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Abstract

Background and aims—Liver fibrosis results from the perpetuation of the normal wound 

healing response to several types of injury. Despite the wealth of knowledge regarding the 

involvement of intracellular and extracellular signaling pathways in liver fibrogenesis, information 

about the role of intercellular communication mediated by gap junctions is scarce.

Methods—In this study, liver fibrosis was chemically induced by carbon tetrachloride in mice 

lacking connexin32, the major liver gap junction constituent. The manifestation of liver fibrosis 

was evaluated based on a series of read-outs, including fibrosis staging and collagen morphometric 

analysis, oxidative stress, apoptotic, proliferative and inflammatory markers.

Results—More pronounced liver damage and enhanced collagen deposition were observed in 

connexin32 knock-out mice compared to wild-type animals in experimentally triggered induced 

liver fibrosis. No differences between both groups were noticed in apoptotic signaling nor in 

inflammation markers. However, connexin32 deficient mice displayed decreased catalase activity 

and increased malondialdehyde levels.

Conclusions—These findings could suggest that connexin32-based signaling mediates tissue 

resistance against liver damage by the modulation of the anti-oxidant capacity. In turn, this could 

point to a role for connexin32 signaling as a therapeutic target in the treatment of liver fibrosis.
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1 Introduction

Fibrosis is a wound healing response to various types of injury, whereby quiescent stellate 

cells transform into proliferative, fibrogenic and contractile myofibroblast-like cells. This is 

associated with a cascade of biochemical events, including chemotaxis, retinoid loss, pro-

inflammatory cytokine release and collagen deposition (Friedman 2008). Liver fibrosis can 

progress into liver cirrhosis, which may further burgeon into hepatocellular carcinoma. In 

2010, approximately 4% the worldwide deaths were due to liver cirrhosis (Lozano et al. 

2012). Although this number varies depending on the region, it has been estimated that 0.1% 

and 1% of the European and North American population are affected by liver cirrhosis 

(Beste et al. 2015; Blachier et al. 2013). Besides the epidemiological relevance, liver fibrosis 

and cirrhosis also impose a considerable economic burden on society. Indeed, when 

conventional treatment fails, the only curative therapy for decompensated cirrhosis is liver 

transplantation (van Agthoven et al. 2001). However, liver transplantation is not a common 

practice, mainly because of lack of donor organs. It also has the disadvantage of requiring 

lifelong immunosuppression (Pillai and Levitsky 2009). Thus, it is clear that there is an 

urgent need for new therapies for the treatment of liver fibrosis.

Liver fibrosis is driven by a plethora of intracellular signaling cascades (Friedman 2008). 

The involvement of intercellular communication in this disease has been much less 

documented. Direct intercellular communication is mediated by gap junctions. Gap 

junctions are formed by the interaction of 2 hemichannels of neighbouring cells, which in 

their turn are built up by 6 connexin (Cx) proteins (Maes et al. 2014; Vinken et al. 2008). 

More than 20 different connexins have been identified in humans and rodents, all which are 

expressed in a cell-specific way (Kar et al. 2012). In liver, hepatocytes abundantly produce 

Cx32 next to small quantities of Cx26 (Nicholson et al. 1987), while non-parenchymal cells 

mainly harbour Cx43 (Fischer et al. 2005; González et al. 2002; Maes et al. 2014). Upon 

liver disease, however, Cx32 production is progressively downregulated typically at the 

expense of Cx43 (Maes et al. 2015). In this respect, decreased Cx32 protein amounts have 

been detected in liver tissue from patients with chronic liver disease (Maes et al. 2015; 

Nakashima et al. 2004; Yamaoka et al. 1995). This gradual disappearance of Cx32 has been 

experimentally reproduced on many occasions in rodents treated with the prototypical liver 

fibrotic agent carbon tetrachloride (CCl4) (Cowles et al. 2007; Miyashita et al. 1991; Nakata 

et al. 1996). Nevertheless, the functional relevance of this deteriorative process and the role 

of Cx32 in liver fibrogenesis remain elusive.

In the present study, both wild-type (WT) and whole body Cx32 knock-out (KO) mice are 

treated with CCl4 for extended periods of time. The resulting liver fibrotic response is 

evaluated based upon a series of clinically and/or mechanistically relevant parameters. By 

doing so, this work is anticipated to shed more light onto the role of Cx32 in chronic liver 

disease.
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2 Methods

2.1 Animals and treatment

WT (Jackson Laboratories, USA) and Cx32-/- female mice with CD1 background were used 

in this study. Cx32-/- mice were kindly provided by Dr. Klaus Willecke (Nelles et al. 1996). 

Cx32 KO mice were generated by disrupting the Cx32 coding region in the mouse genome 

through insertion of a selectable gene that codes for neomycin resistance via homologous 

recombination (Evert et al. 2002; Nelles et al. 1996). Genotyping was performed by 

polymerase chain reaction (PCR) analysis of deoxyribonucleic acid (DNA) from mice tail-

tips as previously described (Evert et al. 2002). Primers used for detection of the Cx32 WT 

allele were 5´-CCATAAGTCAGGTGTAAAGGAGC-3´ and 5´-

AGATAAGCTGCAGGGACCATAGG-3´, generating a PCR product of 550 base pairs. 

Primer pairs used for detection of the Cx32-defective allele were 5´-

CCATAAGTCAGGTGTAAAGGAGC-3´ and 5´-ATCATGCGAAACGATCCTCATCC-3´, 

generating a PCR product of 414 base pairs. Mice were housed under controlled conditions 

(i.e. 22-24°C, 65 ± 15% relative humidity, 12-hours light/dark cycle). 8-week-old mice of 

each genotype (n=10 per genotype) were weighed (22 ± 4 g) and received 3 weekly doses of 

10% CCl4 (Anidrol, Brazil) diluted in corn oil, intraperitoneally (ip), for 8 weeks. The initial 

dose of CCl4 was 0.25 mg/kg, and there were 0.25 mg weekly increments to the utmost dose 

of 1.25 mg/kg (Cogliati et al. 2011). As control group of both genotypes, the animals 

received only the corn oil, ip (oil mice). All mice were weighed and sacrificed after 8 weeks 

of CCl4 or oil treatment. The liver of each animal was weighed and relative liver weight was 

calculated. Blood samples were centrifuged for 10 minutes at 1503xg followed by 

harvesting of serum and storage at -20ºC. Fragments from each liver lobe were fixed in 

methacarn (i.e. 60% methanol, 30% chloroform and 10% acid acetic) for 12 hours and 

embedded in paraffin. Other liver fragments were snap-frozen in liquid nitrogen and stored 

at -80ºC. This study has been approved by the Committee on Bioethics of the School of 

Veterinary Medicine and Animal Science of the University of São Paulo (i.e. protocol 

number 811/2005) and all animals received human care according to the criteria outlined in 

the “Guide for the Care and Use of Laboratory Animals”.

2.2 Examination of liver histopathology and collagen morphometry

Paraffin-embedded liver fragments were cut and 5-μm tissue slides were stained with 

hematoxylin-eosin and Sirius Red. Histopathological evaluation of necro-inflammatory areas 

and fibrosis staging was performed as described elsewhere (Ishak et al. 1995). Quantification 

of collagen in liver histological sections stained with Sirius Red was carried as previously 

described (Cogliati et al. 2010). Briefly, the area corresponding to red collagen fibers was 

studied with a 20x objective microscope (Nikon, Japan) and quantified with appropriate 

computer software (Image ProPlus 4.5, Media Cybernetics, USA). The area of collagen 

fibers was expressed as percentage of the total area of liver tissue analyzed in 10 different 

random fields for each mouse. For the immunofluorescent staining of type-I collagen, 

histological sections were subjected to enzymatic digestion with 0.4% pepsin (Sigma, USA) 

diluted in 0.5 N acetic acid for 30 minutes at 37°C. Thereafter, sections were subsequently 

rinsed and incubated overnight in a moisturized chamber at 4°C with primary antibody 

(dilution 1:50) raised against type-I collagen (Rockland, USA). Next, slides were incubated 
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with secondary antibody swine anti-rabbit IgG, FITC-conjugated (dilution 1:100) (Dako, 

USA,). After 90 minutes incubation in a moist and dark chamber, sections were 

counterstained with propidium iodide (dilution 1:1000). Finally, slides were mounted with 

Vectashield (Vector Laboratories, USA), sealed with nail polish and photographed using a 

Nikon E-800 fluorescence microscope (Nikon, Japan) at magnification 20x.

2.3 Serum biochemistry

Alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase 

(ALP), bilirubin, total protein and albumin were measured with an automated bench-top dry 

chemistry analyzer (IDEXX Laboratories Ltd, UK). ALT, AST and ALP values were 

expressed in U/L, bilirubin was expressed in mg/dL and total protein and albumin were 

expressed in g/dL.

2.4 Hepatic protein extraction and quantification

Frozen liver tissue weighing approximately 30 mg was homogenized in lysis buffer with 

protease inhibitors (Roche, Germany). Homogenates were centrifuged at 14000xg for 10 

minutes at 4°C and protein concentrations in supernatants were determined according to the 

Bradford procedure (Bradford 1976) using a commercial kit (Bio-Rad, USA) with bovine 

serum albumin as a standard.

2.5 Analysis of hepatic anti-oxidant enzymes

The superoxide dismutase (SOD) activity was assayed according to Ewin and Janero (Ewing 

and Janero 1995). SOD activity from the liver homogenate (i.e. 25 μL) was monitored at 560 

nm over 5 minutes at 26ºC by detecting formazan generation. A standard curve was prepared 

with a range between 0.69 U/mg protein and 22.15 U/mg protein of SOD from bovine 

erythrocytes (Sigma, USA). Glutathione peroxidase (GPx) activity was determined as 

previously described (Flohé and Günzler 1984). GPx activity from liver homogenate 

containing 2 mg/mL of protein (i.e. 30 μL) was continuously monitored at 340 nm 

absorbance over 4 minutes at 37°C by the detection of nicotinamide adenine dinucleotide 

phosphate. The standard curve was prepared with GPx from 1.5 U/mg protein to 50 U/mg 

protein (Sigma, USA). Glutathione reductase activity was determined as previously 

described by Torres and group (Torres et al. 2011). GR activity was continuously monitored 

in 20 μL from the liver homogenate containing 4 mg/mL of protein at absorbance of 340 nm 

over 26 minutes at 37°C by the measurement of nicotinamide adenine dinucleotide 

phosphate oxidation. The standard curve was prepared with GR from 0.0003 U/mL to 0.25 

U/mL of protein (Sigma, USA). The catalase activity was determined according to 

Bonaventura et al. (Bonaventura et al. 1972). Catalase activity was continuously monitored 

in liver homogenate containing 0.05 µg/µL of protein (i.e. 20 µL) at a 240 nm absorbance 

over 8 minutes at 30°C by the measurement of hydrogen peroxide (H2O2). A standard curve 

was prepared using catalase enzyme (Sigma, USA) and enzymatic activity was expressed in 

U/mg protein.
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2.6 Analysis of liver malondialdehyde

Malondialdehyde (MDA) levels in protein extracts were determined by reverse phase high-

performance liquid chromatography (HPLC) according to the protocol introduced by Hong 

and co-workers (Hong et al. 2000). Thiobarbituric acid-MDA conjugate derivative was 

injected into a Phenomenex reverse-phase C18 analytical column (250 mm x 4.6 mm, 5 mm 

Phenomenex, USA) with a LC8-D8 pre-column (Phenomenex, USA) and was 

fluorometrically quantified at an excitation wave length of 515 nm and an emission wave 

length of 553 nm. The HPLC pump delivered the isocratic mobile phase at a flow rate of 1.0 

mL per minute. A standard curve was prepared using 1,1,3,3-tetraetoxipropano. The results 

were expressed in μM/mg protein.

2.7 Enzyme-linked immunosorbent assay assays for liver inflammatory cytokines and 
cleaved caspase 3

Enzyme-linked immunosorbent assay (ELISA) kits were used to measure levels of mouse 

interleukin (IL)-1β, IL-6, IL-10, interferon γ (IFNγ) and tumor necrosis factor α (TNFα) 

(BD Biosciences, USA), and cleaved caspase 3 (RD systems, USA). Wells of a 96-well plate 

were coated overnight with appropriate monoclonal antibody diluted in coating buffer and 

blocked for 1 hour for the inflammatory cytokines and 1.5 hours for cleaved caspase 3 with 

phosphate-buffered saline containing bovine serum albumin. Subsequently, wells were 

incubated with liver homogenate or standard solution for 2 hours followed by incubation 

with appropriate biotinylated monoclonal antibody and streptavidin-horseradish peroxidase 

conjugate for 1 hour and 30 minutes, respectively. For caspase 3 analysis, the incubation 

times were 2 hours and 20 minutes. Finally, wells were exposed to tetramethylbenzidine 

substrate reagent for 30 minutes. The reaction was stopped by adding phosphoric acid for 

the cytokine measurements and sulfuric acid for caspase 3 analyses. The absorbance was 

measured at 450 nm with wavelength correction at 570 nm using a Varioskan™ Flash 

Multimode Reader (Thermo Scientific, USA). Values were expressed as pg/mg of protein.

2.8 Immunoblot analysis of pro/anti-apoptotic proteins and proliferating cell nuclear 
antigen

Sixty µg of protein from the samples were resolved on 12% Mini-ProteanR TGX™ gel (Bio-

Rad, USA) and transferred with the iBlot system to Novex (Invitrogen, USA). Membranes 

were blocked with 5% non-fatty milk in Tris-buffered saline solution (i.e. 20 mM Tris and 

135 mM sodium chloride) containing 0.1% Tween-20 (Bio-Rad, USA) during 1 hour. 

Membranes were probed overnight at 4ºC with primary antibodies directed against mouse 

Bid, Bax, and Bcl-xL (Cell Signaling Technology, USA) at 1:1000 dilution and against 

proliferating cell nuclear antigen (Sewnath et al.) (Santa Cruz, USA) at 1:200 dilution. 

Following incubation for 1 hour with horseradish peroxidase-labeled secondary antibody 

(Dako, USA), membranes were processed with the Pierce™ enhanced chemiluminescence 

Western blotting substrate kit (Thermo Scientific, USA) according to the manufacturer’s 

instructions and signals were visualized with the ChemiDoc™ MP Imaging system (Bio-

Rad, USA). Densitometric analyses were performed using Image Lab 5.2 (Bio-Rad, USA). 

For semi-quantification purposes, Bid, Bax, Bcl-xL and PCNA signals were normalized 

against β-actin signals and expressed as relative alterations compared to WT animals.
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2.9 Quantitative real-time PCR analysis

The quantitative PCR technique was performed following the Minimum Information for 

Publication of Quantitative Real-Time PCR Experiments guidelines (Bustin et al. 2009). 

Total ribonucleic acid (RNA) (i.e. 3 μg) was isolated from liver tissue using the RNAspin 

mini RNA isolation kit (GE HealthCare, USA) and was reverse transcribed to copy DNA 

using random primers and VILO Master Mix kit (Invitrogen). Collagen α1(I) primers and 

probes (assay ID Mm00801666_g1) for real-time PCR were purchased from Applied 

Biosystems (USA). 18S rRNA (assay ID Mm04277571_s1) and ACTB (assay ID 

Mm00607939_s1) were used as reference genes to normalize the results. Each sample was 

analyzed in duplicate and negative controls were enrolled. Efficiency was verified and 

established between 95% and 105%. Analyses were carried out using an ABI PRISM 7000 

device (Applied Biosystems, USA). Analyses of relative gene expression data were 

performed according to the 2-ΔΔCq method (Livak and Schmittgen, 2001). Results were 

expressed as fold change of ΔΔCq values obtained from WT oil mice.

2.10 Statistical analysis

The number of repeats (n) for each analysis varied and is specified in the discussion of the 

results. All data were expressed as mean ± standard error of the mean. Comparison of 

parameters between different genotypes or groups was performed using unpaired student t-
tests with 2-tailed comparisons using GraphPad Prism6 software. Probability (p) values of 

less than or equal to 0.05 were considered as significant.

3 Results

3.1 Cx32 deficiency enhances liver fibrosis after CCl4-induced chronic hepatic injury

Hepatic biotransformation of CCl4 relies on cytochrome P450 2E1 and yields the 

trichloromethyl radical, which is involved in several reactions generating free radicals and 

lipid peroxidation (Basu 2003). This contributes to an acute phase reaction characterized by 

cell death of centrilobular hepatocytes, the activation of Kupffer cells and the induction of an 

inflammatory response. This is associated with the production of several cytokines, which 

promote activation of hepatic stellate cells (HSCs) and hence liver fibrosis (Iwaisako et al. 

2014). Upon treatment of WT and Cx32-/- mice with CCl4 for 8 weeks, both groups showed 

equal nodule formation and no difference in relative liver weight was observed. Both WT 

and Cx32-/- untreated mice (oil) did not present any liver alteration related to fibrosis 

deposition (Figure 1). The mortality rate was less than 5% in both fibrotic WT and Cx32-/- 

mice. Morphometric analysis following in situ staining of collagen with Sirius red showed a 

significant (p < 0.001) increase in the normalized collagen area ratio in liver tissue of fibrotic 

Cx32-/- mice compared to WT animals, which was confirmed by immunolabeling of type-I 

collagen and at the mRNA level of collagen α1(I) (p < 0.01) (Figure 1).

3.2 Cx32 deficiency enhances hepatocellular injury after CCl4-induced chronic hepatic 
injury

Morphological alterations caused by CCl4 were observed on liver sections stained by 

hematoxylin-eosin and evaluated according to the classification of Ishak and group (1995) 
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from both mice genotypes. Based upon on histopathological analysis, a significant (p < 0.05) 

increase in histological necro-inflammatory activity was found in fibrotic Cx32-/- mice 

compared to WT counterparts (Figure 2). These findings were reflected at the biochemical 

level, as CCl4-treated Cx32-/- mice showed significantly elevated serum levels of AST (p < 

0.01) and ALT (p < 0.05) (Table 1). Both cytosolic enzymes leak from the cell into the 

serum upon membrane damage, such as occurring in case of necrosis, and indicate liver 

malfunction (Adams 2011; Poupon 2015). No differences were observed in other serum 

parameters tested, including ALP, albumin, total protein and bilirubin (Table 1). Taken 

together, these results point to aggravation of CCl4-related liver injury and, consequently, 

more pronounced collagen deposition upon genetic ablation of Cx32.

3.3 Cx32 deficiency does not increase inflammatory cytokines release after CCl4-induced 
chronic hepatic injury

The biotransformation of CCl4 leads to hepatocyte death and reactive oxygen species 

production, which concomitantly activate the inflammatory machinery in the liver and the 

release of both pro-inflammatory as well as anti-inflammatory cytokines (Gieling et al. 

2009; Knittel et al. 1997; Luckey and Petersen 2001; Simeonova et al. 2001). Accordingly, a 

number of pro-inflammatory cytokines, namely IL1β, IL6, TNFα and IFNγ, and the anti-

inflammatory cytokine IL10 were measured in liver samples. Apart from slightly increased 

hepatic levels of IL1β, IL6 and TNFα, and modestly decreased IL10 quantities in fibrotic 

Cx32-/- mice, no difference between both genotypes could be detected (Figure 2). Thus, lack 

of Cx32 does not affect the release of cytokines following CCl4-induced liver fibrosis.

3.4 Cx32 deficiency decreases catalase activity and increases malondialdehyde in liver 
after CCl4-induced chronic hepatic injury

Free radicals and lipid peroxidation underlie liver disease from a broad variety of etiologies 

(Muriel 2009). Lipid peroxidation is a process by which free radicals attack lipids containing 

carbon-carbon double bonds, especially polyunsaturated fatty acids. One of the main lipid 

peroxidation products related to CCl4-induced chronic hepatic injury is MDA (Hartley et al. 

1999), which triggers cytotoxicity (Ayala et al. 2014). There are several major classes of free 

radicals scavengers in the liver, including SOD, catalase, GR and GPx. In CCl4-based animal 

models of hepatotoxicity, decreased anti-oxidant enzymatic activity has been observed 

(Szymonik-Lesiuk et al. 2003; Zhang et al. 2015), which favors liver damage as well as the 

progression of the fibrotic response. Therefore, a number of prominent anti-oxidant 

enzymes, including SOD, catalase, GR and GPx, were evaluated in this study together with 

the measurement of hepatic levels of MDA. No differences in their enzyme activity could be 

detected between cohorts, with the exception of catalase activity, which was significantly (p 

< 0.05) decreased in Cx32-deficient animals (Figure 3). By contrast, MDA quantities were 

significantly (p < 0.05) upregulated in Cx32-/- mice (Figure 3). Overall, these results indicate 

a more prominent oxidative stress response to CCl4-induced chronic hepatic injury in the 

absence of Cx32, which is in line with the more pronounced liver damage and fibrosis 

response.
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3.5 Cx32 deficiency does not alter apoptotic signaling or regenerative activity after CCl4-
induced chronic hepatic injury

Hepatocellular apoptosis after injury contributes to the initiation and perpetuation of the 

fibrotic response (Canbay et al. 2002; Lee et al. 2011). A key step in apoptotic signaling is 

the translocation of Bax and the truncated form of Bid into the mitochondria, which 

ultimately leads to the activation of caspase 3, being the main executor of cell death (Gross 

et al. 1999; Hikita et al. 2011). Other members of the Bcl-2 family, such as Bcl-xL, rather 

display anti-apoptotic activity (Gross et al. 1999). In the present study, protein expression 

analysis of Bid, Bax, cleaved caspase 3 and Bcl-xL showed no differences between WT and 

Cx32-/- mice (Figure 4). In addition to injury mechanisms, initiation of regeneration and thus 

proliferation are critical for repair of damaged liver tissue and recovery after CCl4-induced 

liver injury (Louis et al. 1998). PCNA expression is commonly used as a read-out to monitor 

regenerative activity in liver following injury (de Gouville et al. 2005; Louis et al. 1998). 

Immunoblot analysis showed no statistical difference in PCNA protein amounts between 

fibrotic Cx32-/- and WT mice (Figure 4). In summary, these data suggest that Cx32 may not 

be involved in the regulation of the regenerative capacity nor in apoptotic signaling response 

to CCl4-induced liver fibrosis.

4 Discussion

Given the important roles of gap junctions in liver functionality (Vinken et al. 2008) and 

hence in the maintenance of hepatic homeostasis, it is not surprising that they are frequently 

involved in liver toxicity and disease (Maes et al. 2015; Vinken et al. 2008). Cx32 dominant 

negative transgenic rats display reduced liver damage in comparison with WT counterparts 

when administered prototypical liver toxicants, such as D-galactosamine (Asamoto et al. 

2004) or acetaminophen (Naiki-Ito et al. 2010). This suggests that Cx32-based signaling 

may intensify hepatic injury. By contrast, Cx32-/- mice are known to be much more prone to 

both chemically induced and spontaneously occurring liver cancer (Dagli et al. 2004; 

Temme et al. 1997). This rather points to a cytoprotective function of Cx32-based 

communication in liver. With respect to the role of connexins in liver fibrosis, our group 

previously reported that repeated administration of CCl4 to Cx43-deficient mice results in 

excessive liver fibrosis compared with WT animals. These animals also presented less necro-

inflammatory lesions on liver parenchyma, lower serum ALT and AST levels as well as 

diminished hepatocyte proliferation. These findings suggest that Cx43 fulfils a key function 

in hepatic fibrogenesis (Cogliati et al. 2011). In the present study, a similar approach was 

used to elucidate the role of Cx32 in liver fibrosis.

Our results indicate that lack of Cx32 induces a marked increase in the histopathological 

necro-inflammatory index as well as in serum levels of AST and ALT, which is accompanied 

by enhanced collagen deposition. These observations suggest that absence of Cx32 signaling 

may result in more pronounced liver damage. The lack of difference in ALP levels 

confirmed the absence of injury in the bile ducts, which express Cx43 (Bode et al. 2002). We 

further investigated the possible involvement of Cx32 in apoptotic signaling during chronic 

fibrotic liver injury. This programmed cell death mechanism is a major driver of the fibrotic 

response, facilitating both HSC activation and inflammation (Lee et al. 2011). In this 
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respect, Bax and caspase 3 have been reported to be upregulated in CCl4-induced liver 

fibrosis in rat (Liang et al. 2015). Moreover, deficiency of anti-apoptotic Bcl-xL results in 

sustained hepatocyte apoptosis and concomitantly promotes the development of fibrosis 

(Takehara et al. 2004). Despite the documented importance of this cell death mode in the 

perpetuation of fibrosis, our results show that the absence of Cx32 has no effect on the 

protein levels of Bid, Bax, caspase 3 and Bcl-xL. This is in line with previously published 

studies in animal models of acute pancreatitis and in acetaminophen-induced acute liver 

failure, in which the apoptotic signaling remained unchanged in negative Cx32 mutants 

(Frossard et al. 2003; Igarashi et al. 2014). Alternatively, oxidative stress may induce HSC 

activation (Nieto et al. 2002a, b). In our study, oxidative stress result from decreased catalase 

activity in Cx32 deficient mice, which maintained high levels of the H2O2 generated from 

the biotransformation of CCl4 by cytochrome P450 2E1 in hepatocytes. As a consequence, 

the production of oxygen reactive species and thus MDA becomes increased, which in turn 

can trigger cytotoxicity (Ayala et al. 2014). This could explain the elevated levels of liver 

injury and enhanced collagen deposition observed in Cx32-depleted mice. Although no 

association between catalase and Cx32 has been reported thus far, Fukuda and coworkers 

observed that the preservation of Cx32 production by taurine contributed to the anti-oxidant 

effect in the presence of H2O2 (Fukuda et al. 2000). This anti-oxidant effect also became 

manifested upon exposure of primary hepatocytes to dimethyl sulfoxide, dimethylthiourea 

and melatonin (Kojima et al. 1996; Kojima et al. 1997). Gap junctions have been described 

to play a critical role in liver-specific functionality, liver development, hepatocyte growth 

and cell death (Vinken 2012). It has been suggested that the disappearance of these 

structures during disease disrupts tissue homeostasis, by allowing intracellular peroxide 

levels to augment, subsequently leading to inhibition of catalase activity (Lardinois et al. 

1996). These findings suggest that Cx32 may play a role in the maintenance of the cellular 

anti-oxidant activity to counteract cell damage and liver fibrosis.

The inflammatory response associated with cell death and oxidative stress (Rock and Kono 

2008) can alter the expression and activity of liver gap junctions (De Maio et al. 2000; 

Gingalewski et al. 1996). Inflammatory cytokines, such as IL1β, TNFα and IL6 have been 

repeatedly found to negatively affect hepatic Cx32 production (Brosnan et al. 2001; 

González et al. 2002). Indeed, these cytokines modify the stability of Cx32mRNA 

(Gingalewski et al. 1996; Theodorakis and De Maio 1999). In the present study, we could 

not observe significant differences in pro-inflammatory and anti-inflammatory cytokine 

amounts between WT and Cx32-/- mice, which could indicate that Cx32 is not required for 

cytokine release. We next tested the hypothesis that Cx32 signaling may counteract liver 

fibrosis by affecting the regenerative capacity. For this purpose, we measured protein 

quantities of PCNA, yet no difference could be detected between cohorts. This is consistent 

with the observations made by Yamamoto and coworkers (Yamamoto et al. 2005), showing 

that the absence or presence of Cx32 in livers after partial hepatectomy does not affect 

regenerative capacity (Yamamoto et al. 2005). In accordance with these results, Cx32 did not 

modulate liver regeneration in fibrosis.

Cogliati et al. Page 9

Toxicol Mech Methods. Author manuscript; available in PMC 2017 May 04.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



5 Conclusion

The present study has pointed the role of Cx32 in tissue protection during liver fibrosis. It 

was found that the ablation of Cx32, although lack of involvement in the evaluated markers 

of apoptosis, oxidative stress, inflammatory or regeneration; it may modulates the catalase 

activity and thus influence MDA levels in the liver. Consequently, this supports the possible 

role of Cx32 in tissue protection against chronic liver injury by the modulation of the anti-

oxidant cellular capacity. This potentially has clinical implications, as enhancement of Cx32 

production may represent a therapeutic strategy to counteract hepatocyte damage and, 

consequently, liver fibrosis.
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Figure 1. Loss of Cx32 enhances liver fibrosis after CCl4-induced chronic liver injury.
Mice (n=10 per genotype) were administered corn oil or 10% CCl4 ip at a gradually 

increased dose for 8 weeks. Liver macroscopic and relative liver weight evaluation of oil and 

CCl4-treated WT and Cx32 KO mice. Fibrosis was staged by histopathological criteria 

(Ishak et al. 1995) and collagen morphometric analysis was performed by the quantification 

of the area of collagen fibers stained by Sirius red. Immunofluorescent staining of type-I 

collagen was performed and mRNA levels of collagen α1(I) were measured in liver tissue 

from oil-treated and CCl4-treated WT and Cx32 KO mice. Magnification at 40×. Data are 

expressed as means ± SEM with **p < 0.01 and ***p < 0.001 compared to WT animals.
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Figure 2. Loss of Cx32 enhances hepatocellular injury but does not increase the inflammatory 
cytokines release after CCl4-induced chronic liver injury.
Mice (n=10 per genotype) were administered 10% CCl4 ip at a gradually increased dose for 

8 weeks. The histopathological liver damage was assessed by the necro-inflammatory index 

determined in liver sections based upon histopathological criteria (Ishak et al. 1995). The 

inflammatory response generated upon administration of CCl4 leads to release of IL1β, IL6, 

TNFα, IFNγ, and IL10. Data are expressed as means ± SEM with *p < 0.05 compared to 

WT animals.
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Figure 3. Loss of Cx32 enhances hepatic oxidative stress after CCl4-induced chronic liver injury.
Mice (n=10 per genotype) were administered 10% CCl4 ip at a gradually increased dose for 

8 weeks. Anti-oxidant enzymes SOD, GR, GPx and catalase activity were determined as 

described in the “Methods and materials” section. Oxidative stress can compromise cellular 

lipids, thereby promoting the formation of MDA. Data are expressed as means ± SEM with 

* p < 0.05 compared to WT animals.
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Figure 4. Loss of Cx32 does not alter the regenerative activity and the apoptotic signaling 
pathway after CCl4-induced chronic liver injury.
Mice (n=10 per genotype) were administered or 10% CCl4 ip at a gradually increased dose 

for 8 weeks. Hepatic protein levels of the pro-apoptotic Bcl-2 proteins Bax, Bid and anti-

apoptotic Bcl-xl were assessed by immunoblot analysis and results were normalized against 

β-actin, while the pro-apoptotic cleaved caspase 3 levels were determined by ELISA (A). 

Liver levels of PCNA were determined by immunoblotting and normalized against β-actin 

(B). Data are expressed as means ± SEM.
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Table 1

Serum biochemical parameters analyzed in WT and Cx32-/- mice.

Mice (n=10 per genotype) were administered corn oil or 10% CCl4 ip at a gradually increased dose for 8 

weeks. ALP, alkaline phosphatase; AST, aspartate aminotransferase; ALT, alanine aminotransferase. Data are 

expressed as means ± SEM with * p < 0.05 and **p < 0.01 compared to WT animals.

Parameters Oil CCl4

WT mice Cx32-/- mice WT mice Cx32-/- mice

AST (U/L) 74 ± 1.0 71 ± 1.0 92.4 ± 4.0 117.2 ± 7.5**

ALT (U/L) 47 ± 4.2 48.5 ± 2.5 57.0 ± 3.7 68.8 ± 2.3*

ALP (U/L) 98.5 ± 7.5 96.8 ± 6.0 82.2 ± 4.5 96.9 ± 4.3

Total protein (g/dL) 5.3 ± 0.1 5.1 ± 0.2 5.3 ± 0.1 5.3 ± 0.1

Albumin (g/dL) 1.4 ± 0.2 1.1 ± 0.1 1.4 ± 0.1 1.3 ± 0.1

Total bilirrubin (mg/dL) 0.1 ± 0.1 0.1 ± 0.1 0.1 ± 0.1 0.1 ± 0.1
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