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Abstract

Background and aims—Being goalkeepers of liver homeostasis, gap junctions are also
involved in hepatotoxicity. However, their role in this process is ambiguous, as gap junctions can
act as both targets and effectors of liver toxicity. This particularly holds true for drug-induced liver
insults. In the present study, the involvement of connexin 26, connexin32 and connexin43, the
building blocks of liver gap junctions, was investigated in acetaminophen-induced hepatotoxicity.

Methods—C57BL/6 mice were overdosed with 300 mg/kg body weight acetaminophen followed
by analysis of the expression and localization of connexins as well as monitoring of hepatic gap
junction functionality. Furthermore, acetaminophen-induced liver injury was compared between
mice genetically deficient in connexin43 and wild type littermates. Evaluation of the toxicological
response was based on a set of clinically relevant parameters, including protein adduct formation,
measurement of alanine aminotransferase activity, cytokines and glutathione.
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Results—It was found that gap junction communication deteriorates upon acetaminophen
intoxication in wild type mice, which is associated with a switch in mRNA and protein production
from connexin32 and connexin26 to connexin43. The upregulation of connexin43 expression is
due, at least in part, to de novo production by hepatocytes. Connexin43-deficient animals tended to
show increased liver cell death, inflammation and oxidative stress in comparison with wild type
counterparts.

Conclusion—These results suggest that hepatic connexin43-based signaling may protect against
acetaminophen-induced liver toxicity.
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connexin43; hepatotoxicity; acetaminophen; acute liver injury

1 Introduction

Gap junctions mediate direct intercellular signaling by providing a pathway for the exchange
of small (/.e. <1 kDa) and hydrophilic molecules and ions between adjacent cells [1]. In
liver, gap junctional intercellular communication (GJIC) among hepatocytes has been found
to be essential for a number of critical liver-specific functions, including xenobiotic
biotransformation [2-4], glycogenolysis [5-7], secretion of albumin [8], ammonia
detoxification [8] and bile secretion [9, 10]. Gap junctions arise from the interaction of 2
hemichannels of neighboring cells, which are themselves composed of 6 connexin (Cx)
proteins. More than 20 different connexin proteins have yet been identified in mammals, all
which are expressed in a cell-specific way [11]. In healthy liver, hepatocytes mainly produce
Cx32 and small quantities of Cx26, while non-parenchymal cells typically express Cx43.
However, during liver disease, toxicity, inflammation and oxidative stress, hepatic Cx43
expression increases at the expense of Cx32 and Cx26 [12-18]. Indeed, Cx32 production is
drastically downregulated upon acute-on-chronic liver failure in rats. At the same time,
Cx43-positive spots appear in particular in the vicinity of inflamed and necrotic areas [19].
Similarly, de novo expressed Cx43 in hepatocytes of rats overdosed with acetaminophen
(APAP) is co-localized with caspase 3, which may further point to the possible involvement
of this connexin species in cell death [20].

The goal of the present study is to gain more insight into the role of Cx43 in hepatotoxicity,
particularly APAP-induced liver injury. In a first series of experiments, a detailed scenario is
provided of the fate of hepatic Cx26, Cx32 and Cx43 upon APAP overdosing at the
transcriptional, translational and activity level. In a second set of studies, APAP-triggered
hepatotoxicity is compared between wild type (WT) mice and littermates genetically
deficient in Cx43. Evaluation is done based on several mechanistic and clinically relevant
read-outs.

2 Methods and materials

2.1 Animals and treatment

Male WT C57BL/6 mice were obtained from Jackson Laboratories (USA). Cx43*/- mice
were kindly provided by the International Agency for Research on Cancer (France) [21] and
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were backcrossed with WT C57BL/6 mice, and genotype was controlled as previously
described [22]. Heterozygous Cx43-deficient mice were used, as the corresponding
homozygous null mutation is lethal [21]. The animals were housed in the animal facility of
the Department of Pathology, School of Veterinary Medicine and Animal Science of the
University of Sdo Paulo. The mice were kept in a room with ventilation (/.. 16-18 air
changes/hour), relative humidity (/.e. 45-65%), controlled temperature (/.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. Mice were starved 15 hours priorto APAP or vehicle
(7.e. saline; 0.9% sodium chloride) administration. APAP (Sigma, USA) was dissolved in
saline, slightly heated (/.e. 30-37°C) and injected intraperitoneally at 300 mg/kg body
weight after which animals regained free access to food. A control group was treated with
saline in parallel. Mice were euthanized at the start of the experiment, and 1, 6 and 24 hours
after APAP or saline 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 Sdo Paulo
(protocol number 9999100314), and all animals received humane care according to the
criteria outlined in the “Guide for the Care and Use of Laboratory Animals”.

2.2 Connexin mRNA expression analysis

Total RNA was extracted from liver tissue using a GenElute™ Mammalian Total RNA
Purification Miniprep Kit (Sigma, USA) and the On-Column DNase | Digestion Set (Sigma,
USA) according to the manufacturer’s instructions. Purity and quantification of isolated
RNA were measured spectrophotometrically using a NanoDrop® ND-100
Spectrophotometer (Thermo Scientific, USA). A cut-off ratio between 1.8 and 2.1 for the
absorption at 260/280 nm was used for assessing purity. Then, 2 ug mRNA was reversely
transcribed into cDNA with an iScript™ cDNA Synthesis Kit (Bio-Rad, USA) using an
iCycler iQ™ (Bio-Rad, USA) followed by cDNA purification using a GenElute™ PCR
Clean-Up Kit (Sigma, USA). cDNA products were quantitatively amplified using Tagman
probes and primers (Applied Biosystems, USA) targeted towards Cx26, Cx32 and Cx43
(Table 1). All samples were analyzed in duplicate. Each run included a serial dilution of a
pooled cDNA mix from all cDNA samples and 2 no template controls to estimate the
quantitative polymerase chain reaction efficiency. For reverse transcription quantitative real-
time polymerase chain reaction (RT-gPCR) analysis, a reaction mix was prepared containing
TagMan® Fast Advanced Master Mix (Applied Biosystems, USA) Assay-on-Demand™ Mix
Gene Expression Assay Mix (Applied Biosystems, USA) and cDNA diluted in nuclease-free
water. The gPCR conditions, using a StepOnePlus™ real-time PCR system (Life
Technologies, USA) included incubation for 20 seconds at 95°C followed by 40 cycles of
denaturation for 1 second at 95°C and annealing for 20 seconds at 60°C. Efficiency was
estimated by StepOnePlus™ system’s software and only data with polymerase chain
reaction efficiency between 90% and 110% were used. Stable reference genes for
normalization were identified out of a pool of 6 genes as determined by geNorm using the
gbase™ software (Biogazelle, Belgium) (Table 1) [23]. The resulting ACg-values of the test
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samples were normalized to those of the calibrator samples, yielding AACq values. Relative
alterations (/.e. fold change) in mMRNA levels were calculated according to the Livak 2"2ACd
formula [24].

2.3 Connexin protein expression analysis

Flash frozen liver tissue was homogenized in radio-immunoprecipitation assay buffer
(Thermo Scientific, USA) containing Halt™ protease and phosphatase inhibitor cocktail
(Thermo Scientific, USA), and ethylenediaminetetraacetic acid (Thermo Scientific, USA).
Following sonication for 30 seconds, samples were rotated for 15 minutes at 4°C. Cell
lysates were centrifuged at 14000xg for 5 minutes and protein concentrations were
determined in the supernatants by means of a bicinchoninic acid assay (Pierce, USA) with
bovine serum albumin as a standard. Proteins were separated on 10% (/.¢e. for Cx43 analysis)
or 12% (i.e. for Cx26 and Cx32 analysis) Mini-Protein® TGX Stain-Free™ precast gels
(Bio-Rad, USA\) using electrophoresis and blotted onto nitrocellulose Trans-Blot® Turbo™
Transfer packs (Bio-Rad, USA) with activation and quantification of the stain-free loading.
Subsequent blocking of the membranes was performed with blocking buffer, 5% non-fatty
milk in Tris-buffered saline solution (7.e. 20 mM Tris and 135 mM sodium chloride)
containing 0.1% Tween-20. Membranes were incubated overnight at 4°C with primary
antibody directed against Cx26 (Invitrogen, USA), Cx32 (Sigma, USA) and Cx43 (Sigma,
USA), all diluted 1:1000 in blocking buffer followed by incubation for 1 hour at room
temperature with polyclonal goat anti-rabbit secondary antibody (Dako, Denmark) diluted
1:1000 in blocking buffer. Excessive antibody was removed by washing the membranes
several times in Tris-buffered saline solution containing 0.1% Tween-20. Detection of the
proteins was carried out by means of a Pierce™ enhanced chemiluminescence Western
blotting substrate kit (Thermo Scientific, USA) according to the manufacturer’s instructions.
Densitometric analysis was performed using Image Lab 5.0 software (Bio-Rad, USA). For
semi-quantification purposes, Cx26, Cx32 and Cx43 signals were normalized against total
protein and expressed as relative alterations compared to untreated animals.

2.4 Connexin protein localization analysis

Flash frozen liver tissue samples were embedded in Tissue Freezing Medium® (Leica, UK).
Then, 10 um liver sections were fixed in acetone for 10 minutes at -20°C. Liver sections
were incubated with primary antibodies directed against Cx26 (Invitrogen, USA), Cx32
(Sigma, USA) and Cx43 (Sigma, USA), diluted 1:250, 1:500 and 1:100, respectively, in
blocking buffer containing phosphate-buffered saline supplemented with 0.1% sodium azide
(Sigma, USA) and 1% bovine serum albumin (Sigma, USA) during 1 hour at 37°C. After
extensive rinsing with phosphate-buffered saline supplemented with 0.5% Tween-20,
samples were incubated with polyclonal goat anti-rabbit Alexa Fluor® 488-conjugated
secondary antibody (Life Technologies, USA) diluted 1:500 in blocking buffer. Nuclei were
stained with 1 pg/ml propidium iodide (Sigma, USA) and samples were mounted with
Vectashield (MVector Laboratories, USA). Detection was performed by fluorescence
microscopy (Zeiss, Germany).
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2.5 Isolation of hepatocytes and analysis of connexin43 expression

Male 8-weeks old WT C57BL/6 mice were obtained from Janvier (France). The animals
were housed at the Laboratory of Cellular and Molecular Immunology at the Vrije
Universiteit Brussel. Mice were starved 15 hours priorto APAP administration. APAP
(Sigma, USA) was dissolved in saline, slightly heated and injected intraperitoneally at 300
mg/kg body weight after which animals regained free access to food. Mice were euthanized
at 6 and 24 hours after APAP injection by carbon dioxide. For the isolation of hepatocytes,
livers were prelevated after perfusion with phosphate-buffered saline, chopped finely and
incubated for 20 minutes with 1 mg/ml collagenase A (Sigma, USA) and 10 IU/ml DNase
(Roche, Germany) in a shaking water bath at 37°C. After filtration through a 70 pm filter,
cells were centrifuged at 400xg and 4°C for 5 minutes. Red blood cells were lyzed with 8.3
g/L NH4Cl in 10 mM Tris-buffer. Then, 108 cells were stained with fluorescein
isothiocyanate-conjugated anti-hepatocyte cell adhesion molecule (hepaCAM) antibody
(Bioss, USA) and allophycocyanin cyanine 7-labeled pan anti-cluster of differentiation (CD)
45 antibody (BioLegend, USA) at 4°C for 20 minutes, washed and subsequently fixed and
permeabilized with Cytofix/Cytoperm™ (BD Biosciences, USA), following the
manufacturer's instructions. The fixed cells were stained with primary anti-Cx43 antibody
(Sigma, USA) at 4°C for 20 minutes, washed and incubated at 4°C for 20 minutes with
DyLight™ 405-conjugated secondary antibody (Jackson ImmunoResearch, USA) and
subjected to flow cytometry. The results were analyzed with a FACScantoll (BD
Biosciences, USA) and FlowJo software (TreeStar, USA). Hepatocytes were detected as
live-gated hepaCAM* CD45" cells. All experiments were carried out in accordance with the
guidelines provided by the ethical committee on animal experimentation of the Vrije
Universiteit Brussel.

2.6 Gap junction activity analysis

GJIC was studied by means of an ex vivo incision loading/dye transfer assay [25] with some
modifications [26]. Immediately after euthanasia of the mice, part of the left hepatic lobe
was excised. Incisions were made on the surface and 0.5% Lucifer Yellow (Sigma, USA) in
phosphate-buffered saline was dropped into the tissue surface and incubated for 3 minutes.
After washing with phosphate-buffered saline, liver fragments were fixed in 10% buffered
formalin and embedded in paraffin. Subsequently, 5 um sections were deparaffinized and
studied under a fluorescence microscope (Nikon, Japan). Dye transfer was analyzed using
the ImagePro-Plus system version 4.5 (Media Cybernetics, USA) and GJIC was assessed by
calculating the ratio between the area of diffused Lucifer Yellow and length of incision.

2.7 Analysis of hepatic protein adducts

APAP-protein adducts were measured by high-pressure liquid chromatography with
electrochemical detection as previously described [27] with some modifications [28].
Briefly, protein samples were filtered through size exclusion columns priorto digestion with
proteases and the protein-derived APAP-cysteine conjugates were quantified and normalized
to protein concentration in the original samples.
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2.8 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 expressed in 1U/L.

2.9 Histopathological liver examination

For microscopic examination of liver tissue, formalin-fixed liver fragments were embedded
in paraffin, and 5 um sections were cut and stained with hematoxylin-eosin. Pictures were
taken using a KF2 microscope (Zeiss, Germany).

2.10 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 [29] 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)-1B, IL-6, IL-10, interferon iy (IFN+y) and tumor necrosis factor a (TNFa) (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, 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).

2.11 Hepatic glutathione and glutathione disulfide analysis

GSH and glutathione disulfide (GSSG) levels in liver tissue were measured using a modified
Tietze assay [30]. Briefly, frozen liver tissue was homogenized in 3% sulfosalicylic acid/
ethylendiaminetetraacetic acid and 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 [30]. GSSG content was expressed as
GSH equivalents.

2.12 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
Bonferroni tests using GraphPad Prism6 software with probability (p) values of less than or
equal to 0.05 considered as significant.
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3 Results

3.1 Effects

3.2 Effects

of APAP toxicity on hepatic connexin expression

In rat liver, about 90% of the total connexin amount is due to Cx32, while Cx26 and Cx43
each account for 5% of hepatic connexin abundance [31, 32]. Several groups described that
hepatic Cx43 production increases at the expense of Cx32 and Cx26 in stressful situations
[19, 20, 33]. Indeed, Cx43 protein levels were significantly elevated (p < 0.0001) already 6
hours after APAP administration and peaked at 24 hours. Cx43 was detected as 3 signals,
representing the non-phosphorylated and 2 phosphorylated variants (Fig. 1A). The increased
total Cx43 protein levels were associated with significantly upregulated Cx43 mRNA
quantities at both time points (p< 0.001 and p< 0.01, respectively) (Fig. 1B), suggesting
that induction of Cx43 expression in APAP toxicity is regulated transcriptionally. On the
other hand, Cx32 steady-state protein levels already significantly decreased (p < 0.05) 1 hour
following APAP overdosing, which gradually continued towards 24 hours (Fig. 1C). This
was not entirely paralleled in the mRNA profile, as significantly downregulated (p< 0.01)
Cx32 gene transcription only became manifested 6 hours after APAP administration (Fig.
1D). This could suggest that deterioration of Cx32 production in APAP toxicity is primarily
controlled by changes in protein turnover and transcription. A similar downregulation was
observed for Cx26, with protein levels significantly decreased 1 hour (p < 0.05), 6 hours (p <
0.0001) and 24 hours (p< 0.001) after APAP overdosing (Fig. 1E). In contrast, Cx26 mRNA
levels were increased 6 hours after APAP administration (Fig. 1F), which could point to a
compensatory effect at the transcriptional level following changes in protein turnover.

of APAP toxicity on hepatic connexin localization

In normal liver, both Cx32 and Cx43 are evenly distributed in the different acinar areas,
whereas Cx26 is preferentially expressed at the periportal acinar pool [34—-36]. Although
predominantly located at the plasma membrane surface, a considerable portion of the
connexin population resides in the cytoplasm of cells, which may reflect the rapid turnover
of these proteins found /n vitro [37] and in vivo [38]. In hepatocytes, Cx32-containing gap
junctions occupy about 3% of the membrane area [39]. This appears as a dotted pattern upon
immunostaining, which was also seen in the present study for both Cx32 and Cx26 (Fig.
2A,B). In line with the results of the immunoblot analysis, subtle changes in Cx32
immunosignals were observed 1 hour after APAP treatment, while disappearance of Cx32-
positive spots at cell borders within the injured areas was detected after 6 and 24 hours.
Similar observations were made for Cx26, yet this connexin species also disappeared in the
non-injured areas (Fig. 2A,B). In contrast, and complying with the immunoblot and RT-
gPCR analyses, Cx43 immunoreactivity began to increase 6 hours following APAP
overdosing. Cx43 protein was observed in the membrane area, but mainly in the intracellular
compartment of liver cells in the injured area after 24 hours (Fig. 2B). As Cx43 is not
naturally occurring in hepatocytes, immunostaining suggested possible de novo expression
of Cx43 in hepatocytes after APAP administration (Fig. 2B). To further verify this
observation, livers of APAP-treated and control mice were subjected to flow cytometric
analysis, thereby relying on a hepatocyte-specific marker, namely hepaCAM, as well as a
hematopoietic cell-specific marker, in particular CD45. This analysis showed initiation of
Cx43 expression in hepatocytes, defined as the hepaCAM* CD45 liver cell population, after
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APAP-overdosing (Fig. 3), which is in line with the results of the immunohistochemistry
analysis (Fig. 2B).

3.3 Effects of APAP toxicity on hepatic gap junction activity

The occurrence of gap junctions between non-parenchymal liver cells still is a matter of
debate despite the established expression of Cx43 in these cells. This is in contrast to
hepatocytes, which are abundantly coupled with each other, mainly through Cx32-based gap
junctions [40]. Therefore, the latter are believed to account for the vast majority of GJIC
activity in liver. This is substantiated by the findings of the present study, showing
significantly decreased (p < 0.05) gap junction coupling based on dye transfer starting 6
hours after APAP administration (Fig. 4), which is preceded by a drop in Cx32 protein
levels. These results also demonstrate that Cx43, although strongly upregulated in APAP
toxicity, cannot functionally compensate for the loss of Cx32 and thus further shows that this
connexin species, which is partly located in the cytoplasm of liver cells (Fig. 2B), is unlikely
to participate in overall hepatic GJIC.

3.4 Effects of Cx43 ablation on connexin protein content during APAP toxicity

To investigate whether the upregulation of Cx43 is actively involved in APAP toxicity, whole
body Cx43*/- mice were used in the next set of experiments. Homozygous Cx43- mice are
not viable [21] and hence heterozygous counterparts were used in this study. Thus, WT and
Cx43*- mice were overdosed with APAP followed by sampling at different time points.
Cx43 protein content in the Cx43*/~ animals was consistently reduced compared to WT
littermates. Specifically, the Cx43 amount in Cx43*/~ mice was 28 + 11% at 0 hours, 37

+ 13% at 1 hour, 32 + 19% at 6 hours and 35 + 10% at 24 hours of the Cx43 abundance in
WT counterparts (Fig. 5A). These results reinforce the use of Cx43*- mice as a negative
control for Cx43 signaling in APAP-induced hepatotoxicity. Furthermore, no differences
were detected in Cx32 protein levels between Cx43*/- and WT mice after APAP
administration (Fig. 5B).

3.5 Effects of Cx43 ablation on hepatic protein adduct formation during APAP toxicity

APAP-induced hepatotoxicity depends on biotransformation mediated by cytochrome P450
2E1, yielding the deleterious metabolite NAPQI [41]. 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 [42]. In this respect, APAP-protein adducts were
clearly detectable in all mice already 1 hour after APAP administration. At 6 hours, no
differences were observed in Cx43*/- mice compared to WT animals (Fig. 6).

3.6 Effects of Cx43 ablation on hepatic cell death during APAP toxicity

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 [43, 44]. In the current study,
histopathological analysis did not reveal liver injury 1 hour after APAP overdosing (data not
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shown). The necrotic areas became increasingly detectable microscopically 6 hours after
administration of APAP to Cx43*- and WT mice (Fig. 7A). This is associated with the
increased presence of ALT in serum. This cytosolic enzyme leaks from the cell into the
serum upon membrane damage, which occurs in case of necrosis [45]. In all animals tested
in this study, ALT levels were elevated starting 6 hours after APAP administration. After 24
hours, ALT levels were significantly higher (< 0.01) in Cx43*/- animals compared to the
WT cohort (Fig. 7B).

3.7 Effects of Cx43 ablation on hepatic inflammation during APAP toxicity

APAP overdosing triggers the inflammatory machinery, which partly relies on non-
parenchymal liver cells and that is associated with the activation of a plethora of pro-
inflammatory and anti-inflammatory cytokines [46-50]. However, in this study, only subtle
changes in hepatic levels of the prototypical pro-inflammatory cytokines IL-1p and TNFa
were recorded in the 24 hours timeframe following APAP administration to WT animals
(Fig. 8). By contrast, IL-18 and TNFa. levels gradually increased in APAP-treated Cx43*/-
mice and were significantly higher (o < 0.0001) than those observed in WT animals at 24
hours. This effect was only seen in liver and not in serum, where levels were below the
detection limit for all study groups at the start of APAP administration and after 1 hour.
Hepatic profiles of IL-6 were similar in all animals, with a clear peak 1 day posttreatment
and no differences between the test groups (Fig. 8). This was unlike anti-inflammatory
IL-10, which tended to progressively increase in livers of WT animals, but not Cx43*/- mice
(p<0.01) 6 hours after APAP overdosing, followed by a steep decline at 24 hours.
Interestingly, 1L-10 behaved in the opposite way in serum, with an increase from 6 to 24
hours following APAP treatment in all conditions. This specifically holds true for Cx43*/-
mice, whose 1L-10 serum levels were significantly higher (p < 0.01) at 24 hours compared to
WT animals (Fig. 8). Serum levels of IFNy were below the detection limit (data not shown).
Increased amounts of hepatic IFNy were found in Cx43*/ mice at 24 hours (p< 0.01)
compared to WT mice at specific time points (Fig. 8).

3.8 Effects of Cx43 ablation on hepatic oxidative stress during APAP toxicity

Several mechanisms underlie oxidative stress associated with APAP toxicity, with a
prominent one being GSH depletion due to excessive NAPQI production [51, 52]. 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, which was, however, significantly
lower (p < 0.0001) in Cx43*- mice (Fig. 9A). GSH acts as a critical 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 (Fig.
9B), with gradually increased GSSG/GSH ratios (Fig. 9C). At 24 hours, the GSSG/GSH
ratio was significantly elevated (o< 0.001) in Cx43*/- mice compared to WT animals,
suggesting more oxidative stress.

4 Discussion

Because of their important function in liver homeostasis [53], it is not surprising that
connexins also play a role in liver toxicity and disease. To address this topic, the present
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study specifically focused on liver damage induced by overdose of APAP, a readily available
analgesic and antipyretic drug that accounts for the majority of all clinical cases of drug-
induced liver injury in Western countries [54, 55]. It was found that a switch from Cx26 and
Cx32 to Cx43 expression occurs in liver during APAP intoxication. The upregulation of
Cx43 expression is due, at least in part, to de novo production by hepatocytes. This seems to
be a generic response to insult, as this has also been reported for many other stress situations
in the liver both /n vitro and in vivo [33, 56]. Nevertheless, the molecular mechanisms that
underlie this process remain elusive. The findings of this study suggest that Cx43 presence
in APAP overdosing is regulated at the transcriptional level. In this respect, Cx43 gene
expression is known to be controlled by the transcription factor activator protein-1, which is
composed of the proto-oncogenes ¢-fos and ¢-jun [57]. In rat myometrium, activator
protein-1 has been shown to induce Cx43 expression under stress conditions [58]. It is
conceivable that a similar scenario takes place in the liver during APAP intoxication. Indeed,
increased c-jun mRNA transcript levels and enhanced DNA binding of activator protein-1
have been observed in mouse liver following administration of toxic doses of APAP [59]. In
addition, inflammatory conditions, such as exposure to lipopolysaccharide and IFNvy, have
been found to increase Cx43 mRNA and protein amounts in Kupffer cells i vitroand in
vivo [13]. Increased Cx43 levels may also reflect migration of oval cells into damaged areas.
These stem cell-like progenitor cells, which can differentiate into hepatocytes or biliary
epithelial cells, express Cx43 in early phases of proliferation [60-63]. Previous studies have
shown the involvement of oval cells in the regenerative process after chemical-induced
hepatotoxicity in rodents [60, 64, 65]. On the other hand, the observed downregulation of
Cx32 production in APAP-induced liver toxicity may be driven by both altered protein
turnover and transcriptional mechanisms, while Cx26 downregulation seems primarily
regulated at the translational level. In fact, oxidative stress and inflammation have been
repeatedly reported to negatively affect Cx26 and Cx32 protein and/or mRNA expression in
liver [14-18]. Collectively, these drastic modifications in connexin expression profiles result
in deterioration of GJIC. This implies that despite its boosted production, Cx43 cannot
maintain gap junction activity in liver during APAP toxicity. This is further substantiated by
immunohistochemical data showing that Cx43 is mainly found in the cytoplasm of liver
cells. In order to shed more light onto the actual functional relevance of Cx43 upregulation,
mice genetically deficient in Cx43 were used in the second part of this study. No differences
in early GSH depletion were detected between study groups, indicating that Cx43 ablation
does not have a relevant impact on reactive metabolite formation after APAP-overdosing.
This was confirmed by monitoring of APAP-protein adduct formation, which showed no
major differences between Cx43*- and WT mice. Furthermore, it was found that hepatic
GSH recovery is delayed in Cx43*/- animals. Since all groups had similar elevated hepatic
GSSG levels, the GSSG/GSH ratio was higher in Cx43*/- mice, which is indicative of more
pronounced oxidative stress in these animals. In this regard, GSH can scavenge NAPQI and
reactive oxygen species, thereby reducing cell stress and damage [66—69]. The postponed
GSH recovery could account for the elevated liver injury in Cx43*- mice, as shown by
increased serum ALT quantities and elevated liver levels of the pro-inflammatory cytokines
IL-1B, TNFa and IFN+y 24 hours after APAP overdosing. Overall, these data suggest that
newly synthesized Cx43 may protect against APAP-induced liver injury.
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Figure 1. Alteration of hepatic connexin protein expression after APAP overdosing.
Mice (n = 5) were injected with 300 mg/kg APAP or saline (SAL) followed by sampling at

different time points (/.e. after 0, 1, 6 and 24 hours). Hepatic protein levels of (A)
phosphorylated (P1-P2) and non-phosphorylated (NP) Cx43, (C) Cx32 and (E) Cx26 were
assessed by immunoblot analysis and expressed as relative alteration compared to untreated
animals. mMRNA was extracted and subjected to RT-qPCR analysis of (B) Cx43, (D) Cx32
and (F) Cx26. Relative alterations in mRNA levels were calculated according to the 2-AACq
formula. Data are expressed as means + SEM with *p < 0.05 **p< 0.01, ***p < 0.001 and

**** 1< 0.0001 compared to saline at indicated time points.
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Figure 2. Alteration of hepatic connexin protein localization after APAP overdosing.
Mice (n = 5) were injected with 300 mg/kg APAP or saline (SAL) followed by sampling at

different time points (/.e. after 0, 1, 6 and 24 hours). Hepatic localization of Cx26, Cx32 and
Cx43 was assessed by immunohistochemical analysis on liver sections (green color), which
was merged with nuclear propidium iodide staining (red color). The white scale bars
represent (A) 5 pm and (B) 1.25 um.
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Figure 3. De novo expression of Cx43 after APAP overdosing.
Mice (n = 4) were injected with 300 mg/kg APAP or saline followed by sampling at 6 hours

and 24 hours. Livers were subjected to flow cytometric analysis, relying on a hepatocyte-
specific marker (hepaCAM) and a hematopoietic cell-specific marker (CD45). This analysis
represents the Cx43 expression in the hepatocyte population, defined as hepacCAM* CD45
cells. The filled histogram represents the negative control with omission of primary antibody
and the transparent histogram reflects the Cx43 expression.
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Figure 4. Alteration of hepatic GJIC after APAP overdosing.

(A) Mice (n = 5) were injected with 300 mg/kg APAP or saline (SAL) followed by
assessment of GJIC by diffusion of Lucifer Yellow (green color) at different time points (/.e.
after 0, 1, 6 and 24 hours). The white scale bar represents 50 um. (B) The dye transfer ratios
were quantified and normalized against untreated animals. Data are expressed as means +
SEM with *p < 0.05 compared to saline at indicated time points.
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Figure 5. Effects of Cx43 ablation on connexin protein content.

Cx32 | g w—

Page 21

Oh  Oh 1h 1th  6h 6h 24h 24h
WT Cx43*- WT Cx43*- WT Cx43*-WT Cx43*-

-

_—
I WT
1 cx43*-
I
Ohlour 1 hour 6 hours 24 hours

WT and Cx43*- mice (n = 5) were injected with 300 mg/kg APAP followed by sampling at
different time points (/.e. after 0, 1, 6 and 24 hours). Hepatic protein levels of (A)
phosphorylated (P1-P2) and non-phosphorylated (NP) Cx43 and (C) Cx32 were assessed by
immunoblot analysis, and expressed as relative alteration compared to untreated WT

animals. Data are expressed as means + SEM.
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Figure 6. Effects of Cx43 ablation on APAP protein adduct formation.
WT and Cx43*- mice (n = 3-8) were overdosed with 300 mg/kg APAP followed by

sampling after 1 and 6 hours. The generation of reactive metabolite results in the formation
of APAP-cysteine (APAP-CYS) protein adducts which were quantified by high-pressure
liquid chromatography with electrochemical detection using total liver homogenate. Data
were expressed as means £ SEM. No statistically significant differences were found between
Cx43*" and WT animals.
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Figure 7. Effects of Cx43 ablation on APAP-induced liver cell injury.
WT and Cx43*- mice (n = 5-10) were overdosed with 300 mg/kg APAP followed by

sampling at different time points (/.e. after 0, 1, 6 and 24 hours). (A) Liver sections were
examined microscopically with the black scale bar representing 20 pm. (B) Serum levels of
ALT were measured at indicated time points. Data are expressed as means £ SEM with **p
<0.01 compared to WT animals at indicated time points.
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Figure 8. Effects of Cx43 ablation on APAP-induced inflammation.
WT and Cx43*- mice (n = 5-10) were overdosed with 300 mg/kg APAP followed by

sampling at different time points (/.e. after 0, 1, 6 and 24 hours). ELISA analyses of IL-1p,
IL-6, IL-10, IFN-y and TNFa were performed in liver (upper panels) and serum (lower
panels) samples. Data are expressed as means + SEM with **p <0.01 and ****p <0.0001

compared to WT animals at indicated time points.
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Figure 9. Effects of Cx43 ablation on APAP-induced oxidative stress.
WT and Cx43*- mice (n = 3-10) were overdosed with 300 mg/kg APAP followed by

sampling at different time points (/.e. after 0, 1, 6 and 24 hours). Hepatic levels of (A) GSH
and (B) GSSG were measured in liver and (C) the GSSG/GSH ratio was calculated. Data are
expressed as means = SEM with ***p <0.001 and ****p <0.0001 compared to WT animals
at indicated time points.
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Assay identification (ID), accession number, assay location, amplicon length and exon boundary of connexin

Primersand probesfor RT-gPCR analysis of connexin and candidate reference genes.

Table 1

and candidate reference genes are presented (18S, 18S ribosomal RNA; Actb, p-actin; B2m, B-2-

microglobulin; Gapdh, glyceraldehyde 3-phosphate dehydrogenase; Gjal, Cx43; Gjbl, Cx32; Gjb2, Cx26;

Hmbs, hydroxymethylbilane synthase; Ubc, ubiquitin C).

Gene Symbol Assay ID Accession number | Assay location | Amplicon size (base pairs) | Exon boundary
Gjb2 MmO00433643_s1 NM_008125.3 603 72 2-2
Gjbl Mm01950058_s1 NM_008124.2 466 65 1-1
Gjal MmO01179639_s1 NM_010288.3 2937 168 2-2
18S Hs99999901 _s1 X03205.1 604 187 1-1
Actb MmO00607939_s1 NM_007393.3 1233 115 6-6
B2m MmO00437762_m1 NM_009735.3 111 7 1-2
Gapdh Mm99999915 g1 NM_008084.2 265 107 2-3
Hmbs Mm01143545_m1 NM_013551.2 473 81 6-7
Ubc MmO02525934_g1 NM_019639.4 370 176 2-2
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