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Abstract

Patients with chronic kidney disease and experimental animal models of kidney fibrosis manifest 

diverse progression rates. Genetic susceptibility may contribute to this diversity, but the causes 

remain largely unknown. We have previously described kidney fibrosis with a mild or severe 

phenotype in mice expressing transforming growth factor-beta1 (TGF-β1) under the control of 

a mouse albumin promoter (Alb/TGF1β1), on a mixed genetic background with CBAxC57Bl6 

mice. Here, we aimed to examine how genetic background may influence kidney fibrosis in TGF-

β1 transgenic mice, and in the unilateral ureteral obstruction (UUO) and subtotal nephrectomy 

(SNX) mouse models. Congenic C57Bl6(B6)-TGFβ and CBAxB6-TGFβ (F1) transgenic mice 
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were generated and survival, proteinuria, kidney histology, transcriptome and protein expressions 

were analyzed. We investigated the kidneys of B6 and CBA mice subjected to UUO and SNX, 

and the effects of tissue inhibitor of matrix metalloproteinase-1 (TIMP-1) neutralization on the 

fibrotic process. CBAxB6-TGFβ mice developed severe kidney fibrosis and premature death, 

while B6-TGF-β mice had mild fibrosis and prolonged survival. Kidney early growth response 

factor-2 (EGR2) and TIMP-1 expression were induced only in CBAxB6-TGFβ mice. Similar 

strain-dependent early changes in EGR2 and TIMP-1 of mice subjected to UUO or SNX were 

observed. TIMP-1 neutralization in vivo hindered fibrosis both in transgenic mice and the 

SNX model. EGR2 over-expression in cultured HEK293 cells induced TIMP-1 while EGR2 

silencing hindered TGF-β induced TIMP-1 production in HK-2 cells and ureteral obstructed 

kidneys. Finally, EGR2 and TIMP1 was increased in human kidneys manifesting focal segmental 

glomerulosclerosis suggesting a correlation between animal studies and patient clinical settings. 

Thus, our observations demonstrate a strong relationship between genetic background and the 

progression of kidney fibrosis, which might involve early altered EGR2 and TIMP-1 response, but 

the relationship to patient genetics remains to be explored.
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Introduction

Progressive renal fibrosis, which often eventuates in end-stage kidney disease, is the final 

common pathway of chronic renal diseases of different etiologies, and represents one of 

the major challenges in nephrology. Patients with one particular renal disease, such as 

diabetic nephropathy and arterionephrosclerosis (in the case of African-Americans, often 

misattributed in the past to hypertension) show different progression rates, presumably due 

to genetic susceptibility1.
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Transforming growth factor-beta1 (TGF-β1) is a multifunctional cytokine that regulates the 

dynamic balance of extracellular matrix (ECM) components, as well have effects on cell 

growth and differentiation. TGF-β1 plays a pivotal role in the pathogenesis of fibrosis, but 

also in development, wound healing, immune processes and carcinogenesis. Experimental 

overexpression of TGF-β1 is associated with renal2, myocardial3, pulmonary4, and hepatic 

fibrosis.

Several lines of evidence suggest a role for strain-dependent differences in the development 

and progression of experimental renal diseases. Rat models of puromycin aminonucleoside 

nephrosis and subtotal nephrectomy5–7 have demonstrated the importance of strain 

differences. Studies involving albumin overload8, 9, subtotal nephrectomy10, 11 and diabetic 

nephropathy12 mouse models show that the C57Bl6/J (B6) strain is resistant to renal fibrosis 

compared to other mouse strains, including 129Sv, Balb/C or DBA/2. Furthermore, despite 

early renal TGF-β1 overexpression after injury, B6 mice are resistant to fibrosis induced by 

renal ablation10, 13. Importantly, the molecular mechanism underlying strain-dependent renal 

fibrosis remain largely unknown.

We examined the role of genetic background on the progression of TGF-β1-induced renal 

fibrosis in transgenic mice overexpressing TGF-β114. Originally, TGF-β1 transgenic mice 

maintained on mixed (CBAxB6) genetic background developed progressive renal fibrosis 

with phenotypic variability, characterized as either mild or severe15. Therefore, we generated 

congenic B6-TGFβ transgenic mice which manifested only a mild renal phenotype and 

CBAxB6-TGFβ F1 mice that had severe proteinuria and glomerulosclerosis, in order to 

analyze the expression of various fibrosis related molecules in these transgenic strains. 

Further, we made similar inter-strain comparisons in the unilateral ureter obstruction (UUO) 

and subtotal renal ablation (SNX) models, complemented with cell culture studies and 

analysis of human FSGS kidney biopsies.

Our experimental data show that genetic background and progression of TGFβ1-induced 

renal fibrosis strongly correlate with altered TIMP-1 expression, associated with early EGR2 

response. We suggest that the underlying mechanism of resistance to renal fibrosis in B6 

mice might involve the lack of early EGR2 and TIMP-1 response.

Methods

Concise methods are provided as Supplementary Methods.

Results

Characterization of novel congenic B6-TGFβ1 transgenic mice

In order to confirm the role of genetic background on renal fibrosis progression in this 

model, male CBA.B6-Alb/TGF-β1 transgenic mice were backcrossed to both C57Bl6 (B6) 

and CBA inbred strains, as a CBAxB6 F1 hybrid mouse was the founder of this transgenic 

line.

Backcross of Alb/TGF-β1 transgenic mice to CBA strain failed, as 70% of the CBAxB6-

TGFβ F1 males died before six weeks of age (Figure 1A, Supplementary Figure S1A). 
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In contrast, backcross of Alb/TGF-β1 transgenic mice for 22 generations to the B6 strain 

greatly increased survival as compared to the original transgenic strain, which exhibited 

100% mortality by the age of 52 weeks. We found that 72% of B6-TGFβ mice survived to 

age 15 weeks (Figure 1A) and at 52 weeks, 39% were alive, compared to 100% survival of 

B6 wild type controls (n=33, log-rank test, p<0.001).

At the age of 4 and 9 months, plasma TGF-β1 levels were 2-fold higher in B6-TGFβ 
transgenic mice as compared to age-matched B6 controls (Supplementary Table S1). Body 

weights of both B6 and B6-TGFβ mice increased comparably with age (Supplementary 

Table S1). There were no differences in kidney weights normalized to body weight, and 

urinary protein to creatinine ratio among the groups. We observed mild but significant 

glomerulosclerosis in B6-TGFβ kidneys at the age of 4 and 9 months, as compared to 

age-matched B6 controls (Supplementary Table S1, Supplementary Figure S1B). We did not 

observe tubulointerstitial damage in B6-TGF-β1 mice at any investigated age.

Proteinuria and shortened survival of novel CBAxB6-TGFβ F1 transgenic mice despite 
comparable plasma TGF-β1 levels

Plasma levels of TGF-β1 at the age of 14 days in B6-TGFβ and CBAxB6-TGFβ F1 

mice were similar and were 11–14 fold higher as compared to controls (Table 1). Body 

weights of transgenic mice were similar to their wild-type control (Table 1). In contrast 

to B6-TGFβ mice, the survival of CBAxB6-TGFβ F1 mice was dramatically shorter, as 

only 60% of these F1 mice survived to age 2 weeks, and all mice died by age 12 weeks 

(Figure 1A). Despite comparable plasma TGF-β1 levels in B6-TGFβ and CBAxB6-TGFβ 
strains, only CBAxB6-TGFβ mice had significantly elevated urine protein/creatinine ratio 

(Figure 1B). Similarly, kidney weights and levels of serum urea were significantly higher 

only in CBAxB6-TGFβ F1 mice (Figure 1C). Due to the early uremic death of most 

CBAxB6-TGFβ F1 mice, we were not able to continue the backcross to CBA strain and all 

experimental samples were obtained at the age of 14 days.

Onset and progression of renal fibrosis in TGF-β1 transgenic mice is strain-dependent

At 14 days of age, B6-TGFβ mice exhibited renal histology similar to wild-type 

controls. However, CBAxB6-TGFβ mice manifested glomerular hypertrophy with mesangial 

expansion and capillary obliteration affecting 60% of glomeruli, together with mild 

tubulointerstitial fibrosis and tubular hyaline deposits (Figure 1D,E and Figure 1F, 

right panel). Significant glomerular and tubulointerstitial collagen-4 (Figure 2A,B) and 

fibronectin accumulation were present (Figure 2C,D). Glomerular expression of TGFB1 

protein was only significant in CBAxB6-TGFβ kidneys (Figure 2E,F), while mild tubular 

expression was present in B6-TGFβ as well.

The evaluation of renal cortical gene expression at age 14 days showed that collagen-1 

(Cola1) and collagen-3 (Col3a1) mRNA expression in B6-TGFβ kidneys were mildly 

elevated as compared to controls, while these were significantly increased (5- and 4-

fold, respectively) in kidneys of CBAxB6-TGFβ mice (Figure 3A,B). This increase was 

accompanied by renal Lcn2 (Figure 3C), Tgfb1 and connective tissue growth factor (Ctgf) 
mRNA over-expression in CBAxB6-TGFβ mice (Table 2), in parallel with increased 
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expression of TGF-β1 inhibitors, biglycan (Bgn) and decorin (Dcn) (Table 2). At the age 

of 14 days, expression of matrix metalloproteinease-2 (Mmp2) was similar in wild-type and 

transgenic kidneys. There was no significant alteration in the expression of TGF-β1 receptor-

II (Tgfbr2) or any of the Smad mRNAs (Smad2, 3, 4, 6, 7) or SMAD3 phosphorylation 

(Supplementary Figure S2A). Interestingly, Mmp9 levels in B6 and B6-TGF-β kidneys 

were comparable while CBAxB6 and CBAxB6-TGF-β kidneys had 3- to 4-fold increases 

in Mmp9 mRNA expression, respectively. Expression of Timp2 mRNA was comparable in 

wild type and in B6-TGFβ kidneys but was elevated in CBAxB6-TGF-β mice (Table 2).

Strikingly, there was a 100-fold increase in Timp1 mRNA expression in CBAxB6-TGFβ 
kidneys as compared to B6-TGF-β and wild type mice (Figure 3D). Immunoblot analysis 

revealed 10-fold increase in TIMP1 protein expression (Figure 3E), mainly localized to 

tubules in CBAxB6-TGFβ kidneys (Figure 3G). This TIMP1 overexpression in CBAxB6-

TGFβ kidneys resulted in reduced renal MMP9 activity as shown by gelatin zymography 

(Figure 3F).

We wished to elucidate whether the hepatic expression of the TGF-β transgene exerts local 

fibrotic effects in the liver or the elevated plasma TGF-β1 levels distantly affect the heart that 

could substantially contribute to the short survival of CBAxB6-TGFβ mice. However, the 

extent of fibrosis in the liver and the myocardial expression of Col1a1 mRNA were similar 

in both transgenic strains (Supplementary Figure S2B,C).

In order to investigate whether alterations in other kidney disease related genes could 

be responsible for this phenotype, we performed cDNA microarray analysis of B6-TGFβ 
and CBAxB6-TGFβ kidneys. The microarray showed 311 significant gene alterations 

(Supplementary Figure S3,S4 and Supplementary Table S4,S5) and confirmed Timp1 
being the most upregulated gene related to matrix remodeling. Significant changes in 

RNA expression were seen for 27 transcription factors (Supplementary Table S6). Among 

them, Egr2 was most strikingly induced in CBAxB6-TGFβ kidneys (Figure 4A-C). Early 

growth response factor-2 (EGR2), drew our attention, as it has been implicated in the 

pathogenesis of skin and lung fibrosis18. Interestingly, renal expression of Egr2 mRNA was 

similar in B6-TGFβ and wild-type mice (Figure 4A-C). We observed nuclear EGR2 protein 

expression mostly in some interstitial cells in control kidneys and B6-TGFβ mice that 

increased significantly in CBAxB6-TGFβ kidneys accompanied by tubular overproduction 

that co-expressed with TIMP1 (Figure 4C).

EGR2 and TIMP-1 overexpression are hallmarks of fibrosis initiation in TGFβ-transgenic 
mice

As histology revealed nearly end-stage glomerulosclerosis in CBAxB6-TGFβ (F1) kidneys 

at the age of 14 days, we investigated the initiation and early development of renal fibrosis 

in TGF-β1-transgenic mice at birth and at 5 days. Glomerular size and mesangial matrix 

content increased significantly in CBAxB6-TGFβ mice at 5 days (Glomerulosclerosis 

index (GSI) B6-TGFβ: 0.05±0.01 vs. CBAxB6-TGFβ: 0.45±0.21, p<0.05; Figure 1F, left). 

Renal Tgfb1 mRNA expression in 5 day-old CBAxB6-TGFβ mice was also significantly 

higher compared to B6-TGF-β or controls (Table 3), although the expression of Ctgf, and 

type-I (Col1a1) and type III (Col3a1) collagens were similar in all groups at this age. 
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However, Timp1 mRNA expression at this early age was 50% higher in CBAxB6-TGFβ 
kidneys, accompanied by elevated Egr2 expression (Table 3). In B6-TGFβ kidneys, EGR2 

immunostaining was observed in interstitial cells similar to controls, despite a mild tubular 

TIMP1 immunostaining (Supplementary Figure S5). However, EGR2 and TIMP1 were 

already co-expressed in tubules of CBAxB6-TGFβ mice at this early age although to a less 

extent as in 14 days-old mice (Figure 4C). In contrast, kidneys of newborn B6-TGFβ and 

CBAxB6-TGFβ mice depicted no renal histological alterations (data not shown) and had 

comparable Timp1 and Egr2 mRNA expression levels. The kinetics of Egr2 and Timp1 
mRNA expression from 0 to 14 days of age, while only correlative, could indicate a 

mechanistic role for EGR2 and TIMP1 in the pathophysiological process of renal fibrosis in 

this model (Figure 4D, E).

TIMP-1 neutralization reduced fibrosis in CBAxB6-TGFβ F1 transgenic mice

As these data suggested the central role of TIMP1 in TGF-β1 induced renal fibrosis, we 

injected male CBAxB6-TGFβ mice intraperitoneally with anti-TIMP1 neutralizing antibody 

or isotype IgG for 5 consecutive days beginning at 8 days of age, and the animals were 

euthanized at 14 days of age. The early systemic TIMP1 inhibition was associated with 

20% reduction in kidney weight in fibrosis prone CBAxB6-TGFβ mice as compared to 

isotype IgG-treated transgenic littermates (Figure 5A), accompanied by 50% reduction 

in proteinuria (Figure 5B) and serum urea levels (Figure 5C) and less glomerular and 

tubulointerstitial damage than in IgG treated littermates (Figure 5D-F).

Early EGR2 and TIMP1 over-expression are associated with progression after UUO and 
SNX

In order to test whether strain dependent early onset of renal fibrosis is associated with 

EGR2 or TIMP1 protein over-expression on other fibrosis models, we investigated B6 and 

CBA wild type mice after UUO and subtotal renal ablation (SNX). Overt renal fibrosis 

develops usually 3–5 days after UUO19. We first examined young wild-type B6 and CBA 

male mouse kidneys 24 hours after UUO. Kidney histology at this early stage showed 

only a few dilated tubules, otherwise normal structure and no signs of extracellular matrix 

accumulation (Figure 6A). Renal mRNA expression of Lcn2, as a marker of tubular damage 

(Figure 6B) and Tgfb1 (Figure 6C), increased comparably in both B6 and CBA UUO. 

By contrast, Col1a1 mRNA expression was 2-fold higher in CBA UUO as compared to 

B6 UUO kidneys (Figure 6B), accompanied by significant over-expression of Egr2 and 

Timp1 mRNA (Figure 6C, D) and EGR2 protein (Supplementary Figure S6A,B). The higher 

TIMP1 expression resulted in lower renal MMP9 activity in CBA UUO kidneys (Figure 

6E). We also analyzed kidneys at 7 days after UUO when significant interstitial fibrosis 

developed in B6 but slightly more severe fibrosis in CBA kidneys accompanied by higher 

Timp1 mRNA expression and reduced renal MMP9 activity, but Egr2 mRNA only tended to 

be higher in CBA at this late time point (Supplementary Figure S7A-D).

In the second set of experiments, we observed marked interstitial fibrosis and 

glomerulosclerosis in male CBA mice at 6 weeks after SNX, as compared to B6 (Figure 

7A,B). The significant renal fibrosis of CBA SNX mice was associated with elevated urinary 

protein/creatinine ratio (Figure 7C) although Tgfb1 mRNA was comparable in B6 and CBA 
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SNX (Figure 7D). However, CBA SNX kidneys over-expressed Col1a1 and Lcn2 mRNA 

(Figure 7E, F), as well as TIMP1 (Figure 7G, H) and EGR2 mRNA and protein (Figure 7I, 

Supplementary Figure S8), the latter co-localized with TIMP1 by immunostaining in most of 

the CBA SNX tubules (Figure 7H).

TIMP1 deficiency inhibits the development of fibrosis after SNX in CBAxB6 mice

In order to confirm the central role of TIMP1 in the initiation and progression of renal 

fibrosis, we compared TIMP1-deficient (Timp1-null) male mice on fibrosis prone CBAxB6 

background and wild-type CBAxB6 F1 male mice (Timp1+) subjected to SNX. Six weeks 

after nephrectomy, Timp1+ SNX kidneys manifested glomerulosclerosis, tubular atrophy 

and interstitial matrix accumulation, whereas Timp1-null SNX kidneys depicted only mild, 

non-significant glomerulosclerosis and interstitial fibrosis (Figure 8A,B). This was reflected 

by marked difference in proteinuria (Figure 8C). Interestingly, expression of type I and 

type III collagen mRNA was slightly but significantly elevated in Timp1-null SNX kidneys 

(Figure 8D,E), despite their histology was similar to control kidneys. Notably, Timp1+ SNX 

kidneys had 10-fold increased expression of Col1a1 and Col3a1, accompanied by 2-fold 

increase in Tgfb1 mRNA (Figure 8F). In contrast, Timp1-null SNX kidneys had Tgfb1 
expression similar to controls. The lack of TIMP1 resulted in higher MMP9 gelatinase 

activity in Timp1-null SNX kidneys (Figure 8G).

In vitro over-expression of EGR2 upregulates TIMP1 while EGR2 silencing reduces TIMP1

For in vitro evaluation of a possible EGR2-TIMP1 regulation, we transiently transfected 

HEK293 cells with pCMV plasmid containing full length Egr2 gene (pEGR2). Controls 

were either transfected with EGFP coding plasmid (pEGFP) or received only transfection 

reagent Lipofectamine2000 (Lipo). Transfection with pEGR2 for 24h significantly increased 

EGR2 protein expression, which plausibly was responsible for an over-expression of 

TIMP-1 mRNA and protein by 2.5-fold and 4-fold, respectively (Figure 9A,B). Further, 

EGR2 levels correlated with TIMP-1 (Figure 9C). In another set of experiments, we 

transfected HK-2 cells with EGR2 siRNA or scrambled siRNA 24h prior to TGF-β 
treatment. Silencing EGR2 inhibited the TGF-β induced EGR2 and TIMP1 production, 

as well as increased MMP9 gelatinase activity of HK-2 cells (Figure 9D,E). Interestingly, 

TGF-β induced TIMP1 and EGR2 mRNA over-expression also in human fibroblasts 

(Supplementary Figure S9). In vivo, EGR2 siRNA administration prior to UUO significantly 

lowered renal EGR2 accompanied by reduced TIMP1 expression (Supplementary Figure 

S10A, B).

Increased EGR2 and TIMP1 expression in human FSGS kidney biopsies

In order to test whether upregulation of EGR2 and TIMP-1 in mice and the co-regulation 

in HEK293 and HK-2 cells has human clinical relevance, we investigated human kidney 

cortex biopsies obtained from FSGS patients and controls (the latter samples were taken 

from healthy cortex area of kidneys removed due to renal cancer (Supplementary Table 

S7). We observed more than 2-fold over-expression of both EGR2 and TIMP1 mRNA in 

FSGS samples compared to control tissues (Figure 9F) despite non-significant differences in 

TGFB1 mRNA. Immunostaining revealed increased tubular EGR2 and TIMP1 expression in 

FSGS biopsies with notable co-expression in several tubules (Figure 9G).
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Discussion

Experimental animal and human studies have demonstrated that TGF-β1 plays a central role 

in the initiation and progression of renal fibrosis. CBA.B6-Alb/TGF-β1 transgenic mice, 

which were maintained on mixed (CBAxB6) genetic background, develop renal fibrosis 

characterized as either mild or severe15, presumably as a consequence of the inhomogeneous 

genetic background. In the present study, we generated congenic B6-TGFβ transgenic mice 

manifesting only a mild renal phenotype and CBAxB6-TGFβ F1 mice having shortened 

survival, proteinuria and glomerulosclerosis. We identified the transcription factor EGR2 

(Krox-20) as a novel participant in the development of progressive renal fibrosis in mice 

and FSGS patients. We also demonstrate that genetic background of mice (B6 vs CBA) 

is strongly associated with altered early EGR2 and down-stream TIMP-1 response, which 

contributes to the progression of fibrosis in various models, including unilateral ureter 

obstruction, subtotal renal ablation and TGF-β1-transgenic mice.

We have addressed the hypothesis that genetic differences among inbred mouse strains 

contribute to the variability in TGF-β1 induced progressive fibrosis and we sought evidence 

for specific differences in expression of relevant molecules. Although the backcross of 

TGF-β1 transgene to the inbred B6 strain (congenic B6-TGFβ mice) did not reduce the 

elevated plasma TGF-β1 levels, B6-TGFβ mice developed only mild glomerulosclerosis 

and lacked proteinuria and their survival improved significantly (Figure 1). Our finding 

corroborates reports of B6 mice as a resistant strain to renal fibrosis10, 12, 13.

We also wished to examine the effects of CBA genetic background on the progression. 

The CBAxB6-TGFβ transgenic mice had elevated plasma TGF-β1 levels similar to those 

of the B6-TGFβ strain, although their renal disease was markedly accelerated and survival 

was greatly shortened as compared to B6-TGFβ mice. CBAxB6-TGFβ mice manifested 

glomerular matrix accumulation as soon as by 5 days of age (Figure 1F) and 50% of these 

mice succumbed to uremic death by 21 days of age. Our study provides evidence that 

genetic background strongly influences the pro-fibrotic effect of TGF-β1 in this model. 

We observed similar genetic differences in the progression of kidney disease using two 

classical models of renal fibrosis, the unilateral ureter obstruction (Figure 6) and subtotal 

renal ablation (Figure 7).

The analysis of fibrosis-related molecules in CBAxB6-TGFβ mouse kidneys revealed 

several-fold increases in mRNA expression of Tgfb1 and interstitial collagens as early as 

at 14 days of age, compared to B6-TGFβ mice. The observed strain differences were not 

related to altered expression of the natural inhibitors of TGF-β1
20, 21 or to TGF-β1 signaling 

molecules22.

TGF-β1 influences the extracellular matrix turnover by repressing matrix metalloproteinases 

(MMPs) and inducing their tissue inhibitors (TIMPs)23. MMP2 cleaves fibronectin and 

collagen-1 and −324, while MMP9 cleaves collagen-4 with higher affinity25. Among their 

inhibitors, TIMP-1, -2 and -3 are expressed in the kidney25. Analysis of TIMPs in TGFβ1-

transgenic mice revealed a striking TIMP-1 over-expression in CBAxB6-TGFβ kidneys 

as compared to B6-TGFβ, mainly localized in tubules, that resulted in reduced MMP9 

Kökény et al. Page 8

Kidney Int. Author manuscript; available in PMC 2023 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



gelatinase activity. Additionally, the transcription factor EGR2 was significantly induced 

and correlated to TIMP-1 in CBAxB6-TGFβ kidneys. EGR2 has been described as a 

key mediator of TGF-β action in mouse models of scleroderma and lung fibrosis and in 

human scleroderma18. Of note, Vollmann and colleagues found that in vivo EGR2 gene 

silencing reduces liver fibrosis in mice26. To the best of our knowledge, the present study 

is the first to link EGR2 to renal fibrosis progression. As several pathways (including 

inflammation) were upregulated in the microarray study, we might also consider them as 

possible contributors in the pathogenesis. We focused on EGR2 as the most upregulated 

transcription factor and TIMP-1 as the most over-expressed participant of ECM remodeling. 

The importance of TIMP-1 in kidney fibrosis has been postulated, as elevated TIMP-1 

levels have been reported in human diabetic nephropathy27 or glomerulonephritis28 and 

in experimental murine lupus glomerulonephritis29, protein overload proteinuria30 and 

obstructive uropathy31. However, this raises the question of whether the TIMP-1 over-

expression in CBAxB6-TGFβ mice is a component of the excessive scarring, or the 

upregulated TIMP-1 has a causal role in the development of fibrosis in this TGF-β1-

transgenic model.

Therefore, we analyzed mice at the age of 5 days, when CBAxB6-TGFβ1 kidneys exhibited 

only mild glomerular hypertrophy and in approximately 30% of glomeruli, slight mesangial 

expansion. Even at this early age, EGR2 and TIMP-1 were significantly upregulated in 

CBAxB6-TGFβ mice, as compared to B6-TGFβ (Figure 4D,E, Supplementary Figure 

S5), accompanied by elevated renal Tgfb1 mRNA, but not collagen overexpression. The 

comparable renal Egr2 and Timp1 mRNA expression in newborn TGFβ1-transgenic mice 

indicates that the differences in renal fibrosis progression were not a consequence of 

increased perinatal EGR2 or TIMP-1 expression. Taken together, these results demonstrate 

that early induction of renal EGR2 and TIMP-1 in CBAxB6-TGFβ mice precedes 

the over-production of ECM components, and the TIMP-1 driven inhibition of MMP9 

activity contributes to ECM accumulation. Administration of neutralizing TIMP-1 antibody 

ameliorated the potent profibrotic effect of TGFβ1 in CBAxB6-TGFβ kidneys, and reduced 

fibrosis, proteinuria and serum urea levels (Figure 5), supporting the important role of 

TIMP-1 in promoting renal scarring.

Transgenic mouse models often raise the question whether the observations are unique 

consequences of the transgene, acting in mouse context itself, or might lead to broader 

understanding of human pathophysiology. Unilateral ureter obstruction (UUO) and subtotal 

renal ablation (SNX) are widely used experimental models of kidney fibrosis. UUO causes 

tubulointerstitial damage that usually leads to fibrosis within 7 days19, while SNX causes 

hyperfiltration in the remnant glomeruli and leads to glomerulosclerosis with concomitant 

interstitial fibrosis within usually 15–20 weeks32. Based on the results of our TGF-β1-

transgenic mice, we investigated how genetic background influences the early events of 

fibrosis within 24 hours and 6 weeks in UUO and SNX models, respectively. Both UUO 

and SNX performed on wild type B6 and CBA mice lead to early renal EGR2 and TIMP-1 

induction in the susceptible CBA strain (Figures 6 and 7). Thus, genetic susceptibility to 

kidney fibrosis was strongly associated with EGR2 and TIMP-1 not only in the TGF-β1-

transgenic model, but also after UUO or SNX. Our comparison of Timp1-null and Timp1+ 

control male mice subjected to SNX further supports the central role of TIMP-1 in the 

Kökény et al. Page 9

Kidney Int. Author manuscript; available in PMC 2023 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



pathogenesis of renal fibrosis (Figure 8). Interestingly, similar fibrosis rate was previously 

reported in TIMP-1 deficient and control mice 14 days after UUO33, but that study used a 

different, 129Sv mouse strain. Moreover, the very late (14 days) evaluation time point in 

that study is partly in line with our observation that despite the early differences at 24h after 

UUO in B6 and CBA males, basically similar fibrosis developed at later stage (7 days), 

although the MMP9 gelatinase activity was still higher in B6 UUO than CBA UUO even at 

7 days. To overcome the limitations of UUO model due to hydronephrosis we performed the 

SNX models as well, that resembles human kidney fibrosis development more closely than 

UUO.

Additionally, over-expressing EGR2 in vitro induced TIMP1 protein of HEK293 cells, 

and TIMP1 was correlated to EGR2 (Figure 9), while EGR2 silencing in HK-2 cells 

inhibited the TGF-β1 induced EGR2 and TIMP1 over-production, resulting in higher MMP9 

activity. Moreover, Egr2 silencing in vivo markedly reduced the UUO induced EGR2 

and TIMP1 overexpression in mice. Of note, expression in kidney biopsies from FSGS 

patients supported our in vitro and in vivo results. These data suggest a novel role for the 

transcription factor EGR2 in renal fibrogenesis.

In conclusion, our studies demonstrate that genetic background has a significant impact on 

the effect of TGF-β1, a potent pro-fibrotic cytokine. Genetic background influences early 

renal EGR2 and TIMP-1 expression that regulates MMP9 activity, which associates with 

resistance (B6 background) or susceptibility (CBA background) to fibrosis progression in 

mice, suggesting an important role for EGR2 and TIMP-1 in the initiation of fibrosis (Figure 

10). Still, further studies are needed to clarify how genetic background of mice influences 

the early renal EGR2 response to injury (eg. via altered miRNA or lncRNA) and whether 

EGR2 has direct or indirect effect on TIMP1.

Data availability statement.
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Translational Statement

Patients with chronic kidney disease, regardless of etiology, develop renal fibrosis, but 

they manifest varying rates of progressive loss of kidney function. Moreover, ongoing 

kidney fibrosis is a major therapeutic challenge in nephrology. Differences in genetic 

susceptibility may contribute to differences in progression rates, driven by as yet 

unknown molecular mechanisms. In the present study, we addressed the question whether 

genetic background affects the development and progression of kidney disease in several 

mouse models of renal fibrosis. We found that renal fibrosis progression is strongly 

associated with mouse genetic background. This genetic susceptibility involves very early 

and marked overproduction of TIMP-1 that associated with EGR2 in vivo and in vitro. 

Further, we observed similar expression patterns in human renal biopsies manifesting 

FSGS. These results may help to clarify the initial molecular mechanisms of kidney 

fibrosis and might lead to identification of early diagnostic markers and the development 

of pharmacological inhibitors to slow, halt, or even reverse the fibrotic process.
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Figure 1. Characterization of TGF-β1 transgenic mice and controls.
Survival (a) of CBAxB6-TGFβ mice (n=34) (…) was dramatically shorter as compared 

to B6-TGFβ mice (n=91) (▬) (Kaplan-Meier analysis, p<0.0001). Urine protein/creatinine 

ratio (b, n=8–11/group) and serum urea levels (c, n=6–10/group) were only elevated in 

CBAxB6-TGFβ F1 mice. Histology scores (n=10–14/group) for glomerulosclerosis (d) 

and tubulointerstitial damage (e) show significant fibrosis with mesangial expansion in 

CBAxB6-TGFβ F1 mice, as compared to B6-TGFβ and wild type mice. The histopathology 

(f) is shown on representative photomicrographs of paraffin embedded kidney sections 

comparing TGF-β1 transgenic and wild type control mice at the ages of 5 days (left 

panel) and 14 days (right panel). B6-TGFβ kidneys had no histological alterations in 

any time points as compared to wild type controls. CBAxB6-TGFβ F1 kidneys depicted 

mild enlargement and sclerosis in some glomeruli at the age of 5 days, but severe 

glomerular hypertrophy and sclerosis at the age of 14 days (Masson’s trichrome stain. 400x 
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magnification; bar represents 50 μm). Data are presented as mean ± SD. Kruskal-Wallis test, 

* p<0.05; ** p<0.01; *** p<0.001.
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Figure 2. Renal expression of TGF-β and extracellular matrix proteins.
Evaluation of renal Type-IV collagen, fibronectin and TGF-β1 immunostaining in TGF-

β transgenic mice and wild type controls at the age of 14 days. (a) Representative 

photomicrographs of Type IV collagen expression depict marked increase in CBAxB6-

TGFβ kidneys, both in glomeruli and tubulointerstitium (b). The similar pattern in renal 

fibronectin (c, d) and TGF-β1 (e, f) immunostaining scores further underscore the marked 

fibrosis in CBAxB6-TGFβ kidneys. (a, c, e) 400x magnification; bar represents 50 μm. Data 

are presented as mean ± SD (n=6–8/group). Kruskal-Wallis test, * p<0.05; ** p<0.01; *** 

p<0.001.
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Figure 3. Renal expression of mRNA encoding extracellular matrix and related proteins.
Renal cortical expression of type I (a) and type III (b) collagen, Lipocalin-2 (Lcn2, c) and 

TIMP-1 mRNA (d) in wild type and TGF-β1 transgenic mouse strains at the age of 14 

days (n=6–8/ group). (e) TIMP1 immunoblot analysis (n=4/group) depicted 10-fold increase 

in CBAxB6-TGFβ kidneys which was mainly localized to tubules (g) by immunostaining 

(200x magnification, bar represents 100 μm) and resulted in reduced renal MMP9 gelatinase 

activity as shown by representative zymography (f). All data are presented as fold expression 

to control sample (mean ± SD). Kruskal-Wallis test, * p<0.05; ** p<0.01; *** p<0.001.
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Figure 4. Renal EGR2 expression in wild type and TGF-β1 transgenic mouse strains.
At 14 days of age, EGR2 increased markedly only in CBAxB6-TGFβ kidneys both at 

mRNA (a) and protein level (b). Representative photomicrographs of immunostaining (c) 

depicted EGR2 (red) mostly in the tubulointerstitium of control and B6-TGFβ kidneys (see 

arrows) with minimal tubular TIMP1 positivity (green). Apart of increased interstitial and 

to less extent, glomerular staining, EGR2 appeared also in tubules of CBAxB6-TGFβ mice 

where it mostly co-localized with TIMP1 (yellow;400x magnification, bar represents 50 

μm). The kinetics of both Timp1 (d) and Egr2 (e) in kidneys of B6-TGFβ and CBAxB6-

TGFβ F1 transgenic mice at the age of 0 (n=3/group), 5 (n=5/group) and 14 days (n=6/

group) show early overexpression only in CBAxB6-TGFβ F1 mice. Data are presented as 

fold expression to control sample (mean ± SD, n=4–7/group). Kruskal-Wallis test, * p<0.05; 

** p<0.01.
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Figure 5. Effects of TIMP-1 neutralization in fibrotic CBAxB6-TGFβ mice.
TIMP-1 neutralization for 5 consecutive days significantly reduced renal hypertrophy (a), 

proteinuria (b), and serum urea levels (c) in CBAxB6-TGFβ F1 mice. Administration of 

anti-TIMP-1 antibody ameliorated glomerulosclerosis (d, e) and tubulointerstitial fibrosis 

(d, f), as compared to isotype IgG treated CBAxB6-TGFβ F1 mice. PAS staining, 400x 

magnification. Data are presented as mean ± SD for CBAxB6 F1 (wild type, n=5), IgG 

treated CBAxB6-TGFβ F1 (IgG treated TGF-β transgenic, n=12) and anti-TIMP-1 treated 

CBAxB6-TGFβ F1 mice (anti-Timp1 TGF-β transgenic, n=7). *p<0.05, ** p<0.01, *** 

p<0.001 (Kruskal-Wallis test and ANOVA).
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Figure 6. Strain-related early differences in Egr2 and Timp1 after unilateral ureter obstruction.
After unilateral ureter obstruction (UUO) in both B6 and CBA mice, we observed similar 

extent of tubular dilation within 24 hours (a, asterisks show dilated tubules). Renal mRNA 

expression of lipocalin-2 (Lcn2) (b) and TGF-β (Tgfb1) (c) were similarly elevated in 

both B6 and CBA UUO mice. However, both renal Type-I collagen (Col1a1) (d), Egr2 
(e) and Timp1 (f) mRNA expressions (n=5/group) were significantly higher in CBA 

UUO as compared to B6 UUO kidneys, accompanied by already 2-fold TIMP1 protein 

overexpression (n=4/group) in CBA UUO (g) at this early stage. The increased TIMP1 

reduced MMP9 activity in CBA UUO as compared to B6 UUO as shown by representative 

gelatin zymography (h). All data are presented as fold expression to control sample (mean ± 

SD). Kruskal-Wallis test, * p<0.05; *** p<0.001.
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Figure 7. Strain-related differences in Egr2 and Timp1 after subtotal renal ablation.
Six weeks after subtotal renal ablation (SNX) we observed only mild glomerular scarring 

and tubulointerstitial fibrosis in B6 mice (a, b), but severe glomerulosclerosis and interstitial 

fibrosis in CBA mice (a, b). CBA SNX mice developed marked proteinuria (c) despite the 

TGF-β mRNA (Tgfb1) expression was comparable to B6 SNX (d). Kidneys of CBA SNX 

mice depicted overexpression of type-I collagen mRNA (Col1a1) (e) and lipocalin-2 (Lcn2) 
mRNA (f) as well as significant TIMP-1 mRNA (Timp1) and protein overexpression (g) 

accompanied by Egr2 mRNA (i) as compared to B6 SNX or controls. Immunostaining (h) 

depicted significant co-localization of tubular TIMP1 and EGR2 in CBA SNX kidneys and 

increased number of interstitial EGR2 positive cells (arrows; EGR2: red, TIMP1: green, 

EGR2+TIMP1: yellow, DAPI:blue, nuclear stain; scale bar: 50 μm). All data are presented 

as fold expression to control sample (mean ± SD, n=4/group). Kruskal-Wallis test, * p<0.05; 

** p<0.01.
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Figure 8. Subtotal renal ablation (SNX) in Timp1-null mice.
Subtotal renal ablation (SNX) in Timp1-null male mice on the fibrosis-prone CBAxB6 

F1 genetic background induced only minor glomerular or tubulointerstitial changes (a, 

b), as compared to significant glomerular scarring and interstitial fibrosis in Timp1+ 

control CBAxB6 F1 mice (a, b). Timp1-null SNX mice did not develop proteinuria (c) 

and only mild overexpression of type-I (Col1a1) and type-III collagen (Col3a1) mRNA 

overexpression (d, e) as compared to the Timp1+ SNX control mice with 2-fold higher 

proteinuria and 3-fold higher renal collagen overexpression. Interestingly, renal TGF-β1 

mRNA (Tgfb1) expression was similar to controls in Timp1-null SNX kidneys (f), despite 

the 2-fold overexpression in wild type SNX kidneys. Representative photo of MMP9 

gelatinase activity shows only visible band in Timp1-null SNX (g). All data are presented 

as fold expression to control sample (mean ± SD, n=5–7/group). Masson’s trichrome stain, 

scale bar=50 μm. Kruskal-Wallis test, * p<0.05; ** p<0.01; *** p<0.001.
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Figure 9. The effect of EGR2 overexpression in cultured HEK293 cells and EGR2 expression in 
human FSGS.
HEK293 cells were transiently transfected with pCMV plasmid containing full length 

Egr2 gene (pEGR2, n=5) or EGFP (pEGFP, n=5), while non-transfected negative controls 

were treated with Lipofectamine (Lipo, n=5). Transfection for 24h with pEGR2 increased 

the expression of EGR2 mRNA and TIMP1 mRNA (a), also EGR2 and TIMP1 protein 

(b). Representative immunoblots for EGR2 and TIMP1 are also shown. Furthermore, 

EGR2 correlated tightly with TIMP-1 (c) both at mRNA level (n=15) and protein level 

(n=12). In HK-2 cells, transfection with EGR2 siRNA 1 days prior to TGF-β treatment 

basically inhibited the TGF-β induced EGR2 and TIMP1 production as compared to 

scrambled siRNA-treated cells (d). This reduced TIMP1 resulted in elevetad MMP9 

gelatinase activiy as shown by representative zymogram performed from conditioned cell 

media (e). Additionally, kidney cortex biopsies of FSGS patients (n=4) were compared 

to control kidney samples (extracted from healthy cortex area of nephrectomized tissues, 
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due to renal cancer, n=4). FSGS samples showed significantly higher EGR2 and TIMP1 
mRNA expression as compared to controls but only tendentially increased TGFB1 mRNA 

(f). Immunostaining of FSGS biopsies (g) revealed a marked tubular TIMP1 expression 

(green) as compared to control samples, accompanied by increased interstitial and tubular 

EGR2 expression (red) that largely co-localized with TIMP1 (yellow). (g=glomerulus, scale 

bar=100 μm). All data are presented as fold expression to control sample (mean ± SD), 

Kruskal-Wallis or Mann-Whitney test were performed, and two-way ANOVA for gene 

silencing study, * p<0.05).
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Figure 10. Proposed effect of genetically determined renal fibrosis progression in mice.
In our experiments, we confirmed the importance of genetically determined renal 

TIMP-1 response in experimental models of both glomerular and tubulointerstitial 

injury. The elevated circulating TGF-β1 levels of Alb/TGF-β1 transgenic mice induce 

glomerulosclerosis and tubulointerstitial fibrosis. Subtotal nephrectomy (Nx) leads to 

glomerular hyperfiltration in the remnant nephrons, inducing glomerulosclerosis. Unilateral 

ureter obstruction (UUO) causes tubular injury and dilatation, mainly leading to interstitial 

fibrosis. Regardless of glomerular or tubulointerstitial injury, the consecutive renal synthesis 

of TGF-β1 and other profibrotic factors initiate the kidney scarring processes. We propose 

that the genetically determined early EGR2 response in the kidneys influences the 

progression rate of the initiated fibrosis. The outcome will be either slow progression due 

to normal or mildly elevated EGR2 and TIMP-1 levels (e.g. in fibrosis resistant B6 mice) 

or alternatively, fast fibrosis progression due to high EGR2 and TIMP-1 expression in the 

kidneys (e.g. in fibrosis prone CBA mice) influenced by genetic susceptibility. Therefore, 

this renal EGR2-TIMP-1 response might play a major role in the outcome of fibrosis.
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Table 2.

Renal expression of fibrosis pathway genes in transgenic B6-TGFβ and CBAxB6-TGFβ F1 mice at 14 days of 

age.

Gene symbol B6 (n=5) CBAxB6 F1 (n=5) B6-TGFβ (n=7) CBAxB6-TGFβ F1 (n=7) Kruskal-Wallis test

Tgfb1 1.00 ± 0.18 1.05 ± 0.12 0.80 ± 0.17
1.61 ± 0.42

abc p<0.0001

Ctgf 1.00 ± 0.19 0.69 ± 0.13 0.29 ± 0.06
1.88 ± 0.56

abc p<0.0001

Bgn (biglycan) 1.00 ± 0.39 0.37 ± 0.06 1.01 ± 0.23
1.78 ± 0.46

abc p<0.0001

Dcn (decorin) 1.00 ± 0.28 0.43 ± 0.13
1.09 ± 0.27

c
1.84 ± 0.43

abc p<0.0001

Mmp2 1.00 ± 0.29 0.40 ± 0.21 0.97 ± 0.19 0.91 ± 0.38 n.s.

Mmp9 1.00 ± 0.33
3.24 ± 0.57

a
0.88 ± 0.30

c
4.06 ± 1.04

ab p<0.0001

Timp1 1.00 ± 0.53 0.52 ± 0.28 1.39 ± 0.45
108.48 ± 28.57

abc p<0.0001

Timp2 1.00 ± 0.20 0.61 ± 0.08 0.98 ± 0.09
1.53± 0.11

c p<0.05

Timp3 1.00 ± 0.21 1.31 ± 0.24 1.16 ± 0.07 1.35 ± 0.39 n.s.

Tgbr2 1.00 ± 0.13 0.91 ± 0.15 1.03 ± 0.34 1.15 ± 0.16 n.s.

Smad2 1.00 ± 0.34 0.72 ± 0.18 0.86 ± 0.14 0.95 ± 0.39 n.s.

Smad3 1.00 ± 0.08 0.81 ± 0.19 0.89 ± 0.12 1.03 ± 0.23 n.s.

Smad4 1.00 ± 0.28 0.85 ± 0.22 0.97 ± 0.12 0.91 ± 0.24 n.s.

Smad6 1.00 ± 0.47 0.95 ± 0.39 1.12 ± 0.19 1.10 ± 0.60 n.s.

Smad7 1.00 ± 0.10 0.70 ± 0.17 0.86 ± 0.11 1.07 ± 0.24 n.s.

Legend. Renal mRNA expression values of male TGF-β1 transgenic mice and male wild type controls at the age of 14 days. Expression of each 

gene was normalized to 18S rRNA (Rn18s) using the 2-ΔΔCt formula. Data are presented as fold expression to a pooled control sample (mean ± 
SD).

a
p<0.05 vs B6;

b
p<0.05 vs B6-TGFβ;

c
p<0.05 vs CBAxB6 F1.
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Table 3.

Renal expression of fibrosis-related genes in transgenic B6-TGFβ and CBAxB6-TGFβ F1 mice at 5 days of 

age.

Gene B6 (n=4) CBAxB6 F1 (n=4) B6-TGFβ (n=6) CBAxB6-TGFβ F1 (n=6) Kruskal-Wallis test

Tgfb1 1.00±0.25 1.09±0.06 0.83±0.15
1.34±0.32

abc p<0.05

Ctgf 1.00±0.06 1.14±0.23 1.01±0.32 1.18±0.07 n.s.

Col1a 1.00±0.36 0.85±0.14 1.08±0.30 1.01±0.37 n.s.

Col3a1 1.00±0.25 0.78±0.14 1.07±0.45 1.13±0.29 n.s.

Mmp2 1.00±0.11 0.89±0.14 0.90±0.10
1.75±0.90

abc p<0.05

Mmp9 1.00±0.35 0.92±0.21 1.06±0.69 1.27±0.51 n.s.

Timp1 1.00± 0.53 1.25±0.50 1.02±0.44
1.94±0.62

abc p<0.05

Egr2 1.00± 0.26 0.94±0.31 0.99±0.27
2.20±0.42

abc p<0.001

Legend. Renal mRNA expression values of fibrosis-related genes of male TGF-β1 transgenic mice and male wild type controls at the age 5 days. 

Of note, Timp1 and Egr2 expression were already elevated in CBAxB6-TGFβ mice at this very early age. Gene expression was normalized to 18S 

rRNA (Rn18s) using the 2-ΔΔCt formula. Data are presented as fold expression to a pooled control sample (mean ± SD).

a
p<0.05 vs B6;

b
p<0.05 vs B6-TGFβ;

c
p<0.05 vs CBAxB6 F1.
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