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Abstract
BACKGROUND
[bookmark: OLE_LINK27][bookmark: OLE_LINK28][bookmark: OLE_LINK29][bookmark: OLE_LINK70][bookmark: OLE_LINK71][bookmark: OLE_LINK72][bookmark: OLE_LINK73][bookmark: OLE_LINK202][bookmark: OLE_LINK203]Matrix metalloproteinases (MMPs) participate in the degradation of extracellular matrix compounds, maintaining the homeostasis between fibrogenesis and fibrolytic processes in the liver. However, there are few studies on the regulation of liver MMPs in fibrosis progression in humans. 

AIM
[bookmark: OLE_LINK204][bookmark: OLE_LINK205][bookmark: OLE_LINK33][bookmark: OLE_LINK34]To assess the production activity and regulation of matrix metalloproteinases in liver fibrosis stages in chronic hepatitis C (CHC).

METHODS
[bookmark: OLE_LINK206][bookmark: OLE_LINK207][bookmark: OLE_LINK266][bookmark: OLE_LINK267]A prospective, cross-sectional, multicenter study was conducted. CHC patients were categorized in fibrosis grades through FibroTest® and/or FibroScan®. Serum MMP-2, -7, and -9 were determined by western blot and multiplex suspension array assays. Differences were validated by the Kruskal-Wallis and Mann-Whitney U tests. The Spearman correlation coefficient and area under the receiver operating characteristic curve were calculated. Collagenolytic and gelatinase activity was determined through the Azocoll substrate and zymogram test, whereas tissue inhibitor of metalloproteinase-1 production was determined by dot blot assays.

RESULTS
[bookmark: OLE_LINK208][bookmark: OLE_LINK209]Serum concentrations of the MMPs evaluated were higher in CHC patients than in healthy subjects. MMP-7 distinguished early and advanced stages, with a correlation of 0.32 (P < 0.001), and the area under the receiver operating characteristic displayed moderate sensitivity and specificity for MMP-7 in F4 (area under the receiver operating characteristic, 0.705; 95% confidence interval: 0.605-0.805; P < 0.001). Collagenolytic activity was detected at F0 and F1, whereas gelatinase activity was not detected at any fibrosis stage. Tissue inhibitor of metalloproteinase-1 determination showed upregulation in F0 and F1 but downregulation in F2 (P < 0.001). 

CONCLUSION
[bookmark: OLE_LINK210][bookmark: OLE_LINK211]High concentrations of inactive MMPs were present in the serum of CHC patients, reflecting the impossibility to restrain liver fibrosis progression. MMPs could be good diagnostic candidates and therapeutic targets for improving novel strategies to reverse liver fibrosis in CHC.

[bookmark: OLE_LINK174][bookmark: OLE_LINK175][bookmark: OLE_LINK198][bookmark: OLE_LINK199][bookmark: OLE_LINK200][bookmark: OLE_LINK176][bookmark: OLE_LINK177][bookmark: OLE_LINK178][bookmark: OLE_LINK179][bookmark: OLE_LINK180][bookmark: OLE_LINK181][bookmark: OLE_LINK182]Key Words: Extracellular matrix; Matrix metalloproteinases; Liver fibrosis; Chronic hepatitis C; Fibrogenesis; Fibrolysis
Fibrolysis is a term used to refer the elimination of fibrosis, whereas Fibrinolytic is usually to refer the lysis of fibrin 
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[bookmark: OLE_LINK185][bookmark: OLE_LINK186][bookmark: OLE_LINK201]Core Tip: The relevance of this prospective study was to evaluate the role of matrix metalloproteinases in the pathophysiology of liver fibrosis in chronic hepatitis C patients. Matrix metalloproteinases could be used as possible therapeutic targets and as a monitoring tool in treatment-experienced patients that continue to present with liver fibrosis and develop cirrhosis and/or hepatocellular carcinoma.


INTRODUCTION
[bookmark: OLE_LINK212][bookmark: OLE_LINK213][bookmark: OLE_LINK214][bookmark: OLE_LINK74][bookmark: OLE_LINK75]Liver fibrosis is a convergence of repair mechanisms for chronic cellular damage, which can be induced by several etiologies, including the hepatitis B and C viruses, alcoholic liver disease (ALD) and nonalcoholic fatty liver disease, among others[1]. The intricate mechanism of the tissue repair response of extracellular matrix (ECM) compounds has been associated with the balance between fibrogenesis and fibrolysis[2]. In a normal liver, ECM proteins, fibronectin, laminin, proteoglycans and collagen types I, III, IV and V comprise approximately 0.5% of the wet weight[2,3]. The unregulated accumulation of ECM can result in chronic liver damage, promoting cirrhosis and hepatocellular carcinoma (HCC), with the subsequent death of patients. The uncontrolled deposition of collagen in the liver parenchyma involves the unceasing activation of hepatic stellate cells (HSCs), which represent approximately 5% to 10% of resident liver cells[4]. 
Some of the representative features of activated or transdifferentiated HSCs to myofibroblast-like cells are the loss of vitamin A storage, proliferation, inflammation, chemotaxis and ECM production[5,6]. Transforming growth factor beta (TGF-β) is the most potent fibrogenic cytokine and promotes smad-3 protein activation, stimulating the active transcription of collagen type I and III[7]. TGF-β can also activate the MAPK/p38/c-JNK pathway[8], inducing a continuous proinflammatory milieu. Other proliferative HSC inductors have been well described, such as PDGF, CTGF and VEGF[1]. 
The control of collagen and other ECM elements is known to be regulated by the family of matrix metalloproteinases (MMPs)[9]. The MMPs have been classified into broad groups related to their activity: collagenases, gelatinases, membrane-type MMPs, stromelysins and matrilysins[10]. MMPs also play important roles in the degradation and activation of immune mediators (e.g., cytokines and antimicrobial peptides)[2]; those biologic regulators are usually released as zymogens that require additional processing in the extracellular space by self-activation, the indirect action of plasminogen and the assistance of transmembrane MMP activity. Thus, some reports state that MMPs may display dual roles in liver fibrosis, depending on the timing of action. Proteolytic activity is mainly controlled by reversible tissue inhibitors of metalloproteinases (TIMPs, 1-4)[11,12]. In fact, activated HSCs have been reported to upregulate TIMP-1, enabling the accumulation of ECM proteins in the extracellular space[13,14]. 
[bookmark: OLE_LINK76][bookmark: OLE_LINK77]Approximately 20 years ago, MMP-2 was described to be overexpressed in the liver parenchyma of human fibrotic and cirrhotic patients[15], and a direct association with collagen I expression was also reported in an animal model[14]. In addition, MMP-2 participated in the activation of TGF-β and the modulation of IL-1β, TNF-α and MCP-3 by proteolytic cleavage[16]. In 2000, Lichtinghagen et al[17] reported that peripheral blood cells revealed a correlation between the MMP-2/TIMP-1 ratio and the histologic grade of fibrosis in patients with chronic active cirrhosis due to hepatitis C. The authors concluded that said ratio could be used as a progression marker in patients with chronic liver disease[17]. MMP-2 (gelatinases A) and MMP-9 (gelatinases B) were recently suggested as serum biomarkers of ALD severity in a region in Poland[18]. The chronologic expression of MMP-2 and MMP-9 in hepatic fibrosis was proposed using different animal models of fibrosis. Those MMPs were relatively overexpressed and TIMP-1 was downregulated after the fibrosis inductor was eliminated[14].
A recent multi-analysis of serum proteins demonstrated that MMP-7 was directly associated with fibrosis. The authors suggested that MMP-7 could be a valuable indicator of advanced fibrosis and might play a role in liver fibrogenesis, due to its role as a matrix remodeling factor[19]. However, there is little information about MMP-7 and liver fibrosis progression in the liver as well as at the serum level.
The correct determination of liver fibrosis stages is imperative for making the diagnosis and implementing therapeutic decisions. At present, there is no evidence of the production and activity of MMP-2, MMP-7 or MMP-9 or their correlation with fibrosis progression in serum samples from patients. In the present work, we evaluated the serum concentration and proteolytic capacity of MMP-2, -7 and -9 in chronic hepatitis C (CHC) patients according to fibrosis progression. 

MATERIALS AND METHODS
[bookmark: OLE_LINK215][bookmark: OLE_LINK216][bookmark: OLE_LINK217]Patient selection
A prospective, cross-sectional, observational study was conducted. Patients were carefully selected from the Hospital General de México, “Dr. Eduardo Liceaga,” the Universidad Autónoma de Nuevo Leon and the Instituto Nacional de Ciencias Médicas y Nutrición “Salvador Zubirán.” The patients included in the study were diagnosed with CHC (n = 119) and were treatment naïve. Fibrosis degrees were classified according to international guidelines by the FibroTest® and/or FibroScan® methods (F0, F1, F2, F3 or F4). The fibrosis stages of patients classified by FibroScan® and FibroTest® were grouped into similar intermediate classifications (F0-F1, F1-F2, F2-F3 and F3-F4). Patients whose tests were concordant or in close stages were included, whereas patients whose results were discrepant were discarded. Patients with clinical evidence of risk alcohol consumption (AUDIT > 8) and/or systemic infections (e.g., bacteria, flu, autoimmune diseases, etc.) and comorbidities (e.g., diabetes and hypertension) were excluded. The control group consisted of blood bank donors from the Hospital General de México with negative serology for HIV and hepatitis A, B and C viruses and classified as non-risk drinkers (AUDIT < 8) (n = 119).

Clinical and biochemical values
The anthropometric variables collected for both sexes were age, height, weight and body mass index (kg/m2; weight/height2), and the biochemical parameters were hemoglobin, hematocrit, leukocyte count, platelets, total bilirubin, direct bilirubin, aspartate aminotransferase, alanine aminotransferase and gamma glutamyl transpeptidase. 

Sample collection 
A total of 30 mL of blood was drawn from all participants for the samples; 20 mL were used for the biochemical tests and 10 mL to obtain serum. The samples were centrifuged at 3500 rpm for 10 min, and the serum was recovered and stored at -80 °C until its use for evaluating MMP concentration and regulation.

Serum MMP-2, -7, and -9 determination by western blot 
Serum samples were randomly collected from CHC patients and healthy individuals and incubated at 65 °C for 7 min. Total protein concentration was evaluated by the Bradford method[20]. The sample buffer (Laemmli 2X) and 10% β-mercaptoethanol (Bio-Rad) were then added and the final protein concentration was adjusted to 10 µg/µL for all the samples evaluated.
[bookmark: OLE_LINK86][bookmark: OLE_LINK87]The proteins were separated using 10% sodium dodecyl sulphate-polyacrylamide gel electrophoresis. Electrophoresis was performed at 100 V for 1 h, and the proteins were then transferred to PVDF membranes (Perkin-Elmer) at 400 mA for 60 min. The membranes were blocked with 7% skim milk dissolved in PBS and incubated for 2 h. Solid phase detection was carried out overnight at 4 °C in agitation, utilizing MMP-2, MMP-7, and MMP-9 mouse polyclonal antibodies (1:1000) (Santa Cruz Biotechnology). The membranes were washed three times with 0.05% Tween 20 in PBS and incubated with secondary goat-anti-mouse-IgG peroxidase-conjugated antibodies (1:2500) (Santa Cruz Biotechnology) for 1 h at 37 °C. The membranes were then washed with 0.05% Tween 20 in PBS and exposed to a luminol kit reagent (Santa Cruz Biotechnology) using Kodak film. Densitometry analysis was performed using the ImageJ program (http://rsb.info.nih.gov/nih-image), and the results were expressed as relative optical density.

MMP-2, -7 and -9 serum concentration
MMP concentration was evaluated by multiplex suspension array technology (Millipore®). Nontreated serum samples from patients and controls (25 µL) were evaluated using the HMMP2MAG-55K kit, which allowed the simultaneous determination of MMP-2, -7 and -9 concentrations with no cross-reactivity and minimal intra- and interassay error (% CV < 10) (Merck, Millipore ®, United States). The data were acquired utilizing Luminex200 MAGPIX® Systems equipment, following the supplier’s specifications (series number 10294005; Merck, Millipore, United States). The data were validated with internal standards and controls, and minimum and maximum detection values for each protein were obtained using Luminex XPONENT software. 

Azocoll quantitative assays
To determinate the collagenolytic activity of MMPs in serum, we used the chromogenic substrate, Azocoll. Two milligrams of Azocoll were incubated with 10 µg/µL of total serum protein and adjusted to 500 µL by the addition of an activation buffer at pH 9.0 (100 mmol/L glycine, 2 mmol/L CaCl2) (J.T. Baker, PA, United States). The serums were incubated overnight with shaking at 37 °C in duplicate. The reaction was stopped with 10% trichloroacetic acid (500 µL) (Sigma-Aldrich, MO, United States), and the samples were centrifuged at 4600 × g for 15 min. The supernatants were collected, and their absorbances were evaluate at 520 nm. A total of 2.5 µg/mL (4.5 U/mL) of collagenase from Clostridium histolyticum was used for the positive control. Protease activity was reported as units per milligram; that unit of measure is equivalent to the amount of substrate degraded in 1 min per milliliter[21]. 

Detection of MMP activity in gelatin-zymogram 
[bookmark: OLE_LINK11][bookmark: OLE_LINK12][bookmark: OLE_LINK13]MMP activity was analyzed in serum from CHC patients and control subjects by 10% sodium dodecyl sulphate-polyacrylamide gel electrophoresis, copolymerized with 0.1% porcine skin gelatin (type A) (Sigma-Aldrich) or collagen (Collagen Standard from SIRCOL kit assays; Biocolor, United Kingdom) as the substrate. Concentrations of 10 µg of protein were loaded per well. Electrophoresis was performed at 100 V at 4 ºC for 3 h. A total of 5 µg/mL of broad-spectrum collagenase from Clostridium histolyticum was used for the positive control (Collagenase P; Roche, United States). After electrophoresis, the gels were washed twice with a 2.5% Triton X-100 (Sigma-Aldrich) solution for 15 min with shaking. For MMP activation, the gels were incubated overnight with buffer solution at pH 9.0 (100 mmol/L glycine and 2 mmol/L CaCl2 with or without 2 mmol/L dithiothreitol). Finally, the gels were stained with 0.5% (w/v) Coomassie brilliant blue R-250 for 30 min. Protease activities were observed after the gels were decolored with methanol-acetic acid-water (%) (50:10:40) until clear bands on a blue background were obtained.

TIMP-1 determination in fibrosis grades by dot blot
[bookmark: OLE_LINK14][bookmark: OLE_LINK15][bookmark: OLE_LINK16][bookmark: OLE_LINK17][bookmark: OLE_LINK18]To determine TIMP-1 in the different grades of liver fibrosis, we performed dot blot assays. All samples (5 µg/mL) were placed by drops onto PVDF membranes (0.22 µm), and bound protein was determined with Ponceau S solution (Sigma-Aldrich). Dot blots were determined using an anti-TIMP-1 polyclonal antibody (1:500) overnight, followed by incubation with secondary anti-goat antibody (1:2500; Invitrogen, MA, United States). The blots were exposed to a luminol kit reagent (Santa Cruz Biotechnology, TX, United States) using Kodak photographic film. The densitometry analysis was evaluated with the ImageJ program (http://rsb.info.nih.gov/nih-image), and the data were expressed as relative optical density.

Statistical analysis
[bookmark: OLE_LINK19]The continuous variables were described as mean ± standard error of the mean and the qualitative variables as absolute and relative frequencies (%). The qualitative variables were analyzed using the chi-square test, and the continuous parameters were analyzed using the Mann-Whitney U test. Relative optical density data and MMP and TIMP-1 activity from the western blot and Azocoll assays were plotted using GraphPad Prism Software V6 (CA, United States). The P values were calculated using two-way ANOVA and Bonferroni’s Multiple Comparisons Test. The Pearson correlation was calculated, and the area under the receiver operating characteristic curve for MMP-7 was determined in all the fibrosis stages to determine its relevance as a biomarker. Differences were considered statistically significant when the P value was less than 0.05. The statistical analysis was performed using the IBM SPSS Statistics for Windows, Version 22 program (IBM Corp, NY, United States). 

RESULTS
[bookmark: OLE_LINK218][bookmark: OLE_LINK219]Demographic and biometric analyses 
A total of 119 patients with CHC were included. Unexpectedly, the CHC group mainly consisted of women. The demographics and biochemical information were contrasted with 119 healthy subjects that were predominantly male (Table 1). Only body mass index did not display differences in the biometric analysis. The data are summarized in Table 1.

Overproduction of MMP-2, -7 and -9 in the serum of CHC patients 
To evaluate the presence of MMPs in serum from patients and healthy individuals, we first determined the presence of each of the MMPs by western blot assays. The results showed the presence of bands with molecular weights of 75, 29 and 50 kDa, using specific antibodies against MMP-2, MMP-7, and MMP-9, respectively (Figure 1A). The densitometric analysis of all the MMPs evaluated showed an evident increase in the CHC patients (Figure 1B). 
After observing those differences, we evaluated the specific concentration of each MMP by multiplex suspension array technology. Interestingly, the multiplexed determination of MMPs in the CHC patients (n = 119) and controls (n = 119) showed that MMP-2 had higher concentration values compared with MMP-7 and MMP-9 (Figure 2). The results correlated with the western blot assays.

Differential production of MMPs in fibrosis stages 
After determining MMP overproduction, the CHC patients were categorized into fibrosis stages (F0, F1, F2, F3 and F4) (Supplementary Table 1). Mean patient age was between 55 and 60 years, and body mass index was higher in F4 (Table 2). The comparative results of serum MMP-2 concentrations suggested decreases in stages F0, F1, and F2, but no differences were observed in any of the fibrosis grades (Figure 3A). In contrast, MMP-7 displayed a continuous increase according to fibrosis stage progression. Statistical differences were found in F0 vs F1, F0 vs F3, F0 vs F4, F1 vs F3, F1 vs F4, F2 vs F3 and F2 vs F4 (Figure 3B). Finally, the MMP-9 analysis showed no tendency or difference between each fibrosis stage.

MMPs as indicators of fibrosis in CHC patients
After determining that MMP-7 showed differences between fibrosis stages, we performed the Spearman correlation, and MMP-7 displayed moderate correlation (r = 0.32, P < 0.001) with CHC. We then determined the area under the receiver operating characteristic curve to evaluate MMP-7 as a candidate marker for fibrosis. Receiver operating characteristic (ROC) values > 0.7 were considered acceptable, whereas values below that point were discarded. The results showed that MMP-7 was not effective for distinguishing F0, F1, F2 or F3 (Figure 4A). However, the ROC values were acceptable in F4, the advanced fibrosis stage (Figure 4A and 4B). The use of MMP-7 as a complementary protein could improve the specificity and sensitivity of the available methods for determining that fibrosis stage.

Collagenolytic and gelatinase activity of MMPs in CHC
Zymograms and Azocoll assays were performed to evaluate whether serum MMPs had proteolytic activity. The quantitative analysis of the degradation of Azocoll demonstrated that activity in the CHC patients (n = 119) was slightly higher than in the controls (n = 119) (Figure 5A). The evaluation of activity in relation to fibrosis grades showed that F0 and F1 had collagenolytic activity and that F2, F3, and F4 values were lower than those of F1 (Figure 5B). Activity was adjusted to the positive collagenase activity of Clostridium histolyticum reaching absorbance at 4.5 U/mL. The zymography assays did not detect any apparent activity of gelatinase or collagenase in either the patients or the controls (Figure 6). In contrast, the positive controls showed activity in the range of 150 to 250 kDa and activity close to 62 kDa. Similar results were observed in collagen-zymogram (data not shown). Regarding the zymography assays of fibrosis stages in the CHC patients, no enzymatic activity was shown in the sample evaluated (Figure 6B).

Differential TIMP-1 production in different fibrosis stages
To explore TIMP-1 regulation in the serum from patients with different fibrosis grades, we performed dot blot assays. At the early stages of fibrosis (F0 and F1), the patients had high levels of TIMP-1. However, at F2, TIMP-1 diminished sharply, but the levels were recovered in F3 and F4 (Figure 7B). The data were compared with the control levels. The PVDF membrane was stained with Ponceau S solution as the protein control load (Figure 7A). Statistical differences were determined through the densitometric analysis of TIMP-1 in the different fibrosis grades and the control subjects (Figure 7C). 

DISCUSSION
[bookmark: OLE_LINK220][bookmark: OLE_LINK221][bookmark: OLE_LINK20]Up to the year 2010, approximately two million deaths worldwide (an estimated 4% of total deaths) were associated with liver diseases that included acute hepatitis, cirrhosis and liver cancer[22]. Novel antiviral treatments and changes in lifestyle have improved survival and quality of life, albeit treatment is not always successful in cases of chronic hepatitis C virus (HCV) infection. In addition, achieving alcohol abstinence and adherence to diet is no easy task[23-25]. Importantly, some patients that have been treated, and in whom viral infection is clinically eliminated continue to present with liver damage and develop cirrhosis and/or HCC[26]. Fibrosis is a common feature in the wound-healing response for most damage inductors and can be considered the key to adequate or inadequate liver parenchyma function. HSCs activated by TGF-β are thought to be the major source of collagens and TIMPs, but inactivation of that cell line is not enough to restore normal liver function. The degradation of excessive ECM is also necessary[14,27]. Collagens are degraded by MMPs, which are secreted by Kupffer cells and HSCs as proenzymes, and their activation occurs in the extracellular space. In the present work, we evaluated the serum concentration and proteolytic capacity of MMP-2, -7 and -9, in CHC patients according to fibrosis progression.
The demographic data revealed that the CHC population was older than the control group, correlating with progression and evolution time of hepatitis C, which is usually diagnosed in advanced-age patients. In contrast, the control individuals were young, which is the common age range of blood donors (35 to 45 years)[28]. Furthermore, both the CHC and control subjects presented with the obesity criteria with no apparent impact on biochemical values, including platelets and liver enzymes (aspartate aminotransferase, alanine aminotransferase and gamma glutamyl transpeptidase), which showed evident clinical alterations in CHC. Moreover, young patients were mainly identified as F1, which possibly was related to the fact that some of the study subjects then became blood donors (whose common age is from 35 to 45 years). Through the viral panel, these donors were found to be positive for HCV. Advanced stages of fibrosis were found in patients whose age ranged from 55 to 60 years.
Despite the fact that MMP-1, MMP-2, MMP-9 and MMP-13 are the most common MMPs related to liver fibrosis regulation[29], in 2015 MMP-7 was observed to be associated with liver fibrosis in biliary atresia[30]. In our study, the CHC patients had higher concentrations of MMP-7 compared with the healthy individuals, which correlated with the report of upregulation of MMP-7 in cirrhosis[19]. We provided evidence that absolute values of MMP-7 were able to distinguish mild, moderate and advanced fibrosis stages. 
After evaluating the regulation of MMP-7 through fibrosis progression and observing the differences according to fibrosis stages, we performed ROC analyses in each of the stages of fibrosis (data not shown). MMP-7 showed acceptable ROC values for distinguishing F4 from the other stages of fibrosis. In previous reports, multiple analyses and multivariate logistic regression modeling of MMP-7 with hyaluronic acid, MMP-1, α-fetoprotein and APRI enhanced diagnostic accuracy to 0.938 in advanced fibrosis[19]. Those types of analyses could possibly improve area under the receiver operating characteristic values in the other fibrosis stages. MMP-7 and other liver proteins in serum (e.g, TIMP-1 and IGFBP-7, among others)[19] can potentially improve the available diagnostic methods by enabling the precise discrimination of mild, moderate and advanced fibrosis stages. Those results are promising, and MMP-7 has been considered a predictive biomarker in other fibrogenesis pathologies, such as kidney fibrosis and idiopathic pulmonary fibrosis[31,32]. Thus, the correct clinical evaluation is crucial before using serum markers as diagnostic tools. On the other hand, both MMP-2 and MMP-9 have been proposed as serum biomarkers in ALD, and their concentrations have increased according to Child-Pugh score progression[18]. However, their activity and regulation in fibrosis stages has not been previously evaluated in detail in CHC patients.
MMP-1 is known to degrade collagen I and III, which are typical indicators of liver fibrosis[27,33]. However, in human liver biopsy samples, active MMP-2 expression in the liver parenchyma has been observed[15]. In 2011, MMP-2 was reported to suppress collagen I expression in a murine toxin-induced liver fibrosis model[34]. In the present study, we identified higher concentrations of MMP-2 in the serum of CHC patients compared with healthy subjects. Similarly, HCV-infected patients were reported to have higher circulating levels of MMP-2 than healthy donors[35,36]. 
Additionally, TIMP-1 levels have been shown to be significantly higher in HCV vs healthy donors, suggesting the presence of the inactive form of MMP-2[17]. Interestingly, we found no proteolytic activity of that gelatinase type A in our results. Our findings correlate with the histopathologic events of human liver biopsies of patients with chronic hepatitis and cirrhosis of the liver, in which in situ hybridization showed a strong label of inactive MMP-2 in HSCs located in the lobules and periportal areas and in fibroblasts in the fibrous septa[15]. Our dot blot results showed that TIMP-1 had a pattern like that of MMP-2 production, demonstrating an apparent expression in mild fibrosis (F0-F1) and an important reduction in F2 suggesting that TIMP-1 acts on serum MMP-2 regulation in patients. Perhaps MMP-2 downregulation requires less regulation by its inhibitor. In addition, the analysis of fibrosis grades did not display differences in MMP-2 at any stage evaluated. A recent meta-analysis suggests that lower serum levels of MMP-2 can be found in F2 and F3. The production of MMP-2 has been reported in HSCs, monocytes, lymphocytes, dendritic cells and fibroblasts[37]. However, secretion into serum could be due to alterations in the cellular mechanism caused by HCV (e.g., methylation and acetylation)[38]. Those results support the evidence that inactive MMP-2 is overproduced in CHC, but its role in fibrosis progression is uncertain.
We also found that the behavior of gelatinase B, or MMP-9, was like that of MMP-2. Our results described high levels of MMP-9 in the CHC patients, and the zymography analysis showed no gelatinase activity in the general substrate under physiologic conditions in any of the fibrosis stages evaluated (pH 7.0 and 37 °C). MMP-9 is mainly produced by Kupffer cells, but it can also be produced by lymphocytes and endothelial cells. The inactive presence of MMP-9 in the serum of patients with CHC in our study could be explained by the inactive form of MMP-2, which is its natural activator[39]. Furthermore, denaturalized collagen (Azocoll) was used as the specific substrate for MMP-7[40] showing activity in F0 and F1. However, the collagenolytic activity was drastically reduced after F2, as occurs with TIMP-1 at those stages. TIMP-1 can act as an inhibitor of MMP-7[41], but our results showed strong collagenase activity and higher levels of TIMP-1 at the same stages of fibrosis, suggesting that TIMP-1 could be involved in the partial regulation of MMP-7[38]. Similarly, TIMP-1 has also been reported to directly inhibit MMP-9. In fact, MMP-9 has been suggested as a therapeutic target for fibrosis resolution because it is related to the transdifferentiation process of HSCs and apoptosis of that cell line[29]. A longitudinal study reported an approximate 40% reduction of MMP-9 levels in patients treated with dual and triple antiviral therapies but no changes in MMP-2, TIMP-1, or TIMP-2, which the authors suggested was related to the reduction of liver inflammation[35]. 
Taken together, our results strongly suggest that MMPs and their activity, when determined in serum, could be complementary indicators in the diagnosis of inflammation and fibrosis, especially MMP-7 in advanced stages. The inactive stage of MMPs could be due to alterations in synthesis and production (acetylation and deacetylation, translation or post-transduction modification) caused by the HCV[38]. The identification of novel strategies or therapeutic targets to induce the fibrolytic function of MMPs could be crucial for improving the recovery from liver damage, preventing patients from progressing to HCC, even after receiving direct-acting antiviral treatment. It is also important to be familiar with the fibrolytic process in other liver diseases (nonalcoholic fatty liver disease and ALD) to understand and distinguish molecular and cellular events so that strategies can be implemented to reduce the exacerbated production of ECM and the consequent development of cirrhosis. In short, our results strongly suggest that serum MMP-7 could be used as a complementary indicator in the diagnosis of advanced fibrosis in CHC. Collagenolytic activity occurred mainly at early fibrosis stages (F0 and F1), but gelatinase activity was not detected at any fibrosis stage. Our study provides novel evidence of the increasing production and downregulation of serum MMP activity in CHC patients during the fibrolytic process and CHC progression.

CONCLUSION
[bookmark: OLE_LINK222][bookmark: OLE_LINK223]Serum concentrations of MMPs were upregulated in patients with CHC, but their collagenolytic activity was limited to early fibrosis stages, whereas gelatinase functions were inactive during fibrosis progression despite their higher circulating concentrations. 
The concentration and activity of MMPs, especially MMP-7, could be complementary indicators in the diagnosis of advanced fibrosis. It is possible that the HCV modulates the cellular and molecular mechanisms of MMP production affecting their correct fibrolytic functions and potentially resulting in progression to HCC. Further studies are needed to determine the exact mechanisms by which the HCV maintains MMPs inactive. 

ARTICLE HIGHLIGHTS
Research background
[bookmark: OLE_LINK224][bookmark: OLE_LINK225][bookmark: OLE_LINK226]Matrix metalloproteinases (MMPs) maintain the homeostasis between fibrogenesis and fibrolytic processes in the liver. Few studies on the production and activity of liver MMPs and fibrosis progression have been performed in humans. 

Research motivation
[bookmark: OLE_LINK227][bookmark: OLE_LINK228]The correct determination of liver fibrosis stages is imperative for making the diagnosis and implementing therapeutic decisions. At present, there is no evidence of the production and activity of MMP-2, MMP-7 or MMP-9 or their correlation with fibrosis progression in serum samples from patients with liver diseases.

Research objectives
[bookmark: OLE_LINK229]In the present prospective, cross-sectional, multicenter study, we assessed the production, activity and regulation of matrix metalloproteinases in liver fibrosis stages in chronic hepatitis C (CHC).

Research methods
[bookmark: OLE_LINK230][bookmark: OLE_LINK231][bookmark: OLE_LINK82][bookmark: OLE_LINK83][bookmark: OLE_LINK21][bookmark: OLE_LINK22]We selected CHC patients from the Hospital General de México, “Dr. Eduardo Liceaga,” the Universidad Autónoma de Nuevo Leon and the Instituto Nacional de Ciencias Médicas y Nutrición “Salvador Zubirán.” Patients were categorized in fibrosis grades through FibroTest® and/or FibroScan® (F0, F1, F2, F3 or F4). Serum concentrations of MMP-2, -7 and -9 were determined. Differences were validated by the Kruskal-Wallis and Mann-Whitney U tests. Area under the receiver operating characteristic curve was calculated in fibrosis degrees. Proteolytic activity was validated by chromogenic and enzymatic assays and serum concentration, and the regulation of tissue inhibitor of metalloproteinases-1 was tested in fibrosis progression. 

Research results
[bookmark: OLE_LINK232][bookmark: OLE_LINK233][bookmark: OLE_LINK234][bookmark: OLE_LINK235]We compared 119 CHC patients with 119 healthy subjects. MMP-2, -7 and -9 concentrations were higher in the patients with CHC than in the control subjects. No differences between the serum concentrations of MMP-2 and MMP-9 were found, but MMP-7 showed differential regulation in accordance with fibrosis stages as well as an acceptable receiver operating characteristic (0.705), in advanced fibrosis (F4). Collagenolytic MMP activity was maintained in F0 and F1 but decreased significantly in F2, F3 and F4. Gelatin activity was not observed in any stage of fibrosis. The concentration of tissue inhibitor of metalloproteinases-1 was lower in F2 and F4 compared with F0, F1 and healthy subjects. Inactive MMPs were found in the serum of the CHC patients. 

Research conclusions
[bookmark: OLE_LINK236][bookmark: OLE_LINK237]Elevated concentrations of inactive MMPs were present in the serum of CHC patients, reflecting the impossibility to restrain liver fibrosis progression. MMPs could be used in the diagnosis of liver fibrosis and the treatment for its reversal in CHC.

Research perspectives
[bookmark: OLE_LINK238]Given that MMP-2, -7 and -9 have not been simultaneously evaluated in the serum from liver fibrosis patients, MMPs could be used to improve the currently available diagnostic methods and as therapeutic targets. They could also be used as a monitoring tool in treatment-experienced patients that continue to present with liver fibrosis and develop cirrhosis and/or hepatocellular carcinoma.
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[bookmark: OLE_LINK252][bookmark: OLE_LINK253][bookmark: _Hlk59624829][bookmark: OLE_LINK107][bookmark: OLE_LINK105][bookmark: OLE_LINK106][bookmark: OLE_LINK78][bookmark: OLE_LINK108][bookmark: OLE_LINK109][bookmark: OLE_LINK79][bookmark: OLE_LINK80][bookmark: OLE_LINK110][bookmark: OLE_LINK111][bookmark: OLE_LINK81][bookmark: OLE_LINK88][bookmark: OLE_LINK112][bookmark: OLE_LINK113]Figure 1 Matrix metalloproteinase-2, -7 and -9 determination in serum. A: Detection of bands at 75, 29 and 50 kDa in chronic hepatitis C (CHC) patients and healthy individuals corresponding to matrix metalloproteinase (MMP)-2, MMP-7 and MMP-9, respectively; B: Densitometric analysis of each of the MMPs in the patients (gray bars) and the control (CT) group (white bars) expressed as relative optical density (ROD). Relative optical density analysis was performed using ImageJ software. Bars display the mean ± standard error of the mean of five independent assays of random samples from CHC samples and CT subjects. aP < 0.05; cP < 0.001. 
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[bookmark: OLE_LINK254][bookmark: OLE_LINK255][bookmark: OLE_LINK30]Figure 2 Matrix metalloproteinase concentrations in serum of chronic hepatitis C patients and healthy individuals. The serum concentrations of matrix metalloproteinase (MMP)-2, -7 and-9 were simultaneously determined in chronic hepatitis C patients (black bars) and healthy subjects (white bars) by multiplex suspension array technology, and the values were expressed in ng/mL. Statistical differences were obtained through the Mann-Whitney U test. Data are expressed as mean ± standard error of the mean. aP < 0.05; cP < 0.001. 
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[bookmark: OLE_LINK256][bookmark: OLE_LINK257][bookmark: OLE_LINK84][bookmark: OLE_LINK85]Figure 3 Matrix metalloproteinase productions according to fibrosis stage. Serum concentrations of A: Matrix metalloproteinase (MMP)-2; B: MMP-7 and C: MMP-9 of chronic hepatitis C patients classified according to fibrosis grades F0, F1, F2, F3 and F4. Statistical differences of MMP-7 were observed in 1 = F0 vs F1a; 2 = F0 vs F3b; 3 = F0 vs F4b; 4 = F1 vs F3b; 5 = F1 vs F4b; 6 = F2 vs F3a, 7 = F3 vs F4b. Data are expressed as mean ± standard error of the mean. aP < 0.05; bP < 0.01.
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[bookmark: OLE_LINK258][bookmark: OLE_LINK259][bookmark: OLE_LINK31][bookmark: OLE_LINK32][bookmark: OLE_LINK35][bookmark: OLE_LINK89][bookmark: OLE_LINK114][bookmark: OLE_LINK115]Figure 4 Area under the receiver operating characteristic analysis of matrix metalloproteinase-7 in the fibrosis stages. A: Area under the receiver operating characteristic (ROC) values and lower and upper limits of matrix metalloproteinase (MMP)-7 in F0, F1, F2 and F3 were calculated; B: Area under the ROC curve of MMP-7 in F4; area under the ROC value, statistical significance and lower-upper limits are indicated. CI: Confidence interval.
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[bookmark: OLE_LINK260][bookmark: OLE_LINK261]Figure 5 Collagenolytic matrix metalloproteinase activities in serum. A: Representative degradation of the Azocoll substrate reflecting collagenolytic activity in the chronic hepatitis C (CHC) patients and controls (CTs); B: Representative enzymatic activity of the matrix metalloproteinases in F0, F1, F2, F3 and F4. Matrix metalloproteinase activation was carried out with a pH 9.0 buffer at 37 °C for 2 h. Absorbance was obtained through spectrophotometry at 520 nm, and the values were adjusted to the maximal activity reached by Clostridium histolyticum collagenase and expressed as U/mL. Bars are expressed as mean ± standard error of the mean. aP < 0.05. 
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[bookmark: OLE_LINK262][bookmark: OLE_LINK263][bookmark: OLE_LINK116][bookmark: OLE_LINK117]Figure 6 Evaluation of gelatinase activity by zymography. A: Representative zymography assays in 10% polyacrylamide gel electrophoresis copolymerized with 0.1 % (w/v) gelatin (molecular weight pattern). A total of 10 µg/mL of serum from chronic hepatitis C (CHC) patients and healthy individuals (n = 20) was loaded. Zymograms were activated overnight at pH 9.0 at 37 °C; B: Determination of gelatinases in different fibrosis stages (F0, F1, F2, F3 and F4) in the serum of CHC patients. Collagenase from Clostridium histolyticum (5 µg/mL) [C (+)] was used as the experimental control (CT). Five samples of each fibrosis stage and CT were evaluated in triplicate. MW: Molecular weight.
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[bookmark: OLE_LINK264][bookmark: OLE_LINK265]Figure 7 Tissue inhibitor of metalloproteinase -1 evaluations in the fibrosis grades. A: Representative serum protein load (5 µg/µL) onto the PVDF membrane stained with the Ponceau S solution; B: Representative dot blot assay of tissue inhibitor of metalloproteinase-1 in the different fibrosis stages (F0-F4) compared with healthy subjects; C: Densitometric analysis of each fibrosis stage and the controls (CTs; black bars) was expressed as relative optical density (ROD). Random serum samples (n = 5) of each fibrosis stage were evaluated in triplicate. ROD analysis was performed using ImageJ software, and bars display the mean ± standard error of the mean. Group comparisons: 1 = F0 vs F2c; 2 = F0 vs F4c; 3 = F1 vs F2c; 4 = F1 vs F4c; 5 = F2 vs F3c; 6 = F2 vs F4c; 7 = F3 vs F4c; 8 = CT vs F2c; 9 = CT vs F4c; cP < 0.001 in all the groups compared. 

Table 1 Demographic and clinical data of chronic hepatitis C patients compared with healthy individuals
	
	CHC, n = 119
	CT, n = 119
	P value

	Sex, n (%)
	
	
	< 0.001

	Men
	53 (45)
	75 (63)
	

	Women
	66 (55)
	44 (37)
	

	Age in yr
	54 ± 13
	37 ± 10
	< 0.001

	BMI in kg/m2
	27 ± 1
	28 ± 1
	0.340

	Hb in g/dL
	14 ± 2
	16 ± 1
	< 0.001

	Leu as 103/µL
	5.1 ± 1.0
	7.4 ± 0.2
	< 0.001

	Platelets as × 103
	177 ± 78
	272 ± 62
	< 0.001

	Total bilirubin in mg/dL
	2.52 ± 1.70
	0.75 ± 0.29
	0.001

	Direct bilirubin in mg/dL
	0.18 ± 0.15
	0.07 ± 0.06
	0.001

	AST in UI/L
	60 ± 5
	30 ± 11
	< 0.001

	ALT in UI/L
	63 ± 5
	26 ± 18
	< 0.001

	GGT in UI/L
	92.50 ± 10.67
	30.55 ± 2.43
	< 0.001


Data were expressed as the mean ± standard deviation. ALT: Alanine aminotransferase; AST: Aspartate aminotransferase; BMI: Body mass index; CHC: Chronic hepatitis C; CT: Control; GGT: Gamma glutamyl transpeptidase; Hb: Hemoglobin; Leu: Leukocytes. 



Table 2 Demographic and biochemical data according to fibrosis stages
	
	F0 (36)
	F1 (11)
	F2 (14)
	F3 (20)
	F4 (38)
	Differences

	Sex, n (%)
	
	
	
	
	
	

	Men
	10 (30)
	6 (60)
	7 (50)
	9 (45)
	13 (37)
	N/A

	Women
	26 (70)
	5 (40)
	7 (50)
	11 (55)
	25 (63)
	N/A

	Age in yr
	50 ± 12
	39 ± 7
	55 ± 13
	59 ± 10
	55 ± 13
	F0-F1a, F0-F3a, F1-F2b, F1-F3b, F1-F4b

	BMI in kg/m2
	25 ± 4
	26 ± 4
	26 ± 3
	27 ± 3
	27 ± 5
	F0-F4a

	Hb in g/dL
	15.0 ± 1.3
	14.0 ± 2.0
	14.0 ± 2.0
	14.0 ± 2.0
	14.0 ± 2.0
	N/S

	Leu in g/dL
	5.6 ± 1.3
	6.5 ± 0.8
	4.2 ± 1.4
	4.7 ± 1.2
	4.3 ± 2.2
	F0-F4b

	Platelets as × 103
	231 ± 56
	233 ± 20
	193 ± 74
	163 ± 54
	92 ± 39
	F0-F3b
F0-F4b
F1-F4b
F2-F4b
F3-F4b

	Total bilirubin in mg/dL
	0.72 ± 0.31
	0.44 ± 0.22
	0.73 ± 0.28
	1.75 ± 0.85
	2.39 ± 2.7
	F0-F1b
F1-F4b
F2-F4a
F3-F4a

	Direct bilirubin in mg/dL
	0.18 ± 0.10
	0.07 ± 0.05
	0.12 ± 0.10
	0.23 ± 0.15
	0.27 ± 0.3
	F0-F1a

	AST in UI/L
	45 ± 7
	38 ± 12
	49 ± 11
	74 ± 10
	86 ± 16
	F0-F3b
F0-F4b
F1-F3a
F1-F4a

	ALT in UI/L
	56 ± 11
	56 ± 8
	57 ± 10
	69 ± 10
	80 ± 13
	F0-F4b

	GGT in UI/L
	70.49 ± 15.65
	51.30 ± 19.43
	52.62 ± 14.10
	91.58 ± 18.74
	144.00 ± 25.29
	F0-F4a
F1-F3a
F1-F4b
F2-F4a


aP < 0.05, bP < 0.01. Data are expressed as the mean ± standard deviation. Fibrosis stages: F0, F1, F2, F3 and F4. ALT: Alanine aminotransferase; AST: Aspartate aminotransferase; BMI: Body mass index, GGT: Gamma glutamyl transpeptidase; Hb: Hemoglobin; Leu: Leukocytes; N/A: Not applicable; N/S: Not significant. 
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