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Abstract
Background Meprin metalloproteases have been implicated in the pathology of ischemia/reperfusion (IR) induced 
kidney injury. Meprin β proteolytically processes several mediators of cell signaling pathways involved in apoptosis 
and extracellular matrix metabolism. We previously showed that meprin β cleaves osteopontin (OPN) in vitro. The 
objective of the current study was to determine how meprin β expression affects OPN and downstream mediators of 
the OPN-signaling pathway in IR-induced kidney injury.

Methods Ischemia/Reperfusion injury was induced in wild-type (WT) and meprin β knockout (βKO) mice. Blood 
samples and kidney tissues were obtained at 24 h post-IR. The levels of OPN, Caspase-3, Bcl-2, and NFκB were 
evaluated using real-time PCR, western blot, and immunohistochemical approaches. Data analysis utilized a 
combination of 2-way ANOVA and unpaired t test.

Results OPN mRNA increased in both genotypes at 24 h post-IR. Immunohistochemical staining showed 
IR-associated increases in the levels of OPN in both genotypes. Additionally, we observed higher levels of OPN in the 
lumen of proximal tubules in WT only, suggesting that meprin β contributes to enhanced release of OPN into filtrate 
and ultimately into urine. Immunohistochemical staining showed significant increases in the levels of Caspase-3 and 
NFκB in select tubules of WT only, while Bcl-2 staining intensity increased significantly in both genotypes at 24 h 
post-IR.

Conclusions These findings suggest that meprin β modulates OPN levels in IR-induced kidney injury and impacts 
apoptotic genes regulated by the OPN signaling pathway.

Clinical trial number Not applicable.
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Introduction
Meprins metalloproteinases are abundantly expressed in 
the brush-border membranes (BBM) of kidney proximal 
tubules and small intestines. Meprins are also expressed 
in leukocytes (monocytes and macrophages) [1] and in 
podocytes under certain pathological conditions. Meprin 
have been implicated in the pathophysiology of acute 
kidney injury (AKI) induced by ischemia-reperfusion 
(IR) [2, 3] and chronic kidney injury induced by diabetes 
[4, 5]. During IR-induced acute kidney injury, meprins 
are redistributed from the BBM to the cytosol and baso-
lateral compartments of proximal kidney tubules [2], 
bringing them into contact with proteins in these cell 
compartments with a role in modulating inflammation, 
apoptosis, cell survival and leukocytes infiltration [6]. 
However, the cellular and molecular mechanisms under-
lying meprin modulation of renal injury are not fully 
understood.

Meprins consist of two subunits, α and β, which com-
bine to form two protein isoforms: meprin A (α-α or α-β) 
and meprin B (β-β). Meprin B has been shown to proteo-
lytically process osteopontin (OPN) in vitro [7]. How-
ever, it’s not known if meprin β-OPN interactions impact 
the progression of kidney injury in vivo. OPN, a highly 
phosphorylated multifunctional glycophosphoprotein 
is produced by renal tubular epithelial cells, and expres-
sion is upregulated in glomerulonephritis, hypertension, 
IR-induced AKI, renal ablation, and unilateral ureteral 
obstruction [8], interstitial inflammation, and fibrosis 
[9]. In mice, OPN blockade attenuates renal injury after 
IR by inhibiting natural killer (NK) cell infiltration [10]. 
OPN mediates cell survival [11] and attenuates cell apop-
tosis [12, 13]. OPN was shown to regulate renal apoptosis 
and interstitial fibrosis in a unilateral ureteral obstruction 
chronic renal injury model [14]. Meprin β –OPN inter-
action could thus regulate kidney injury through inter-
actions with various molecules involved in the injury 
response.

The objective of the current study was to determine 
how meprin β expression impacts downstream mediators 
of the OPN signaling pathway in the kidneys of mice sub-
jected to IR-induced injury and gain insights on how pro-
teolytic processing of OPN by meprin β modulates the 
mechanisms underlying-induced kidney injury.

Materials and methods
Experimental animals
Two genotypes were used; (1) wild-type (WT) mice 
which express normal levels of both meprin A and 
meprin B, and (2) meprin β knockout (βKO) mice in 
which the meprin β gene was disrupted. The βKO mice 
are deficient in meprin B (β-β) and the heterodimeric 
form of meprin A (α-β). The WT mice were purchased 
from Charles River Laboratories (Wilmington, MA). 

Meprin βKO mice were initially obtained from the lab-
oratory of Dr. Judith Bond (Pennsylvania State Univer-
sity) and bred in the Laboratory Animal Resource Unit 
(LARU) of North Carolina A&T State University (NC 
A&T). The randomly selected mice were housed in stan-
dard cages of up to 5 mice per cage in a 12 h light:12 h 
dark cycle and provided rodent chow and water ad 
libitum.

Ischemia/Reperfusion induced kidney injury
Twelve-week-old male mice (6 WT and 5 βKO) on a 
C57BL/6 background were subjected to nephrectomy and 
IR-induced injury using surgical procedures as previously 
described [4]. In summary, the mice weighing between 
25 and 35  g were anesthetized intraperitoneally with a 
combination of Ketamine and Xylazine at 4.3  µl/g body 
weight [15, 16]. Bilateral flank incisions and renal pedicle 
dissections were performed. Nephrectomy was used to 
excise the left kidney. The renal pedicle of the right kid-
ney was clamped with a microvascular clamp (Roboz, 
Rockville, MD) for 27 min, maintaining a constant tem-
perature and ensuring proper hydration throughout the 
procedure. After the ischemia period, the clamps were 
removed, and the incisions were sutured. Mice were 
injected with 0.05 ml/g body weight pre-warmed (37 ˚C) 
saline subcutaneously previously described [2, 4]. Then, 
the mice were placed in temperature-controlled cages for 
recovery. To manage pain, mice received Buprenorphine 
(3.5 µl/g body weight) between 8 and 12 h post-surgery. 
At 24 h post-IR, the mice were then euthanized by CO2 
asphyxiations and kidney tissues harvested for gene and 
protein expression analysis. Nephrectomized kidneys 
collected at 0 h served as controls for each mouse.

Kidney injury assessment
Blood samples were obtained by tail nicking at 0  h and 
by cardiac puncture at 24 h post-IR. The blood samples 
were processed as previously described [4] to obtain 
plasma, which were stored in aliquots at -80 ˚C until 
used to assess kidney injury. Plasma levels of neutrophil 
gelatinase-associated lipocalin (NGAL) were assayed to 
confirm kidney injury using Enzyme-linked immunosor-
bent assays (ELISA). Previous studies by our group and 
others have established that serum creatinine (SCr) is 
less sensitive as a biomarker of acute kidney injury (AKI) 
when compared to NGAL and Cystatin C, especially in 
the early phase [17–24]. The ELISA utilized commer-
cial NGAL assay kits (R&D Systems, Minneapolis, MN) 
and followed the manufacturer’s instructions. A Tecan 
Infinite 200 PRO plate reader (Tecan, Untersbergstraße, 
Austria) was used to read absorbance at nm 540 and nm 
450. GraphPad Prism 7.0 software was used for generat-
ing standard curves, extrapolating values for the ELISA 
assays, and for subsequent statistical analysis of the data.
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Processing kidney tissue
The excised kidneys were decapsulated and sectioned 
into three parts; (1) a 2 mm mid-section was processed 
for immunohistochemical analysis. This section was 
fixed in formaldehyde overnight at 4 ˚C then placed 
in 70% ethanol at 4 ˚C, before paraffin embedding, and 
sectioned onto slides. (2) a second section for protein 
extraction, was wrapped in aluminum foil, snap-frozen in 
liquid nitrogen, and stored at -80 ˚C. (3) a third section 
was processed for RNA extraction – this was placed in 
RNALater®(Invitrogen, Waltham, MA) at 4 ˚C overnight. 
The RNALater® was then aspirated and the tissues stored 
at -80 ˚C. `.

RNA extraction and cDNA synthesis
The frozen kidney tissues were thawed on ice, homog-
enized using a tissue homogenizer (Bead Mill 4 Homog-
enizer, 2016 Thermo Fisher Scientific Inc). Total RNA 
was extracted using Qiagen’s RNeasy Mini Kit, according 
to the manufacturer’s protocol. Total RNA concentration 
and purity (260/280 and 260/230) were measured on a 
NanoDrop spectrophotometer 2000 (Thermo Scientific, 
Wilmington, DE). cDNA was synthesized by reverse-
transcriptase using High-Capacity cDNA Reverse Tran-
scription Kit with RNase inhibitors (ThermoFisher 
Scientific, Waltham, MA). The reverse transcription pro-
cess was completed at 37 ˚C for 90 min, 85 ˚C for 3 min, 
quick chilling at 4 ˚C and synthesized cDNA was diluted 
and stored in -80 ˚C.

Real time PCR
We used OPN primers previously described [25]; for-
ward 5′- A G C C A C A A G T T T C A C A G C C A C A A G G-3′, 
reverse 5′-  C T G A G A A A T G A G C A G T T A G T A T T C C 
T G C-3′. Primers for Caspase-3, Bcl-2 and NFκB were 
designed using gene sequences in the www.ncbi.nlm.nih.
gov database and synthesized by ITDNA (Coralville, IA). 
Caspase-3 forward 5′-  G A G C T T G G A A C G G T A C G C T 
A − 3’, reverse 5′- C C G T A C C A G A G C G A G A T G A C-3′; 
Bcl-2: forward 5′- G C C T T T T T C T C C T T T G G C G G-3′, 
reverse5′- A A G A G T G A G C C C A G C AGAAC-3′; NFκB 
forward 5′-ATT TGC AAC TAT GTG GGG CCT-3′, 
reverse 5′- C T G T C A T C C G T G C T T C C A G T-3′; GAPDH 
forward 5′- G G T G A A G G T C G G T G T G A A C G-3′, reverse 
5′- C T C G C T C C T G G A A G A T G G T G-3′. Two-steps Real 
Time PCR was performed using standardized quanti-
ties of cDNA using SYBR Green QPCR Master Mix kit. 
Amplified cDNA was generated and detected using Bio-
Rad Multiplate™ 96-Well PCR Plates. Each PCR amplifi-
cation condition was set up as follows: the first step was 
50 ˚C for 2 min, 95 ˚C for 10 min followed by 40 cycles of 
a two-step amplification program (95 ˚C for 15 s and 58 
˚C for 1 min). Melting curve analysis was applied at the 
end of the amplification using the dissociation protocol 

from the Sequence Detection System to exclude contami-
nation with non-specific PCR products. Data were ana-
lyzed via 2–ΔΔCt method [26] and mRNA expressions of 
target genes were presented as fold change (FC) relative 
to the WT control samples after normalization against 
the geometric mean of mRNA expression of the house-
keeping gene GAPDH of triplicate combinations from 4 
mice per group.

Protein extraction from kidney tissues
Protein extraction utilized previously described protocols 
[6, 24, 27]. In summary, kidney tissues were thawed on 
ice and homogenized in 9 volumes of homogenization 
buffer (0.02 mM HEPES pH 7.9, 0.015 mM NaCl, 0.1 mM 
Triton-X 100, 0.01 mM SDS, 1 mM Na3VO4) with prote-
ase and phosphatase inhibitors. RIPA buffer was used to 
obtain protein lysates from sections of the kidney tissue. 
Protein concentrations were determined by the Brad-
ford protein assay method, using Bio-Rad’s protein assay 
reagent (Bio-Rad, Hercules, CA) and stored in aliquots at 
-80 ˚C until analyzed by Western blot.

Western blot analysis
Protein levels of OPN, Caspase-3, Bcl-2 and NFκB, from 
kidney lysates were evaluated using western blot analysis 
(3 mice per treatment group). Proteins were separated by 
molecular weight on 12% Sodium Dodecyl Sulfate Poly-
acrylamide (SDS-PAGE) gels using previously described 
protocols [6, 24, 27]. Proteins were then transferred to 
nitrocellulose membranes, incubated with 5% FBS to 
block non-specific binding sites, and probed with specific 
antibodies. Antibodies used were rabbit polyclonal anti-
OPN (Abcam Cat# ab8448, RRID: AB_306566) diluted 
1:1000, rabbit monoclonal anti-Caspase-3 (Cell Signaling 
Technology Cat# 9662, RRID: AB_331439) diluted 1:1000, 
mouse monoclonal anti-Bcl-2 (Cell Signaling Technol-
ogy Cat# 15071, RRID: AB_2744528) diluted 1:1000, 
and rabbit monoclonal anti- NFκB (Cell Signaling Tech-
nology Cat# 8242, RRID: AB_10859369) diluted 1:1000. 
Anti-β tubulin antibodies (Origene Cat# TA301569) 
diluted 1:5000 was used to detect tubulin as a loading 
control. Following the primary antibody incubations, the 
membranes were washed three times, for 10  min each 
in TBS-T. Secondary antibodies, either mouse or rabbit 
IgG (Bio-Rad, Hercules, CA) diluted 1:10.000 in TBS-T, 
were added onto the membranes and incubated for 1 h at 
room temperature or overnight at 4 ˚C. The membranes 
were then washed three times for 15 min each in TBS-T. 
To detect protein bands, the membranes were exposed to 
chemiluminescence substrates (Thermo Fisher Scientific, 
Waltham, MA) and exposed to X-Ray film. The X-ray film 
blots were scanned on an HP Scanjet 8300. Background 
staining was removed using Image J and the protein 
bands intensities were determined by densitometry using 

http://www.ncbi.nlm.nih.gov
http://www.ncbi.nlm.nih.gov


Page 4 of 15Ahmed et al. BMC Nephrology           (2025) 26:90 

Image Studio™ Lite Software. The optic densities (OD) 
for each protein band were normalized to the OD of the 
housekeeping β-tubulin bands to obtain the relative OD.

Immunohistological staining and microscopic analysis of 
kidney tissue
Tissue for immunohistochemical analysis were paraffin-
embedded at the Wake Forest University Pathology Lab-
oratories. For immunohistochemical staining, we used 
previously described protocols [6, 23]. Briefly, slide sec-
tions of kidney tissue were deparaffinized using xylene, 
100% ethanol, 95% ethanol, and water. Antigen unmask-
ing was done by boiling at 95 ˚C in 10 mM sodium citrate 
buffer, pH 6.0, for 10 min. To block nonspecific binding 
sites, the sections were incubated in 5% normal goat 
serum with 0.3% Triton-X-100 at room temperature for 
1  h in a humidified chamber. Primary antibodies were 
diluted in PBS buffer with 1% BSA and 0.3% Triton-X-100 
(PBS-T). The primary antibodies were applied to sections 
and incubated overnight at 4 ˚C or at room tempera-
ture for 1  h. Rabbit polyclonal anti-OPN (Abcam Cat# 
ab8448, RRID: AB_306566) diluted 1:200, rabbit mono-
clonal anti-Caspase-3 (Cell Signaling Technology Cat# 
9662, RRID: AB_331439) diluted 1:500, mouse mono-
clonal anti-Bcl-2 (Cell Signaling Technology Cat# 15071, 
RRID: AB_2744528) diluted 1:400, and rabbit monoclo-
nal anti- NFκB (Cell Signaling Technology Cat# 8242, 
RRID: AB_10859369) diluted 1:400.

For standard immunostaining, we used the Vectastain® 
Elite® ABC Universal Kit Protocol (Vector Laboratories, 
Burlingame CA) following the manufacturer’s instruc-
tions, with peroxidase substrate solution (DAB) (Vector 
Laboratories Cat# SK-4100, RRID: AB_2336382) applied 
to obtain brown staining. The sections were counter-
stained with hematoxylin (to stain the nuclei), washed 
and mounted with coverslips and left at room tempera-
ture overnight to dry.

The staining intensity of the tissue sections for the vari-
ous proteins (OPN, Caspase-3, Bcl-2, and NFκB) were 
evaluated using BZ-X700 Series all-in-one fluorescence 
(KEYENCE Corporation of America, Elmwood, NJ) and 
imaged using BZ-X700 analysis Software. Optical den-
sity (OD) was determined in ten (10) non-overlapping 
fields for tubular and ten non-overlapping fields for renal 
corpuscles at 60 X magnification from each section. The 
fields from the sections were obtained in a blinded man-
ner and quantified using 8-bit images for calibrated OD 
values and OD standard using Image J analysis Software 
(ImageJ/Fiji 1.46).

Immunofluorescence staining
To determine localization of the proteins of interest, 
we used immunofluorescence counterstaining accord-
ing to the previously described protocols [6, 21] with 

two proximal tubule markers, meprin β in WT kidney 
sections (Goat Anti Mouse Meprin β Subunit/MEP1B 
Antigen Affinity purified Polyclonal Antibody (R and 
D Systems, Cat # AF3300, RRID: AB_2143451) diluted 
1:100 and villin in βKO kidney sections (mouse mono-
clonal anti-villin antibodies, Santa Cruz Biotechnology 
Cat# sc-58897, RRID: AB_2304475) diluted 1:200 for 
1  h at room temperature. The slides sections were then 
rinsed three times in PBS for 10 min each and incubated 
in fluorophore-conjugated secondary antibodies: chicken 
polyclonal anti-goat, Alexa Fluor 488 (Invitrogen, Cat# 
A-21467, RRID: AB_141893) for meprin β; either chicken 
monoclonal anti-mouse, Alexa Fluor® 488 (Invitrogen 
Cat# A-21200, RRID: AB_2535786) or chicken polyclonal 
anti-rabbit, Alexa Fluor® 488 (Invitrogen, Cat# A21441, 
RRID: AB_2535859) for Villin; donkey monoclonal anti-
rabbit, Alexa Fluor® 647 (Abcam Cat# ab150075, RRID: 
AB_2752244) for OPN, Caspase-3 and NFκB; donkey 
polyclonal anti-mouse, Alexa Fluor® 647 (Abcam Cat# 
ab150107, RRID: AB_2890037) for Bcl-2. For reasons of 
antibody compatibility, the Bcl-2 immunostaining coun-
terstained with rabbit polyclonal anti-villin (Abcam Cat# 
ab52102, RRID: AB_883445) in WT kidney sections 
diluted 1:50. 4,6-Diamidino-2-phenylindole (DAPI) (Vec-
tor Laboratories Cat# SK-4100, RRID: AB_2336382) was 
used for nuclei staining. Prolong anti-fade reagent (Life 
Technologies, Carlsbad CA) was applied before mount-
ing the sections with coverslips. The tissue sections were 
evaluated for meprins, OPN, Caspase-3, Bcl-2, and NFκB 
expression and localization using BZ-X700 Series all-in-
one fluorescence microscope (KEYENCE Corporation of 
America, Elmwood, NJ) and imaged using BZ-X700 anal-
ysis Software. Immunofluorescence data was qualitative 
and intended to distinguish proximal tubules from distal 
tubules.

Statistical analysis
Two-way ANOVA was utilized for data analysis using 
(GraphPad 7.0 Prism Software, GraphPad, La Jolla, CA). 
Data for western blots utilized the relative optical densi-
ties (OD), relative the OD of the loading control, while 
data for immunohistochemical staining utilized the 
calibrated ODs. For mRNA expression data analysis, 
unpaired t test was utilized to perform genes expression 
analysis for each group with WT control serving as the 
baseline control. The data are presented as mean ± SEM 
of 3–4 mice per group. An equal number of animals were 
used across all groups. A statistician performed statistical 
analysis in a blind manner to ensure that the findings are 
objective and unbiased. The p values ≤ 0.05 were consid-
ered statistically significant.
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Results
Kidney injury was demonstrated by plasma NGAL lev-
els, with significant increases at 24 h post-IR in both WT 
(P ≤ 0.01) and meprin β knockout mice (P ≤ 0.01). How-
ever, the fold change was greater in WT mice when com-
pared to βKO mice (14.7 vs. 2.3 fold increase) (Fig. 1A), 
confirming that meprin β expression associates with 
enhanced kidney injury as previously reported [6, 24].

Meprin β expression was associated with increased 
expressions and shedding of osteopontin into proximal 
kidney tubules
A previous in vitro study demonstrated that meprin β is 
capable of proteolytically processing OPN [7]. To deter-
mine the impact of meprin β expression on OPN levels in 
vivo, mRNA and protein expression of OPN were evalu-
ated. Real-time PCR data showed that the mRNA levels 
for OPN increased significantly in both WT (P ≤ 0.01) 
and βKO (P ≤ 0.05) mice at 24 h post-IR (Fig. 1B). West-
ern blot analysis detected a full length OPN protein band 
at 66 kDa, with significant increases (P ≤ 0.05) in protein 
levels in WT at 24  h post-IR when compared to levels 
in control kidneys. This increase in OPN protein levels 
was not observed in the kidneys of βKO mice subjected 
to IR (Fig. 1C). Additionally, we detected a cleaved OPN 
fragment at 32 kDa, for which there were no significant 
changes in either genotype at 24 h IR post-IR (Fig. 1C). 
We used immunohistochemical staining and light 
microscopy to assess the localization of OPN in kidney 
sections and quantified the staining intensity using Image 
J. Our data showed a significant increase in the staining 
intensity of OPN in select tubules from WT (P ≤ 0.0001) 
and a modest increase in βKO (P ≤ 0.05) tubules at 24 h 
post-IR (Fig.  1D). Interestingly, the staining intensity 
for OPN in renal corpuscles significantly increased in 
both WT (P ≤ 0.001) and βKO (P ≤ 0.001) at 24 h post-IR 
(Fig. 1E). To determine whether meprin expression cor-
relates with OPN expression in mice kidney sections, we 
used fluorescent counterstaining with proximal tubule 
(PT) markers (meprin β for WT and villin for βKO 
respectively). Our data show that the increase in OPN 
occurred in both proximal (PTs) and distal tubules (DTs) 
(Fig.  1F). However, higher levels of OPN were detected 
in the lumen of PTs from WT but not βKO kidneys, sug-
gesting that meprin β is partly responsible for enhanced 
shedding and release of OPN into renal filtrate and ulti-
mately into urine as previously reported [28–30]. Taken 
together, the data suggests that IR-induces increased 
expression of OPN in proximal tubules. However, in 
meprin expressing tubules, the OPN is proteolytically 
processed and shed into the lumen to be excreted in 
urine.

Meprin β expression correlates with expression of anti- and 
pro-apoptotic genes
OPN signaling has been shown to modulate apopto-
sis [13]. We therefore assessed the levels of the apop-
tosis regulator genes cysteine-aspartic acid protease 3 
(Caspase-3), B‐cell lymphoma/leukemia 2 (Bcl-2), and 
nuclear factor kappa B (NFκB). The real-time PCR data 
demonstrated decreased Caspase-3 mRNA levels in WT 
(P ≤ 0.01) and increased expression in βKO mice at 24 h 
post-IR (Fig. 2A). Western blot analysis showed increases 
in caspase-3 protein levels; two bands (33 and 35  kDa) 
were detected with significant increase (P ≤ 0.0001) in 
33  kDa band in WT kidneys only (Fig.  2B). Increases 
in Caspase-3 protein levels were confirmed using light 
microscopy, with immunostaining intensity for Cas-
pase-3 being significantly higher in select tubules of WT 
at 24  h post-IR (P ≤ 0.0001) (Fig.  2C). In contrast, there 
was no significant change in Caspase-3 levels in βKO 
kidneys tubules or interstitial tissues at 24  h post-IR 
(Fig.  2C). Protein staining intensity of renal corpuscles 
increased significantly in both WT (P ≤ 0.0001) and βKO 
(P ≤ 0.0001) at 24  h post-IR (Fig.  2D). Counterstaining 
of Caspase-3 with meprin β showed that the increased 
expression of Caspase-3 is in both proximal and dis-
tal tubules of WT at 24 h post-IR. In contrast, the βKO 
mice showed comparable expression levels of Caspase-3 
(Fig. 2E). This increase in Caspase-3 expression in kidney 
tubules of WT, may in part correlate to meprin β expres-
sion and thus enhances tubular cell death and collectively 
the level of IR injury.

We used a similar approach to evaluate the expres-
sion of the anti-apoptotic and cell survival gene Bcl-2. 
Real-time PCR analysis showed no significant change in 
Bcl-2 mRNA levels in WT but significant increases in 
βKO kidneys (P ≤ 0.05) at 24  h post-IR, (Fig.  3A). Inter-
estingly, western blot analysis showed opposite patterns 
with a significant increase (P ≤ 0.05) in Bcl-2 protein 
levels in WT kidneys at 24  h post-IR, but not in βKO 
mice (Fig.  3B). Immunohistochemical staining coupled 
with light microscopy analysis showed that the increase 
in protein level for Bcl-2 in WT kidney tubules was not 
global, but only in select tubules (P ≤ 0.0001). For βKO 
kidneys, the levels were significantly higher (P ≤ 0.01) in 
select kidney tubules as well as interstitial cells (presumed 
to be macrophages/dendritic cells) (Fig.  3C). Staining 
intensity for Bcl-2 in renal corpuscle tissue increased 
significantly in both WT (P ≤ 0.05) and βKO (P ≤ 0.0001) 
(Fig. 3D). To assess the localization of synthesized Bcl-2 
in kidney tubules, we used immunofluorescence, coun-
terstaining with villin a proximal tubule marker in both 
genotypes [27]. Our data showed that Bcl-2 expression 
levels increased in both proximal and distal renal tubules 
for WT kidneys. In βKO kidneys, Bcl-2 levels increased 
in both renal tubules and interstitial tissues (Fig. 3C). The 
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Fig. 1 Kidney injury biomarkers and OPN expression in kidney tissue from wild type (WT) and meprin β deficient mice (βKO) at 0 h (control) and 24 h 
post-IR. Kidney injury was confirmed using ELISA to assess the level of kidney injury biomarker, NGAL which significantly increased in both genotypes at 
24 h post-IR (A). Blood samples were collected at 0 h and 24 h post-IR injury to assess the plasma levels of NGAL in 4 mice/group. Real-time-PCR analysis 
showed significant increases in OPN mRNA levels in both genotypes at 24 h post-IR (B). OPN mRNA levels are expressed as fold change (FC) relative to 
the WT control and normalized to GAPDH mRNA and each value represents the mean ± SEM of triplicate combinations from 4 mice per group. Western 
blot analysis for OPN in kidney proteins from WT and meprin βKO mice showed IR-associated increased levels of the full-length OPN (66 KDa) in WT only 
(C). The protein bands represent samples from individual kidneys (n = 3). The relative optic densities (ODs) were calculated by normalizing the ODs of OPN 
to the ODs for β-tubulin in the same sample. The full-length images of western blot are presented in supplementary figure (S1). Immunohistochemical 
staining for OPN showed significant increase in WT and meprin βKO kidney tubules (D) and renal corpuscles of WT and meprin βKO (E). OD data were 
quantified (n = 3) using Image J analysis Software (ImageJ/Fiji 1.46) and analyzed for 10 non-overlapping fields from tubular and renal corpuscle sections 
from each kidney. Images at 60× magnification and the scale bar representing 20 μm. Immunofluorescence counterstaining of OPN (red) with either 
meprin β (green) in WT mice or villin (PT marker, green) in meprin β-deficient mice showed that meprin β induced expression of OPN in PTs in kidneys 
subjected to IR (F). DAPI was used to stain the nuclei (blue). Images at 60× magnification and the scale bar representing 20 μm. Data is expressed as 
mean ± SEM with P values as indicated, P ≤ 0.05 are considered statistically significant

 



Page 7 of 15Ahmed et al. BMC Nephrology           (2025) 26:90 

Fig. 2 Caspase-3 expression in kidney tissue from WT and meprin βKO mice at 0 h and 24 h post-IR. The real-time PCR data showed that mRNA expression 
levels of Caspase-3 decreased in WT and increased in βKO mice at 24 h post-IR (A). Caspase-3 mRNA levels are expressed as fold change (FC) relative to the 
WT control and normalized to GAPDH mRNA and each value represents the mean ± SEM of triplicate combinations from 4 mice per group. Western blot 
analysis detected two bands of Caspase-3 (33 and 35 kDa) with significant increase in the Caspase-3 (33 kDa) band for WT kidneys only (B). The protein 
bands represent samples from individual kidneys (n = 3). The relative optic densities (ODs) were calculated by normalizing the ODs of Caspase-3 to the 
ODs for β-tubulin in the same sample. The full-length images of western blot are presented in supplementary figure (S2). Immunohistochemical staining 
of Caspase-3 showed significant increase in select tubules from WT kidney only (C) and renal corpuscles of both genotypes (D). OD data were quantified 
(n = 3) using Image J analysis Software (ImageJ/Fiji 1.46) and analyzed for 10 non-overlapping fields from tubular and renal corpuscle sections. Images 
at 60× magnification and the scale bar representing 20 μm. Immunofluorescence counterstaining of Caspase-3 (red) with either meprin β (green) in WT 
or villin (PT marker, green) in meprin β-deficient mice showed that Caspase-3 increased in both PTs and DTs of WT but not in meprin βKO mice (E). DAPI 
was used to stain the nuclei (blue). Images at 60× magnification and the scale bar representing 20 μm. Data is expressed as mean ± SEM with P values as 
indicated, P ≤ 0.05 are considered statistically significant
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Fig. 3 Bcl-2 expression in kidney tissue from WT and meprin βKO mice at 0 h and 24 h post-IR. The real-time PCR data showed that mRNA expression 
levels of Bcl-2 significantly increased in βKO mice only at 24 h post-IR (A). Real-time-PCR analysis showed significant increases in Bcl-2 mRNA levels in both 
genotypes at 24 h post-IR. Bcl-2 mRNA levels are expressed as fold change (FC) relative to the WT control and normalized to GAPDH mRNA and each value 
represents the mean ± SEM of triplicate combinations from 4 mice per group. Western blot analysis showed a significant increase of the Bcl-2 protein level 
in WT at 24 h post-IR but not in βKO mice (B). The protein bands of Bcl-2 detected at 26 KDa represent samples from individual kidneys (n = 3). The relative 
optic densities (ODs) were calculated by normalizing the ODs of Bcl-2 to the ODs for β-tubulin in the same sample. The full-length images of western blot 
are presented in supplementary figure (S3). Immunostaining of Bcl-2 showed significant increase in select tubules of both genotypes (C) and renal cor-
puscles (D). OD data were quantified (n = 3) using Image J analysis Software (ImageJ/Fiji 1.46) and analyzed for 10 non-overlapping fields from tubular and 
renal corpuscle sections. Images at 60× magnification and the scale bar representing 20 μm. Representative immunofluorescence staining for Bcl-2 (red) 
in WT and meprin βKO mice kidney tubules showed that levels of Bcl-2 increased in both proximal and distal tubules for WT kidneys (E). Villin (green) was 
used as a proximal tubule marker in both genotypes because of antibody incompatibility. DAPI was used to stain the nuclei (blue). Images at 60× magni-
fication and the scale bar representing 20 μm. Data is expressed as mean ± SEM with P values as indicated, P ≤ 0.05 are considered statistically significant
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increase in Bcl-2 expression in both WT and βKO kidney 
tissues suggests a partial association to meprin β expres-
sion. This leads us to conclude that meprin β has a mod-
est impact on Bcl-2 anti-apoptotic effect; therefore, other 
mediators could be involved.

We also evaluated whether meprin β expression 
impacts the levels of NFκB, a well-known pro-survival 
factor and one of the downstream targets of the OPN-
signaling pathway. The mRNA levels of NFκB increased 
significantly (P ≤ 0.0001) in the kidneys of meprin β defi-
cient mice at 24  h post-IR but no change was observed 
in WT kidneys (Fig.  4A). However, western blot analy-
sis showed no significant change in NFκB protein levels 
in either genotype (Fig.  4B), an outcome that could be 
attributed to the low sensitivity of this method. Immuno-
histochemical analysis on the other hand showed a sig-
nificant increase in protein levels for NFκB (P ≤ 0.0001) in 
select tubules of WT but not βKO kidneys subjected to IR 
when compared to control counterparts (Fig. 4C). Stain-
ing intensity for NFκB in renal corpuscle tissue increased 
significantly only in WT kidneys (P ≤ 0.01) at 24 h post-
IR (Fig. 4D). We used immunofluorescence counterstain-
ing with proximal tubule markers to determine whether 
the increase in NFκB occurs in proximal tubules (which 
express meprins) or distal tubules (which lack meprins). 
Our data showed increases in levels of NFκB in proxi-
mal tubules of WT kidneys (Fig. 4E), suggesting that this 
increase correlates to meprin β expression. Meprin β 
could thus promote the inflammatory response in kidney 
injury via OPN- NFκB signaling.

Discussion
Expression levels and localizations of meprin metallopro-
teases has been shown to be associated with IR-induced 
kidney injury [2–4, 27]. Meprins are redistributed from 
the BBM to the cytoplasm and basolateral compartments 
of proximal tubule epithelial cells in IR-induced kidney 
injury [2], allowing the enzymes to interact with proteins 
present in these cell compartments. Meprin B has been 
shown to proteolytically process osteopontin (OPN) [7, 
31] a promising candidate that has demonstrated signifi-
cance as a potential biomarker in several forms of kidney 
disease [8, 9, 32–38]. OPN is a highly phosphorylated 
multifunctional protein that plays an important role in 
kidney diseases such as IR-induced acute renal injury, 
interstitial inflammation, and fibrosis [9]. Several studies 
demonstrated that inhibiting OPN expression or activity 
can alleviate kidney injury and enhance overall kidney 
function through its multifunctional roles (e.g. enhances 
macrophage and T cells infiltration and cytokine synthe-
sis) [39, 40]. Although OPN is recognized for promoting 
inflammation and cell proliferation, it has also been 
shown to attenuate apoptosis [41, 42], a process regulated 
by key apoptotic proteins, namely Bcl-2, Bax, and 

Caspase-3. In addition, OPN promotes activation of NF-
kappaB (NFκB), a key protein that plays a vital role in 
regulating apoptosis [43, 44] and promotes apoptosis 
especially in response to cellular stress [45–47], enhanc-
ing pro-inflammatory responses that can lead to tissue 
damage, particularly in ischemia/reperfusion (IR) injury 
[40]. By promoting the expression of NFκB target genes, 
OPN can amplify inflammation and contribute to tissue 
damage [12, 14, 48], consequently regulating the apop-
totic pathway. Upon NFκB activation in response to cel-
lular stress, such as oxidative stress or tissue injury 
commonly seen in IR conditions [45–47], OPN exhibits 
an anti-apoptotic function by upregulating Bcl-2, thereby 
helping protect cells from programmed cell death [12]. 
Conversely, OPN also regulates apoptosis by influencing 
Caspase-3 activity, a critical executioner in the apoptotic 
pathway [13]. Elevated OPN levels are often associated 
with reduced Caspase-3 activation, suggesting that OPN 
may inhibit apoptosis and exert an anti-apoptotic effect 
in IR contexts [49–51]. To our knowledge, among anti-
apoptotic Bcl-2 family proteins, Bcl-2 and Bcl-xl have 
been most extensively studied in the kidney, however, no 
studies have shown the effect of meprin β-OPN interac-
tions as pro- and anti-apoptotic modulators of Caspase-3 
and Bcl-2 in IR-induced AKI. Considering the contrast-
ing roles of Bcl-2 and Caspase-3 in apoptosis regulation, 
we investigated how OPN mediates the balance between 
cell survival and death in the context of NFκB activation 
and the proteolytic processing of OPN by meprin β in 
response to IR-induced stress. Data from the present 
study shows that meprin β can regulate the expression of 
OPN and influence the downstream mediators that regu-
late pro- and anti-apoptotic genes in IR-induced kidney 
injury. Our data corroborates a previous study that 
reported increased OPN staining in distal kidney tubules 
at 24  h after reperfusion [52]. This study by Persy et al. 
[52] further showed that proximal tubules exhibited a 
delayed rise of OPN expression, with a maximum after 
five days of reperfusion. In the current study, we demon-
strate increased levels of OPN in the lumen of select 
proximal tubules of WT but not meprin βKO kidneys, 
suggesting meprin-associated release of OPN into the fil-
trate and ultimately into urine in IR-induced kidney 
injury. Release of OPN into urine was reported in previ-
ous studies of chronic kidney disease and nephritis [28–
30]. Other study demonstrated that the concentration of 
cleaved forms of OPN was higher in urine of lupus 
nephritis (LN) patients than in healthy controls [29]. We 
explored further to determine how proteolytic processing 
of OPN by meprin β could impact downstream media-
tors of OPN signaling that regulate apoptosis and cell 
survival in IR-induced kidney injury. Cell apoptosis is 
under the influence of several gene products [48] Bcl-2, 
Bax, and Caspase-3 are the most important regulatory 
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Fig. 4 NFκB expression in kidney tissue from WT and meprin βKO mice at 0 h and 24 h post-IR. The real-time PCR data showed that mRNA expression 
levels of NFκB increased significantly in the βKO at 24 h post-IR but not in WT kidneys (A). NFκB mRNA levels are expressed as fold change (FC) relative to 
the WT control and normalized to GAPDH mRNA and each value represents the mean ± SEM of triplicate combinations from 4 mice per group. Western 
blot analysis detected NFκB bands at 65 kDa (B). The protein bands represent samples from individual kidneys (n = 3). The relative optic densities (ODs) 
were calculated by normalizing the ODs of NFκB to the ODs for β-tubulin in the same sample. The full-length images of western blot are presented in 
supplementary figure (S4). Immunostaining of NFκB showed a significant increase in protein levels for NFκB in select tubules of WT but not βKO (C) and 
staining intensity for NFκB increased significantly only in WT kidneys renal corpuscles of both genotypes (D). OD data were quantified (n = 3) using Image 
J analysis Software (ImageJ/Fiji 1.46) and analyzed for 10 non-overlapping fields from tubular and renal corpuscle sections. Images at 60× magnification 
and the scale bar representing 20 μm. Immunofluorescence counterstaining of NFκB (red) with either meprin β (green) in WT or villin (PT marker, green) 
in in meprin β-deficient mice showed increases in levels of NFκB in proximal tubules of WT kidneys (E). DAPI was used to stain the nuclei (blue). Images at 
60× magnification and the scale bar representing 20 μm. Data is expressed as mean ± SEM with P values as indicated, P ≤ 0.05 are considered statistically 
significant
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proteins in cell apoptosis [41, 42]. Silencing of OPN by 
small interfering RNA decreased the Bcl-2 and increased 
Bax and Caspase-3 levels, in human renal carcinoma 
Caki-1 cells [13]. OPN-treated T cells also had increased 
expression of Bcl-2 and decreased expression of Bax sug-
gesting that OPN is anti-apoptotic [43]. Because we were 
interested in Caspase-3 as a pro-apoptotic biomarker, we 
didn’t include Bax in this study as it’s been shown to pro-
mote cell death in response to different cellular stresses 
by inducing necrotic cell death in certain cases even 
when Caspase activation is inhibited [53]. Furthermore, 
Bcl-2 prevents apoptosis by inhibiting Bax [41, 54, 55] 
and increasing cell numbers by preventing death rather 
than division rate [56], along with our findings, prompt-
ing an investigation into meprin β’s role in proliferation 
via PCNA in IR injury [57, 58]. The data indicates a sig-
nificant decrease in mRNA expression of Caspase-3, in 
WT tissues. In contrast, immunostaining showed that 
the increased Caspase-3, Bcl-2 and NFκB protein stain-
ing occurred in select tubules in the WT kidneys. It has 
been documented that the level of mRNA doesn’t neces-
sarily reflect the abundance of the encoded protein [59]. 
In the cellular stress environment induced by IR, lower 
mRNA expression level compared to the protein expres-
sion level may occur due to the fact that proteins are 
more stable than mRNAs with an average half-life of 46 h 
compared to a few hours, respectively [60], post-tran-
scriptional regulation and measurement noise [61]. 
Changes in post-transcriptional processes may lead to 
stronger deviations from an ideal correlation between 
mRNA and protein expression under highly dynamic 
phases and/or stressful conditions such IR [62]. This 
could also be due to “translation on demand”, a mecha-
nism that induces the translation of pre-existing tran-
scripts, to ensure that proteins are rapidly available in 
response to signals without having to constitutively syn-
thesize them [41]. Similar patterns have been shown by 
other studies. For example, Tian et al. reported that c-kit 
ligand protein had a 5-fold higher level in the mice ery-
throid-myeloid-lymphoid cells, but no change in mRNA 
levels [63]. Furthermore, Bcl-2 mRNA expression was 
decreased in nephrotoxic nephritis kidneys but the pro-
tein increased in some kidney tubules [64]. Another 
study using different models of kidney injury reported 
lower expression levels of Bcl-2. A high level expression 
of Bax and low level expression of Bcl-2 were observed in 
cisplatin-induced AKI on mice [65]. Also, a decrease in 
expression levels of Bcl-2 was observed in ESRD patients 
[66–68]. Thus, the difference in mRNA and protein 
expression should be further studied to determine which 
factor contributes to this inverse correlation. Our data 
showed that while Bcl-2 protein levels increased in both 
WT and meprin β knockout mice, Caspase-3 increased 
only in WT kidneys. This suggests that meprin β 

enhances kidney injury in part by regulating the apop-
totic effect of Caspase-3. The elevation in Capase-3 and 
Bcl-2 protein levels in kidney tubules may indicate that 
the two opposing mechanisms determine the fate of the 
cells as previously reported [64]. Moreover, several stud-
ies suggested a feedback loop between Bcl-2 and Cas-
pase-3. For example, Caspase-3 is known to act 
downstream of Bax/Bcl-2 and play a key role in execution 
of apoptosis [69]. Another study suggested that Bcl-2 also 
acts as a downstream death substrate of Caspases and 
that Caspases may be able to inhibit the anti-apoptotic 
effect of Bcl-2 [70]. Our data is aligned with findings 
from a previous study that demonstrated a decrease in 
total Bcl-2 mRNA and protein in nephrotoxic nephritis 
kidneys and a local increase of Bcl-2 proteins in some 
atrophic tubules. The same study indicated an increase in 
Bax transcription, translation and distribution, and the 
ratio of Bax/Bcl-2 increased and correlated with Cas-
pase-3 activity in kidney [64]. The expression levels of 
Bcl-2 remained in proximal tubules but increased in dis-
tal tubules within 24 h of reperfusion using bilateral renal 
artery occlusion and it depends on the severity of injury 
[71]. Our recent study indicated that cell apoptosis in IR 
tissues might be controlled by the balance of pro-apop-
totic and anti‐apoptotic factors as meprin β showed high 
expression levels of both Caspase-3 and Bcl-2 proteins at 
24 h post-IR [6]. NFκB activation has been shown to pro-
mote the inflammatory response in kidney injury [72], 
enhance cell proliferation and regulate cell survival [73] 
and apoptosis [43, 44]. As a cell survival and anti-apop-
totic molecule, NFκB activation has been shown to be up 
regulated by OPN in different diseases. For example, 
overexpression of OPN in the kidney correlated with 
activation of NFκB, increasing the expression of proin-
flammatory cytokines [40]. In synovial T cells, NFκB was 
activated after treatment with OPN [43]. In addition, 
OPN silencing in hepatocellular carcinoma (HCC) 
resulted in suppression of Bcl-2 expression and NFκB 
inactivation [74]. In this study we examined the effect of 
meprin β expression on OPN-upregulating NFκB in IR-
induced AKI. The data showed increased expression lev-
els of NFκB in WT proximal kidney tubules after IR, 
which may correlate to OPN high levels. These observa-
tions support previous studies which indicate activation 
of NFκB in OPN-treated T cells [43]. In another study of 
OPN-upregulation of NFκB, it was shown that OPN 
stimulates the transcriptional activity of NFκB in breast 
cancer cells. Moreover, inhibition of NFκB-DNA binding 
activity was shown to be enhanced in human gastric can-
cer cells by OPN siRNA [75]. Therefore, the increased 
level of NFκB in proximal kidney tubules may correlate to 
increase OPN level and meprin β expression. Meprin β 
modulates the pathogenesis of inflammatory disorders 
through processing of several cytokines (e.g. IL-1β, IL-6, 
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IL-18) [76–78]. For example, meprin β proteolytically 
processes IL-18 and produces active IL-18, which is 
known to activate the transcription factor, NFκB [76]. 
Another active cytokine that is produced by both meprin 
β and α, is IL-1β, which contributes to activation of NFκB 
and MAPK signaling [79]. Though earlier studies have 
reported an anti-apoptotic activity of NFκB [80, 81], to 
our knowledge no available studies implicated meprin 
interaction with OPN in NFκB anti-apoptotic activity in 
IR-induced kidney injury. The current study examined 
whether meprin β expression affects the levels of three 
modulators of apoptosis associated with the OPN-signal-
ing pathway, namely, Caspase-3, Bcl-2 and NFκB and 
provides new insights on meprin β regulation of the 
pathophysiology of IR-induced acute kidney injury. An 
interesting observation in the present study is the 
increased level of OPN in meprin expressing tubules as 
well as in the lumen of proximal tubules of WT but not 
meprin βKO kidneys, suggesting enhanced release into 
filtrate and ultimately into urine. This leads us to con-
clude that proteolytic processing of OPN by meprin β 
plays an important role in release of OPN into urine. Our 
study also shows increased level of apoptotic mediator, 
Caspase-3, and inflammatory molecule, NFκB, in proxi-
mal kidney tubules which may correlate to meprin β 
expression and/or activity. Taken together, our data 
showed that OPN correlates with meprin β expression 
and may drive apoptosis through regulation of Caspase-3. 
Meprin β’s role in IR-induced kidney injury extends 
beyond the OPN signaling pathway, involving other 
mechanisms like PKA-C [24], JAK/STAT [6], AKT/ERK 
[56, 57] pathways. Taking into account our previous find-
ings on the role of meprins in IR [6, 24, 58], together with 
the current study, we propose that the hydrolytic pro-
cessing of OPN by meprin β may modulate Bcl-2 and 
Caspase-3 levels, potentially through NFκB and these 
pathways. Our findings suggest that meprin β regulates 
OPN downstream mediators, with further studies needed 
to explore additional underlying mechanisms. Although 
OPN is recognized for its anti-apoptotic activity in other 
diseases, to our knowledge, there is no available data on 
its role as an anti-apoptotic protein in kidney injury, par-
ticularly in the context of meprin regulation. Under-
standing this interplay could provide deeper insights into 
the mechanisms activated by meprin β in IR-induced kid-
ney injury, revealing potential therapeutic targets for mit-
igating kidney injury. This study focused on meprin β 
isoform mice due to its established role in exacerbating 
IR-induced AKI [2, 82]. While the role of meprin α has 
been studied previously [3], we acknowledge potential 
compensatory effects of meprin α in βKO mice. To 
address this limitation, we have developed an αβ double 
knockout model, with ongoing studies aimed at 

uncovering the interplay between meprin isoforms in 
kidney injury.

Conclusion
In summary, the current study demonstrates that meprin 
β regulates the pathophysiology of IR-induced kidney 
injury in part via interaction with osteopontin and modu-
lation of downstream mediators of the OPN-signaling 
pathway that play a role in apoptosis.
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