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Background: The role of matrix metalloproteinase 9 (MMP-9) in the pathophysiology of chronic kidney disease (CKD), which is associated with a nearly two-fold greater risk for urinary calculi compared to people without CKD, has been demonstrated. The aim of the research is to evaluate the association between MMP-9-1562C>T polymorphism, MMP-9 serum levels and nephrolithiasis risk.

Methods: A hospital-based case-control study involving 302 kidney stone patients and 408 controls without kidney stone from southern China was conducted. Sanger sequencing was used to genotype the MMP-9-1562C>T polymorphism. The serum MMP-9 was measured in 105 kidney stone patients and 77 controls by enzyme-linked immunosorbent assay.

Results: Compared to the control group, the CT genotype was more frequent in nephrolithiasis patients (adjusted OR = 1.60, 95% CI = 1.09–2.37: the risk of developing nephrolithiasis in individuals with CT genotype compared to CC genotype). Moreover, there was also a higher frequency of CT/TT genotypes among patients with nephrolithiasis (adjusted OR = 1.49, 95% CI = 1.02–2.19: the risk of developing nephrolithiasis in individuals with CT/TT genotypes compared to CC genotype). The risk remained for the subgroups of patients aged >53, smokers with pack-years of smoking >20, non-drinkers, non-diabetic patients, patients with hypertension, recurrent episodes and calcium oxalate stones (OR = 2.26, 95% CI = 1.31–3.91; OR = 5.47, 95% CI = 1.10–27.30; OR = 1.76, 95% CI = 1.14–2.72; OR = 1.54, 95% CI = 1.03–2.30; OR = 1.97, 95% CI = 1.01–3.82; OR = 1.67, 95% CI = 1.06–2.62; OR = 1.54, 95% CI = 1.02–2.32, respectively). Biochemical parameters did not differ between genotypes. Compared to controls (18.57 ± 5.80 ng/mL), nephrolithiasis patients had significantly higher serum MMP-9 levels (30.17 ± 6.78 ng/mL, p < 0.001). The serum MMP-9 levels of patients with CT/TT genotypes of MMP-9-1562C>T were significantly higher than those with CC genotype (32.00 ± 6.33 vs. 29.13 ± 6.85 ng/mL, p = 0.037).

Conclusion: The MMP-9-1562C>T polymorphism in association with its soluble protein increased the risk of kidney stone, thus suggesting it could be used as a susceptibility biomarker for nephrolithiasis. Further functional studies and larger studies that include environmental exposure data are needed to confirm the findings.
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Introduction

Nephrolithiasis is a worldwide disease that seriously threatens human health with a global prevalence rate of 9% in adults (1). Moreover, there is a 50% risk that nephrolithiasis will recur within five to ten years, and 75% at twenty years after diagnosis (2, 3). Nephrolithiasis can have devastating effects on a person’s health, significantly affecting their daily life and work, and contributing to considerable economic burdens.

Numerous causes have been suggested for nephrolithiasis, including a family history of the disease, environmental exposure, hypercalciuria and dietary habits. Despite many researches, it was still not clear about the etiology of nephrolithiasis formation. A study has demonstrated that twins who were monozygotic had a higher concordance rate of kidney stones than twins who were dizygotic, suggesting genetic susceptibility factors may play a role (4).

In humans, matrix metalloproteinases (MMPs) account for a family of zinc metalloendopeptidases which have been correlated to both pathological and physiological events involving the breakdown of extracellular matrix (ECM) and the induction of fibrosis (5). An important member of MMPs, MMP-9, interacts with many biological processes, including human growth and development. Furthermore, MMP-9 plays a role in atherosclerosis pathology, such as breakdown of ECM, inflammatory cells infiltration, and plaque rupture (6). The damage to the kidney leads to inflammatory cells infiltration, including macrophages and lymphocytes. This process involves the release of inflammatory mediators from damaged and inflammatory kidney cells, including tumor necrosis factors (TNFs) and growth factors (GFs) (7, 8), which aggravates kidney inflammation and activates relevant signaling pathways, promoting renal interstitial fibrosis (9, 10). MMP-9 is critical to the process mentioned above. During renal fibrosis which is the main pathological changes of chronic kidney disease (CKD), transcription levels of MMP-9 mRNAs increase as a result of abnormal activation and interaction of multiple cell signaling pathways (11, 12). In addition, among 21,474 patients with CKD, urinary calculi were 1.91 times more likely to occur in comparison with controls without CKD (13).

In humans, the MMP-9 gene has 13 exons and 12 introns and is located on the long arm of chromosome 20 (20q11.1–13.1) (14). Researchers have found that the C>T functional polymorphism (rs3918242) located at-1562 bp of the MMP-9 gene promoter may be associated with a variety of diseases including cancer, stroke and sepsis (15–17).

To date, there was one study investigating the association between the MMP-9-1562C>T polymorphism and nephrolithiasis risk in Malaysians. The researchers discovered that individuals with TT genotypes were more likely to develop nephrolithiasis (18). As far as we know, the polymorphism in nephrolithiasis has not been reported in Chinese populations. Considering the role of MMP-9 in nephrolithiasis, we hypothesized that MMP-9-1562C>T was linked to nephrolithiasis risk in Chinese subjects. To further assess the functional impact of the MMP-9-1562C>T polymorphism on nephrolithiasis development, we also examined the link between serum MMP-9 levels and risk of nephrolithiasis.



Materials and methods


Study subjects

The ethics committee of the Changshu Hospital Affiliated to Soochow University approved our study. We performed a case-control study which consisted of 302 nephrolithiasis patients and 408 controls following the approved guidelines. Briefly, we recruited patients from the Changshu Hospital Affiliated to Soochow University who had confirmed nephrolithiasis by B-ultrasound, X-ray and CT from January 2021. Patients with cancer, hyperparathyroidism, and stroke were excluded from the study. The control group consisted of healthy individuals without kidney stones who received routine physical examination at the same hospital. During recruitment, informed consent was signed by all participants and details such as age, sex, race, smoking and drinking habits were collected. As a measure of cumulative dose, pack-years of smoking (cigarettes per day divided by 20) × (years of smoking) were calculated. Drinking more than 3 times a week for at least half a year was identified as habitual drinkers, while the rest were identified as none-drinkers. Face-to-face interviews were conducted to collect individual demographic information, followed by the collection of a 5 mL venous blood sample from each participant.



Genotyping

A Concert DNA Blood Extraction kit was used to extract genomic DNA from blood cells (Concert Biotechnology Co., Ltd., Xiamen, China). The MMP-9-1562C>T polymorphism was genotyped by Sanger sequencing.



Enzyme-linked immunosorbent assay

An analysis of serum samples from 105 kidney stone patients and 77 controls was performed. We centrifuged the serum for 10 min at 2000 rpm after it clotted for half an hour at 4°C. The serum plasma samples were isolated and stored at −80°C before enzyme-linked immunosorbent assay (ELISA) testing. We used MMP-9 ELISA kits following the manufacturer’s instructions (Enzyme-linked Biotechnology Co., Ltd., Shanghai, China). The concentration of MMP-9 was obtained based on the comparison the O.D. of the samples with standard curves.



Stone composition analysis

LILR-20 (Lanmode scientific instrument Co., Ltd., Tianjin, China) was used to assess stone composition. A skilled technician interpreted FT-IR spectra to identify specific absorption peaks to determine the qualitative composition of stone samples. When a stone was made up of multiple compounds, we calculated the ratios of different absorbencies at fixed wave numbers, and quadratic equations were used to determine relative abundances of compounds from mixtures that had known compositions (19, 20). It was considered that calculi consist of one element (calcium oxalate or calcium phosphate) when its percentage exceeded 95%. The stone was considered to be mixed if both salts were present in greater than 5% concentrations.



Statistical analysis

The student’s t-test, Pearson’s χ2 test or Fisher’s exact test were applied to detect the differences in the selected variables and distributions of demographic characteristics between cases and controls. Using adjusted odds ratios (ORs) and 95% confidence intervals (CIs) from unconditional logistic regression, we estimated the association between the nephrolithiasis risk and genotypes. All ORs were adjusted for age, sex, pack-years of smoking, drinking, hypertension and diabetes status. Among controls, genotype frequencies were calculated using Hardy–Weinberg equilibrium (HWE). All statistical analyses were performed with Statistics Analysis System software (Version 9.4; SAS Institute, Inc., Cary, NC, United States) and the differences were considered statistically significant when two-sided p was <0.05.




Results


Characteristics of study subjects

As shown in the Table 1, there was a good match between the age of the cases and the controls. The average age was 53.01 ± 13.29 years for the cases and 53.01 ± 13.17 years for the controls (p = 0.997). Among the two groups, there was a similar sex composition (p = 0.181). The BMI values, proportions of hypertension, diabetes, smoking, and alcohol drinking were also similar between these two groups. However, the cases had a larger proportion of high BMI (BMI >24 kg/m2) individuals than the controls (56.62% vs. 48.53%, p = 0.033). Furthermore, 18.54% of cases had a positive family history of urolithiasis, significantly higher than controls (9.37%) (p < 0.001).



TABLE 1 The characteristics description of kidney stone patients and controls.
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Genotype distribution of the MMP-9-1562C>T polymorphism between the cases and controls

Table 2 shows the genotype frequencies of the MMP-9-1562C>T polymorphism among nephrolithiasis patients and controls, along with its association with nephrolithiasis risk. In the control group, genotype frequencies were consistent with HWE (p = 0.082). The frequencies of the CC, CT, and TT genotypes were 77.81%, 21.52%, 0.67%, respectively, among the cases; and they were 83.82%, 14.71%, 1.47%, respectively, among the controls (p = 0.048). Compared to the control group, the CT genotype was more frequent in nephrolithiasis patients (adjusted OR = 1.60, 95% CI = 1.09–2.37: the risk of developing nephrolithiasis in individuals with CT genotype compared to CC genotype). Moreover, there was also a higher frequency of CT/TT genotypes among patients with nephrolithiasis (adjusted OR = 1.49, 95% CI = 1.02–2.19: the risk of developing nephrolithiasis in individuals with CT/TT genotypes compared to CC genotype). However, there was no difference in allele distribution between the two groups (p = 0.105).



TABLE 2 Genotype frequencies of MMP-9-C1562T among cases and controls and their associations with kidney stone risk.
[image: Table2]

Furthermore, stratified analyses of age, sex, BMI, pack year of smoking, drinking habits, hypertension status, diabetes status and family history were conducted. As presented in Table 3, based on CC genotype as reference, there were also increases in nephrolithiasis risk for CT/TT genotypes in subgroups of patients aged >53 (adjusted OR = 2.26, 95% CI = 1.31–3.91, p = 0.003), smokers with pack-years of smoking >20 (adjusted OR = 5.47, 95% CI = 1.10–27.30, p = 0.039), non-drinkers (adjusted OR = 1.76, 95% CI = 1.14–2.72, p = 0.011), patients with hypertension (adjusted OR = 1.97, 95% CI = 1.01–3.82, p = 0.045) and non-diabetic patients (adjusted OR = 1.54, 95% CI = 1.03–2.30, p = 0.035).



TABLE 3 Stratification analyses between MMP-9-C1562T genotypes and risk of kidney stone in cases and controls.
[image: Table3]



Association between the MMP-9-1562C>T genotypes and biochemical data in patients with nephrolithiasis

To better understand the association between the polymorphism and clinical risk factors, biochemical parameters including urine pH, serum calcium, uric acid, phosphorus and creatinine were analyzed. As shown in Table 4, biochemical parameters did not differ between genotypes. Moreover, no significant differences were found in any comparison of the stratified analysis based on their levels (Table 5).



TABLE 4 Association between the MMP-9-C1562T genotypes and biochemical parameters in kidney stone patients.
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TABLE 5 Association between the MMP-9-C1562T genotypes and abnormal biochemical indexes in kidney stone patients.
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Association between the MMP-9-1562C>T genotypes and the risk of multiple stones or recurrence in kidney stone patients

Out of the 302 patients with nephrolithiasis, 170 had a single stone, while 132 patients had multiple stones. In addition, there were 137 patients with single episode and 165 with recurrent episodes. No significant association of the SNP (single nucleotide polymorphism) with the risk of multiple stones was found. Compared to the control group, the CT/TT genotypes were more frequent in patients with recurrent episodes of nephrolithiasis (adjusted OR = 1.67, 95% CI = 1.06–2.62, p = 0.027: the risk of developing nephrolithiasis in individuals with CT/TT genotype compared to CC genotype) (Table 6).



TABLE 6 Association between the MMP-9-C1562T genotypes and multiple stones and recurrence in kidney stone patients.
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Association between the MMP-9-1562C>T genotypes and chemical stone composition

A further analysis of the relationship between MMP-9-1562C>T genotypes and chemical stone composition was performed. Compared with the control group, the frequency of CT/TT genotypes was significantly higher in patients with calcium oxalate stones (adjusted OR = 1.54, 95% CI =1.02–2.32: the risk of developing nephrolithiasis in individuals with CT/TT genotype compared to CC genotype) (Table 7).



TABLE 7 Association between the MMP-9-C1562T genotypes and chemical stone composition.
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Association between MMP-9 serum levels and nephrolithiasis risk

A total of 182 serum samples including 105 kidney stone patients and 77 controls were included in this study. The mean serum MMP-9 level was 30.17 ± 6.78 ng/mL in cases，which was significantly higher than that in controls (18.57 ± 5.80 ng/mL) (p < 0.001) (Figure 1A and Table 8). When the third quartiles MMP-9 level in controls (23.33 ng/mL) was used as the cutoff value, 80% (84 of 105) of the cases exceeded the value. After adjusting for age, sex, smoking pack-years, alcohol consumption, hypertension and diabetes, serum levels of MMP-9 above this level were significantly associated with nephrolithiasis risk (adjusted OR = 13.43, 95% CI = 6.19–29.14) (Table 8). In addition, serum MMP-9 levels of subjects with the CT/TT genotypes (32.00 ± 6.33 ng/mL) were significantly higher than those with the CC genotype (29.13 ± 6.85 ng/mL) (p = 0.037) (Figure 1B).

[image: Figure 1]

FIGURE 1
 (A) The serum MMP-9 levels in the kidney stone patients and the controls. (B) The serum MMP-9 levels in the kidney stone patients stratified according to the C1562T genotype.




TABLE 8 Logistic regression analyses on associations between serum MMP-9 levels and risk of kidney stone.
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Discussion

We investigated the relationship between the MMP-9-1562C>T SNP (rs3918242) and the risk of nephrolithiasis in a southern Chinese population in this hospital-based case-control study. Comparing CT and CC genotypes frequencies between nephrolithiasis patients and controls, we found that CT genotype was significantly more prevalent in the nephrolithiasis patients; also it was revealed that the variant T allele (CT/TT) was significantly more frequent in the lithiasis population. Further stratification revealed that the risk remained for the subgroup of patients aged >53, smokers with pack-years of smoking >20, non-drinkers, non-diabetic patients, patients with hypertension, recurrent episodes and calcium oxalate stones. Compared to controls, nephrolithiasis patients had significantly higher serum MMP-9 levels. Moreover, patients with nephrolithiasis who had the CT/TT genotype had significantly higher serum MMP-9 levels than those who had the CC genotype. To the best of our knowledge, no studies have yet examined the association between the MMP-9-1562C>T polymorphism and nephrolithiasis in Chinese individuals.

MMPs are zinc-dependent endopeptidases that can degrade ECM components, including collagen, which was essential for tissue repair and reconstruction during inflammation (21, 22). The MMP-9 enzyme is primarily produced by neutrophils and macrophages and has been demonstrated to regulate inflammation. In addition, growth factors (GFs), cytokines and adhesion molecules are also affected by MMP-9, all of which play crucial roles in inflammation process (23–26). A link between MMP-9 and extracellular signal-regulated kinase (ERK) can be found in Schwann cells, and ERK involves in renal interstitial fibrosis, which is thought to be the final result of CKD (27). By interacting with cytokines such as tumor necrosis factors (TNFs) and GFs etc., MMP-9 contributes to the development and progression of CKD (28). Furthermore, CKD patients were found to have nearly two-fold risk of urinary calculi than individuals without CKD (13). Thus, it’s plausible that MMP-9 play a significant role in the genesis of kidney stone.

A functional C-to-T SNP (rs3918242) has been identified in the MMP-9 gene at position 1,562, which is close to the transcription start site. The polymorphism increases mRNA, protein expression, and MMP-9 activity in T allele carriers, whereas the C allele causes a decrease in these activities (29, 30). Consistently, in this study, a significant elevation in serum MMP-9 levels was observed in nephrolithiasis patients with the CT/TT genotypes compared with the CC genotype. Taken together, the evidence suggests that individuals with the variant T allele may gain MMP-9 function and be more prone to develop CKD, and ultimately increase the susceptibility to nephrolithiasis.

According to our findings, heavy smokers with more than 20 pack years of smoking seem to be more susceptible to developing nephrolithiasis with the variant T allele. Cigarette smoke is a complex mixture of chemical compounds, most of which has been proven to be cytotoxic, mutagenic, and oncogenic. Research has shown that cigarette smoke extract (CSE) can up-regulate the production of MMP-9 in rat vascular smooth muscle cell (31). In addition, alveolar macrophages were found to respond to CSE by over-expressing MMP-9 (32). Smokers with pulmonary tuberculosis had higher levels of MMP-9 in their bronchoalveolar lavage (33). Consistent with these findings, our study showed that heavy smokers carrying the T allele were at an increased risk of nephrolithiasis, indicating that the MMP-9-1562C>T polymorphism has synergistic effect with CSE in nephrolithiasis by up-regulating the expression of MMP-9. Further studies on the mechanism of MMP-9 and CSE in the formation of nephrolithiasis are warranted in the future.

It is interesting to see that the MMP-9-1562C/T polymorphism increased the risk of nephrolithiasis in patients with hypertension. Basic studies on hypertension have revealed that MMP-9 expression was significantly higher in conduct vessels with thicker intimas and media and the process could be blocked by MMP inhibitor (doxycycline) treatment (34, 35). Tan et al. (36) showed that patients with essential hypertension had increased MMP-9 levels that were linearly related to arterial wall stiffness. Similarly, Yasmin et al. (37) investigated the stiffness of the aorta media in individuals who had isolated systolic hypertension and concluded that MMP-9 was predictive of aortic wall stiffness. Furthermore, Cappuccio et al. (38) noticed that individuals with hypertension were more likely to develop nephrolithiasis. These findings suggest that MMP-9 could play a vital role within the pathological process of hypertension which may ultimately increase the risk of developing nephrolithiasis.

A cross-sectional study of 3 large cohort including 200,000 subjects showed that an increased risk of kidney stones was found in patients with type 2 diabetes (39). Chung et al. (40) conducted a prospective study of 94,276 individuals followed five years. They found that patients with urinary calculi had a 1.32-fold increased risk of receiving a first diagnosis of diabetes. Tests in animal models of diabetes have shown that the activity and expression of MMP-9 was significantly increased in vascular tissue and plasma (41). Conversely, we found that the CT/TT genotype was associated with an increased risk for nephrolithiasis in non-diabetic but not diabetic subjects. The possible reasons are as follows. First, the smoking rate of non-diabetic patients in the stone group was 36.16%, which was significantly higher than that in the control group (28.07%) (p = 0.030). However, there was no significant difference in the smoking rate of diabetic patients between the two groups (p = 0.239). Multiple studies have shown that CSE or smoking can increase MMP9 expression in vitro and in vivo (31–33). Thus, the higher smoking rate among non-diabetics in this study may contribute to the risk of developing kidney stone. Second, there were only 31 diabetic patients in the stone group and 41 in the control group. The statistical power is poor and may not yield true results. A larger sample of diabetic patients will be included in the follow-up to obtain more credible results on the relationship between the polymorphism and the kidney stone risk in diabetic patients.

Our study showed that the MMP-9-1562C>T polymorphism correlates with recurrent nephrolithiasis. The lifetime recurrence risk of nephrolithiasis among Asian countries is estimated to be 60%–80% (42). It is notable that the socioeconomic burden of recurrent stone disease is high, with direct and indirect costs of treatment exceeding five billion dollars (43). Until now, several SNPs in urokinase and vitamin D receptor (VDR) have been revealed to be related to recurrent kidney stones (44–46). Integrating these findings with those of our own will help identify those who are at risk of developing kidney stones again, lowering the health and socioeconomic costs associated with nephrolithiasis.

Compared with the control group, the frequency of CT/TT genotypes was significantly higher in patients with calcium oxalate stones. Similarly, one SNP (rs1056628) in the 3′ untranslated region of MMP-9 was found to be associated with susceptibility to calcium oxalate stones (47). Cell experiments showed that the expression of MMP-9 increased in normal rat kidney epithelial-like (NRK-52E) cells after treatment of high concentration of calcium. The overexpression of MMP-9 could increase the expression of osteoblastic-related proteins and promote calcium crystal deposition. Knockout of MMP-9 resulted in opposite result. Calcium crystal deposition was drastically decreased in hypercalciuric rats after treatment with MMP-9 inhibitor I (48). Taken together, MMP-9 might promote the formation of calcium oxalate kidney stones through the above mechanisms. However, more researches should be done on the underlying processes of this polymorphism in calcium oxalate stones.

To date, there has only been one published report of the association between MMP-9-1562C>T polymorphism and nephrolithiasis risk in Malaysians. Mehde et al. (18) showed that the homozygote TT was more frequent in the nephrolithiasis patients group. Nephrolithiasis patients with CT and TT genotypes had significantly higher serum MMP-9 levels than patients with CC genotypes. Their findings are partly consistent with ours. However, we observed no correlation between the TT genotype and the risk of nephrolithiasis (OR = 0.46, 95% CI = 0.09–2.34, p = 0.483). Between the two study populations, these discrepancies can be attributed to differences in environmental exposure, detection methods, and ethnic background. For example, the frequencies of the CC, CT, and TT genotypes in our control were 83.82%, 14.71%, 1.47%, respectively, which were different from theirs (77.50%, 19.17%, 3.33%). On the other hand, the research by Mehde et al. contains 120 cases and 120 controls. The sample size was relatively small, with insufficient statistical test efficacy to explore the real association. Furthermore, we performed stratified analyses based on age, sex, BMI, pack year of smoking, drinking habits, hypertension status, diabetes status, family history, multiple stones, recurrence, and chemical stone composition to get more precise results.

In this study, some limitations need to be stated. First, lack of data on environmental factors made it difficult to further analyze potential correlations. It is possible that gene-environment interactions affect kidney stone risk. Second, our research studied only one SNP. It should be investigated to see if any further functional polymorphisms in the MMP-9 gene, which have not yet been found, increased the risk of nephrolithiasis. Third, the role of MMP-9 in nephrolithiasis is not completely understood and further experimental studies are nevertheless necessary to explore the specific mechanisms for MMP-9 polymorphism and nephrolithiasis. Fourth, given that our study was hospital-based, selection bias was inevitable and our control population might not be accurately representative of the general population. However, in this study, incident patients were recruited. Moreover, in our Chinese control subjects, genotype distribution was similar to that reported for other diseases in the literature. For example, the frequencies of CC, CT, and TT genotypes in our controls were 83.82%, 14.71%, 1.47%, respectively, which resembles those discovered by Li et al. (16) (82.8%, 16.0%, and 1.2% for the CC, CT, and TT, respectively). As well, the genotype frequencies of controls are in accordance with HWE, indicating that there is no discernible selection bias in regard to genotype distribution. Last, the proportion of individuals with CKD was not clarified in the study. Thus, we were unable to examine the relationship between CKD, kidney stones and MMP-9-1562C>T polymorphism in more detail. Further studies are needed to explore the interrelations among them.

In conclusion, the results of the current study demonstrated a significant association between the variation T allele of the MMP-9-1562C>T polymorphism with the likelihood of developing nephrolithiasis. The risk remained for the subgroup of patients aged >53, smokers with pack-years of smoking >20, non-drinkers, non-diabetic patients, patients with hypertension, recurrent episodes and calcium oxalate stones. Also, we noted that nephrolithiasis patients had serum MMP-9 levels that were considerably greater than those of controls. Patients with nephrolithiasis who carried the CT/TT genotype had serum MMP-9 levels that were notably greater compared to patients with the CC genotype. The MMP-9-1562C>T polymorphism may be useful as a susceptibility marker for nephrolithiasis as it’s linked to its soluble protein and enhances the possibility of developing nephrolithiasis. However, this association needs to be confirmed by further experimental studies and larger studies that include detailed information about environmental exposure.
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