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Abstract 

Background: Metalloproteinases (MMPs), together with their tissue inhibitors (TIMPs), 
regulate the extracellular matrix (ECM) in various tissues. MMP-2 and TIMP-2 maintain 
this process in renal tissue. An imbalance in the MMP-2/TIMP-2 ratio alters the abundance 
and proportions of specific extracellular matrix components, leading to kidney fibrosis. 
We aimed to assess differences in the morphometric parameters of the kidney and the 
immunohistochemical (IHC) expression of MMP-2 and TIMP-2 in kidney biopsies accord-
ing to their fibrotic state. Methods: The histological slides were scanned using the 
3DHISTECH Pannoramic MIDI II Scanner, and the resulting digital images of the sections 
were analyzed using Pattern Quant software; the morphometric analyses were performed 
with the Slide Viewer application. Results: In the current manuscript, we have investi-
gated the significant enlargement of the diameter of the urinary space and renal corpuscle, 
as well as the reduced height of the epithelial lining of the proximal and distal convoluted 
tubules, of grafted kidneys with fibrosis when compared to the non-fibrotic kidneys. 
Moreover, we have noticed a rising MMP-2/TIMP-2 ratio in the immunohistochemical re-
action in the renal tissue of fibrotic grafted kidneys in comparison to healthy kidneys. 
Conclusions: These results suggest that the MMP-2/TIMP-2 ratio, together with the lower 
inhibition of MMP-2, may promote an increased extracellular matrix remodeling, which 
accompanies the development of fibrosis. 
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1. Introduction 
Numerous clinical conditions lead to chronic kidney disease (CKD), and each case is 

associated with fibrosis [1]. Moreover, the deterioration of kidney graft function results 
from graft fibrosis, followed by secondary tubular atrophy. It is known that renal fibrosis 
is primarily caused by the accumulation and activation of myofibroblasts and fibroblasts 
within the renal interstitium, where these cells are surrounded by an extracellular matrix 
(ECM). Sun et al. indicate that renal myofibroblasts emerge de novo during kidney fibro-
sis, share a characteristic phenotype with fibroblasts, and may be induced by cellular 
stress [2]. 
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Homeostasis is one of the crucial factors that regulate the proper function of organs, 
including the kidneys. Metalloproteinases (MMPs) and their tissue inhibitors (TIMPs) are 
enzymes that regulate the turnover of extracellular matrix components. This large group 
of zinc-dependent enzymes shares similar activities and structure [3–6]. The functions of 
MMPs include the modulation of cell–ECM adhesion, cell–cell interactions, cell survival, 
proliferation, and motility. The MMPs are initially synthesized in an inactive form, and 
the activation of these proenzymes can be induced intra- or extracellularly [7,8]. They are 
crucial for tissue remodeling and play an important role in many renal diseases, both 
acute and chronic [3,7]. Matrix MMP-2 is abundantly expressed in the kidney, cleaving 
components of the glomerular and tubular basement membrane and degrading other 
ECM structures of the renal tissue. 

Enzymes that can inhibit the active form of MMP-2 are TIMPs. The increased expres-
sion of TIMPs has been associated with glomerulosclerosis. TIMP-2 is involved in the ac-
tivation of pro-MMP-2 [7]. Although TIMP-2 is a major inhibitor of MMP-2, it also facili-
tates the activation of pro-MMP-2 via membrane type 1 metalloproteinase (MT1-MMP), 
which is anchored to the cell membrane [9]. TIMP-2 induces G1 cell cycle arrest by binding 
to human endothelial cells through integrin α3/β1. This early G1 cell cycle arrest during 
cellular injury may serve as a biomarker for predicting acute kidney injury in vivo [10]. In 
renal tissue, MMP-2 expression varies depending on its localization along the nephron. 
For example, MMP-2 and TIMP-2 are highly expressed in epithelial, mesangial, and prox-
imal tubular cells. Their expression is also detected near the tubular basement membrane 
and within the interstitial tissue [11]. There is limited data regarding the correlation be-
tween various kidney diseases and changes in activity and/or the immunoexpression of 
MMP-2 and/or TIMP-2; however, Rysz et al. have correlated decreased levels of both 
MMP-2 and TIMP-2 with diabetic nephropathy [12]. Early diabetic nephropathy was 
proven to be associated with an increase in TIMP-2 immunoexpression, together with a 
decrease in MMP-2 immunoexpression [13]. Moreover, a deficiency in TIMP-2 activity 
was related to hypertension and renovascular remodeling [3,9], whereas MMP-2 overex-
pression and increased activity have been correlated with renal interstitial fibrosis [14], 
CKD, tubular atrophy or fibrosis [15], acute kidney injury [16], lupus nephritis, and glo-
merulosclerosis [14]. Some authors have reported that several kidney diseases are associ-
ated with an imbalance in the MMP-2/TIMP-2 ratio, including diabetic nephropathy [13], 
renal cell carcinoma [17,18], and obstructive nephropathy [7,19]. 

Chronic kidney disease results from persistent renal parenchymal damage or loss. 
The irreversible decrease in the number of functioning nephrons leads to a gradual ina-
bility of the kidneys to maintain homeostasis over weeks to years. The rate of such pro-
gression varies according to the underlying pathology. The progression of CKD is driven 
more by secondary maladaptive hemodynamic and metabolic changes than by the under-
lying disease itself [20]. 

In cases of worsening kidney function, a renal biopsy is performed to assess the cur-
rent state of renal tissue, as many diseases affect glomerular morphology. These include 
focal segmental glomerulosclerosis, an extensive loss of renal mass, diabetes, oligome-
ganephronia, reflux nephropathy, obesity, sleep apnea, and unilateral renal agenesis [21]. 

Our study aimed to assess differences in kidney morphometric parameters, as well 
as the immunoexpression of MMP-2 and TIMP-2, in kidney biopsies depending on the 
degree of fibrosis. 
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2. Materials and Methods 
2.1. Biopsies Protocols 

All patients (n = 44) enrolled in this research provided written informed consent prior 
to participation. The study was conducted in accordance with the Declaration of Helsinki 
and the Declaration of Istanbul, and the protocol was approved by the Ethics Committee 
of Pomeranian Medical University, Szczecin, Poland, under the study protocol—KB-
0012/23/18 (05FEB2018). In the current research, we analyzed 44 biopsies from kidney 
transplant recipients (n = 44), in 22 of which the fibrosis was confirmed (n = 22), while the 
remaining 22 showed no histological evidence of fibrosis. The inclusion criteria were: for-
mal consent, time since kidney transplantation (at least 12 months), and at least a dual 
immunosuppression consisting of mycophenolate mofetil or mycophenolate sodium com-
bined with a calcineurin inhibitor. The exclusion criteria were: no formal consent, kidney 
transplantation in time shorter than 12 months, and an immunosuppression regimen 
based on mTOR inhibitors. The characteristics of the patients are included in Table 1. The 
biopsies were performed for clinical indications, such as proteinuria or rising serum cre-
atinine. The study group was divided into subgroups, the control and the fibrotic, based 
on the presence or absence of chronic changes on the kidney biopsy assessed under a mi-
croscope by a pathologist. 

Table 1. Characteristics of patients presented as median value (Me), minimum (Min), and maximum 
value (Max). 

 n Me Min Max 
Time from Tx (months) 44 69 12 182 

Age (years) 44 42 24 71 
eGFR on last visit (mL/min/1.73m2) 44 36 15 89 

Protein in urine (mg/dL) 44 0 0 865.7 
Time of dialysis before Tx (months) 44 15 6 102 

CIT (min) 44 1260 72 2100 
PRA (%) 44 3 0 56 

ZENITH eGFR (mL/min/1.73m2) 44 31.0 98.0 118.0 
Cause of Renal Failure 

Chronic glomerulonephritis 14 

 

Diabetes 7 
Unknown 7 

Autosomal dominant polycystic kidney disease 6 
Inflammatory diseases 4 

Hypertension 3 
Other 4 
SEX  Female: 21 Male: 23 

Tx—renal transplantation; ZENITH eGFR—highest estimated glomerular filtration rate in the first 
6 months after Tx. 

2.2. Histological Analysis 

Human kidney biopsies were fixed in 4% buffered formaldehyde, dehydrated in a 
graded series of ethyl alcohol and xylene, and then embedded in paraffin. Next, paraffin 
blocks containing renal tissue were cut into 3 µm thick sections. For staining using stand-
ard methods, the sections were deparaffinized in xylene, then rehydrated with the use of 
a graded ethyl alcohol series. Achieved sections were stained with four different staining 
methods: hematoxylin and eosin (H&E) to visualize the general structure and architecture 
of the tissue (Figure 1), orcein to observe the elastic fibers, and Masson Trichrome and 
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Sirius Red to visualize collagen fibers (Figure 2). All histochemical reactions were per-
formed according to the manufacturer’s protocols. 

 

Figure 1. Representative picture of the H&E staining in the control group (A1; objective magnifica-
tion ×20, A2: objective magnification ×40) and fibrotic group (B1: objective magnification ×10, B2: 
objective magnification ×40) under the light microscope.  

 

Figure 2. Representative picture of the Picro Sirius Red staining (A1,A2) in the fibrotic group (A1, 
objective magnification ×20) and in the control group (A2: objective magnification ×15.8), and the 
Masson Trichrome staining (B1,B2) in the fibrotic group (B1: objective magnification ×20), and in 
the control group (B2: objective magnification ×15.8) ) under a light microscope. 

The slides were scanned using the 3DHISTECH Pannoramic MIDI II Scanner (Sys-
mex Polska Sp. z o.o., Warsaw, Poland). The resulting digital images of the sections were 
analyzed using Pattern Quant software v 2.3 (3DHISTECH Kft., Budapest, Hungary). 

2.3. Morphometry 

The diameter of the renal corpuscle and the glomerulus was measured on the H&E 
sections using the ruler tool in the Slide Viewer application software v 2.5 (Slide Viewer, 
3D Histech, Budapest, Hungary). In each group, more than 150 measurements were taken 
for each tested variable. The width of the urinary space (*) was calculated as the difference 
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between the renal corpuscle diameter (A) and the glomerular diameter (B). The height of 
the epithelial lining of proximal (C) and distal (D) convoluted tubules was measured on 
the H&E sections using the ruler tool. All measurements were recorded in millimeters 
under 40× objective magnification. Glomerular diameter measurements are illustrated in 
Figure 3. 

 

Figure 3. Representative picture of the morphometric method with the use of the Slide Viewer (un-
der 40× objective magnification). The asterisk (*) represents a urinary space width. 

2.4. Immunohistochemical Analysis 

To detect the expression of MMP-2 and TIMP-2, the following antibodies were ap-
plied: mouse monoclonal anti-TIMP-2 at 1:250 (sc-53630; Santa Cruz Biotechnology, Inc., 
Santa Cruz, CA, USA) and mouse anti-TIMP-2 at 1:250 (sc-21735; Santa Cruz Biotechnol-
ogy, Inc., Santa Cruz, CA, USA). All antibodies were diluted with Diluent (Agilent Dako 
EnVision, Hovedstaden, Denmark). Slides were deparaffinized in three changes of xylene 
and rehydrated in a graded series of ethanol and distilled water. For antigen retrieval, the 
slides were immersed in a 0.01 M citrate buffer at pH 6.0 and subjected to microwave 
heating for 10 min. Endogenous peroxidases were inhibited through incubation with the 
use of Dual Endogenous Enzyme Block (Agilent Dako EnVision, Hovedstaden, Denmark) 
for 10 min. Then, sections were incubated with the above antibodies for 30 min at room 
temperature. Afterwards, sections underwent a 30-min incubation with labeled polymer 
(Labeled Polymer HRP; Agilent Dako EnVision, Hovedstaden, Denmark), followed by a 
10-min incubation with a substrate–chromogen complex containing 3,3′-diaminobenzi-
dine (Agilent Dako EnVision, Hovedstaden, Denmark), resulting in the formation of a 
brown precipitate at the antigen site. Negative controls were prepared by excluding the 
primary antibodies. After counterstaining with hematoxylin (Sigma-Aldrich, Poznań, Po-
land), the specimens were mounted with a mounting medium. Before each incubation, 
sections were washed twice in PBS for five minutes, followed by a five-minute TBS rinse. 
Each incubation was carried out in a humid chamber at room temperature. Staining pro-
cedures were conducted according to the manufacturer’s instructions. Representative im-
ages of MMP-2 and TIMP-2 in the control and fibrotic groups are shown in Figure 4. 
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Figure 4. Representative picture of the randomly chosen area of immunoexpression for MMP-2 in 
the control group (A1) and the fibrotic group (A2), and the immunoexpression for TIMP-2 in the 
control group (B1) and the fibrotic group (B2). Light microscope under 40× objective magnification. 

Upon the completion of the reaction, the slides were assessed under a microscope 
and with LAS software version 4.4 (Leica DM500B, Wetzlar, Germany). To investigate the 
renal expression of MMP-2 and TIMP-2, all samples were analyzed using Cell Quant soft-
ware version 2.3 (3DHistech Kft., Budapest, Hungary), which detected four levels of stain-
ing intensity and generated area and object intensity measurements of IHC products (Fig-
ure 5). The levels of staining were classified based on the intensity of staining. Staining 
intensity was categorized as follows: blue, negative (−); red, weak (+); green, strong (++); 
yellow, very strong (+++). A total area of 40,199.66 mm2 and 32,279.42 mm2 of renal tissue 
was analyzed for MMP-2 and TIMP-2 immunohistochemical expression, respectively. 

 

Figure 5. Representative picture of the randomly chosen area of four visible strengths of immuno-
expression of the analyzed enzymes. Cell Quant creates a map and marks each observation based 
on the strength of the immunostaining of the protein: blue indicates negative expression (−); red 
indicates weak expression (+); green indicates strong expression (++); and yellow indicates very 
strong expression (+++). Objective magnification as follows: (A1): ×43; (A2): ×10.7; (A3): ×15.7; (A4): 
×55. 
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2.5. Statistical Analysis 
All analyses were performed in Stata 18. Continuous data were presented as medians 

(Me) with interquartile ranges (IQR), since the Shapiro–Wilk test indicated that most re-
sults were not normally distributed. Therefore, the Mann–Whitney U test and the Krus-
kal–Wallis test were applied to assess statistical significance. To evaluate whether there is 
any correlation between the results, Spearman’s rank correlation test was applied. Statis-
tical significance was set at p < 0.05. 

3. Results 
3.1. Morphometry 

Renal Corpuscle, Glomerulus, Urinary Space 

A total of 150 measurements for each parameter, which are the renal corpuscle diam-
eter (A), glomerulus diameter (B), and height of the epithelial lining of the proximal (C) 
and distal (D) convoluted tubules, were taken in both the control and fibrotic groups. De-
tailed results and correlations between variables are shown in Table 2. 

Table 2. The impact of renal fibrosis on the diameter of the renal corpuscle (A), the diameter of the 
glomerulus (B), the width of the urinary space (*), and the height of the epithelial lining of the prox-
imal (C) and distal (D) convoluted tubules. Data presented as medians and IQRs, including p-value 
for the Kruskal–Wallis test and correlation evaluated using the Spearman test. All measurement 
results are presented in mm. 

Variable 
Control  
(n = 22) 

Fibrosis  
(n = 22) 

Renal corpuscle (A) 
122.1 * # 

(100.8; 142) 
165.45 & @ 

(140.3; 191.9) 

Glomerulus (B) 110.7 * 
(87.8; 126) 

115.95 @ $ 
(86.6; 134.7) 

Urinary space (*) 11.7 # 
(7.7; 16.5) 

47.95 & $ 
(30.4; 69.9) 

Proximal convoluted tubule (C) 
13.2 

(11.7; 15.1) 
12.5 

(11.1; 14.6) 

Distal convoluted tubule (D) 
8.4 

(7.4; 9.4) 
6.4 

(5.6; 7.4) 
Correlation between tested variable with value of * = 0.952; # = 0.192; & = 0.354; @ = 0.69; $ = −0.28. 

The total positive immunoexpression area for MMP-2 was lower in the fibrotic group 
than in the control group, and a similar trend was observed for TIMP-2. The MMP-
2/TIMP-2 ratio was 0.51 in the control group and 0.78 in the fibrotic group (Table 3). 

Table 3. The positive immunoexpression areas for MMP-2 and TIMP-2, with the MMP-2/TIMP-2 
ratio in the control and the fibrotic group. 

Variable Control (n = 22) Fibrosis (n = 22) 
MMP-2 (mm2) 1753.59 1321.08 
TIMP-2 (mm2) 3382.8 1685.2 

MMP-2/TIMP-2 ratio 0.51 0.784 

We observed that the area of strong positive immunoexpression (++) for MMP-2 is 
significantly higher in the control group when compared with fibrotic grafts (Table 4). 

The correlation analysis revealed that, in the control group, the weak positive immu-
noexpression (+) of MMP-2 was associated with both strong positive (++) and negative (−) 



Biomedicines 2026, 14, 524 8 of 14 
 

https://doi.org/10.3390/biomedicines14030524 

immunoexpression. In the fibrotic group, weak positive (+) expression correlated with 
strong (++), very strong (+++), and negative (−) expression, while strong positive (++) ex-
pression was associated with very strong (+++) and negative (−) expression. Furthermore, 
very strong positive (+++) expression correlated with negative (−) expression (Table 4). 

Table 4. The immunoexpression for MMP-2 is expressed in mm2 and the percentage of the ana-
lyzed area in the control and the fibrotic group. Data presented as medians and IQRs (where Q3 is 
the upper quartile, and Q1 is the lower quartile), including p-value for the Kruskal–Wallis test and 
correlation evaluated using the Spearman test. 

Variable 
Control 
(n = 22) 

Fibrosis 
(n = 22) p-Value  

(Kruskal–Wallis) 
Median Q1 Q3 Median Q1 Q3 

+ (mm2/%) 61.35/44.82 * # 1.38/25.49 253/61.74 42.68/33.27 & @ $ 0.043/26.06 122.55/41.48 0.27 
++ (mm2/%) 20.65/12.09 * 0.28/3.04 40.6/20.08 1.71/8.35 & ^ ~ 0.04/0.002 22.68/13.1 0.02 

+++ (mm2/%) 0.18/0.25 0.001/0.01 0.35/0.67 0.008/0.41 @ ^ ! 0.002/0.01 0.45/3.47 0.47 
− (mm2/%) 364.85/42.17 # 285.7/25.42 1040/53.99 306.1/55.24 $ ~ ! 51.75/42.61 648.2/67.8 0.2 

(−): negative expression; (+): weak expression; (++): strong expression; (+++): very strong expression. 
Correlation between tested variable with value of * = 0.6; # = 0.71; & = 0.9; @ = 0.68; $ = 0.66; ^ = 0.88; 
~ = 0.78; ! = 0.57. 

The strong positive immunoexpression (++) for TIMP-2 in the control group was sig-
nificantly higher when compared with the fibrotic group (Table 5). 

Table 5. The immunoexpression for TIMP-2 expressed in mm2 and the percentage of analyzed area 
in the control and the fibrotic group. Data presented as medians and IQRs (where Q3 is the upper 
quartile, and Q1 is the lower quartile), including p-value for the Kruskal–Wallis test and correlation 
evaluated using the Spearman test. 

Variable 
Control 
(n = 22) 

Fibrosis 
(n = 22) p-Value  

(Kruskal–Wallis) 
Median Q1 Q3 Median Q1 Q3 

+ (mm2/%) 346.4/28.5 * 54.5/19.67 488.4/32.17 173.2/28.54 88.2/24.68 318.3/30.68 0.41 
++ (mm2/%) 222.1/23.32 * # 111.6/20.97 424.5/25.9 96.95/20.95 75.9/16.46 145.7/22.75 0.01 

+++ (mm2/%) 128.4/11.08 # 18.8/8.94 150.5/13.62 38.41/9.65 25.4/7.71 111.55/16.01 0.19 
− (mm2/%) 482/35.94 82/31.07 908/38.34 124.45/39.19 98.2/32.78 338.85/41.4 0.25 

(−): negative expression; (+): weak expression; (++): strong expression; (+++): very strong expression. 
Correlation between the tested variable with values of * = 0.67; # = 0.53. 

As far as the correlations are concerned, in the control group, we observed that weak 
positive immunoexpression (+) correlates with strong positive immunoexpression (++), 
and strong positive immunoexpression (++) correlates with very strong positive immuno-
expression (+++) (Table 5). 

In the fibrotic group, no correlations were observed. 

4. Discussion 
Glomerular hypertrophy, reflected by an increased glomerular diameter, is associ-

ated with numerous human diseases. Therefore, our initial analysis focused on morpho-
metric parameters. The results clearly demonstrate that, in grafted kidneys with fibrosis, 
the diameter of the renal corpuscle was significantly greater compared with grafted kid-
neys without fibrotic lesions. This enlargement was accompanied by a significant expan-
sion of the urinary (Bowman’s) space, whereas the glomerular diameter itself did not in-
crease proportionally. Specifically, fibrotic biopsies exhibited a significant increase in uri-
nary space compared with the control tissue. 
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Spearman’s correlation analysis in control kidneys revealed a very strong positive 
correlation between the diameters of the renal corpuscle and the glomerulus, but only a 
very weak correlation between the renal corpuscle and the urinary space. A similar pat-
tern was observed in fibrotic biopsies; however, the strength of the correlation was mod-
erate rather than strong. Interestingly, a weak negative correlation between the glomeru-
lar diameter and urinary space was identified exclusively in the fibrotic group. 

The association between enlarged Bowman’s space and glomerular hyperfiltration 
suggests that the dilation of the Bowman’s space may result from an increased hydrostatic 
pressure gradient across the glomerular capillaries. According to the literature, such dila-
tion may reduce the urinary space pressure, thereby permitting the maintenance of a high 
transcapillary hydrostatic pressure gradient [22]. We have met some difficulties with the 
available literature on our current topic. There is very limited data describing the mor-
phometrical parameters in grafted human kidneys with and without fibrosis. For exam-
ple, Tobar et al. [22] have noticed a significant enlargement of the glomerulus area and 
glomerulus volume, as well as a significant increase in the Bowman’s space and volume 
in obese patients, in contrast to the control group. Nevertheless, similar results were pre-
sented by Kotyk et al.; however, this was in rats only, not humans [21]. 

Further current analysis revealed that the height of the epithelial lining of both the 
proximal convoluted tubule and the distal convoluted tubule was significantly lowered 
in fibrotic kidneys when compared with the control biopsies. Similarly, Tabor et al. [22] 
observed this in obese patients. In this case, the results would be consistent with our find-
ings in this area. Taking into account the enlargement of the renal corpuscle and the uri-
nary space, the fact that the proximal tubular lumen volume is also increased suggests 
that the Bowman’s space dilation was insufficient to normalize the Bowman’s space pres-
sure and that the increased pressure was transmitted distally [22]. In addition to the dam-
age induced by this growth-related mechanical stress, the increase in the Bowman’s space 
pressure may directly affect glomerular epithelial cells, and this is probably the explana-
tion for the results that we have achieved. 

Despite increasing interest in extracellular matrix remodeling, the immunoexpres-
sion of MMP-2 and TIMP-2 in human kidney biopsies remains insufficiently character-
ized. Most available studies focus on urinary or serological markers, or on mRNA expres-
sion levels, without accounting for potential posttranslational modifications, including 
gene silencing or downregulation, which may substantially influence protein activity. 

In contrast, detailed immunohistochemical analysis allows for the direct assessment 
of protein localization and distribution within renal tissue compartments, providing more 
precise insight into tissue conditions and pathological remodeling. Our current approach 
offers a more specific evaluation by incorporating both quantitative and qualitative as-
sessments of staining patterns. 

Therefore, this study aimed to determine whether the immunolocalization and im-
munoexpression of MMP-2 and TIMP-2 differ significantly in grafted kidneys depending 
on the presence or absence of fibrosis. To address this objective, we analyzed the immu-
noexpression of MMP-2 in renal biopsy specimens. 

Our results demonstrated that the immunohistochemically positive area for MMP-2 
was significantly smaller in fibrotic kidneys compared with control biopsies. Conversely, 
the immunohistochemically negative area for MMP-2 was significantly larger in the con-
trol group than in fibrotic kidneys. Overall, these findings suggest that fibrotic kidneys 
exhibit a reduced sensitivity to immunohistochemical staining for MMP-2. Our findings, 
however, are in contrast to Yan et al. [23]. On the other hand, it has been shown that MMP-
2 immunoexpression tended to decrease, along with the increase in the pathological grade 
of interstitial fibrosis or tubular atrophy. For instance, Mengel et al. have observed in pa-
tients suffering from renal fibrosis a significantly lower expression of mRNA for MMP-2 
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compared to controls [24]. According to the available data, in the early stage of kidney 
fibrosis, MMP-2 promotes ECM production, thus accelerating the development of kidney 
fibrosis. In the advanced stage, MMP-2 activity decreases, leading to reduced ECM deg-
radation and making it difficult to alleviate kidney fibrosis [24]. The mechanisms under-
lying the decrease in MMP-2 activity in advanced stages of fibrosis remain unclear and 
require further investigation. One possible explanation is the presence of hypoxia and al-
tered endocytic processes, which may influence the expression and activity of the regula-
tory molecules involved in MMP-2 activation. These changes could disrupt the balance 
between matrix synthesis and degradation, thereby contributing to fibrosis progression. 

In the present study, we observed an increased MMP-2/TIMP-2 ratio in the fibrotic 
group compared with the control group. The detailed analysis indicated that this altera-
tion was primarily attributable to differences in the relative distribution of TIMP-2-posi-
tive areas within the renal tissue compared with MMP-2-positive areas. Notably, the over-
all immunoexpression of both markers was reduced in fibrotic kidneys, with an approxi-
mate 50% decrease in TIMP-2 and a 25% decrease in MMP-2 compared with controls. 

The comparatively smaller reduction in MMP-2 expression suggests a relatively di-
minished inhibition, which may facilitate enhanced extracellular matrix remodeling dur-
ing fibrosis progression. This imbalance between MMP-2 and TIMP-2 may therefore con-
tribute to the dysregulated ECM turnover characteristics of fibrotic kidney tissue. Our re-
sult is consistent with the available literature, suggesting an imbalance in MMP/TIMP in 
chronic kidney disease, where the dominance of the activity of MMP-2 over TIMP is asso-
ciated with the progression of fibrosis [25]. 

Furthermore, we have analyzed the immunopositive areas of renal biopsies in terms 
of the intensity of the positive reaction. We have observed that the area of strong positive 
immunoexpression (++) for MMP-2 was significantly higher in the control group com-
pared to grafted kidneys with fibrosis. Additionally, while assessing the potential corre-
lation between tested variables, it was found that, in the control group, a weak positive 
reaction (+) of MMP-2 was indeed positively correlated with a strong positive immunoex-
pression, as well as with a negative immunoexpression (−). This partly goes against the 
results of Wong et al. [26], who observed that all kidney biopsies had the same level of 
staining in the tubular epithelium, without any significant difference between the control 
group and patients with chronic humoral rejection. In contrast, distinctive staining pat-
terns were observed in the glomeruli, indicating a different distribution of MMP-2 [26]. 
Another interesting study conducted on patients suffering from progressive tubulointer-
stitial fibrosis, with stages three and four, showed that the median urinary MMP-2/creat-
inine ratio was significantly higher than that in the controls [27]. 

For a deeper analysis, we have checked whether our current results in terms of im-
munoexpression for MMP-2 have any correlation with each other. Indeed, we have ob-
served in the fibrotic group a correlation between weak positive (+) and strong positive 
(++) as well as very strong positive (+++), and negative immunoexpression (−). Moreover, 
strong positive immunoexpression (++) has been found to correlate with very strong pos-
itive (+++) and with negative (−) immunoexpression. What is more, very strong positive 
immunoexpression (+++) was correlated with negative immunoexpression (−). These find-
ings, however interesting, are hard to discuss due to the lack of appropriate literature. 
Nevertheless, it might be a consequence of very complex changes that occur in the ECM 
in fibrotic tissue. 

Further current analysis was also conducted regarding the immunostaining intensity 
of the renal biopsies for TIMP-2, since MMPs and TIMPs play a central role in maintaining 
the homeostasis, remodeling, and accumulation of the ECM [28]. Commonly, the scientific 
literature focuses on serum creatinine while assessing the condition of the kidneys, both 
native and grafted. This parameter is indeed crucial in the diagnosis of kidney failure; 
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however, it is unfortunately not an optimal biomarker for the timely evaluation of renal 
damage due to its certain latency in increasing after the occurrence of kidney damage. 
Therefore, preventive measures may not have a sufficient effect, since the damage has 
already occurred, and it is irreversible [29]. 

We have currently noticed that the strong positive immunoexpression (++) for TIMP-
2 in the control group was significantly higher when compared with the fibrotic group. 
This stands in contrast to Schanz et al. [29]. One of the possible explanations for this dis-
crepancy may be the fact that TIMP-2 biology is complex. On the one hand, TIMPs are 
inhibitors of MMPs; on the other hand, they contribute to the activation of MMP-2 via the 
MT1-MMP. Hence, fluctuations in TIMPs do not always correlate with an increase in fi-
brosis [10]. For a broader analysis of the topic, we assessed the correlations between the 
immunoexpressions of TIMP-2. In the control group, we have indeed revealed that a weak 
positive immunoexpression (+) correlates with a strong positive immunoexpression (++), 
and strong positive immunoexpression (++) correlates with very strong positive immuno-
expression (+++). Interestingly, within the fibrotic group, no correlations between the 
tested variables were found. Unfortunately, as already mentioned, the findings on TIMP-
2 expression in human kidney biopsies of renal disease are scarce in terms of data. It seems 
that the results vary depending on the model of the research, the stage of a certain kidney 
disease, and the technique that has been applied to assess the results. 

This study is not free from limitations. First, it is a single-center investigation with 
relatively small sample sizes, which may limit the generalizability of the findings. Alt-
hough larger cohorts would increase statistical power and reliability, it should be empha-
sized that our material consists of human graft tissue, which is rare and inherently limited 
in availability. 

Another limitation is the absence of complementary analyses of gene and protein ex-
pression for key fibrosis-related markers. A more comprehensive evaluation would in-
clude an assessment of profibrotic mediators such as TGF-β1, IL-4, IL-13, TNF-α, MCP-1, 
IL-6, and IL-8, as well as altered collagen deposition within the tissue and relevant circu-
lating biomarkers. The inclusion of these parameters would provide a broader mechanis-
tic understanding of extracellular matrix remodeling in graft fibrosis. 

Nevertheless, we consider this study preliminary. Further investigations involving 
larger, multicenter cohorts and more advanced molecular analyses, including gene ex-
pression profiling and quantitative protein assays, are warranted to expand upon our 
findings. 

5. Conclusions 
The remodeling of the extracellular matrix is more prominent in the fibrotic renal 

graft in comparison to the control tissue, since the MMP-2/TIMP-2 ratio is higher in the 
fibrotic renal grafts when compared to the control group. It seems that the MMP-2/TIMP-
2 ratio, together with functional parameters, is a good indicator that reflects clinical alter-
ations. Moreover, this parameter correlates with our morphometrical studies. 

Modern and standardized methods based on digital analysis undoubtedly appear to 
be a milestone in modern histopathology. 

Author Contributions: Conceptualization, A.W. and D.S.-K.; methodology, E.K. and M.O.-B.; soft-
ware, D.S.-K.; validation, A.W.; formal analysis, D.S.-K.; investigation, D.S.-K.; resources, D.S.-K.; 
data curation, D.S.-K.; writing—original draft preparation, D.S.-K.; writing—review and editing, 
D.S.-K. and A.W.; visualization, D.S.-K.; supervision, A.W.; project administration, D.S.-K. and A.W. 
All authors have read and agreed to the published version of the manuscript. 

Funding: This research received no external funding. 



Biomedicines 2026, 14, 524 12 of 14 
 

https://doi.org/10.3390/biomedicines14030524 

Institutional Review Board Statement: The study was conducted in accordance with the Declara-
tion of Helsinki and approved by the Ethics Committee of Pomeranian Medical University, Szczecin, 
Poland, under the study protocol—KB-0012/23/18 (5 February 2018). 

Informed Consent Statement: Informed consent was obtained from all subjects involved in the 
study. 

Data Availability Statement: The original contributions presented in this study are included in the 
article. Further inquiries can be directed to the corresponding author. 

Acknowledgments: During the preparation of this manuscript, the authors used ChatGPT-5, ver-
sion 5.2, for the purposes of searching the available literature on the topic included in the current 
study. The software was additionally used for English language correction. The authors have re-
viewed and edited the output and take full responsibility for the content of this publication. 

Conflicts of Interest: The authors declare no conflicts of interest. 

Abbreviations 
The following abbreviations are used in this manuscript: 

CKD  Chronic kidney disease 
ECM  Extracellular matrix  
MMPs  Metalloproteinases 
TIMPs  Tissue inhibitors for MMPs 
H&E  Hematoxylin and eosin  
IQR  Interquartile range 

References 
1. Zhou, D.; Liu, Y. Understanding the mechanisms of kidney fibrosis. Nat. Rev. Nephrol. 2016, 12, 68–70. 

https://doi.org/10.1038/nrneph.2015.215. 
2. Sun, Y.B.Y.; Qu, X.; Caruana, G.; Li, J. The origin of renal fibroblasts/myofibroblasts and the signals that trigger fibrosis. Differ-

entiation 2016, 92, 102–107. https://doi.org/10.1016/j.diff.2016.05.008. 
3. Soliman, A.; Sadek, K.; Thabet, K.; Ahmed, D.; Mohamed, O. The role of matrix metalloproteinases 2 in atherosclerosis of pa-

tients with chronic kidney disease in type 2 diabetes. Saudi J. Kidney Dis. Transplant. 2019, 30, 387. https://doi.org/10.4103/1319-
2442.256846. 

4. Nikolov, A.; Popovski, N. Role of Gelatinases MMP-2 and MMP-9 in Healthy and Complicated Pregnancy and Their Future 
Potential as Preeclampsia Biomarkers. Diagnostics 2021, 11, 480. https://doi.org/10.3390/diagnostics11030480. 

5. Cabral-Pacheco, G.A.; Garza-Veloz, I.; Castruita-De la Rosa, C.; Ramirez-Acuña, J.M.; Perez-Romero, B.A.; Guerrero-Rodriguez, 
J.F.; Martinez-Avila, N.; Martinez-Fierro, M.L. The Roles of Matrix Metalloproteinases and Their Inhibitors in Human Diseases. 
Int. J. Mol. Sci. 2020, 21, 9739. https://doi.org/10.3390/ijms21249739. 

6. Nagase, H.; Visse, R.; Murphy, G. Structure and function of matrix metalloproteinases and TIMPs. Cardiovasc. Res. 2006, 69, 562–
573. https://doi.org/10.1016/j.cardiores.2005.12.002. 

7. Zakiyanov, O.; Kalousová, M.; Zima, T.; Tesař, V. Matrix Metalloproteinases in Renal Diseases: A Critical Appraisal. Kidney 
Blood Press. Res. 2019, 44, 298–330. https://doi.org/10.1159/000499876. 

8. Ohnishi, J.; Ohnishi, E.; Shibuya, H.; Takahashi, T. Functions for proteinases in the ovulatory process. Biochim. Biophys. Acta 
(BBA) Proteins Proteom. 2005, 1751, 95–109. https://doi.org/10.1016/J.BBAPAP.2005.05.002. 

9. Pushpakumar, S.; Kundu, S.; Pryor, T.; Givvimani, S.; Lederer, E.; Tyagi, S.C.; Sen, U. Angiotensin-II induced hypertension and 
renovascular remodelling in tissue inhibitor of metalloproteinase 2 knockout mice. J. Hypertens. 2013, 31, 2270–2281. 
https://doi.org/10.1097/HJH.0b013e3283649b33. 

10. Costanzo, L.; Soto, B.; Meier, R.; Geraghty, P. The Biology and Function of Tissue Inhibitor of Metalloproteinase 2 in the Lungs. 
Pulm. Med. 2022, 2022, 3632764. https://doi.org/10.1155/2022/3632764. 

11. Lenz, O.; Elliot, S.J.; Stetler-Stevenson, G.W. Matrix Metalloproteinases in Renal Development and Disease. J. Am. Soc. Nephrol. 
2000, 11, 574–581. https://doi.org/10.1681/ASN.V113574. 



Biomedicines 2026, 14, 524 13 of 14 
 

https://doi.org/10.3390/biomedicines14030524 

12. Rysz, J.; Banach, M.; Stolarek, R.A.; Pasnik, J.; Cialkowska-Rysz, A.; Koktysz, R.; Piechota, M.; Baj, Z. Serum matrix metallopro-
teinases MMP-2 and MMP-9 and metalloproteinase tissue inhibitors TIMP-1 and TIMP-2 in diabetic nephropathy. J. Nephrol. 
2007, 20, 444–452. 

13. Han, S.Y.; Jee, Y.H.; Han, K.H.; Kang, Y.S.; Kim, H.K.; Han, J.Y.; Kim, Y.S.; Cha, D.R. An imbalance between matrix metallopro-
teinase-2 and tissue inhibitor of matrix metalloproteinase-2 contributes to the development of early diabetic nephropathy. Neph-
rol. Dial. Transplant. 2006, 21, 2406–2416. https://doi.org/10.1093/ndt/gfl238. 

14. Du, X.; Shimizu, A.; Masuda, Y.; Kuwahara, N.; Arai, T.; Kataoka, M.; Uchiyama, M.; Kaneko, T.; Akimoto, T.; Iino, Y.; et al. 
Involvement of matrix metalloproteinase-2 in the development of renal interstitial fibrosis in mouse obstructive nephropathy. 
Lab. Investig. 2012, 92, 1149–1160. https://doi.org/10.1038/labinvest.2012.68. 

15. Cheng, S.; Pollock, A.S.; Mahimkar, R.; Olson, J.L.; Lovett, D.H.; Cheng, S.; Pollock, A.S.; Mahimkar, R.; Olson, J.L.; Lovert, D.H. 
Matrix metalloproteinase 2 and basement membrane integrity: A unifying mechanism for progressive renal injury. FASEB J. 
2006, 20, 1898–1900. https://doi.org/10.1096/fj.06-5898fje. 

16. Kunugi, S.; Shimizu, A.; Kuwahara, N.; Du, X.; Takahashi, M.; Terasaki, Y.; Fujita, E.; Mii, A.; Nagasaka, S.; Akimoto, T.; Masuda, 
Y. Inhibition of matrix metalloproteinases reduces ischemia-reperfusion acute kidney injury. Lab. Investig. 2011, 91, 170–180. 
https://doi.org/10.1038/labinvest.2010.174. 

17. Zhang, Z.G.; Liu, X.G.; Chen, G.P.; Zhang, X.R.; Guo, M.Y. Significance of MMP-2 and TIMP-2 mRNA expressions on glomer-
ular cells in the development of glomerulosclerosis. Chin. Med. Sci. J. 2004, 19, 84–88. 

18. Kallakury, B.V.; Karikehalli, S.; Haholu, A.; Sheehan, C.E.; Azumi, N.; Ross, J.S. Increased expression of matrix metalloprotein-
ases 2 and 9 and tissue inhibitors of metalloproteinases 1 and 2 correlate with poor prognostic variables in renal cell carcinoma. 
Clin. Cancer Res. 2001, 7, 3113–3119. 

19. Sharma, A.K.; Mauer, S.M.; Kim, Y.; Michael, A.F. Altered expression of matrix metalloproteinase-2, TIMP, and TIMP-2 in ob-
structive nephropathy. J. Lab. Clin. Med. 1995, 125, 754–761. 

20. Boor, P.; Sebekova, K.; Ostendorf, T.; Floege, J. Treatment targets in renal fibrosis. Nephrol. Dial. Transplant. 2007, 22, 3391–3407. 
https://doi.org/10.1093/ndt/gfm393. 

21. Kotyk, T.; Dey, N.; Ashour, A.S.; Balas-Timar, D.; Chakraborty, S.; Ashour, A.S.; Tavares, J.M.R. Measurement of glomerulus 
diameter and Bowman’s space width of renal albino rats. Comput. Methods Programs Biomed. 2016, 126, 143–153. 
https://doi.org/10.1016/j.cmpb.2015.10.023. 

22. Tobar, A.; Ori, Y.; Benchetrit, S.; Milo, G.; Herman-Edelstein, M.; Zingerman, B.; Lev, N.; Gafter, U.; Chagnac, A. Proximal 
Tubular Hypertrophy and Enlarged Glomerular and Proximal Tubular Urinary Space in Obese Subjects with Proteinuria. PLoS 
ONE 2013, 8, e75547. https://doi.org/10.1371/journal.pone.0075547. 

23. Yan, Q.; Sui, W.; Wang, B.; Zou, H.; Zou, G.; Luo, H. Expression of MMP-2 and TIMP-1 in Renal Tissue of Patients with Chronic 
Active Antibody-mediated Renal Graft Rejection. Diagn. Pathol. 2012, 7, 141. https://doi.org/10.1186/1746-1596-7-141. 

24. Mengel, M.; Bock, O.; Priess, M.; Haller, H.; Kreipe, H.; Gwinner, W. Expression of pro- and antifibrotic genes in protocol biop-
sies from renal allografts with interstitial fibrosis and tubular atrophy. Clin. Nephrol. 2008, 69, 408–416. 
https://doi.org/10.5414/CNP69408. 

25. Kobusiak-Prokopowicz, M.; Kaaz, K.; Marciniak, D.; Karolko, B.; Mysiak, A. Relationships between Circulating Matrix Metal-
loproteinases, Tissue Inhibitor TIMP-2, and Renal Function in Patients with Myocarditis. Kidney Blood Press. Res. 2021, 46, 749–
757. https://doi.org/10.1159/000519594. 

26. Wong, W.; DeVito, J.; Nguyen, H.; Sarracino, D.; Porcheray, F.; Dargon, I.; Pelle, P.D.; Collins, A.B.; Tolkoff-Rubin, N.; Smith, 
R.N.; Colvin, R. Chronic Humoral Rejection of Human Kidney Allografts Is Associated with MMP-2 Accumulation in Podocytes 
and its Release in the Urine. Am. J. Transplant. 2010, 10, 2463–2471. https://doi.org/10.1111/j.1600-6143.2010.03290.x. 

27. Bieniaś, B.; Sikora, P. Selected Metal Matrix Metalloproteinases and Tissue Inhibitors of Metalloproteinases as Potential Bi-
omarkers for Tubulointerstitial Fibrosis in Children with Unilateral Hydronephrosis. Dis. Markers 2020, 2020, 9520309. 
https://doi.org/10.1155/2020/9520309. 

  



Biomedicines 2026, 14, 524 14 of 14 
 

https://doi.org/10.3390/biomedicines14030524 

28. Ahmed, A.K.; El Nahas, A.M.; Johnson, T.S. Changes in Matrix Metalloproteinases and Their Inhibitors in Kidney Transplant 
Recipients. Exp. Clin. Transplant. 2012, 10, 332–343. https://doi.org/10.6002/ect.2012.0013. 

29. Schanz, M.; Kimmel, M.; Alscher, M.D.; Amann, K.; Daniel, C. TIMP-2 and IGFBP7 in human kidney biopsies in renal disease. 
Clin. Kidney J. 2023, 16, 1434–1446. https://doi.org/10.1093/ckj/sfad010. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to 
people or property resulting from any ideas, methods, instructions or products referred to in the content. 


