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Abstract. An increasing number of studies suggest that the 
activation of innate immunity with the development of a chronic 
low‑grade inflammatory response is a factor in the pathogen-
esis of diabetic nephropathy (DN). Advanced glycation end 
products (AGEs), chemokines and matrix metalloproteinases 
(MMPs) are known to be important in inflammatory reactions 
in DN. In the present study, the inter-regulation of MMP2 
and fractalkine was observed between monocytes (U937) 
and human renal mesangial cells (HRMCs) and its potential 
pathophysiological role in DN. The expression of fractalkine 
and MMP2 was analyzed by RT-PCR, western blot analysis 
and enzyme‑linked immunosorbent assay. The chemotaxis 
and adhesiveness of HRMCs to U937  cells was detected 
with a transwell system, co‑culture and fluorescent staining, 
respectively. The results showed a decreased expression of 
MMP2 and an increased expression of fractalkine by AGEs 
in HRMCs. Fractalkine downregulated the mRNA expres-
sion and activity of MMP2, and the reduced MMP2 activity 
was reversed with an anti‑fractalkine antibody. Conversely, 
MMP2 upregulated fractalkine mRNA and protein expres-
sion in HRMCs, which led to an increase in chemotaxis and 
a decrease in monocytic adhesion to HRMCs. In conclusion, 
these observations suggest a crosstalk between monocytes and 
HRMCs via the interaction of MMP2 and fractalkine, which 
may represent a therapeutic target to impede the inflammatory 
process associated with DN.

Introduction

Diabetes mellitus (DM) and its complications have become 
one of the most important health problems worldwide. Diabetic 
nephropathy (DN) is the predominant cause of end‑stage renal 
disease that requires renal transplantation (1,2). Formation 
and accumulation of advanced glycation end products (AGEs) 
is closely linked with the aging process and is accelerated 
in DM. The pathogenic role of AGEs in vascular diabetic 
complications is widely recognized. AGEs and RAGE (the 
receptor for AGEs) elicit inflammatory reactions leading to 
vascular damage (2‑4). Oxidative stress and inflammatory 
molecules including inflammatory cytokines, chemokines and 
adhesion molecules are intimately involved in the development 
and progression of DN (5,6). There is an increasing number 
of studies suggesting that kidney macrophage recruitment is 
related to hyperglycemia and the accumulation of AGEs, and 
that macrophage‑mediated injury is fundamental in the onset 
of DN (7‑9).

Chemokines that are detected in the circulation and kidney 
of humans and animals are generally increased following 
the onset and further progress of DM, which is frequently 
accompanied by the promotion of macrophage recruitment in 
kidney (10). Fractalkine is one of the two chemokines which is 
expressed in soluble (s‑fractalkine) and transmembrane/mucin 
hybrid forms, which therefore combines chemoattractant 
and adhesiveness functions  (11). The fractalkine/CX3CR1 
(receptor of fractalkine) axis has been implicated in the patho-
genesis of atherosclerosis, DM and streptozotocin‑induced DN 
along the glomerular capillary lumen and peritubular capil-
laries (12‑15).

Matrix metalloproteinase 2 (MMP2) belongs to a subgroup 
of MMPs termed gelatinases and it has been implicated in the 
pathological processes that contribute to fibrotic diseases, 
tumor progression and inflammation (16‑18). It predominantly 
contributes to the breakdown and turnover of extracellular 
matrix (ECM), which is manifested in mesangial expan-
sion, glomerulosclerosis and tubulointerstitial fibrosis in the 
kidney (19‑21). MMPs cleave proteins, solubilize pericellular 
matrix and shed cellular ectodomains (22).
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The present study aimed to investigate the function of 
fractalkine and MMP2 as well as the interaction between 
the two proteins using a human renal mesangial cell 
(HRMC)‑monocyte co‑culture system. It was demonstrated 
that AGEs upregulated fractalkine and downregulated MMP2 
in the monocytes‑HRMC co‑culture system. Thus, it was 
hypothesized that there is crosstalk between monocytes and 
HRMCs via the interaction of MMP2 and fractalkine, which 
may be important in the AGE‑mediated development of DN.

Materials and methods

Materials. All experiments were conducted in serum‑free 
RPMI‑1640 medium containing 0.2% bovine serum albumin 
(BSA), 2 mmol/l glutamine, 100 U/ml penicillin and 100 µg/ml 
streptomycin. All reagents for cell culture were obtained from 
Sigma‑Aldrich (St. Louis, MO, USA). Recombinant MMP2 
was obtained from PeproTech (Rocky Hill, NJ, USA; lot 
no. 057106). Anti‑fractalkine polyclonal antibody was obtained 
from R&D Systems (Minneapolis, MN, USA; lot no. EKC10).

Preparation of AGEs. BSA (50  g/l) was incubated with 
0.5 mmol/l D‑glucose in 0.2 mmol/l phosphate-buffered saline 
(PBS, pH 7.4) at 37˚C for 90 days. The control sample of BSA 
was also incubated under the same conditions but without 
glucose. Following incubation, AGE‑BSA was purified by 
Sephadex G‑200 (Sigma; Lot 271233). The Bradford method 
was used for the quantification of proteins (23,24).

Cell culture. An established stable HRMC (donated by Dr XZ 
Ruan, University College London, London, UK) was cultured 
in RPMI‑1640 medium with 10% fetal calf serum (FCS), 
2 mmol/l glutamine, 100 U/ml penicillin and 100 µg/ml strep-
tomycin.

The U937 monocyte‑like cell line cells (obtained from 
Professor BC Liu, Southeast University, Nanjing, Jiangsu, 
China) were grown in suspension in the RPMI‑1640 culture 
medium containing 5% FCS and were split by 1:5, twice per 
week. The study was approved by the Ethics Committee of 
Southeast University.

RT-PCR. Total RNA was isolated from cells using TRIzol 
reagent [from the RevertAid™ First Strand cDNA synthesis 
kit (Invitrogen, Carlsbad, CA, USA; Lot 1382739)]. An aliquot 
of 2 µg total RNA from each sample was reverse transcribed 
to cDNA using the reverse transcript system (RevertAid 
First Strand cDNA synthesis kit) according to the manu-
facturer's instructions. The mRNA levels of the analyzed 
molecules were normalized to β‑actin or glyceraldehyde 
3‑phosphate dehydrogenase (GAPDH) mRNA levels. The 
following primers were used for the amplification of mRNA: 
Forward: 5'-AGCCACAGGCGAAAGCAGTA-3' and reverse: 
5'-TTCAGACGGAGCATTCTCCT-3' for fractalkine; and 
forward: 5'-ACAAAGAGTTGGCAGTGCAAT-3' and reverse: 
5'-GGGTCACATCGCTCCAGACTTGG-3' for MMP2. 
Amplification of cDNA was conducted with the following 
primers: Forward: 5'-CGCCGCGCTCGTCGTCGACA-3' and 
reverse: 5'-GTCACGCACGATTTCCCGCT-3' for β‑actin; 
and forward: 5'-GGAGTCAACGGATTTGGT-3' and reverse: 
5'-GTGATGGGATTTCCATTGAT-3' for GAPDH. The sizes 

of the expected PCR products for the fractalkine, MMP2, 
β‑actin and GAPDH primers were 340, 330, 619 and 206 bp, 
respectively.

Western blot analysis. The cell lysates were prepared with 
lysis buffer, radio immunoprecipitation assay (RIPA) and 
mammalian protease inhibitor mixture (Shenerg Biocolor, 
Shanghai, China). Whole cell lysates were centrifuged at 
15,000 x g for 20 min at 4˚C to remove the insoluble material. 
The protein concentrations were determined by the Bradford 
method using a BCA Protein Micro Assay kit (Shenerg 
Biocolor). The cell lysates were loaded onto sodium dodecyl 
sulfate‑polyacrylamide gels and transferred onto polyvinyli-
dene difluoride membranes. The membranes were blocked 
and incubated with the primary anti‑fractalkine antibody 
(dilution, 1:400; R&D Systems, Minneapolis, MN, USA) or 
anti‑β‑actin antibody (dilution, 1:2,000; R&D Systems) in 
PBS‑Tween, followed by incubation with horseradish perox-
idase‑conjugated secondary antibodies. The proteins were 
visualized with 3,3'‑diaminobenzidine tetrahydrochloride 
dihydrate (DAB; Sigma‑Aldrich). The membrane was scanned 
and quantitated using a GelDoc-It TS Imaging System (UVP, 
Upland, CA, USA). Results were expressed in arbitrary units 
as folds of control.

Gelatin zymography assay. Conditioned medium collected 
from cultured HRMCs was electrophoresed under non‑reducing 
conditions on 10% polyacrylamide gels containing 1 mg/ml 
gelatin as the substrate. Following electrophoresis, the gels 
were re-natured in 2.5% Triton X‑100 (2x30 min) and then 
incubated (18 h, 37˚C) in a buffer containing 50 mM Tris‑HCl, 
pH 7.4, 5 mM CaCl2 and 150 mM NaCl. Subsequent to this, the 
gels were stained with 0.25% Coomassie brilliant blue R‑250 
and de‑stained with 10% acetic acid and 40% methanol. The 
white bands against the blue background indicated the pres-
ence of gelatinolytic activity. Image acquisition was conducted 
with Image Master VDS and LisCap software (Amersham 
Pharmacia Biotech, Amersham, UK). Computerized densi-
tometry was used to analyze the relative enzymatic activity.

Monocyte chemotaxis assay. HRMCs were harvested and 
washed in serum-free RPMI-1640. Cells were then incubated 
with MMP2 for 6 h and washed three times. A transwell 
system was used in the medium with U937 cells inside and 
incubated (3 h, 37˚C). Following staining with hematoxylin for 
10 min, cells with purple staining were counted.

Monocyte adhesive assay. HRMCs were harvested and 
washed in serum‑free RPMI‑1640. Cells were then incubated 
with MMP2 for 6 h and washed with PBS. U937 cells were 
stained with Calcein‑AM (30 min, 37˚C) and co-cultured with 
HRMCs (3 h, 37˚C). Subsequent to washing, cells exhibiting 
blue staining were counted.

Data analysis. Data are expressed as the mean ± SD. In all 
experiments, groups of data were evaluated for significance 
using one‑way analysis of variance or a student‑Newman‑Keuls 
test. P<0.05 was considered to indicate a statistically signifi-
cant difference. SPSS 13.0 software (SPSS, Inc., Chicago, IL, 
USA) was used to determine significance.
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Results

Effects of AGEs on MMP2 in HRMCs. The expression of 
MMP2 in HRMCs was assessed following incubation with 
various concentrations of AGEs (0, 50, 100, 200, 400 and 
800 mg/ml) and BSA, by mRNA and protein analysis. As 
shown in Fig. 1A and B, MMP2 mRNA and protein levels as 
assessed in HRMCs decreased dose dependently. There was 
also a time‑dependent reduction of MMP2 mRNA and protein 
expression while treated with 200 mg/ml AGEs (0, 8, 16, 24, 
48 and 72 h) and BSA (Fig. 1C and D). There appeared to 
be a greater reduction in the mRNA than the protein level, 
suggesting potential post‑transcriptional regulation of MMP2 
in response to AGE-BSA treatment.

Effects of AGEs on fractalkine in HRMCs. In contrast to 
the significant reduction of MMP2 expression in response 
to AGE-BSA in HRMCs, a marked increase of mRNA and 
protein levels of fractalkine in HRMCs was readily detected in 
an AGE-BSA concentration and time-dependent manner. The 
initial concentration that was sufficient to induce this regula-
tion was 50 mg/l, consistent with the observation in the MMP2 
experiment (Fig. 2).

Regulation of MMP2 in U937 by fractalkine. The present 
study investigated how MMP2 expression in U937 cells is 
regulated by fractalkine in two experiments. U937 cells were 
treated with increasing concentrations of fractalkine and 

the levels of MMP2 were measured. A significant reduction 
of MMP2 mRNA and protein was observed upon treat-
ment with fractalkine in U937 cells. A U937 and HRMC 
co-culture experiment was also conducted to investigate 
the same question. Co-culture of U937 cells with HRMCs 
led to a significant reduction of the MMP2 mRNA level in 
U937 cells (Fig. 3A). This regulation was blocked when a 
monoclonal antibody against fractalkine was added to the 
culture medium (Fig. 3C). Consistent with the observation 
at the mRNA level, the measurement of the MMP2 activity 
using a gelatin zymography assay also demonstrated that the 
reduced MMP2 activity was reversed with the administration 
of the fractalkine antibody (Fig. 3B and D). Collectively, these 
studies indicated that fractalkine regulates MMP2 expression 
in U937 cells.

Regulation of fractalkine in HRMCs by MMP2. To determine 
whether MMP2 regulates fractalkine expression in HRMCs, 
HRMCs were treated with increasing concentrations of MMP2 
(0, 0.5, 1, 2, 3, 4 and 5 ng/ml). As shown in Fig. 4, a marked 
increase of fractalkine was observed in a dose-dependent 
manner.

Effects of fractalkine in HRMCs treated with MMP2. 
Fractalkine exists in soluble and membrane bound forms 
that exhibit differential involvement in chemotaxis and cell 
adhesion. Soluble fractalkine is critical in mediating the 
chemotaxis effect of monocytes, while the membrane bound 

Figure 1. Effect of advanced glycation end products (AGEs) on matrix metalloproteinase 2 (MMP2) expression. (A and B) Human renal mesangial cells 
(HRMCs) were cultured with various concentrations of AGE‑bovine serum albumin (BSA) for 24 h. (C and D) HRMCs were cultured with 200 mg/ml 
AGE-BSA for various time periods. (A and C) Transcript levels of MMP2 were quantitated using RT-PCR. (B and D) Protein levels of MMP2 were quantified 
using western blot analysis. Data are represented as the mean ± SD, n=8. *P<0.05, compared with control.

  A   B

  C   D
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Figure 2. Effect of advanced glycation end products (AGEs) on fractalkine expression. (A and B) Human renal mesangial cells (HRMCs) were cultured 
with various concentrations of AGE-bovine serum albumin (BSA) for 24 h. (C and D) HRMCs were cultured with 200 mg/ml AGE-BSA for various times. 
(A and C) Transcript levels of fractalkine were analyzed and quantified using RT-PCR. (B and D) Protein levels of fractalkine were analyzed and quantified 
using western blot analysis. Data are represented as the mean ± SD, n=8. *P<0.05, compared with control.

Figure 3. Regulation of matrix metalloproteinase 2 (MMP2) in U937 cells by fractalkine. (A and B) mRNA and protein regulation of MMP2 by fractalkine 
in U937 cells. U937 cells were cultured and treated with different concentrations of fractalkine and the MMP2 mRNA and protein levels were analyzed as 
described in the Materials and methods. (C and D) mRNA level and the activity of MMP2 is mediated by fractalkine. A monoclonal antibody was used to 
block the function of fractalkine and the mRNA and the MMP2 activity were analyzed as described in the Materials and methods. Data are represented as the 
mean ± SD, n=8. *P<0.05, compared with control.

  A   B

  C   D

  A   B

  C   D
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form primarily regulates cell adhesion. The functional 
consequence of fractalkine regulation in HRMCs was thus 
investigated in a transwell system, in which HRMCs and U937 
cells were co-cultured in different compartments and U937 
cell transmigration and adhesion were analyzed as described 
in the Materials and methods. The number of U937 cells that 
transmigrated to HRMCs treated with MMP2 increased dose 
dependently (0, 0.625, 1.25, 2.5 and 5 ng/ml) compared with 
the control, but the number that adhered decreased (Fig. 5). 
These results suggested that MMP2 may largely produce the 
soluble form of fractalkine that primarily mediates cell trans-
migration, instead of the membrane bound form that mediates 
cell adhesion.

Discussion

Chronic hyperglycemia, a necessary prerequisite for the 
development of DN leads to the formation of long‑lived, 
non‑enzymatically glycated proteins referred to as AGEs (2). 
As a consequence of increased substrate (glucose) availability, 
AGEs accumulate at an accelerated rate in diabetic patients, and 
they have been postulated to be essential in the pathogenesis of 
the microvascular complications of DM. In the present study, it 
was demonstrated that MMP2 expression was diminished by 
AGE treatment, which may lead to the accumulation of ECM. 
In addition, fractalkine mRNA and protein levels in HRMCs 
were demonstrated to be significantly upregulated by AGEs 

Figure 4. Effect of matrix metalloproteinase 2 (MMP2) on fractalkine mRNA and protein expression. Human renal mesangial cells (HRMCs) were cultured 
with MMP2 for 24 h. (A) Transcript levels of fractalkine were quantified using RT-PCR. (B) Protein levels of fractalkine were measured and quantified using 
western blot analysis. Data are represented as the mean ± SD, n=8. *P<0.05, compared with control.

Figure 5. Matrix metalloproteinase 2 (MMP2) regulates monocyte transmigration and adhesion in human renal mesangial cell (HRMC)/U937 co‑culture. 
HRMCs were incubated with MMP2 for 24 h. (A and B) U937 cell transmigration and (A and C) adhesion to HRMCs was detected and quantified using a 
transwell system as described in the Materials and methods. Arrows indicate U937 cells. Data are represented as the mean ± SD, n=8. P<0.05, compared with 
control.

  A   B
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  B   C
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in a dose-dependent manner. It is known that s‑fractalkine 
exhibits chemoattractant activity for T cells and monocytes, 
whereas cell surface‑bound fractalkine promotes strong adhe-
sion of those leukocytes via its receptor, CX3CR1. The results 
demonstrating that AGEs regulate MMP2 and fractalkine 
expression, suggest the potential involvement of AGEs in DN 
through macrophage recruitment and ECM accumulation in 
the kidney.

Our results are consistent with previous studies that 
have demonstrated the interaction between chemokine and 
MMP systems in multiple physiological and pathological 
processes  (25‑27). Thus, the interaction between chemo-
kine and MMP systems in DN was investigated via the 
monocyte‑HRMC co‑culture system. It was demonstrated that 
fractalkine downregulated the mRNA expression and activity 
of MMP2, which was involved in ECM degradation. Abnormal 
ECM deposition is the hallmark of diabetic nephropathy and 
ECM is essential for monocyte extravasation and migration 
into the tissues  (28). Furthermore, numerous studies have 
suggested that chemokines are key in the regulation of MMPs 
during transmigration (29‑30). Vitale et al (27) showed that 
s-fractalkine inhibits the activity of MMP2 secreted by mono-
cytes. The observation that s‑fractalkine limits monocyte 
migration in response to MCP‑1 suggests a critical involve-
ment of s‑fractalkine in the control of the inflammatory 
process (27). While the mechanism through which MMP2 
expression is inhibited by fractalkine remains to be elucidated, 
the results of the present study along with others, suggested the 
involvement of fractalkine in facilitating monocyte and T cell 
transmigration as a chemokine, by suppressing MMP2 secre-
tion from monocytes.

It was also observed that MMP2 upregulated fractalkine 
at the mRNA and protein levels. Further, in the co-culture 
experiment, it was demonstrated that monocytic cell trans-
migration was increased while cell adhesion was reduced. 
Fractalkine is initially synthesized as an intracellular 
precursor that undergoes glycosylation and is transported to 
the cell surface as a 100‑kDa glycoprotein. It then presents 
itself in two forms, a membrane‑anchored form which acts 
as an adhesion molecule (100 kDa) or a soluble chemoat-
tractant extracellular form (ADAM17; 85 kDa) consisting 
of its mucin stalk and chemokine domain that is shed from 
the cell membrane by phorbol 12‑myristate 13‑acetate or 
tumor necrosis factor‑converting enzyme. ADAMs are type I 
transmembrane proteins that contain a disintegrin‑like and 
metalloproteinase-like domain (31,32). It has been shown that 
the release of the CX3CL1 soluble form is closely associated 
with MMP2 activity (33‑35). Dean and Overall (36) showed 
the release of the chemokine domain from the cell membrane 
by MMP2 cleavage specifically at amino acid 69 AAA↑LTK. 
Furthermore, it was identified that an N‑terminal tetrapeptide 
truncation of the chemokine domain that is deficient in chemo-
tactic activity acted as a potent antagonist of CX3CR (37). 
Thus, it was hypothesized that the increased expression of 
fractalkine in the co‑culture system existed predominantly in 
the soluble form as increased monocyte transmigration rather 
than cell adhesion was observed.

In conclusion, AGEs increased fractalkine and decreased 
MMP2 expression in HRMCs. Monocyte‑HRMC co‑culture 
studies demonstrated that fractalkine downregulated the 

mRNA expression and activity of MMP2, and MMP2 
increased the expression of fractalkine that primarily served 
as a chemoattractant. The results suggest a crosstalk between 
monocytes and HRMCs via the interaction of MMP2 and 
fractalkine, which may be involved in abnormal ECM deposi-
tion and monocyte migration into the tissues. It was shown 
that AGEs not only downregulate MMP2 directly, but also 
regulate MMP2 indirectly by upregulating fractalkine. In 
addition, MMP2 mediated the upregulation of AGEs to 
fractalkine. These results may improve our understanding of 
the inflammatory mechanisms of DN and suggest a crosstalk 
between monocytes and HRMCs via the interaction of MMP2 
and fractalkine, which may represent a therapeutic target to 
impede the inflammatory process associated with DN.
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