, HK-2 

cells grown on collagen I (Cn, 10 µg/ml) and fibronectin (Fn, 30 µg/ml) coated 

surfaces showed statistically significant reductions of cell velocity when treated with 

NMDA for 24 hours (Figure 20 C).  
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Figure 20.NMDAR activation modulates basal cell velocity of human proximal 

tubular cells. HK-2 cells, plated in non-coated plates (A, B) or plates coated with 

collagen I (Cn) (10 µg/ml) and fibronectin (Fn) (30 µg/ml) (C) were incubated with or 

without NMDA (0.5 mM). Cell behavior was recorded by time-lapse video microscopy 

during a 5 hours period (3 minutes frame interval) after 24 hours of treatment. (A) 

Velocity time-course by tracking of approximately 50 cells of each group from 3 

independent time-lapse image series quantified using Matlab software. (B) Average 

cell velocities (averaging values from all time-points during the period of 0-300 

minutes (± SD) from each of the velocity time-courses in A. *P<0.0001 vs. control. 

Cell densities of both populations were equivalent (not shown). (C) Average velocities 

of cells (avg. values ± SEM) grown on Collagen I (10 µg/ml) and Fibronectin (30 

µg/ml) followed over the 0-300 minutes period after 24 hours of treatment. *P<0.0001 

vs. control.
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Velocity data represent a valuable contribution to wound and transwell 

migration results and confirm that NMDA receptor is important in regulation of 

human proximal tubular cell’s migration in vitro. 

4. NMDAR activation does not alter cell-ECM adhesion 

For cells to migrate efficiently, both cell–cell adhesions and cell-extracellular 

matrix (ECM) interactions need to be regulated and tension within the actomyosin 

cytoskeleton needs to be induced27,246,247. Adhesion to extracellular matrix 

components, such as fibronectin and laminin, is primarily mediated by the integrin 

family of heterodimeric receptors248. Therefore, we wished to investigate if the 

reduction of cell migration as well as migrational velocity of HK-2 cells on different 

matrices could be due to alterations in cell-ECM adhesion. 

Figure 21. NMDA treatment does not have influence on cell adhesion to different 

extracellular matrices. HK-2 cells plated on Matrigel (A), non-covered surface (B), 

collagen I (Cn; 10 µg/ml) (C) and fibronectin (Fn; 30 µg/ml) (D) were allowed to 

adhere for 2 hours in the presence or absence of NMDA at 0.5, 1 and 2 mM (A) or 
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only 0.5 mM (B, C, D). Unbound cells were removed and bound cells were quantified 

by measuring acid phosphatase activity. Histograms show means values of 

absorbance ± SEM of 3 independent experiments assayed in 6 replicates for every 

condition. 

Treatment of HK-2 cells with NMDA did not significantly alter cell adhesion 

to non-covered surface (Figure 21 B), compared with control. Cell adhesion to 

different matrices followed the same pattern. After measuring acid phosphatase 

activity in cell-ECM attachment assay, no significant differences in cell adhesion to 

collagen I, fibronectin or matrigel (mixture of ECM proteins such as laminin and 

collagen IV) were found, suggesting that reduced migration and migrational velocity 

of cells treated with NMDA were not due to altered integrin-dependent adhesion 

(Figure 21 A, C, D)249-251. 

5. NMDAR activation causes a decrease in cellular F-actin 

Actin cytoskeleton plays an important role in cell morphology and migration, 

while actin reorganization is one of the most important characteristics of tubular 

epithelial-mesenchymal transition. Being aware of the existence of biochemical and 

functional interactions between NMDAR subunits and cytoskeleton proteins231, we 

sought to examine the role of NMDAR activation in the distribution of filamentous 

actin in HK-2 cells. Changes in F-actin distribution were investigated using 

immunofluorescence staining and for better quantitative analysis, flow cytometry was 

employed. To determine whether cellular F-actin was altered by NMDA treatment, 

HK-2 cells were stained with Phalloidin 568, which binds specifically to F-actin 

structure. As shown in Figure 22 A, NMDA treatment at concentration of 0.5 mM 
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induced significant decrease of cellular F-actin which was visible after fluorescent 

staining.  

           

Figure 22.NMDA treatment decreases the amount of F-actin in HK-2 cells. (A)

Direct Phalloidin immunofluorescence. HK-2 cells grown on glass coverslips were 

treated with or without NMDA (0.5 mM) for 24 hours. Cells were fixed and stained 

with Phalloidin 568 and visualized by fluorescent microscopy. Nuclei were stained 

with Hoechst. Representative images from an experiment that was repeated 3 times 

with identical results are shown. Original magnification x40. (B) HK-2 cells treated 

with or without NMDA (0.5 mM) for 24 hours were examined by flow cytometry using 

Phalloidin fluorescence detected on FL1 (as described in Material and Methods). 

Values are given as percentage of the control (means ± SEM) of 3 independent 

experiments assayed in triplicate for every condition. *P<0.05 vs. control. 
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To provide better quantitative analysis of the alterations of filamentous actin, 

after maintaining the cultures in the described treatments, cells were stained with 

Phalloidin 488 and the fluorescence was measured by flow cytometry analysis. The 

majority of HK-2 cells in the control group possessed high amounts of F-actin while 

NMDA treatment (0.5 mM; 24 hours) decreased the amount of filamentous actin, seen 

as a marked reduction in the number of cells with high Phalloidin fluorescence (down 

to 60% ± 4.7% of control) (Figure 22 B).  

Cell volume changes have been reported to be in close relation to F-actin 

disturbance in epithelial cells252. To rule out the possibility that the changes in F-actin 

distribution were due to changes in cell volume in NMDA treated group of cells, cell 

volume was measured using Coulter Z2. Figure 23 shows that NMDA treatment did 

not induce changes in cell volume of HK-2 cells and that the detected decrease in 

cellular F-actin was not an artifact but the direct consequence of NMDA treatment. 

                                    

Figure 23. NMDA treatment does not have an influence on cell volume of HK-2 

cells. HK-2 cells were treated with or without NMDA (0.5 mM) for 2 hours and cell 

volume was measured by Coulter Z2. NMDA treatment does not have effect on HK-2 
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cell’s volume. Values are given as percentage of the control (means values ± SEM) of 

3 independent experiments assayed in triplicate for every condition. 

6. Knockdown of NMDAR1 influences PTEC’s phenotype 

The NR1 subunit is the main and an essential subunit for the functional NMDA 

receptor in a variety of cell types143,151,179,253. It has been reported that the basal level 

of NMDA receptor activation is essential for normal neuronal154 and glomerular 

function185 and tubular reabsorption183 . In order to assess the function of the NMDAR 

in HK-2 cells in basal conditions, we designed NR1 shRNA vector for lentiviral 

infection and the expression of the NMDAR1 subunit was disrupted by short hairpin 

RNA. SQ PCR and real time PCR demonstrate an evident decrease in NMDAR1 

expression at mRNA level (54.9% ± 7%) in HK-2 cells infected with FSVsi-

NMDAR1 (shNR1) compared with control (FSVsi) (Figure 24 A, B). Quantification 

of Western blots of HK-2 cells expressing NR1 shRNA indicates a decrease of NR1 

subunit protein levels of 28% (± 10%) down to control (FSVsi) (Figure 24 C, D). 

Transduction efficiency was analyzed by detection of the green fluorescence protein 

(GFP) expression (driven by the lentiviral vector) (Figure 24 E).  
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Figure 24.NMDAR1 gene knockdown in human PTECs. Expression of NMDAR1 

subunit in HK-2 cells was disrupted by short hairpin RNA and subsequently was tested 

by semi-quantitative PCR, real time PCR and western blot analysis. (A) SQ PCR. 

Total RNA was submitted to RT with an oligo dT reverse primer followed by PCR with 

specific set of primers for NMDAR1 subunit and GAPDH as an internal control. 

Representative image after agarose gel electrophoresis shows downregulation of 

NMDAR1 subunit (NMDA R1~370 bp). (B) Real time PCR analysis confirmed 

downregulation of NR1 subunit in HK-2 cells. Relative mRNA levels were calculated 

and expressed as fold induction over controls (FSVsi) (value = 1.0) after normalizing 

with GAPDH. *P<0.05 vs. control (FSVsi). Representative Western blot (C) and 

quantitative analysis (D) demonstrate decrease in NMDAR1 protein expression in HK-

2 cells infected with FSVsi-NMDAR1 (shNR1) compared with control (FSVsi); 

*P<0.05 vs. control (FSVsi). (E) Representative photomicrographs show GFP-

positive cells (GFP expression driven by the lentiviral vector) in FSVsi and shNR1 

group of cells. Original magnification x10. 
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After performing a successful knockdown of the NR1 subunit of the NMDAR 

in HK-2 cells, we further proceeded in analyzing the expression of E-cadherin, a 

calcium dependent cell-cell adhesion protein and a marker of epithelial phenotype, as 

well as α-smooth muscle actin (α-SMA), a marker of mesenchymal phenotype. 

Stunningly, downregulation of NMDAR1 subunit in human proximal tubular epithelial 

cells induced remarkable changes in epithelial phenotype (Figure 25).  

     

Figure 25.NMDAR1 gene knockdown originates loss of epithelial phenotype in 

PTECs. HK-2 cells were infected with lentiviral driven FSVsi or NR1 shRNA and 

grown in DMEM/F12 medium for the maintenance of proximal tubular cell culture. 
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Whole cell lysates were immunoblotted with antibodies against E-cadherin and α-

SMA. The same samples were reprobed with tubulin to ensure equal loading. 

Representative western blots and quantitative analysis demonstrate changes in 

epithelial phenotype evident as a  decrease of E-cadherin (A, B) and an increase of α-

SMA (C, D) expression in shNR1 group of cells compared with control (FSVsi) (n≥3 

experiments). (B, D) *P<0.05 vs. control. (E, F) Representative photomicrographs 

show morphological changes in shNR1 group of cells (F) compared with the control 

(FSVsi) (E) Magnification x20. 

Quantification of Western blots of HK-2 cells expressing NR1 shRNA 

indicates a decrease of E-cadherin (37.8% ± 9%) (Figure 25 A, B) and an increase of 

α-SMA (214% ± 10%) (Figure 25 C, D) protein expression compared with HK-2 cells 

expressing empty FSVsi vector (control). Furthermore, knockdown of the NR1 subunit 

induced significant alterations in cell morphology seen as a loss of cobble-stoned 

shape and the acquisition of spindle-like form of loosely interconnected cells (Figure 

25 E, F).  

Lentiviral-driven knockdown of NMDAR1 provides a proof that the basal 

activation of NMDAR is essential for the maintenance of the epithelial phenotype of 

human proximal tubular epithelial cells. 





Objective 2 

II. NMDAR activation attenuates epithelial-mesenchymal 

transition in vitro (pathologic condition) 
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1. NMDAR activation modulates important key steps of tubular EMT 

in vitro

Once determined that basal NMDAR activation had a role in preserving the 

epithelial phenotype of human proximal tubular epithelial cells, we sought to assess if 

the activation of the channel could be a possible strategy in attenuating the phenotypic 

changes induced by transforming growth factor-β1 (TGF-β1), a cytokine known to be 

critical in regulation of proximal tubular epithelial cell phenotype. 

1.1. NMDAR activation restores expression of E-cadherin, αααα-SMA, Snail1 

and pSmad2/3 altered by TGF-β1 

To investigate the possible influence of NMDA receptor on tubular epithelial-

mesenchymal transition (EMT), we used human proximal tubular cell line (HK-2) 

induced to undergo EMT by transforming growth factor-β1 (TGF-β1), a well known 

inducer of EMT in diverse experimental models. Compared with control, TGF-β1-

treated cells started to lose epithelial E-cadherin and gained mesenchymal marker α-

SMA (Figure 26 A, B). Co-incubation with NMDA reduced expression of α-SMA and 

restored downregulation of E-cadherin close to control levels (Figure 26 A, B). 

Treatment with TGF-β1 caused upregulation of Snail1 in HK-2 cells within 6 hours 

(Figure 26 C, D) and phosphorylation of Smad2/3 and its translocation into the 

nucleus within 120 minutes (Figure 26 E, F) after stimulation, which was blunted by 

co-treatment with NMDA. In order to confirm that the described changes were NMDA 

channel specific, HK-2 cells were treated with an antagonist of NMDA receptor. 

Pharmacological blockade using an antagonist of NMDAR (MK-801) in cells treated 
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with TGF-β1 and NMDA abolished the downregulation of Snail1 induced by NMDA, 

showing that the effect of NMDA was achieved through the activation of the NMDA 

receptor (Figure 26 G).  

                             

Figure 26. NMDAR activation restores expression of E-cadherin, αααα-SMA, Snail1 

and pSmad2/3 altered by TGF-β1. HK-2 cells were incubated in serum free medium 

(control), TGF-β1 or TGF-β1+NMDA for 72 hours (E-cadherin, α-SMA), 6 hours 

(Snail1) or 120 minutes (pSmad2/3). Whole cell lysates were immunoblotted with 

antibodies against E-cadherin, α-SMA and Snail1. The same samples were reprobed 
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with tubulin to ensure equal loading. Representative Western blots and quantitative 

analysis demonstrate decrease in E-cadherin (A, B) and increase in α-SMA (A, B) 

and Snail 1 (C, D) expression induced by TGF-β1. Co-treatment with NMDA restored 

expression of these molecules close to the control levels. (E, F) NMDA managed to 

reduce TGF-β1-induced translocation of pSmad2/3 into the nucleus after 120 minutes 

(nuclear extracts). Histone 1 was used as a loading control for pSmad2/3 expression. 

(B, D, F) *P<0.05 vs. control, #P<0.05 vs. TGF-β1. (G) Co-incubation of cells with 

MK-801 abolished the inhibitory effect of NMDA on TGF-β-1-induced overexpression 

of Snail1. HK-2 cells were incubated for 6 hours in serum-free medium (control), 

TGF-β1, TGF-β1+NMDA, TGF-β1+NMDA+MK-801, TGF-β1+MK-801 and MK-801 

alone. Whole cell lysates were immunoblotted with antibody against Snail1. The 

samples were reprobed with antibody against tubulin to ensure equal loading.  

1.2. NMDAR activation restores expression of vimentin and β-catenin and 

preserves the cytoskeletal architecture altered by TGF-β1 

Stability of proximal tubular cell-cell adhesions is important in modulation of 

cell migration and the loss of cell-cell contacts represents an important early 

characteristic of EMT. Tightness of adherens junctions is dependable of cadherin-

catenin complexes linked to the actin cytoskeleton and is altered in TGF-β1 induced 

EMT. Therefore, we set out to investigate the influence of NMDAR on β-catenin 

distribution as well as F-actin reorganization in the settings of already described 

treatment. Changes in F-actin distribution induced by TGF-β1 treatment were 

analyzed using flow cytometry analysis. Treatment of HK-2 cells with TGF-β1 

induced significant changes in F-actin organization seen as a strong increase in 

Phalloidin fluorescence (Figure 27 A) and spindly stress fibers (detectable by 

immunofluorescence) (not shown).  
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Figure 27. NMDAR activation modulates important key steps in tubular EMT in

vitro. (A) Activation of NMDAR decreases basal actin polymerization state and TGF-

β1-induced actin reorganization in HK-2 cells. Cells were grown in control 

conditions, TGF-β1, TGF-β1+NMDA and NMDA for 24 hours and examined by flow 

cytometry using Phalloidin fluorescence detected on FL1 (as described in Methods). 

Values are given as percentage of the control (means ± SEM) of 3 independent 

experiments assayed in triplicate for every condition. (A) *P<0.05 vs control; 

#P<0.05 vs.TGF-β1. Immunofluorescence staining for the distribution of vimentin (B) 

and β-catenin (D) in HK-2 cells after incubation with TGF-β1 or TGF-β1+NMDA. 
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TGF-β1 induced de novo expression of vimentin (72 hours) and translocation of β-

catenin (24 hours) into the nucleus. Co-treatment with NMDA reduced vimentin 

expression and restored β-catenin to the cell periphery. (C) Light microscopy shows 

morphological changes caused by TGF-β1 and NMDA treatment. Scale bar (B) 10 

µm; (C) 20 µm. (D) Original magnification x40.

Co-treatment with NMDA managed to inhibit described changes induced by 

TGF-β1 down to control levels (Figure 27 A). Treatment with TGF-β1 induced 

significant alterations in cell morphology seen as loss of cobble-stoned morphology 

and acquisition of spindle-like shape, while co-treatment with NMDA restored the 

epithelial phenotype of HK-2 cells (Figure 27 C). 

Immunofluorescence staining revealed strong upregulation of vimentin in 

TGF-β1-treated cells (72 hours, Figure 27 B) as well as translocation of β-catenin into 

the nucleus (24 hours, Figure 27 D). Co-treatment with NMDA managed to decrease 

expression of vimentin and restore β-catenin to its original localization at the cell 

periphery (Figures 27 B and 27 D, respectively).  

1.3. Calcium influx through NMDAR is responsible for the attenuation of 

TGF-β1-induced tubular EMT 

1.3.1. Thapsigargin does not restore expression of E-cadherin, α-SMA nor 

vimentin altered by TGF-β1 

In order to demonstrate that the NMDAR’s inhibitory effect on tubular EMT 

described above is triggered by the entry of calcium ions exclusively through the 

NMDA receptor, we used thapsigargin (TG), a non-competitive inhibitor of smooth 
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endoplasmic reticulum Ca2+-ATPase (SERCAs) that has been previously shown to rise 

intracellular calcium concentrations in proximal tubular cells in culture254. Co-

incubation with thapsigargin did not restore the expression of E-cadherin altered by 

TGF-β1 and failed to decrease α-SMA expression induced by this cytokine in HK-2 

cells (Figure 28 A, B).  

   

Figure 28. Thapsigargin does not lead to the recovery of the expression of E-

cadherin, α-SMA nor vimentin altered by TGF-β1. HK-2 cells were incubated in 

serum-free medium (control), TGF-β1 or TGF-β1+Thapsigargin for 72 hours. (A)

Whole cell lysates were immunoblotted with antibodies against E-cadherin and α-

SMA. The same samples were reprobed with tubulin to ensure equal loading. 

Representative Western blot (A) and quantitative analysis (B) demonstrate decrease in 

E-cadherin and increase in α-SMA expression induced by TGF-β1. Co-incubation 
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with TG for 72 hours did not result in restoration of E-cadherin and α-SMA 

expression in HK-2 cells (A, B). (B) *P<0.05 vs. control. (C) Immunofluorescence 

staining for the distribution of vimentin in HK-2 cells after incubation with TGF-β1 or 

TGF-β1+TG. Co-treatment with TG did not reduced de novo expression of vimentin 

induced by TGF-β1 in HK-2 cells. (D) Light microscopy shows morphological 

changes caused by TGF-β1 and TG treatment. Original magnification x40 (C) or x10 

(D).

Cells co-treated with TGF-β1+TG maintained the same expression levels of E-

cadherin and α-SMA as ones treated with TGF-β1 alone. Moreover, de novo

expression of vimentin (Figure 28 C) induced by TGF-β1 in tubular cells was not 

attenuated after co-treatment with TG, showing that calcium released from 

intracellular stores failed to decrease expression of vimentin induced by this cytokine. 

Additionally, co-incubation with TG did not restore alterations in cell morphology 

seen as a loss of cobble-stoned shape and the acquisition of spindle-like cell form 

induced by TGF-β1 after 72 hours of incubation (Figure 28 D). 

Results demonstrated here confirm that calcium ions derived from other 

sources than NMDAR did not have influence on preservation of epithelial phenotype 

of human proximal tubular epithelial cells.  

1.3.2. NMDAR activation failed to ameliorate TGF-β1-induced alterations in 

HK-2 cells in the absence of calcium in the culture medium 

In order to confirm that the influx of Ca2+ exclusively through the activated 

NMDAR is the one responsible for the preservation of the epithelial phenotype, we 

performed experiments in Ca2+-free medium.  
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Figure 29. NMDAR activation failed to ameliorate TGF-β1-induced upregulation 

of E-cadherin and Snail1 in HK-2 cells in the absence of calcium in the medium.

HK-2 cells were incubated in serum free medium (control), TGF-β1 or TGF-

β1+NMDA (in serum free EpiLife (Ca2+ free) medium) for 72 hours (E-cadherin) and 

6 hours (Snail). Representative Western blots (A) and quantitative analysis (B) 

demonstrate decrease in E-cadherin and an increase in Snail 1 expression induced by 

TGF-β1. Co-treatment with NMDA in Ca2+-free medium shows no benefits in 

reversing the expression of investigated molecules. (B) *P<0.05 vs. control. (C) Light 

microscopy shows morphological changes caused by TGF-β1 and NMDA treatment in 

Ca2+-free medium. Magnification x20. 

As expected, in the absence of Ca2+ in the culture medium, NMDAR activation 

failed to ameliorate TGF-β1-induced downregulation of epithelial cell marker E-

cadherin and the upregulation of a key regulator of EMT, Snail1 in HK-2 cells (Figure 

29 A, B). Furthermore, co-treatment with NMDA in Ca2+-free medium did not manage 

to preserve characteristic cobble-stoned morphology of tubular epithelial cells (Figure 
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29 C), pointing again to an increase in extracellular Ca2+ flux as the responsible for 

NMDA effect.  

2. NMDAR activation inhibits TGF- β1-stimulated PTEC’s cell 

migration  

In the light of the previously gained results and the fact that one of the 

hallmarks of EMT is increased cell migration, we wished to test if NMDA receptor 

activation plays a role in modulating cell migration stimulated by TGF-β1, a well 

known inducer of epithelial cell migration. 

2.1. NMDA inhibits TGF-β1-stimulated PTEC’s cell migration in wound-

healing and transwell migration assay 

The role of NMDA receptor in cell migration stimulated by TGF-β1 was 

studied using in vitro wound-healing and transwell migration assays. Figure 30 shows 

wound closure in different treatment groups after making a wound in confluent 

monolayer. Incubation of HK-2 cells with TGF-β1 for 24 and 48 hours caused a 

significant increase in cell migration in wound-healing assay (Figure 30 A-F, J), while 

co-treatment with NMDA reduced migration of HK-2 cells down to the control level 

(Figure 30 A-F, J). To obtain more quantitative estimation of cell motility, we assessed 

the ability of HK-2 cells to migrate through a Matrigel covered filters in modified 

Boyden chamber in already described treatments. Transwell migration assay followed 

the same pattern as wound-migration assay. After 24 hours of incubation, TGF-β1 

augmented cell migration of HK-2 cells for 35% of control, which was inhibited by 

addition of NMDA down to 62% compared with the control (Figure 30 I, K).  
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Figure 30. NMDA inhibits TGF- β1-stimulated cell migration in wound-healing 

and transwell migration assay. (A-H) Wound-healing assay. Contrast phase 

micrographs of HK-2 cells migrating into the denuded area of the scratch wound at 

various times after monolayer wounding. One representative experiment is shown to 

illustrate the wound closure after 48 hours in control conditions (B), TGF-β1 (D), 

TGF-β1+NMDA (F) and NMDA (H) compared with the corresponding wounds at the 

point 0 hour for the control (A), TGF-β1 (C), TGF-β1+NMDA (E) and NMDA (G). 
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(A-H) Original magnification x4. (I ) Transwell migration assay. Representative 

photos show parts of transwell inserts for control, TGF-β1, TGF-β1+NMDA and 

NMDA treated group of cells after 24 hours of incubation. Nuclei were stained with 

Hoechst. Original magnification x20. Quantification of cell migration in wound-

healing assay after 24 and 48 hours (J) and transwell migration assay after 24 hours 

(K). Data are presented as means ± SEM (wound-healing assay) or percentage of 

control (means values ± SEM; transwell migration assay) of 3 independent 

experiments assayed in triplicate for each time point and condition. (J) *P<0.05 vs. 

control at both time points and #P<0.05 vs. TGF-β1 at both time points. (K) *P<0.05 

vs. control; #P<0.05 vs. TGF-β1. 

As already mentioned in the Result section, NMDA did not significantly 

modify cell viability (Figure 17 B), indicating that the detected decrease in cell 

migration was not due to a reduced cell viability. 

2.2. NMDA reduces TGF-β1-stimulated cell velocity and persistence on 

different matrices 

Incubation of HK-2 cells with TGF-β1 for 24 hours caused an increase in cell 

directionality of cells grown on collagen I and fibronectin (Figure 31 A) compared 

with non-treated control. Co-incubation with NMDA reduced TGF-β1-induced 

increase in cell persistence on both tested matrices (Figure 31 A). In spite of detected 

statistical significance in migrational directionality among tested groups, average cell 

persistence in every tested cell population was still under 0.6 (as already shown for 

NMDA treatment in the section I 3.2. of Results). 

In order to get more insights into the nature of TGF-β1-stimulated PTEC’s 

migration, we further analyzed cell velocity in the settings of already described 
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conditions. TGF-β1 treatment induced high increase in cell velocity of HK-2 cells 

grown on collagen I and fibronectin after 24 hours (Figure 31 B) compared with 

control. Co-incubation with NMDA caused statistically significant reduction of TGF-

β1-induced increase of cell velocity on both tested matrices (Figure 31 B). 

          

Figure 31. NMDA reduced TGF-β1-stimulated cell velocity and persistence on 

different matrices. HK-2 cells were plated on Collagen I (Cn) or Fibronectin (Fn)-

coated 48-well plates and incubated with different treatments as described in Methods. 

Cell’s migratory behavior was recorded by time-lapse video microscopy during a 5 

hours period (3 minutes frame interval) after 24 hours of treatment. Cell persistence 

and velocity were quantified using Matlab software. Persistence is defined as the ratio 
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of the vectorial distance traveled to the total path length described by the cell. Cell 

densities of all populations were equivalent (not shown). (A) Histograms represent the 

average persistence during 0-300 minutes period after 24 hours of treatment. Values 

are average cell persistence (averaging values from all time-points during 0-300 

minutes) ± SEM. (B) Average cell velocities of cells (avg. values ± SEM) grown on 

Coll I and Fn followed over the 0-300 minutes period after 24 hours of treatment. (A, 

B) *P<0.05 vs. control; #P<0.05 vs.TGF-β1. 

3. NMDAR antagonizes TGF-β1’s actions through inactivation of Ras 

and Ras signaling effectors Erk1/2 and Akt 

It has been demonstrated that the activation of Ras signaling effectors Erk1/2 

and Akt represent important signaling events responsible for TGF-β1-induced EMT in 

different epithelial cell types67,69,82. Furthermore, it has been shown that Akt activation 

caused EMT characterized by downregulation of E-cadherin, upregulation of vimentin, 

reduced cell-cell adhesion and increased cell motility on fibronectin-coated surfaces82. 

Therefore, we set out to investigate the mechanism that stands behind the effect of 

NMDA on tubular epithelial-mesenchymal transition. 

3.1. NMDAR activation reduces phosphorylation of Erk1/2 and Akt and 

blocks activation of Ras induced by TGF-β1  

Treatment of HK-2 with TGF-β1 resulted in a rapid increase in 

phosphorylation of Akt (Figure 32 A, B) and Erk1/2 (Figure 32 C, D) within 60 and 30 

minutes after stimulation, respectively. Co-treatment with NMDA reduced 

phosphorylation of investigated molecules induced by TGF-β1 (Figure 32).  
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Figure 32. NMDAR activation reduces phosphorylation of Erk and Akt as well as 

activation of Ras induced by TGF-β1 treatment. HK-2 cells were incubated in 

serum free medium (control), TGF-β1 or TGF-β1+NMDA for 30 and 60 minutes 

(pErk, pAkt) and 10 minutes (Ras-GTP). Representative Western blots (A, C, E) and 

quantitative analysis (B, D, F) show alterations in protein expression induced by 
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TGF-β1 in HK-2 cells. NMDA treatment reduced phosphorylation of Akt (A, B) and 

Erk (C, D) induced by TGF-β1 in HK-2 cells. After incubation with different 

treatments, whole cell lysates were immunoblotted with either phospho-Akt or total-

Akt and phospho-Erk or total-Erk. (E, F) NMDA reduced TGF-β1-induced activation 

of Ras. Total cell extracts were prepared and incubated with GST-RBD to measure the 

amount of Ras-GTP (upper panel). Aliquots of total cell lysates (10 µg) were run in 

parallel for detection of total Ras protein (lower panel). (B, D, F) *P<0.05 vs. 

control, #P<0.05 vs. TGF-β1. 

As shown in Figure 32 E, F, TGF-β1 caused rapid activation of Ras within 10 

minutes after stimulation, while co-treatment with NMDA managed to reduce Ras-

GTP down to control levels. Therefore, NMDAR activation blocks important key 

steps of EMT in proximal tubular cells by blocking TGF-β1-induced activation of Ras 

suggesting that the mechanism that stands behind the effect of NMDA on tubular 

EMT is related to the regulation of the activation of the Ras pathway. 

3.2. Calcium influx through NMDAR is responsible for the attenuation of 

TGF-β1-induced phosphorylation of Erk1/2 and Akt as well as 

activation of Ras 

3.2.1. Thapsigargin does not reduce phosphorylation of Erk1/2 nor prevents 

activation of Ras induced by TGF-β1 

In order to demonstrate that the effect of NMDAR activation on expression 

levels of pErk1/2 and Ras-GTP is a direct consequence of an influx of Ca2+ ions 

exclusively through NMDA channel, we set out to investigate the levels of 

phosphorylation of these molecules in the settings of thapsigargin (TG) treatment. HK-
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2 cells treated with TGF-β1 and TGF-β1+TG for the indicated periods of time showed 

high levels of both phosphorylated Erk1/2 (Figure 33 A, B) and activated Ras (Figure 

33 C, D). 

         

Figure 33. Thapsigargin does not reduce phosphorylation of Erk1/2 nor prevents 

activation of Ras induced by TGF-β1. HK-2 cells were incubated in serum-free 

medium (control), TGF-β1 or TGF-β1+Thapsigargin for 30 min (pErk) and 10 min 

(Ras-GTP). (A) After incubation with different treatments, whole cell lysates were 

immunoblotted with phospho-Erk or total-Erk. Representative Western blot (A) and 

quantitative analysis (B) demonstrate that the co-incubation of HK-2 with TGF-β1 

and TG did not induce a decrease in phosporylation of Erk1/2 (A, B) as NMDA 

treatment did. (C) Total cell extracts were prepared and incubated with GST-RBD to 

measure the amount of Ras-GTP (upper panel). Aliquots of total cell lysates (10 µg) 

were run in parallel for detection of total Ras protein (lower panel). Co-incubation of 

TG and TGF-β1 did not induce deactivation of Ras. (B, D) *P<0.05 vs. control. 

Results indicate that Ca2+ released from intracellular stores had no effect on 

dephosphorylation of pErk1/2 and failed to result in deactivation of Ras-GTP, pointing 
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to a specific effects of Ca2+ entry through NMDA receptor as the responsible for 

NMDA effect. 

3.2.2. NMDAR activation failed to reduce phosphorylation of Erk1/2 and Akt 

induced by TGF-β1 in the absence of calcium in the culture medium 

In order to confirm that the inhibition of the phosphorylation of Ras signaling 

effectors Erk1/2 and Akt, caused by the NMDAR activation, could be attributed to the 

influx of calcium ions through NMDA receptor, we performed experiments in Ca2+-

free culture medium. Treatment of HK-2 cells with TGF-β1 for 30 minutes induced 

strong increase in the phosphorylation of Erk1/2 and Akt (Figure 34 A, B).  

       

Figure 34. NMDAR activation failed to reduce TGF-β1-induced phosphorylation 

of Erk1/2 and Akt in the absence of calcium in the medium. HK-2 cells were 

incubated in serum free medium (control), TGF-β1 or TGF-β1+NMDA (in serum free 

EpiLife (Ca2+ free) medium) for 30 minutes. Representative Western blots (A) and 

quantitative analysis (B) demonstrate phosphorylation of Erk and Akt induced by 

TGF-β1. Co-treatment with NMDA in Ca2+-free medium shows no benefits in 

reversing the expression of investigated molecules. (B) *P<0.05 vs. control.  
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On the other hand, simultaneous incubation of HK-2 cells with TGF-β1 and 

NMDA in the calcium free culture medium for the indicated period of time failed to 

reduce phosphorylation of these Ras signaling effectors (Figure 34 A, B). Results 

obtained point again to a specific role of Ca2+ entry through the activated NMDAR as 

the responsible for NMDA effect. 

4. TGF-β1 treatment does not alter the expression pattern of NR1 and 

NR2B subunits in HK-2 cells 

It has already been reported that different growth factors could alter expression 

of NMDAR subunits in neuronal cells thus modulating their activity and function255-

258. Therefore, we wished to investigate the expression levels of NMDAR1 and 

NMDAR2B subunits in HK-2 cells during/after the treatment with TGF-β1.  
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Figure 35. TGF-β1 treatment does not alter the expression pattern of NR1 and 

NR2B subunits in HK-2 cells. HK-2 cells were incubated with or without TGF-β1 for 

72 hours (A, C) or 120 minutes (E). Representative Western blots demonstrate the 

expression of NMDAR1 protein (120 kDa) (A) and NMDAR2B protein (180 kDa) (C) 

in HK-2 cells. The same samples were reprobed with tubulin to ensure equal loading. 

(B, D) Quantitative densitometric analysis shows no differences in expression levels of 

investigated receptor subunits. (E) Total RNA was submitted to RT with an oligo dT 

reverse primer followed by PCR with different set of primers for NMDAR1 subunit 

and GAPDH as an internal control. Representative image after agarose gel 

electrophoresis shows expression of investigated NR1 subunit (NMDA R1~370 bp). 

(F) Quantitative densitometric analysis shows no difference in expression of 

NMDAR2B subunit after 120 minutes of treatment with TGF-β1.

SQ PCR analysis shows no changes in expression of mRNA encoding NR2B 

subunit in HK-2 cells 120 minutes after TGF-β1 treatment (Figure 35 E, F). Western 

blot (Figure 35 A, C) and quantitative densitometric analysis (Figure 35 B, D) show no 

significant changes in expression levels of NR1 and NR2B subunits after 72 hours of 

treatment with TGF-β1.  





Objective 3 

III. NMDAR activation preserves epithelial phenotype and 

attenuates renal fibrosis in vivo
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1. Expression of NMDA receptor subunits in mouse kidney cortex 

To study the expression of NMDA receptor subunit genes in the mouse kidney, 

we performed a PCR analysis of mRNA purified from the mouse renal cortex by using 

specific PCR primer pairs detected against mouse NR1 and NR2 (A-D) subunits 

(Section 3 in Mat & Meth). The results demonstrate the presence of NMDA R1, R2B, 

R2C and R2D in the mouse kidney cortex (Figure 36).  

         

Figure 36.Expression of NMDA receptor subunits in mouse kidney cortex. Total 

RNA from mouse renal cortex was submitted to RT with an oligo dT reverse primer 

followed by PCR with different set of primers for either NR1 or NR2 (A-D) subunits. 

Representative image after agarose gel electrophoresis shows presence of NMDA R1 

(471 bp), R2B (532 bp), R2C (541 bp) and R2D (595 bp) subunits in the mouse kidney. 

The expression pattern of NMDAR subunits in mouse kidney cortex is similar 

to one detected in human proximal tubular epithelial cell line (HK-2). 
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2. Activation of NMDAR in the mouse kidney affected by fibrosis 

preserves epithelial phenotype and attenuates renal fibrosis 

2.1. NMDA administration inhibits α-SMA and Collagen I expression in 

the obstructed mouse kidney  

In order to study if the effects of NMDA administration in vitro could have a 

role in an in vivo model of renal fibrosis, mice underwent unilateral ureteral 

obstruction (UUO) and were treated with NMDA. We first examined mRNA 

expression of mesenchymal marker α-SMA and the major interstitial matrix 

component, type I collagen in different groups of mice by real time PCR technique. 

UUO induced marked upregulation of α-SMA and type I collagen at 5 and 15 day after 

surgery compared with contralateral controls (Figure 37 A, B). Administration of 

NMDA significantly decreased α-SMA mRNA expression in obstructed mouse 

kidneys at both time points (Figure 37 A, B). Additionally, NMDA treatment showed 

a tendency to reduce Collagen I mRNA 5 days after UUO (Figure 37 A), while at day 

15 post-UUO, NMDA managed to significantly diminish expression of Collagen I in 

obstructed kidneys (Figure 37 B), compared with contralateral controls. We further 

evaluated expression of α-SMA at the protein level in different groups of mice by 

Western blot analysis. As shown in Figure 37 D, E, F, significant increase of α-SMA 

protein levels was found in the obstructed kidneys at days 5 and 15 post-UUO, 

compared with contralateral controls. In accordance with the mRNA data, NMDA 

treatment significantly inhibited α-SMA at the protein level. Similar results were 

obtained by immunohistochemistry of kidney sections from paraffin-embedded tissue 

using antibodies against α-SMA (Figure 37 B).  
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Figure 37. NMDA treatment reduced α-SMA and collagen I expression in the 

obstructed mouse kidney. (A, B) Real time PCR analysis demonstrates 

downregulation of α-SMA and collagen I mRNA expression in obstructed mouse 

kidney after NMDA treatment at different time points (5 and 15 days). Relative mRNA 

levels were calculated and expressed as fold induction over contralateral controls 

(value = 1.0) after normalizing with GAPDH. *P<0.05 vs. control; #P<0.05 vs. UUO. 

(C) Quantification of collagen content after Sirius Red staining. Data are means ± 
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SEM of seven animals per group (n=7) *P<0.05 vs. control; #P<0.05 vs. UUO. (D, 

E) Western blot demonstrates increased expression of α-SMA in the obstructed 

kidneys at 5 and 15 days after UUO and inhibition of α-SMA in UUO+NMDA group 

of mice. Whole kidney lysates were processed for protein analysis at day 5 (D, F) and 

15 (E, F) after UUO and were immunoblotted with antibodies against α-SMA and 

tubulin, respectively. (F) *P<0.05 vs. control; #P<0.05 vs. UUO.

  

Figure 38. NMDA administration attenuates renal fibrosis induced by UUO. 

Administration of NMDA reduced the loss of E-cadherin (A) and decreased α-SMA 

(B), FSP1 (C) and collagen I (D) expression in the obstructed mouse kidney 15 days 
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after UUO. Paraffin-embedded tissue sections were stained with antibodies against E-

cadherin (A), α-SMA (B), FSP1 (C) and with Masson-Trichrome staining (D). 

Representative photomicrographs of kidney sections from 3 investigated groups of 

mice are presented.  (A, B, C) Original magnification x20, (D) Scale bar, 20µm.

These results indicate that administration of NMDA significantly reduced α-

SMA expression in obstructed mouse kidney at day 15 after surgery. We further 

proceeded in measuring the interstitial collagen deposition by Sirius red staining. All 

kidneys at day 15 after UUO showed significant increase in interstitial collagen 

deposition compared with contralateral intact kidneys (Figure 37 C). An increasing 

accumulation of interstitial collagen in obstructed mouse kidneys at day 15 after UUO 

was also evident after Masson-Trichrome staining (Figure 38 D). In contrast, NMDA-

treated mice showed significant decrease in interstitial collagen fibers in obstructed 

kidneys by 52% down when compared with UUO kidneys, as measured by Sirius red 

(Figure 37 C). Masson-Trichrome staining confirmed decreasing amount of collagen 

fibers in 15-days obstructed kidneys of mice treated with NMDA (Figure 38 D).  

2.2. NMDA administration restores E-cadherin and attenuates FSP1 

expression in obstructed mouse kidney 

To investigate the potential role of NMDAR activation in preservation of 

tubular epithelial phenotype in a mouse model of TIF induced by UUO, we assessed 

the expression of epithelial cell marker E-cadherin by immunohistochemistry. Of 

interest, immunohistochemical staining revealed an evident decrease of E-cadherin in 

atrophic tubules (Figure 38 A and Figure 39) and an increase in immunostaining for 

FSP1 (Figure 38 C) in the obstructed kidneys at day 15 post-UUO. Administration of 
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NMDA managed to inhibit the reduction of E-cadherin (Figure 38 A and Figure 39) 

and an increase in FSP1 immunostaining induced by UUO, preserving the epithelial 

phenotype (Figure 38 C). 

                               

Figure 39. Semiquantitative analysis of immunohistochemical staining for E-

cadherin. Kidney sections from various groups of mice were stained and evaluated as 

described in Material & Methods. Data are presented as mean ± SEM from 7 animals 

per group (n = 7). *P<0.01 vs. control; #P<0.01 vs. UUO. 

Immunofluorescence staining also demonstrated that NMDA administration 

reversed an alteration of the expression of E-cadherin and FSP1 in proximal tubules of 

UUO+NMDA group of mice (Figure 40). The increase in the number of dual-stained 

E-cadherin and FSP1-positive tubular cells in UUO group of mice was ameliorated by 

NMDA treatment in UUO+NMDA group of animals (Figure 40). 

These results provide evidence that NMDA administration may attenuate renal 

fibrosis induced by UUO by preserving the epithelial phenotype, as shown by the 

inhibition of the reduction of E-cadherin induced by UUO. Furthermore, in the 
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obstructed kidneys of NMDA-treated mice, markers of mesenchymal phenotype 

(FSP1 and α-SMA) were reduced, together with the collagen deposition, pointing to 

NMDAR as a possible therapeutic target to slow down the progression of renal 

fibrosis. 

   

Figure 40. Effect of NMDA administration on E-cadherin and FSP1 

immunostaining in the obstructed mouse kidney. Immunofluorescence microscopy 

of kidney sections stained for E-cadherin (green) and FSP1 (red) with nuclear 

counterstain (blue, Hoechst) demonstrates an increase in dual-stained E-cadherin and 

FSP1-positive proximal tubular cells (arrow) in UUO group of mice with a decrease 

in E-cadherin and an increase in FSP1 expression. UUO+NMDA group of mice 

showed a decrease of double stained tubular cells. Original magnification x40. 
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2.3. NMDA does not have direct effect on interstitial fibroblasts 

To test whether NMDA administration has no direct effects on interstitial 

fibroblasts, we performed immunohistochemical staining of kidney sections for 

fibroblast specific protein, FSP1. Figure 41 A, B shows representative 

photomicrographs of paraffin embedded sections from non-obstructed kidneys of mice 

treated with vehicle or NMDA for 15 days. As shown by semiquantitative analysis of 

immunohistochemical staining, NMDA administration did not have significant effect 

on the expression of FSP1 by interstitial fibroblasts (Figure 41 C). 

           

Figure 41. Effect of NMDA treatment on interstitial fibroblast s. (A, B) 

Representative photomicrographs of right non-obstructed mouse kidneys. Kidney 

sections were stained with FSP1 to detect interstitial fibroblasts in vehicle-treated

mice (A) and NMDA-treated mice (B) at day 15 after NMDA administration. 

Magnification x20. (C) Semiquantitative analysis of immunohistochemical staining for 
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FSP1 positive interstitial fibroblasts. Fifteen fields were analyzed. Data are mean ± 

SEM. NMDA administration did not have significant effect on interstitial fibroblasts 

stained with FSP1 compared with the control kidneys. 

Results gained confirm that the effect of NMDA administration toward the 

attenuation of fibrosis in the obstructed mouse kidney was due to the inhibition of 

tubular EMT and not the inhibition of residual fibroblasts activated in the kidney after 

unilateral ureteral obstruction. 
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The human renal tubule is a complex epithelial system with high metabolic 

activity that plays a critical role in the maintenance of kidney homeostasis259. Injury of 

the renal tubule, therefore the alteration of the epithelial integrity, is the most common 

cause of acute dysfunction of the kidneys. Whereas the normal response to renal injury 

is migration and proliferation of renal proximal tubular cells to reestablish an intact 

epithelial lining, the persistent and repetitive injury could culminate in progressive 

tubular fibrosis which can lead to the scarring of the kidney and disruption of renal 

function. As a major players in renal fibrosis have been considered not only resident 

fibroblasts, but also epithelial cells of the proximal tubule through a process known as 

epithelial-mesenchymal transition25. EMT represents a dynamic course of events and 

has been described as one of the key mechanisms in the pathogenesis of renal 

fibrosis32 where fibroblast activation represents an important pathway for the 

progression of chronic kidney disease33. Destabilization of the integrity of renal 

epithelium followed by the loss of cell-cell adhesive properties, changes in cell 

morphology and actin distribution, as well as acquisition of migratory mesenchymal 

phenotype represents the main set of events associated with EMT5.  

Proximal tubular cells form a polarized epithelial monolayer whose integrity is 

maintained by the physical interactions of neighboring cells through intercellular 

junctional complexes250. Formation and maintenance of intercellular contacts is a vital 

prerequisite for the structural coherence of renal epithelium where an important role is 

attributed to intracellular calcium260,261. It has been reported that the intracellular 

calcium and its signaling has an important role in the regulation of cell migration174,223-

225, actin cytoskeleton dynamic226,227 and organization of cadherins and catenins into 

intercellular junctions228.  
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The N-methyl-D-aspartate receptor (NMDAR) is a member of a heterogeneous 

family of ionotropic glutamate receptors widely investigated in the central nervous 

system118, where it plays an important role in synaptic plasticity during 

development154,215, learning and memory138,154. NMDAR is a heteromeric protein 

complex composed of an essential NR1 subunit combined with one or more NR2 

subunits144 which form a channel highly permeable to Ca2+. Activation of NMDAR 

requires simultaneous binding of glutamate and glycine, leading to the channel 

opening and Ca2+ influx. NMDA, a non-metabolic agonist of NMDAR, mimics the 

action of glutamate, thus regulating only this receptor. Activation of the NMDAR 

followed by an influx of calcium ions could elicit a range of Ca2+-mediated 

intracellular events through which this channel performs its important physiological 

roles193 in processes such as neuronal differentiation and migration, synaptogenesis, 

structural remodelling, synaptic plasticity and higher cognitive functions262. Appart of 

being widely distributed in the brain, functional NMDAR is also expressed in a variety 

of non-neuronal cells and tissues such as human keratinocytes173,174, lymphocytes175, 

bone cells176,177, rat heart, lung, thymus, stomach151, parathyroid gland178 and the 

kidney151,179. Presence of NMDAR and its potential significance in the kidney has 

become an interesting research topic recently. The NR1 subunit of the NMDAR has 

been reported to be present in the proximal tubules of the rat kidney179 where it 

perfomes an important role in the maintenance of normal renal function by stimulating 

proximal tubular reabsorption and glomerular filtration183. Previous study of our 

research group showed that activation of the NMDAR in human proximal tubular cells 

induced an increase of intracellular Ca2+, showing that the NMDAR in proximal 

tubular cells (HK-2) is fully functional and its activation induces a fast and transient 
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increase in intracellular Ca2+263. Presence of the NMDAR has also been demonstrated 

in podocytes, visceral epithelial cells of the kidney glomerulus, where it could have a 

role in the maintenance of the integrity of glomerular filtration barrier185. Furthermore, 

it has been recently suggested by Anderson et al.184 that basal activation of NMDAR 

could be an important prerequisite for normal podocyte and kidney function. It has 

been also reported that physiological levels of synaptic NMDAR activity are very 

important for the survival of many types of neurons216, while the sustained activation 

of the NMDA receptor can provoke cell death in many neuropathological 

conditions218. The basal activation of NMDAR in human proximal tubular epithelial 

cells is indispensable in the maintenance of the normal tubular epithelial phenotype. 

On the one hand, knockdown of NMDAR1 expression in HK-2 cells using shRNA, 

induced changes in epithelial phenotype, evident as a decrease of E-cadherin and 

increase of α-SMA, alongside with the changes in cell morphology toward 

mesenchymal phenotype. On the other hand, activation of the channel in normal HK-2 

cells led to a decrease in basal cell motility and F-actin content, two key steps in EMT 

which are modulated by Ca2+ levels224-226. Taken together, these results point to an 

indispensable role of basal NMDA receptor activity in the preservation of the 

epithelial phenotype of human proximal tubular epithelial cells.

Tightness of adherens junctions, and thus stability of the epithelial phenotype, 

relies on cadherin-catenin complexes linked to the actin cytoskeleton. These 

complexes are disrupted in EMT caused by TGF-β1, a potent inducer of fibrosis5,264. 

Number of factors has been stated as potential inducers of tubular EMT in different 

experimental models37,38,48, among which transforming growth factor-β1 (TGF-β1) is 
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able to initiate and complete the whole process of EMT45. In our model, after addition 

of TGF-β1, proximal tubular epithelial cells started disassociating from neighboring 

cells, acquired spindle-shaped morphology which was accompanied by the 

reorganization of the actin cytoskeleton and elevated cell migration and migrational 

velocity. Furthermore, cells lost epithelial marker E-cadherin, had translocated β-

catenin from the cell periphery into the nucleus and acquired myofibroblast markers 

such as α-SMA and vimentin. Treatment with NMDA blunted all changes induced by 

TGF-β1, demonstrating that the activation of NMDAR was able to preserve the 

epithelial phenotype in cells undergoing EMT, as evidenced by the restoration of E-

cadherin, inhibition of α-SMA and vimentin, as well as attenuation of TGF-β1-

induced cell migration and F-actin reorganization. It has already been reported that in 

normal kidney epithelial cells TGF-β1 induces β-catenin dissociation from cell-cell 

contacts and its translocation to the nucleus5,264. During human epithelial cell 

migration, accumulation of a cytoplasmic β-catenin265,266 is implicated in activation of 

important genes involved in EMT5, such as vimentin267 and α-smooth muscle actin264. 

Therefore, preservation of E-cadherin and restoration of β-catenin to its localization on 

cell periphery by NMDA treatment could be an important step in the attenuation of 

tubular EMT, in vitro.  

Acquisition of migratory phenotype and reorganization of actin cytoskeleton 

are prerequisites for effective migration of transformed cells through the basement 

membrane toward the interstitium and they are considered to be common for both 

tubular repair process and epithelial-mesenchymal transition. Being aware of the 

existence of biochemical and functional interactions between NMDAR subunits and 
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cytoskeletal proteins216,268, as well as the fact that NMDAR plays a vital role in 

modulation of migratory behavior of different cell types174,223,269,270, we sought to 

examine the influence of NMDAR activation on migration and F-actin distribution in 

HK-2 cells. In this work, it was demonstrated by two independent in vitro migration 

assays that the activation of NMDAR has an inhibitory effect on cell migration. In 

wound migration assay, NMDA treatment (0.5 mM) reduced basal as well as TGF-β1-

stimulated cell migration after 24 and 48 hours of incubation. Transwell migration 

assay followed the same pattern with NMDA reducing basal cell migration as well as 

TGF-β1-stimulated motility after 24 hours. In order to confirm that the decrease in 

migration was not due to the reduced cell viability, MTT assay was performed 

showing that NMDA did not modify cell viability at any concentration used.  

During migration cells use different migrational modes to move with varying 

degrees of speed and directionality244. Patterns of migratory behaviour are dictated by 

characteristics that are genuine to particular cell type and they could variate depending 

of the physiological or pathophysiological process in which cells are participating. 

During processes such as wound healing, certain types of cells migrate directionally 

and with high persistence (i.e., tendency to continue travelling in the same direction 

without turning)244. Knowing that the speed and directionality of cell migration are 

foundational regulators of cell motility, we wished to gain more mechanistic insight 

into cell migration by examining the effect of NMDA on cell velocity and persistence. 

Several migration assays were done on different matrices where cell velocity and 

persistence were measured using time-lapse phase contrast microscopy. After 24 

hours, NMDA (0.5 mM) treatment reduced basal level of cell persistence on 

fibronectin coated plates, as well as TGF-β1-induced increase in cell persistence on 
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both tested matrices. Wishing to get more insights into the nature of PTEC’s 

migration, the migrational velocity of HK-2 cells was further analyzed. Twenty four 

hours of treatment with NMDA caused statistically significant reduction of basal and 

TGF-β1-induced migrational velocity on collagen and fibronectin coated surfaces. Cell 

velocity data support the wound and transwell migration results and confirm the role 

of NMDAR in the regulation of human proximal tubular cell’s migration in vitro.  

In addition, activation of NMDAR (NMDA 0.5 mM, 24 h) significantly 

decreased basal actin polymerization state and TGF-β1-induced actin reorganization in 

HK-2 cells, as demonstrated by immunofluorescence and flow cytometry analysis. 

Changes in F-actin distribution in epithelial cells have been reported to be in close 

relation with the alterations in cell volume252. By measuring the size of the cells we 

wanted to exclude the possibility that the changes in F-actin distribution in NMDA 

treated group of cells were due to changes in cell volume. Results showed that NMDA 

treatment did not affect the size of HK-2 cells implicating that the detected decrease in 

cellular F-actin was a direct consequence of NMDA treatment and not an artefact.  

Regulation of cell-extracellular matrix (ECM) interactions and cell–cell 

adhesions, as well as coordinative actomyosin cytoskeleton dynamic are all necessary 

prerequisites for effective cell migration27,246,247. Adhesion to extracellular matrix 

components, such as fibronectin and laminin, is generally mediated by the integrin 

family of heterodimeric receptors248. For that reason, cell adhesion assay was done to 

determine if the decline of in vitro cell migration as well as migrational velocity of 

HK-2 cells on different matrices could be due to differences in cell-ECM adhesion. 

Treatment of HK-2 cells with NMDA did not significantly changed cell adhesion to 

collagen I, fibronectin or matrigel, as well as to non-covered surfaces, suggesting that 
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reduced migration and migrational velocity of cells treated with NMDA were not due 

to altered integrin-dependent adhesion249-251.  

The effect of NMDAR activation and Ca2+ on cell migration174,223,269-271 and 

actin organization213,229 has previously been reported in different cell types. The 

activity of the NMDAR has been shown to regulate the migration of granule cells in 

slice preparations of the developing mouse cerebellum269. Namba et al.270 reported that 

the NMDAR-mediated signaling in brain is essential for the proper migration and that 

the blockade of the NMDAR induced an overextended migration of newborn neurons. 

Kihara et al.223 reported that stimulation of NMDAR inhibited neuronal migration in 

embryonic rat cerebral cortex. Hahm et al.174 demonstrated that in keratinocytes Ca2+

entry through activated NMDAR inhibited cell outgrowth and migration. Furthermore, 

Cristofanilli et al229 showed that the NMDAR activation and influx of Ca2+ caused a 

reduction of F-actin in retinal neurons of salamander, while NMDAR activation in rat 

cerebellar granule cells rapidly shifted F/G-actin equilibrium in favor of 

depolymerization213.  

The role of NMDAR in preservation of tubular epithelial phenotype was 

further confirmed in in vivo studies, in a mouse model of TIF induced by unilateral 

ureteral obstruction. UUO is the most widely used and well-established model of renal 

interstitial fibrosis. UUO is induced by the ligation of a ureter of one kidney, while the 

contralateral kidney serves as a normal control. As early as 3 days after surgery, it is 

possible to detect interstitial fibrosis with all characteristic signs. Consistent with the 

in vitro results, significant changes in cell phenotype were seen in renal tubules in the 

obstructed kidneys such as downregulation of E-cadherin, increase in α-SMA 

expression and FSP1 immunostaining, and interstitial collagen deposition. These 
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results provide evidence that NMDA treatment may attenuate renal fibrosis induced by 

UUO by preserving the epithelial phenotype, as shown by the inhibition of the 

decrease in E-cadherin induced by UUO. Furthermore, in obstructed kidneys of 

NMDA-treated mice, markers of mesenchymal phenotype (FSP1 and α-SMA) were 

reduced, together with the collagen deposition, pointing to NMDAR as a possible 

therapeutic target to slow down the progression of renal fibrosis. In order to assess 

whether NMDA administration has no direct effects on interstitial fibroblasts, paraffin 

embedded sections from non-obstructed kidneys of mice treated with vehicle or 

NMDA for 15 days were stained with FSP-1. Our results showed that NMDA 

treatment did not induce statistically significant changes in expression of FSP-1 in two 

investigated groups of mice. Results gained here provide evidence that the effect of 

NMDA administration toward the attenuation of fibrosis in the obstructed kidneys was 

due to the inhibition of tubular EMT and not the inhibition of residual fibroblast 

population activated in the kidney after UUO. 

The mechanism behind the effect of NMDA on tubular EMT seems to be 

related with the regulation of the activation of Ras pathway. Ras is one of the most 

common pathways leading to the activation of Erk and Akt, which represent important 

signaling events responsible for TGF-β1-induced EMT in different epithelial cell 

types67,69,82. A growing body of evidence describes the role of TGF-β1 in activation of 

Ras pathway83-85. Furthermore, it has been shown that Akt activation caused EMT 

characterized by downregulation of E-cadherin, upregulation of vimentin, reduced 

cell-cell adhesion and increased cell motility on fibronectin-coated surfaces82. 

Therefore, we set out to investigate the mechanism that stands behind the effect of 

NMDA on tubular epithelial-mesenchymal transition. In our own hands, TGF-β1 
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treatment induced rapid activation of Ras in HK-2 cells within 10 minutes after 

stimulation, which was blunted by co-treatment with NMDA. Treatment of HK-2 with 

TGF-β1 resulted in a rapid increase in phosphorylation of Akt and Erk1/2 within 60 

and 30 minutes after stimulation, respectively, while co-treatment with NMDA 

reduced phosphorylation of investigated molecules. Therefore, NMDAR activation 

blocks important key steps of EMT in proximal tubular cells by blocking TGF-β1-

induced activation of Ras suggesting that the mechanism that stands behind the effect 

of NMDA on tubular EMT is related to the regulation of the activation of the Ras 

pathway.  

This effect of NMDA inhibiting the Ras pathway has previously been reported. 

Chandler et al117 described that different levels of Ca2+ influx through NMDAR could 

activate opposing stimulatory and inhibitory pathways that regulate Erk activation and 

suggested the presence of a Ca2+-activated inhibitory pathway that can attenuate 

Ras/Erk signaling. Ivanov et al272 and Sutton et al273 showed that NMDAR-dependent 

activating/inactivating pathways are spatially separated in neurons and that 

extrasynaptic NMDARs, containing NR2B subunit, mediate Erk inactivation. Finally, 

Kim et al274 demonstrated that NMDAR activation could have differential effects on 

Ras/Erk pathway in neurons depending of the receptor subunit composition showing 

that NR2B subunit is coupled to the inhibition rather than the activation of the Ras/Erk 

pathway274. Our results revealed that in HK-2, NR2B subunit was the main NR2 

subunit expressed. Downregulation of Ras pathway by NMDA supports the subunit-

regulatory hypothesis and suggests that Ca2+ influx through NR2B-NMDAR in HK-2 

cells could be responsible for the inactivation of Ras and subsequently Erk and Akt 

pathways.  
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Being aware of the fact that different growth factors could alter expression 

pattern of NMDA receptor subunits, therefore modulating their activity and 

function255-258, we assessed the expression of NR1 and NR2B subunits in the setting of 

TGF-β1 treatment. Results proved that TGF-β1 treatment did not have effect on the 

expression of neither, an essential NR1 subunit of the NMDAR nor NR2B subunit, the 

main NR2 subunit expressed in HK-2 cells.

It is well known that Snail1 acts as a key regulator of EMT by suppressing E-

cadherin transcription and modulating tight junction protein expression95,275,276 and it 

is crucial in initiation and progression of EMT45,95. Moreover, it has been 

demonstrated that Smad3 is necessary for TGF-β1-induced Snail1 gene expression in a 

study using Smad3-null mice63. Our results show upregulation of Snail1 and 

translocation of pSmad2/3 into the nucleus after treatment with TGF-β1, which was 

blunted by co-treatment with NMDA, providing one more proof of the inhibitory 

effect of NMDA on EMT of PTECs. Additionally, pharmacological blockade using an 

antagonist of NMDAR (MK-801) in cells treated with TGF-β1 and NMDA eliminated 

downregulation of Snail1 induced by NMDA, showing that the above described 

effects are NMDAR specific. These results could also be explained by the inhibition of 

Ras activation with NMDA. It has been shown that the inhibition of Erk 

phosphorylation decreases TGF-β1-induced Smad phosphorylation71,277. Furthermore, 

it has also been shown that Ras activation is necessary to increase Snail expression 

induced by TGF-β1278. Thus, a decrease in Ras activation could explain both, the 

decrease in the activation of the Erk pathway and the Smad pathway. 
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In order to demonstrate that the described changes are the consequence of Ca2+

influx exclusively through NMDAR, we used Thapsigargin which has been previously 

shown to rise intracellular Ca2+ concentrations in proximal tubular cells in culture254. 

Co-treatment with TG did not lead to the recovery of E-cadherin and α-SMA 

expression modified by TGF-β1. Moreover, de novo expression of vimentin and 

changes in cell morphology induced by TGF-β1 in tubular cells were not attenuated 

after co-treatment with TG. Simultaneous incubation of HK-2 with TGF-β1 and TG 

did not prevent the activation of Ras and induced strong phosphorylation of Erk1/2, 

showing that Ca2+ derived from other sources did not have the same effect on 

preservation of epithelial phenotype as Ca2+ influx through NMDAR. In order to 

confirm that the influx of Ca2+ exclusively through the activated NMDAR is the one 

responsible for the preservation of the epithelial phenotype, we performed experiments 

in Ca2+-free medium. In the absence of Ca2+ in the medium, NMDA treatment failed to 

ameliorate TGF-β1-induced downregulation of E-cadherin and the upregulation of 

Snail in HK-2 cells. Additionally, simultaneous incubation of HK-2 cells with TGF-β1 

and NMDA in the calcium free medium failed to reduce phosphorylation of pErk1/2 

and pAkt. These results point to a specific role of Ca2+ entry through the activated 

NMDAR in maintaining the epithelial phenotype of PTECs. 

 In conclusion, basal NMDAR activation is essential for the maintenance of the 

epithelial phenotype of PTECs. Furthermore, activation of tubular NMDAR attenuates 

EMT by blunting the TGF-β1-induced activation of Ras and the following cascades. 

The results obtained in this study identify a new therapeutic target for the inhibition of 

EMT and treatment of related diseases.  
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1. Downregulation of NMDAR1 subunit in HK-2 cells induces changes in the 

epithelial phenotype, evident as a decrease of E-cadherin and an increase of α-

SMA expression, alongside with the changes in cell morphology.  

2. NMDAR activation restores the expression of important markers of tubular 

epithelial-mesenchymal transition such as: E-cadherin, α-SMA, vimentin, β-

catenin, Snail1 and pSmad2/3 altered by TGF-β1.  

3. NMDAR activation inhibits TGF-β1-stimulated proximal tubular cell migration in 

wound-healing and transwell migration assay and preserves the cytoskeleton 

architecture and cell morphology altered by this cytokine. 

4. Calcium influx through NMDAR is responsible for the preservation of epithelial 

phenotype of human proximal tubular epithelial cells.  

5. NMDA receptor antagonizes TGF-β1’s actions through inactivation of Ras and 

Ras signaling effectors Erk1/2 and Akt, suggesting that the mechanism that stands 

behind the effect of NMDA on tubular EMT is related to the regulation of the 

activation of the Ras pathway.  

6. Calcium influx through NMDAR is responsible for the attenuation of TGF-β1-

induced phosphorylation of Erk1/2 and Akt as well as the activation of Ras. 

7. NMDA administration may attenuate renal fibrosis induced by UUO by 

preserving the epithelial phenotype, as shown by the inhibition of the reduction of 

E-cadherin induced by UUO. 

8. NMDA administration downregulates the expression of markers of mesenchymal 

phenotype (FSP1 and α-SMA) and reduces collagen deposition in the obstructed 

mouse kidney, pointing to NMDAR as a possible therapeutic target to slow down 

the progression of renal fibrosis. 
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