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Abstract

Connexin32 is the building block of hepatocellular gap junctions, which control direct intercellular 

communication and thereby act as goalkeepers of liver homeostasis. This study was set up to 

investigate whether connexin32 is involved in hepatotoxicity induced by the analgesic and 

antipyretic drug acetaminophen. To this end, whole body connexin32 knock-out mice were 

overdosed with acetaminophen followed by sampling at different time points within a 24-hour 

time frame. Evaluation was done based upon a series of clinically and mechanistically relevant 

read-outs, including protein adduct formation, histopathological examination, measurement of 

alanine aminotransferase activity, cytokine production, levels of reduced and oxidized glutathione, 

and hepatic protein amounts of proliferating cell nuclear antigen. In essence, it was found that 

genetic ablation of connexin32 has no influence on several key events in acetaminophen-induced 

hepatotoxicity, including cell death, inflammation or oxidative stress, yet it does affect production 

of protein adducts as well as proliferating cell nuclear antigen steady-state protein levels. This 

outcome is not in line with previous studies, which are contradicting on their own, as both 

amplification and alleviation of this toxicological process by connexin32 have been described. 

This could question the suitability of the currently available models and tools to investigate the 

role of connexin32 in acetaminophen-triggered hepatotoxicity.
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 1. Introduction

Connexin32 (Cx32) is major driver of cellular signaling in liver. As such, 6 Cx32 proteins 

assemble to form a hemichannel in a single hepatocyte, which then docks with an identical 

structure from a neighboring hepatocyte yielding a gap junction. The latter mediates the cell-

to-cell transfer of small and hydrophilic compounds, such as second messengers (Vinken et 

al. 2008). This gap junctional intercellular communication (GJIC) is of paramount 

importance for various liver-specific functions, including xenobiotic biotransformation 

(Neveu et al. 1994; Shoda et al. 1999 and 2000). Compelling evidence now shows that 

hemichannels foresee an additional circuit for cellular communication independent of their 

role as building blocks of gap junctions. Unlike GJIC, hemichannel signaling occurs 

between the cytoplasm of individual cells and their extracellular environment. While gap 

junctions may be involved both in physiological and pathological processes, hemichannels 

seem to be consistently associated with the latter (Decrock et al. 2009; Maes et al. 2014; 

Vinken et al. 2010). In fact, connexin signaling has been causally linked to liver disease and 

toxicity (Vinken et al. 2009). Nonetheless, the exact role of Cx32-based communication in 

hepatotoxicity remains obscure. Administration of liver toxicants, including thioacetamide 

(Patel et al. 2012), D-galactosamine, carbon tetrachloride (Asamoto et al. 2004) and 

acetaminophen (APAP) (Naiki-Ito et al. 2010), to Cx32−/− C57BL/6 mice or Cx32-dominant 

negative transgenic Sprague-Dawley rats results in decreased serum aminotransferase levels 

as well as in less liver tissue damage compared to wild type (WT) animals. Likewise, 

ceramide synthase 2-null C57BL/6 mice, in which Cx32 is located in the cytosol of 

hepatocytes and that display aberrant GJIC, are less susceptible to APAP-induced 

hepatotoxicity (Park et al. 2013). This suggests a role for Cx32-based gap junctions in the 

dissemination of damage signals. In contrast, another report described increased serum 

aminotransferase values and more pronounced liver insults in Cx32−/− C57BL/6 mice after 

administration of APAP, indicating a cytoprotective function for hepatic Cx32 in APAP-

induced injury (Igarashi et al. 2014). There are substantial differences in the set-up of these 

studies, especially those using APAP, and with some exceptions (Igarashi et al. 2014), they 

have mainly focused on the measurement of parameters of cell death, which indeed is the 

most typical read-out of liver toxicity. However, like for most other hepatotoxicants, this 

ultimate outcome of APAP poisoning is preceded by a number of key events in which Cx32 

signaling could also play a role. Therefore, in the present study, Cx32-deficient mice were 

overdosed with APAP followed by evaluation of a number of mechanistically relevant 

parameters indicative of important steps in the occurrence of this common kind of drug-

induced liver toxicity.
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 2. Methods

 Generation and genotypic control of Cx32 deficient mice

Male WT C57BL/6 mice were obtained from Jackson Laboratories (USA). Cx32−/− mice 

were kindly provided by Dr. Klaus Willecke, which 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 (Nelles et al. 1996). These animals were 

backcrossed with WT C57BL/6 mice. Genotype was controlled by polymerase chain 

reaction (PCR) analysis of DNA from mouse tail tips as previously described (Evert et al. 

2002; Moennikes et al. 1999). Briefly, mice tails tips were digested in 20 mg/ml proteinase 

K solution (Invitrogen, USA) at 65°C during 2 hours. DNA was precipitated with sodium 

acetate and ethanol. Pellets were washed in ethanol and resuspended in Tris-buffered saline 

(i.e. 20 mM Tris and 0.15 M NaCl) containing ethylenediaminetetraacetic acid. 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. Standard PCR amplifications were carried out 

using SuperMix (Invitrogen, USA), 10 pmol of each PCR amplification primer and 100 ng 

of template DNA in 25 μl reaction volume. Samples were denatured for 2 minutes at 94°C 

followed by 34 cycles of 94°C for 30 seconds, 60°C for 1 minute, 72°C for 1 minute and 

finally 72°C for 4 minutes. The amplicons were loaded onto agarose gel in Tris-buffered 

saline. The gel was visualized by BlueGreen Dye (LGC Biotechnologia, Brazil) according to 

the manufacturer's instructions. Analyses were performed using ImageQuant LAS 400 (GE 

Healthcare Life Sciences, USA).

 Animal treatment

Animals were housed in the animal facility of the School of Veterinary Medicine and 

Animal Science of the University of São Paulo, Brazil. Mice were kept in a room with 

ventilation (i.e. 16-18 air changes/hour), relative humidity (i.e. 45-65%), controlled 

temperature (i.e. 20-24°C) and light/dark cycle 12:12 and were given water and balanced 

diet (NUVILAB-CR1, Nuvital Nutrientes LTDA, Brazil) ad libitum. Different conditions for 

induction of liver injury with APAP were tested in preliminary experiments, including dose 

(i.e. 100-500 mg/kg body weight) and way of administration (i.e. oral gavage, intravenous 

and intraperitoneal injection). In the optimized setting, mice were starved 15-16 hours prior 
to APAP administration. APAP (Sigma-Aldrich, USA) was dissolved in saline, slightly 

heated and injected (i.e. 30-37°C) intraperitoneally at 300 mg/kg body weight after which 

animals regained free access to food. Mice were euthanized at the start of the experiment 

and 1, 6 and 24 hours after APAP injection by exsanguination during sampling under 

isoflurane-induced anesthesia. Blood, collected by cardiac puncture, was drawn into a 

heparinized syringe and centrifuged for 10 minutes at 1503xg, and serum was stored at 

−20°C. Livers were excised and fragments were fixed in 10% phosphate-buffered formalin 

or snap-frozen in liquid nitrogen with storage at −80°C. 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, Brazil (protocol number 9999100314) and all animals received 
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humane care according to the criteria outlined in the “Guide for the Care and Use of 

Laboratory Animals”.

 Analysis of hepatic protein adducts

APAP-protein adducts were measured by high-pressure liquid chromatography with 

electrochemical detection as previously described (Muldrew et al. 2002) with modifications 

(McGill et al. 2013). Briefly, protein samples were filtered through size exclusion columns 

prior to digestion with proteases and the protein-derived APAP-cysteine (APAP-CYS) 

conjugates were quantified and normalized to sample protein concentration in the original 

samples.

 Histopathological liver examination

For microscopic evaluation, formalin-fixed liver fragments were embedded in paraffin and 5 

μm sections were stained with hematoxylin-eosin for blinded evaluation of liver damage as 

described elsewhere (Gujral et al. 2002). The percent of cell death was estimated by 

evaluating the number of microscopic fields with necrosis compared to the cross-sectional 

areas. Pictures were taken at 100x magnification using a light microscope (Carl Zeiss, USA).

 Analysis of serum alanine aminotransferase

Alanine aminotransferase (ALT) was measured with an automated spectrophotometric 

Labmax 240 analyzer (Labtest Diagnostica, Brazil) after appropriate dilution of serum 

samples. Values were expresses in IU/L.

 Analysis of liver and serum cytokines

Liver tissue was homogenized in lysis buffer with protease inhibitors (Roche, Germany). 

Homogenates were centrifuged at 14000xg for 15 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. 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). Wells of a 96-well plate were coated overnight with appropriate 

monoclonal antibody diluted in coating buffer and blocked for 1 hour with phosphate-

buffered saline containing fetal bovine serum. Subsequently, wells were incubated with liver 

homogenate, diluted serum 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. Finally, wells were exposed to 

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

phosphoric acid and absorbance was measured at 450 nm with wavelength correction at 570 

nm using a Varioskan™ Flash Multimode Reader (Thermo Scientific, USA).

 Hepatic glutathione and glutathione disulfide analysis

Reduced glutathione (GSH) and oxidized glutathione disulfide (GSSG) levels in liver tissue 

were measured using a modified Tietze assay (Jaeschke and Mitchell 1990). Briefly, frozen 

liver tissue was homogenized in sulfosalicylic acid/ethylenediaminetetraacetic acid and 
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centrifuged at 18000xg for 5 minutes at 4°C to remove precipitated proteins. After further 

dilution with potassium phosphate buffer, samples were assayed with a cycling reaction 

utilizing GSH reductase and dithionitrobenzoic acid. Measurement of GSSG was performed 

using the same method after trapping GSH with N-ethylmaleimide and removal by solid 

phase extraction (Jaeschke and Mitchell 1990).

 Analysis of hepatic proliferating cell nuclear antigen

Protein expression of proliferating cell nuclear antigen (PCNA) was studied by means of 

immunoblotting as previously described (Bajt et al. 2000). Briefly, liver tissue was 

homogenized in 25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid buffer 

containing 5 mM ethylendiaminetetraacetic acid, 2 mM dithiothreitol, 1% 3-[(3-

cholamidopropyl)dimethylammonio]propanesulfonate and 1 μg/ml pepstatin, leupeptin and 

aprotinin. Homogenates were centrifuged at 14000xg for 5 minutes at 4°C. Protein 

concentrations in supernatants were determined using a commercial bicinchoninic acid kit 

(Pierce Biotechnology, USA). Protein lysates (i.e. 50 μg per lane) were resolved on 4-20% 

sodium dodecyl sulphate polyacrylamide gel electrophoresis under reducing conditions. 

Separated proteins were transferred to polyvinylidine difluoride membranes (Millipore 

Corporation, USA) and blocked overnight at 4°C with 5% milk in Tris-buffered saline 

containing 0.1% Tween-20 and 0.1% bovine serum albumin. After washing with Tris-

buffered saline, membranes were incubated with a mouse monoclonal anti-PCNA antibody 

(Santa Cruz Biotechnology, USA) for 2 hours at room temperature. Membranes were 

washed and incubated with the appropriate secondary horseradish peroxidase-coupled 

antibody (Santa Cruz Biotechnology, USA) for 1 hour at room temperature. Proteins were 

visualized by enhanced chemiluminescence (Amersham Biosciences, USA) according to the 

manufacturer's instructions. Densitometric analysis was performed with a GS170 Calibrated 

Imaging Densitometer (Bio-Rad, USA) using Quantity One 4.0.3 software (Bio-Rad, USA). 

For semi-quantification purposes, PCNA signals were normalized against β-actin signals and 

expressed as relative alterations compared to WT animals.

 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 (SEM). Results were 

statistically processed by 1-way analysis of variance (ANOVA) followed by post hoc tests 

with Bonferroni correction or 2-tailed unpaired student t-tests and Welch's correction using 

GraphPad Prism6 software with probability (p) values of less than or equal to 0.05 

considered as significant.

 3. Results

 Effect of Cx32 deficiency on hepatic protein adduct formation

Whole body Cx32−/− mice were used in order to investigate whether Cx32 is involved in 

APAP toxicity. Genotyping indeed showed the absence of the WT Cx32 transcript in these 

animals (Figure 1). WT and Cx32−/− mice were overdosed with APAP followed by sampling 

at different time points. APAP-induced hepatotoxicity depends on biotransformation 

mediated by cytochrome P450 2E1, yielding the deleterious metabolite N-acetyl-p-
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benzoquinone imine (NAPQI) (Dahlin et al. 1984). Under normal circumstances, NAPQI 

can be rapidly detoxified by binding to GSH. However, in case of APAP overdosing, GSH 

becomes depleted and NAPQI can react with protein sulfhydryl groups, which leads to the 

formation of noxious liver protein adducts (Mitchell et al. 1973). In this respect, APAP-

protein adducts were readily detectable in all mice already 1 hour after APAP 

administration. At 6 hours, a significant (p ≤ 0.05) lower number of APAP-protein adducts 

was observed in Cx32−/− mice compared to WT animals (Figure 2).

 Effect of Cx32 deficiency on hepatic cell death

The formation of APAP-protein adducts in APAP toxicity ultimately burgeons into the onset 

of massive hepatocyte cell death, which typically occurs in a zonated pattern. Specifically, 

necrotic patches appear around the central vein, where expression of cytochrome P450 

enzymes responsible for NAPQI formation is highest (Lee et al. 1996). Histopathological 

analysis did not reveal any liver injury 1 hour after APAP overdosing (data not shown). 

Necrotic areas became detectable microscopically 6 hours after administration of APAP to 

WT animals (Figure 3A). Despite a lower amount of APAP-protein adducts in Cx32−/− mice 

after 6 hours (Figure 2), quantification of the cell death areas revealed no major differences 

in Cx32−/− mice compared to WT animals after 6 and 24 hours (Figure 3B). This was 

reflected at the biochemical level by measurement of serum levels of ALT (Figure 3C). This 

cytosolic enzyme leaks from the cell into the serum upon membrane damage, which occurs 

in the case of necrosis (McGill and Jaeschke 2014). In all animals tested, ALT levels were 

elevated starting 6 hours after APAP administration and decreased towards 24 hours (Figure 

3C).

 Effects of Cx32 deficiency on hepatic inflammation

APAP overdosing activates the inflammatory machinery, which partly relies on 

nonparenchymal liver cells and that is associated with the formation of a plethora of pro-

inflammatory and anti-inflammatory cytokines (Blazka et al. 1995). However, in this study, 

only subtle changes in hepatic levels of the prototypical pro-inflammatory cytokines IL-1β 

and TNFα were recorded in the 24-hour timeframe following APAP administration to WT 

animals (43). Hepatic IL-1β amounts of Cx32−/− animals were significantly (p ≤ 0.05) lower 

at the start of the experiment and after 6 hours (Figure 4). These effects were only seen in 

liver and not in serum, where IL-1β and TNFα levels were below the detection limit for both 

study groups at the start of APAP administration and after 1 hour. Liver profiles of IL-6 were 

similar in all animals, with a prominent peak 1 day posttreatment and no differences 

between the 2 test groups (Figure 4). No differences were detected in serum quantities of 

IL-6. Anti-inflammatory IL-10 tended to progressively increase in livers of all animals 6 

hours after APAP overdosing, followed by a decline at 24 hours in WT animals, which was 

less (p ≤ 0.05) pronounced in Cx32−/− mice. IL-10 behaved in the opposite way in serum, 

with an increase from 6 to 24 hours following APAP treatment in all conditions. Serum 

levels of IFNγ were below the detection limit. Significantly (p ≤ 0.05) lower levels of IFNγ 

were noticed at 6 hours in Cx32−/− animals compared to WT mice (Figure 4).

Maes et al. Page 6

Toxicol Mech Methods. Author manuscript; available in PMC 2017 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



 Effects of Cx32 deficiency on hepatic oxidative stress

Several mechanisms underlie oxidative stress associated with APAP toxicity, with a crucial 

one being GSH depletion due to excessive NAPQI production (Jaeschke 1990; Knight et al. 

2001). In this study, a reduction in the GSH pool indeed became evident 1 hour after APAP 

overdosing of all mice. This was followed by a recovery at 24 hours (Figure 5A). GSH acts 

as an anti-oxidant and is converted to its oxidized GSSG form upon reaction with reactive 

oxygen species. For all experimental groups, GSSG formation peaked 24 hours after APAP 

administration, which was significantly (p ≤ 0.05) lower in Cx32−/− mice (Figure 5B). 

However, there were no differences in GSSG/GSH ratios (Figure 5C), suggesting equal 

occurrence of oxidative stress in all test groups.

 Effects of Cx32 deficiency on hepatic regeneration

Upon insult, such as in APAP toxicity, the liver typically initiates a well-coordinated 

regenerative response to repair damaged tissue. Proliferating hepatocytes adjacent to 

necrotic areas thereby replace dead counterparts (Mehendale 2005). Dividing cells 

abundantly produce PCNA, a co-factor of DNA polymerase necessary for DNA synthesis 

and repair (Theocharis et al. 1994). Accordingly, PCNA expression is commonly used as an 

indicator of regenerative activity in hepatic tissue following injury (Bajt et al. 2003; Xie et 

al. 2015). Hepatic PCNA protein amounts were significantly (p ≤ 0.01) higher in Cx32−/− 

mice compared to WT animals at 24 hours (Figure 6), suggesting that Cx32 might influence 

the regeneration process after APAP-induced injury.

 4. Discussion

Drug-induced liver injury accounts for more than 50% of all clinical cases of acute liver 

failure, with the vast majority being caused by overdosing with the readily available 

analgesic and antipyretic drug APAP (Ichai and Samuel 2011). Several signaling cascades 

are known to underlie APAP-induced liver toxicity, yet little is known about the involvement 

of GJIC. A limited number of reports have described a role for Cx32-based gap junctions in 

APAP-triggered hepatotoxicity using genetically modified animals, albeit with contradicting 

outcome (Igarashi et al. 2014; Naiki-Ito et al. 2010). In this respect, Naiki-Ito and colleagues 

administered up 1000 mg/kg APAP intragastrically to rats carrying a mutated Cx32 gene and 

noticed decreased ALT serum levels and lowered histopathological damage after 24 hours 

(Naiki-Ito et al. 2010). By contrast, in the study of Igarashi and group, whole body Cx32 

knock-out mice were used with sampling after 1 hour and 1 day. At 100 and 200 mg/kg 

APAP injected intraperitoneally, increased ALT quantities and more pronounced necrotic 

cell death were observed in Cx32−/− animals. These effects were, however, not seen at 300 

kg/mg APAP (Igarashi et al. 2014), a commonly used dose for experimental testing purposes 

(Harril et al. 2009; McGill et al. 2012; Mossanen and Tacke 2015), which is in line with the 

findings of our study. With the exception of a lower hepatic amount of IL-1β after 0 and 6 

hours and rather fortuitous variations in IL-10 and IFNγ amounts at a single time point, we 

also failed to detect modifications in serum and liver pro-inflammatory and anti-

inflammatory cytokine levels in Cx32-deficient mice. This equally holds true for the 

GSSG/GSH ratios. Regarding the latter, Igarashi and group found less decreased GSH and 

GSSG levels in APAP-treated Cx32 knock-out mice and attributed the protective effect of 
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Cx32 against liver injury to changes in GSH transmission between hepatocytes (Igarashi et 

al. 2014). GSH indeed is known to permeate gap junctions and it has been reported that 

hemichannels, including those based on Cx32, can also transport GSH (Rana and Dringen 

2007; Tong et al. 2015). At the more upstream mechanistic platform of APAP toxicity, cell 

death results from protein adduct formation involving NAPQI. We found that this process 

was less manifested in Cx32−/− mice, which could indicate a lower metabolic activity upon 

genetic ablation of Cx32. However, Patel and coworkers showed that the activity of 

cytochrome P450 2E1, which catalyzes NAPQI formation, is not altered in Cx32−/− mice 

(Patel et al., 2012). Although delayed liver regeneration has been described for Cx32-

deficient mice (Dagli et al. 2004), higher hepatic amounts of PCNA were found in Cx32−/− 

mice after APAP-induced liver injury. Collectively, these data thus suggest that Cx32 does 

not affect cell death, inflammation or oxidative stress, all which are major hallmarks of 

APAP-induced liver toxicity. Despite some similarities, there are several discrepancies 

between these results and the findings of Naiki-Ito and colleagues, and Igarashi and group 

(Igarashi et al. 2014; Naiki-Ito et al. 2010). This is likely to be due to differences in 

experimental set-up, including animal species, dose and route of administration of APAP. A 

number of questions can be raised about the model that was used in these studies. Indeed, 

genetic deletion of genes as such, in casu Cx32, may trigger off-target effects. In this 

respect, given its key function in liver homeostasis (Vinken et al. 2008), ablation of Cx32 

could cause stress, which in turn may activate compensatory mechanisms, such as those 

related to oxidative stress, that increase defense and hence modify susceptibility to APAP-

induced toxicity. In this light, Cx32-deficient mice are known to display increase 

susceptibility to both spontaneous and chemically induced liver tumors (Temme et al. 1997). 

It should also be mentioned that the models used, in particular whole body Cx32 knock-out 

animals, do not allow to distinguish between Cx32-based GJIC and Cx32-related 

hemichannel signaling. Connexin hemichannels have been considered merely as structural 

precursors of gap junctions for a long time. In the last decade, it has become clear that they 

provide a pathway for communication on their own, albeit between the cytoplasm of 

individual cells and their extracellular environment, and not between 2 neighboring cells as 

is the case for gap junctions. Unlike the latter, hemichannels tend to specifically open up in 

pathological conditions (Decrock et al. 2009; Maes et al. 2014; Vinken et al. 2010). In this 

context, our group previously reported that Cx32-based hemichannels, but not their full 

channel counterparts, facilitate cell death in primary hepatocyte cultures (Vinken et al. 

2010). Although this scenario may also take place during APAP-induced liver toxicity in 
vivo, it cannot be captured with the currently available animal models, as they are devoid of 

Cx32 protein, being the common building block of hepatocellular gap junctions and 

hemichannels. In the past few years, mouse models with specific modification of 

hemichannel activity have been developed for connexins other than Cx32, including Cx43 

(Dobrowolski et al. 2008). It can be expected that upon introduction of such models for 

Cx32, more light will be shed onto its actual role in APAP-induced liver toxicity.

 5. Conclusion

It was found that Cx32 ablation has no influence on several key events in APAP-induced 

hepatotoxicity, including cell death, inflammation or oxidative stress, yet this genetic 
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modification does affect production of protein adducts and PCNA steady-state protein levels. 

This outcome is not in line with previous studies, which are contradicting on their own, as 

both amplification and alleviation of this toxicological process by Cx32 have been 

described. This could question the suitability of the currently available models and tools to 

investigate the role of Cx32 in APAP-triggered hepatotoxicity.
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Figure 1. Genotypic control of Cx32-deficient mice
DNA was extracted from mouse tail tips and subjected to PCR using primer pairs specific 

for the Cx32 WT allele, generating a PCR product of 550 base pairs, or the Cx32-defective 

allele, generating a PCR product of 414 base pairs. Samples were loaded on agarose gel and 

visualized with BlueGreen Dye.
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Figure 2. Effects of Cx32 ablation on APAP protein adduct formation
WT and Cx32−/− mice (n = 3-8) were overdosed with 300 mg/kg APAP followed by 

sampling after 1 hour and 6 hours. The generation of reactive metabolite results in the 

formation of APAP-CYS protein adducts, which were quantified by high-pressure liquid 

chromatography with electrochemical detection using total liver homogenate. Results were 

evaluated by 1-way ANOVA followed by post hoc tests using Bonferroni correction. Data 

were expressed as means ± SEM with asterisks indicating significant differences (*p ≤ 0.05) 

compared to WT animals at indicated time points.
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Figure 3. Effects of Cx32 ablation on APAP-induced liver cell injury
WT and Cx32−/− (n = 5-10) were overdosed with 300 mg/kg APAP followed by sampling at 

different time points. (A) Liver sections were examined microscopically at 100x 

magnification with (B) quantification of necrotic areas, typically located around the central 

vein. (C) Serum levels of ALT were measured at indicated time points. Results were 

evaluated by 1-way ANOVA followed by post hoc tests using Bonferroni correction. Data 

were expressed as means ± SEM. No statistically significant differences were found between 

Cx32−/− and WT animals.
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Figure 4. Effects of Cx32 ablation on APAP-induced inflammation
WT and Cx32−/− mice (n = 5-10) were overdosed with 300 mg/kg APAP followed by 

sampling at different time points. ELISA analysis of IL-1β, IL-6, IL-10, IFNγ and TNFα 

were performed in liver (upper panels) and serum (lower panels) samples. Results were 

evaluated by 1-way ANOVA followed by post hoc tests using Bonferroni correction. Data 

were expressed as means ± SEM with asterisks indicating significant differences (*p ≤ 0.05) 

compared to WT animals at indicated time points.
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Figure 5. Effects of Cx32 ablation on APAP-induced oxidative stress
WT and Cx32−/− mice (n = 3-10) were overdosed with 300 mg/kg APAP followed by 

sampling at different time points. Hepatic levels of (A) GSH and (B) GSSG were measured 

in liver and (C) the GSSG/GSH ratio was calculated. Results were evaluated by 1-way 

ANOVA followed by post hoc tests using Bonferroni correction. Data were expressed as 

means ± SEM with asterisks indicating significant differences (*p ≤ 0.05) compared to WT 

animals at indicated time points.
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Figure 6. Effects of Cx32 ablation on APAP-induced hepatic regeneration
WT and Cx32−/− mice (n = 4-10) were overdosed with 300 mg/kg APAP followed by 

sampling after 24 hours. (A) Hepatic protein levels of PCNA and β-actin were assessed by 

immunoblot analysis. (B) Semi-quantitative densitometric analyses of PCNA were 

normalized against β-actin. Results were evaluated by 2-tailed unpaired student t-tests and 

Welch's correction. Data were expressed as means ± SEM with asterisks indicating 

significant differences (**p ≤ 0.01) compared to WT animals.
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