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Abstract

Background: Mitochondria play a fundamental role in the pathogenesis of Alcoholic Liver 

Disease (ALD). The preservation of functional mitochondria during toxic alcohol insults is 

essential for cell survival and is maintained by key processes known as mitochondrial dynamics, 

including fragmentation and fusion, which are regulated by mitochondria-shaping proteins (MSP). 

We have shown mitochondrial dynamics to be distorted by alcohol in cellular and animal models, 

but the effect in humans remains unknown.
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Methods: Hepatic gene expression of the main MSP involved in the mitochondrial fusion and 

fragmentation pathways was evaluated in patients with alcoholic hepatitis by DNA microarray 

(n=15) and RT-PCR (n=32). The activation of Dynamin-1-like protein (Drp1) was also 

investigated in mitochondria isolated from liver biopsies of ALD patients (n=8). The effects of 

alcohol on mitochondrial dynamics and on MSP protein expression were studied in human 

precision cut liver slices (PCLS) exposed for 24 hours to increasing doses of ethanol (50–250mM).

Results: A profound hyperactivation of the fragmentation pathway was observed in alcoholic 

hepatitis patients, with a significant increase in the expression of Drp1 and its adapters/receptors. 

The translocation of Drp1 to the mitochondria was also induced in patients with severe ALD and 

was affected in the PCLS with short-term exposure to ethanol but only mildly. The fusion pathway 

was not altered in ALD and this was confirmed in the PCLS model.

Conclusions: The present study reveals the role of mitochondrial dynamics in human ALD, 

confirming our previous observations in animal and cell culture models of ALD. Taken together, 

we show that alcohol has a significant impact on the fragmentation pathway, and we confirm Drp1 

as a potential therapeutic target in severe ALD.
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Introduction

Alcoholic Liver Disease (ALD) is associated with a broad range of clinical presentations. 

The effects of harmful drinking initially manifest with mild and reversible hepatic fat 

accumulation, but after decades of alcohol misuse this can induce increasing levels of 

inflammation (steatohepatitis) that drive the development of fibrosis and cirrhosis (O’Shea et 

al., 2010). One of the most severe and life-threatening presentations is alcoholic hepatitis 

(AH), which is characterised by systemic inflammation, high susceptibility to bacterial 

infection, hepatocyte injury, steatosis and high short-term mortality (20–50% within 3 

months) (Lucey et al., 2009). ALD remains a ‘treatment enigma’ and abstinence represents 

the cornerstone of intervention for all stages of this disorder (Chokshi, 2018). However, once 

end-stage liver disease is established, transplantation whilst controversial, may be the last 

available possibility. In AH, steroids administration to dampen the relentless inflammation 

remains the only pharmacological option but clinical studies have questioned their efficacy 

and challenged their short-term beneficial effects (Thursz et al., 2015). New treatments are 

therefore urgently needed and a better understanding of the pathogenesis of ALD may be the 

only route for the development of novel therapeutic interventions.

The pathogenesis of ALD is multifaceted and includes both direct and indirect factors, such 

as hepatocyte toxicity derived from ethanol metabolism, oxidative stress, DNA damage, 

metabolic alterations and inflammation. Central to these disease processes is mitochondrial 

dysfunction which has been shown to be critical during both the onset and progression of 

ALD (Zhong and Lemasters, 2018). Mitochondria are essential organelles for the 

preservation of cell homeostasis. They play key roles in several pathways ranging from 
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energy conversion, regulation of apoptotic signalling, cell death and metabolism. In order to 

fulfil cellular demands and to promptly react during challenging conditions, mitochondria 

can move across the cell and adjust their shape with cycles of fusion (the union of separate 

organelles to form an elongated organelle) and fragmentation (division of a single 

mitochondrion into two smaller individual entities). These processes are referred to as 

mitochondrial dynamics and this plasticity in shape represents one of the main strategies to 

maintain organelle quality control to sustain a functional mitochondrial pool and to react to 

cellular stressors (Eisner et al., 2018). Dysfunctional mitochondria can undergo 

fragmentation to be then cleared by auto(mito)phagy (Twig et al., 2008) or promote the 

apoptotic cascade in case of severe insults (Frank et al., 2001). Conversely, fusion processes 

can allow sharing of metabolites, enzymes and mitochondrial gene products throughout the 

entire mitochondrial network to allow full functionality of damaged mitochondria and the 

maintenance of energetic homeostasis (Liesa and Shirihai, 2013).

Critically, the balance between fusion and fragmentation determines the shape, and 

ultimately the function, of the mitochondrion and this is tightly controlled by the activity of 

several dynamin-related proteins called mitochondria shaping proteins (MSP). All the main 

MSP share a highly conserved GTPase domain and present the ability to self-assemble, 

hydrolyze GTP and remodel membranes. Mitofusin-1 and −2 (MFN1, MFN2) and Optic 

atrophy-1 (OPA1) are the proteins involved in the process of organelle fusion acting on the 

outer and inner mitochondrial membranes. Allied to this, mitochondrial fission is 

orchestrated by the mitochondrial recruitment and assembly of cytosolic dynamin-1-like 

protein (Drp1 or DNM1L) into oligomers at sites of scission. Mitochondrial translocation of 

Drp1 is regulated by a remarkable number of post-translational modifications, including 

phosphorylation, ubiquitylation and SUMOylation, whereas its targeting to fission sites is 

facilitated by adapter proteins, including mitochondrial fission 1 protein, mitochondrial 

fission factor, mitochondrial dynamics proteins of 49 and 51 kDa (Breitzig et al., 2018).

Considering the importance of mitochondrial activity for the maintenance of cell integrity 

and the strict correlation between mitochondrial morphology and function is expected that 

alterations in the mitochondrial dynamics can be a causative and/or exacerbating feature in 

the pathogenesis and progression of several disorders (Chan, 2019). It has been shown that 

mitochondrial dynamics are affected during hepatotoxicity, including experimental models 

of drug induced liver injury (Li et al., 2019) and viral hepatitis (Kim et al., 2013, Kim et al., 

2014). Moreover, previous studies on animal models have described a striking mitochondrial 

adaptation in response to chronic alcohol toxicity including effects such as slower 

mitochondrial movements and fewer fusion events in ethanol-fed rats compared to the 

controls (Das et al., 2012) or increased diversity of mitochondrial shape with a hyper-

fragmented phenotype in livers of alcohol-fed mice (Han et al., 2012). In a recent study from 

our laboratory, we have further investigated the effects of alcohol on mitochondrial 

dynamics and confirmed that changes in mitochondrial shape are closely correlated with 

alcohol toxicity in in vitro cell culture and animal models of ALD (Palma et al., 2019b), we 

have also identified Drp1 as the main protein which mediates these alterations and suggested 

that MSPs represent druggable targets. Whether this phenomenon is true in humans is 

unknown and is the aim of the current investigation.
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Materials and methods

Human precision cut liver slices (PCLS):

As previously described (Palma et al., 2019a), human liver tissue was obtained from patients 

who underwent partial hepatectomy (Table 1 for baseline characteristics, Research Ethics 

Committee reference 17/NE/0340). Immediately after surgical resection, the healthy portion 

of the liver specimen was harvested and kept on ice in sterile University of Wisconsin 

solution (ViaSpan; Bridge to Life Ltd, London, UK) until slicing. Time from harvest to 

culture was kept to a minimum (3–10 hours) and the preparation of PCLS was performed as 

previously described (de Graaf et al., 2010). Each slice was placed in a 12-well plate and 

cultured in Williams medium E supplemented with 2g/L glucose (Sigma, Gillingham, UK), 

penicillin and streptomycin (Life technologies, Paisley, UK), with the addition of insulin-

transferrin-selenium (Life technologies, Paisley, UK), epidermal growth factor 1nM (Life 

technologies, Paisley, UK), corticosterone 1μM (Sigma, Gillingham, UK), glucagon 100nM 

(Sigma, Gillingham, UK) and human AB serum 5% (Gemini Bio-product, West Sacramento, 

CA). The medium was saturated with carbogen (95% O2/5% CO2) and the plates kept in 

sealed chambers at 37°C in a shaking incubator. After an initial pre-incubation of 2 hours to 

allow the recovery after the cut, each slice was maintained in culture for 24 hours with or 

without the addition of ethanol (50mM, 100mM or 250mM) and the medium was replaced 

every day. Cell viability was evaluated in 3 PCLS per patient by measuring the content of 

ATP with the ATP Bioluminescence Assay Kit CLS II (Roche, Basel, Switzerland), 

normalized against the total amount of proteins quantified by Pierce BCA Protein Assay Kit 

(Thermo Fisher Scientific, Basingstoke, UK), as previously described (de Graaf et al., 2010).

Clinical cohorts:

For all the cohorts the protocols were approved by the local Research Ethics Committee and 

all patients gave written informed consent. The study conformed to the ethical guidelines of 

the 1975 Declaration of Helsinki.

1. GEO Cohorts: Data available in Gene Expression Omnibus (GEO) (Reference 

Series: GSE28619) (Affo et al., 2013). This publicly available dataset includes 

transcriptomic data from liver samples in 15 patients with AH and 7 healthy 

individuals.

2. Barcelona Cohorts: Thirty-two patients with clinical, analytical and histological 

features of ALD of varying severity (Table 2 for baseline characteristics) 

admitted at the Hospital Clinic of Barcelona, Spain (2007–2010), prospectively 

included according to previously described criteria for AH (Dominguez et al., 

2008, Dominguez et al., 2009, Colmenero et al., 2007) and as controls, 

specimens of normal liver tissue obtained from cadaveric liver donors (n=4) or 

from patients having resection of liver metastases (n=4) as previously described 

(Affo et al., 2013).

3. Brussels Cohorts: Eight patients with advanced ALD were recruited from the 

Clinique d’Hépatologie, Hopital Erasme, Brussels (Table 3 for baseline 

characteristics). As controls we utilised the normal portion of liver tissue 
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obtained from donors having a partial hepatectomy (n=6; Table 1 for baseline 

characteristics).

Electron Microscopy:

The PCLS were fixed with 2% paraformaldehyde and 1.5% glutaraldehyde in 0.1M 

cacodylate buffer and then fixed in 1% OSO4/ 0.1M cacodylate buffer pH7.3 at 3˚C. After 

the staining with 0.5% uranyl acetate, the specimens were dehydrated in a graded ethanol-

water series and infiltrated with Agar 100 resin mix. Serial 1μm sections were cut and 

stained with 1% toluidine blue for light microscopy. Ultrathin sections were cut at 70–80 nm 

using a diamond knife on a Reichert ultracut microtome, collected on 300 mesh copper grids 

and stained with uranyl acetate and lead citrate. Then samples were viewed in a Joel 1010 

transition electron microscope and images recorded using a Gatan Orius camera. After 

image collection, 50–100 cells were blindly analysed to quantify for the presence of 

megamitochondria (length, width >1μm).

Mitochondrial isolation:

PCLS and human liver tissue (Brussels cohorts) were homogenized in isolation buffer 

(250mM sucrose, 10mM TRIS, 1mM EGTA, pH 7.4) using the Precellys®24 grinder (Bertin 

Technologies, Montigny le Bretonneux, France) with ceramic bead-vials. Mitochondria were 

then isolated by standard differential centrifugations as previously described (Frezza et al., 

2007): homogenates were spun at 900g for 10 minutes; the supernatant was recovered and 

further spun at 9000g for 10 minutes in order to obtain the mitochondrial fraction, which 

was then washed and centrifuged again at 9000g for 10 minutes. Mitochondrial protein 

concentration was quantified by Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, 

Basingstoke, UK).

Western Blot Analysis:

Protein extracts were obtained from the mitochondrial fraction isolated from PCLS or liver 

fragments (Brussels cohorts) and separated by 12% SDS-PAGE, transferred onto 

nitrocellulose membranes (GE Healthcare Bio-Sciences AB, Uppsala, Sweden) and analysed 

as previously described (de Brito and Scorrano, 2008). The following antibodies were used: 

anti-Drp1, anti-Tom20 (BD Bioscience, Oxford, UK); anti-MiD51 (SMCR7L/MID51) 

(ProteinTech Europe, Manchester, UK); anti-Mitofusin-1, anti-Mitofusin-2, anti-actinin 

(Santa Cruz biotechnology, Heidelberg, Germany); anti-VDAC1/Porin (Abcam, Cambridge, 

UK).

MSP analysis using Real-Time Reverse Transcription Polymerase Chain Reaction Analysis 
(RT-PCR):

Total RNA was extracted from liver tissue (Barcelona cohorts) using Tri-Reagent (Life 

technologies, Paisley, UK) following the standard procedure recommended by the 

manufacturer. Quantitative real-time PCR reactions were carried out in a StepOnePlus™ 

Real-Time PCR System using commercial primer-probe pairs (Applied Biosystems, Foster 

City, CA). mRNA levels for human DRP1 (gene name DNM1L), OPA1, MFN1 and MFN2 

were measured. 18S RNA was used as the endogenous control. Gene expression values were 
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calculated based on the ΔΔCt method. The results were expressed as 2-ΔΔCt referred as fold 

increase compared with the mean expression quantified on normal livers.

Statistical analysis:

Continuous variables were expressed as mean ± standard error of the mean (SEM) and 

categorical variables were described as means of counts and percentages. Comparisons were 

performed using independent or paired non-parametric tests (Mann-Whitney or Wilcoxon 

tests) and Friedman’s analysis of variance for repeated measures, when multiple treatment 

groups were analysed simultaneously. Statistics were calculated using GraphPad Prism 6 

(GraphPad, La Jolla, CA). Statistical significance was set at P≤0.05.

Results

The mitochondrial fragmentation pathway is significantly activated during severe 
Alcoholic Hepatitis.

The hepatic gene expression of a broad range of proteins involved in mitochondrial 

dynamics was screened in the GEO Dataset reference series GSE28619. In this cohort, liver 

samples from 15 patients with AH were compared to tissue from 7 healthy individuals. The 

expression levels of the main MSP regulating mitochondrial fusion (MFN1, MFN2, OPA1) 

were found to be similar between AH patients and healthy controls (Fig. 1- Panel A; 

P>0.05), confirming our previous findings in cell culture and animal experimental models of 

ALD (Palma et al., 2019b). The analysis of the mitochondrial fragmentation pathway 

showed instead an important change with ALD. In AH patients, the expression of Drp1 and 

of some of its adapters was significantly increased compared to the levels of these genes 

quantified in normal livers (Fig. 1- Panel A; P<0.05).

The results on the changes in the transcriptome derived by DNA microarray were then 

verified by RT-PCR in liver specimens from 32 AH patients and 8 healthy individuals (Table 

2 for baseline characteristics). In line with the findings shown in the GEO Dataset the 

mitochondrial fusion pathway was not affected during ALD and the hepatic expression of 

MFN1, MFN2 and OPA1 did not differ in AH patients when compared to healthy controls 

(Fig.1- Panel B; P>0.05). On the other hand, the upregulation of the fragmentation pathway 

was confirmed also in this cohort of patients with Drp1 significantly overexpressed in the 

livers of AH patients (Fig. 1- Panel B; P<0.05). We also found a direct correlation (P<0.05; 

r=0.356) between Drp1 mRNA levels in the liver biopsies of AH patients and the blood 

concentration of Aspartate aminotransferase (AST).

Besides Drp1 gene expression, its activation was also explored in ALD. A fundamental step 

to initiate mitochondrial fragmentation is the translocation of Drp1 from the cytosol to the 

outer mitochondrial membrane (Smirnova et al., 2001). The amount of Drp1 localised on the 

organelles which indicates its activation was quantified by Western blot in the mitochondrial 

fraction isolated from liver specimens from patients with severe stage of ALD (Brussels 

cohort, n=8, Table 3 for baseline characteristics) and compared to mitochondria isolated 

from normal livers (n=6, Table 1 for baseline characteristics). Most ALD samples (60%) 

showed a higher amount of Drp1 bound to the organelles suggesting its increased 
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translocation compared to the healthy controls, where only 2/6 (30%) showed this increase 

(Fig. 1- Panel C) confirming the impact on the mitochondrial fragmentation pathway in 

ALD.

Human liver slices treated with ethanol as a model of early stage of ALD.

Precision cut slices derived from healthy human liver were cultured for 24 hours with 

increasing doses of ethanol (50, 100 and 250mM). Toxic effects were evaluated by 

quantification of ATP levels, as previously reported for the PCLS (Hadi et al., 2013). In the 

untreated slices, the ATP content was always above the accepted criteria for viability (ATP 

3–12 nmol/mg of protein as reported in (de Graaf et al., 2010)) and stable for up to 5 days 

with a standard deviation of 1.31 (Fig. 2- Panel A). After exposure to ethanol, levels of ATP 

tended to drop for all the doses tested when compared to the untreated slices (Fig. 2- Panel 

B; P>0.05), but the overall ATP differences were moderate and not statistically significant 

when compared to the controls. Moreover, the levels of transaminases and lactate 

dehydrogenase in the supernatants of PCLS did not increase following ethanol treatment 

(data not shown). The evaluation of the intracellular structure by electron microscopy (Fig. 

2- Panel C) revealed signs of increased cell injury during alcohol exposure with the presence 

of karyorrhexis (fragmented nuclei and chromatin disintegration) and prominent cytoplasmic 

vacuolation with a loss of structural integrity of the all membranes. These characteristics 

were detected in almost 30% of samples treated with ethanol (5/18 PCLS). The EM analysis 

showed an important fat droplet accumulation in the hepatocytes of the PCLS treated with 

ethanol (Fig. 2- Panel D) and a striking appearance of very enlarged mitochondria 

(megamitochondria). The incidence of megamitochondria increased during ethanol exposure 

in a dose-dependent manner as shown in representative pictures (Fig. 2- Panel D) and in the 

quantitative analysis (Fig. 2- Panel E). Megamitochondria were consistently induced by 

ethanol treatment in approximately 70% of the specimens examined (10/15 PCLS) and in 10 

to 50% of the cells analysed at each concentration (>200 cells analysed in total). The 

characteristics observed in the PCLS resemble the clinical presentation of ALD patients at 

an early stage of disease supporting the validity of this model for the study.

The expression of mitochondria-shaping proteins is not profoundly altered in the early 
stage of ALD.

Liver biopsies from early stage of ALD are difficult to justify clinically, and so the impact of 

early exposure to ethanol on mitochondrial dynamics was evaluated in the PCLS model. The 

mitochondrial fusion pathway did not show any change and the protein expression of the 

main MSP involved (MFN1, MFN2) was very similar in ethanol-treated slices compared to 

the untreated ones (Fig. 3- Panel A; P>0.05), in line with the results obtained in AH patients 

(Fig. 1). The effect of ethanol on the fragmentation pathway was only mild compared to the 

striking alterations observed in AH patients. The amount of Drp1 detected in the 

mitochondrial fraction isolated from slices exposed to alcohol showed a trend of increasing 

translocation of Drp1 to the organelles in comparison with the untreated slices, but the 

difference was not significant (Fig. 3- Panel B; P>0.05). There was also a slight but not 

significant increase in the protein expression of one of Drp1 receptors, while the protein 

expression of Drp1 was very similar between control and ethanol-treated slices (Fig. 3- 

Panel B; P>0.05).
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Discussion

The aim of this study was to investigate the impact on mitochondrial dynamics and MSP in 

ALD human samples. One of the main findings was that in the severe stages of the disease 

the regulators of mitochondrial morphology, especially of the fragmentation process, are 

significantly altered, suggesting a skewed balance in the equilibrium between fusion and 

fission during alcohol-related liver injury. Variations in the expression of MSP have been 

previously shown in several disorders, primarily neurodegenerative diseases including 

Alzheimer’s (Zhu et al., 2013) and Parkinson’s (Pozo Devoto and Falzone, 2017), 

cardiovascular diseases (Vasquez-Trincado et al., 2016) and various types of cancer 

(Maycotte et al., 2017), metabolic conditions like type II diabetes or obesity (Zorzano et al., 

2009) and very recently in Non-Alcoholic Fatty Liver Disease (Hernandez-Alvarez et al., 

2019). This is the first time that the MSP have been studied in patients affected by alcoholic 

hepatitis and their expression shown to be modified in livers from patients with ALD.

The gene expression and protein activation of MSPs in liver biopsies from 55 patients with 

severe ALD demonstrated that the mitochondrial fragmentation pathway was hyper-

activated and among all the MSP, DRP1 was found consistently over-expressed in patients 

affected by AH. Other studies have shown important effects on mitochondrial dynamics and 

on Drp1 during liver injury, but these observations are limited to in vitro or animal models 

(Hasnat et al., 2018, Li et al., 2019, Ramachandran et al., 2013, Yang et al., 2017). A lack of 

confirmation of experimental results in more relevant models (whole human tissue) and 

especially in patients hinders the translation of knowledge clinically and is mainly due to the 

difficulty in obtaining such samples. One of the most important achievements of this study is 

the validation of the relationship between ALD, mitochondrial dynamics and MSP in a 

cohort of patients.

As liver biopsies from patients with mild or early stage ALD are not clinically indicated, we 

employed the human PCLS as an ex vivo model of the early stage of the disease. The aim of 

this was to investigate whether a direct alcohol exposure or ongoing injury were contributing 

to the changes in MSP and mitochondrial dynamics. Firstly, we show this model 

recapitulates the characteristics of ‘early’ stage chronic alcohol-related hepatotoxicity and 

tissue stress (megamitochondria) but without severe hepatocyte injury. We found that the 

fusion pathway was not perturbed in this model, in agreement with the observations in 

patients with severe ALD. We observed mild changes in Drp1 translocation and activation of 

the fission machinery in the ethanol-treated human liver slices, whilst these were not 

significantly different from the control, there was a trend of hyper-activation of the Drp1 

pathway. In support of this, we found a positive correlation between Drp1 hepatic gene 

expression in AH patients and levels of AST, revealing that significant hyper-activation of 

the fragmentation pathway is associated with a higher severity of disease and hepatocyte 

damage. This is further corroborated by other studies, where increased levels of Drp1 are 

associated with cell injury and augmented apoptosis (Li et al., 2019). These results support 

the evidence that mitochondria have a striking capacity to react to stress and that the balance 

between fusion and fission plays a prominent role in the physiological or pathological 

response of the cell to toxic insults (Eisner et al., 2018). An initial increased fragmentation 

triggered by ethanol intoxication can be beneficial for the cell and coordinate with 
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mitophagy to clear the cell from dysfunctional organelles, however when the insult becomes 

chronic this can overcome the adaptive mechanisms and lead to a pathological perturbation 

of the balance between mitochondrial dynamics (Lemasters and Zhong, 2018). We believe 

that this study confirms the key role for Drp1 in ALD and in particular during alcoholic 

hepatitis but further studies are needed to investigate the controversial regulatory 

mechanisms of this protein, such as the interaction with its receptors/adapters or its several 

posttranslational modifications (Palmer et al., 2011, Palmer et al., 2013).

Despite the global burden of ALD, the therapeutic options are very limited and inadequate. 

The need to develop new treatment strategies to reduce alcohol-induced liver damage is 

critical, especially as the rates of ALD continue to escalate both in United States and Europe 

(Kim et al., 2018, Pimpin et al., 2018). In recent years, key advancements in understanding 

mitochondrial dynamics and the molecular mechanisms regulating mitochondrial fusion and 

fragmentation both physiologically and in pathological settings have raised interest in the 

possibility of targeting these pathways therapeutically. The present study demonstrates that 

the mitochondrial fragmentation pathway is hyper-activated during human ALD and 

suggests a role for Drp1 inhibition as potential therapy to re-establish a balance between 

mitochondrial dynamics. The protective effects of Drp1 inhibition have been reported in 

several studies, in neurodegenerative diseases, including multiple sclerosis (Lou et al., 

2012), Parkinson’s disease (Rappold et al., 2014, Su and Qi, 2013), Huntington’s disease 

(Guo et al., 2013, Song et al., 2011), cardiac injury (Disatnik et al., 2013, Ong et al., 2010) 

and cancer (Xie et al., 2015). Interestingly Galloway et al showed that the decrease of 

mitochondrial fragmentation induced by Drp1 inhibition was associated with a reduction of 

steatosis and oxidative stress in a mouse model of non-alcoholic fatty liver disease 

(Galloway et al., 2014). In a recent study from our laboratory, we demonstrated that the 

genetic inactivation of Drp1 had a beneficial effect against alcohol-induced hepatotoxicity in 

two experimental models. In the VL-17A cells (hepatoma cell line able to metabolise 

alcohol) the expression of an inactive mutant of Drp1 prevented the growth impairment 

caused by ethanol exposure and liver-specific knock out mice for Drp1 exposed to a chronic-

binge drinking diet (NIAA diet) shown reduced liver injury compared to wild type animals 

exposed to the same diet. It is noteworthy that the lack of Drp1 in the liver of these mice was 

also associated with an increased formation of megamitochondria and this effect was 

correlated with lower hepatotoxic levels. Different clinical studies support the hypothesis 

that megamitochondria development is a beneficial adaptive response to alcohol and have 

shown that megamitochondria detection in liver biopsies is one of four clinical and 

histological parameters associated with a better outcome in terms of survival at 90 or 180 

days in patients with AH (Altamirano et al., 2014, Andrade et al., 2016, Kim 2017).

In summary, our previous findings in cell culture and animal models of ALD (Palma et al., 

2019b) together with the data in the current study, both in human biopsies of severe ALD 

and in human precision cut liver slice model of early ALD, demonstrate a key role for 

mitochondrial shaping protein Drp1 in the pathogenesis of ALD and highlight the potential 

therapeutic utility of targeting Drp1 in ALD.
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Figure 1. Hepatic expression and activation of the mitochondria-shaping proteins involved in 
mitochondrial fragmentation are induced during alcoholic hepatitis.
(A) Hepatic gene expression assessed by DNA microarray in liver biopsies from patients 
with alcoholic hepatitis (AH, n=15) and healthy controls (Ctrl, n=7); GEO reference series 
GSE28619. Fusion pathway: Mitofusin-1 (MFN1), Mitofusin-2 (MFN2), Optic-atrophy-1 

(OPA1) expression was found no different between AH and Ctrl (mean ± SEM; n.s. P>0.05). 

Fragmentation pathway: Dynamin-1-like protein(Drp1 gene name DNM1L) and its adapters/

receptors Mitochondrial fission factor (MFF) and Mitochondrial fission 1 protein (FIS1), but 

not Mitochondrial dynamics protein of 51KDa (MiD51), were significantly induced in AH 

(mean ± SEM; P<0.05, n.s. P>0.05).

(B) Hepatic gene expression assessed by RT-PCR in liver biopsies from patients with 
alcoholic hepatitis (AH, n=32) admitted at the Hospital Clinic of Barcelona, see Table 2 for 
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baseline characteristics, and healthy controls (Ctrl, n=8). Fusion pathway: mRNA levels of 

MFN1, MFN2 and OPA1 shown no difference between livers of AH and Ctrl (n=3) (mean ± 

SEM; n.s. P>0.05). Fragmentation pathway: mRNA levels of Drp1 (gene name DNM1L) 

were increased in AH patients compared to Ctrl (n=8) (mean ± SEM; P<0.05).

(C) Protein analysis in alcoholic hepatitis patients (AH, n=8) admitted at the Clinique 
d’Hépatologie, Brussels, see Table 3 for baseline characteristics and healthy controls (n=6). 
Mitochondria isolated from liver tissue of healthy controls (lines 1–6) and AH patients (lines 

7–14) were subjected to Western blot analysis (representative pictures, TOM20 as loading 

control and densitometry of Drp1 and ratio MiD51/TOM20, individual values). Drp1 was 

found increased in the mitochondrial fraction of the majority of AH samples compared to 

ctrl.
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Figure 2. Human Precision Cut Liver Slices (PCLS) as a model of early stage of Alcoholic Liver 
Disease.
(A) Viability of PCLS over 5 days in culture. The culture system was validated assessing the 

viability by quantifying the ATP content in 3 slices per patient normalized against the total 

protein amount. The timepoint −2h indicates the ATP measurement immediately after 

cutting and the timepoint 0h shows the ATP content after 2 hours of slice recovering in 

complete oxygenized medium, as described in (de Graaf et al., 2010). The ATP levels were 

found consistent and stable over the culturing time (5 days) and above the threshold of 
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viability (3nmol/mg of protein). Bars show the mean ± S.E.M.; n=6 patients, 3 slices per 

patient.

(B) Viability of PCLS exposed to ethanol. ATP concentration was measured after 24 of 

ethanol (EtOH) exposure at the indicated doses (mean ± SEM, n=6 patients, 3 slices per 

patient for each condition, P>0.05).

(C) Mild hepatocyte damage induced by ethanol in PCLS. Representative electron 

micrographs of PCLS after 24 hours of ethanol (EtOH) exposure at 50, 100 and 250mM 

shown a mild cell injury of hepatocytes and apoptotic signatures such as chromatin 

condensation in the nucleus at the highest dose utilised (Abbreviations: mito = mitochondria, 

N = nucleus, fat = fat accumulation, M = megamitochondria (width, length>1μm), cc = 

chromatin condensation).

(D) Megamitochondria development in PCLS exposed to ethanol. Representative electron 

micrographs of PCLS after 24 hours of ethanol (EtOH) exposure at 50, 100and 250mM 

shown the development of enlarged megamitochondria (width, length >1μm) 

(Abbreviations: mito = mitochondria, N = nucleus, M = megamitochondria).

(E) Megamitochondria incidence in PCLS exposed to ethanol. The percentage of cells 

presenting one or more megamitochondria (width, length >1μm) was quantified in untreated 

slices (ctrl) and slices exposed for 24 hours to the indicated dose of ethanol (EtOH) and the 

difference was significant at the higher doses (>300 cells analysed in total, *P<0.05).
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Figure 3. Protein expression of mitochondria-shaping proteins is not severely affected by 24 
hours of ethanol exposure in human PCLS.
(A) Fusion pathway in PCLS treated with ethanol (EtOH). The protein expression of 

Mitofusin-1 (Mfn1) and Mitofusin-2 (Mfn2) was the same in untreated slices and after 24 

hours of ethanol at the indicated doses (P>0.05).

(B) Fragmentation pathway in PCLS treated with ethanol (EtOH). The protein expression of 

Dynamin-1-like protein (Drp1) and Mitochondrial dynamics protein of 51KDa (MiD51), 

and the localisation of Drp1 on mitochondria was analysed by Western Blot in PCLS treated 

with the indicated doses of EtOH (P>0.05).

In all panels representative western blots are shown along with the densitometric analysis 

(mean ± SEM, n>3).
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Table 1.

Baseline characteristics of liver donors utilized for Precision Cut Liver Slices.

Baseline Characteristics N=6 Median (25–75 IQR)

Age (y) 56 (51–61)

Male n (%) 2 (33%)

BMI 24.5 (24.4–24.6)

Laboratory and hemodynamic parameters

ALT (U/L) 24 (16.75–33)

Serum bilirubin (mg/dL) 0.5 (0.1–0.7)

Pathological conditions

Metastatic colorectal adenocarcinoma n (%) 4 (67%)

Focal nodular hyperplasia n (%) 1 (17%)

Metastatic ductal breast adenocarcinoma n (%) 1 (17%)

Background liver histology

Mild steatosis n (%) 5 (83%)

Fibrosis n (%) 0 (0%)

Abbreviations: BMI, body mass index.

*
All patients received chemotherapy prior to resection.

Research Ethics Committee reference 17/NE/0340- IRAS Project ID 222302
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Table 2.

Baseline characteristics of patients included in Barcelona cohorts.

Baseline Characteristics N= 32 Median (25–75 IQR)

Age (y) 51 (45–56)

Male n (%) 24 (75%)

Megamitochondria n (%) 21 (65%)

Corticosteroids n (%) 13 (40%)

SIRS
+

 (%) 11 (34%)

Laboratory and hemodynamic parameters

Hemoglobin (g/dL) 12 (9–13)

Leukocyte count x109/L 8.1 (5.7–11.4)

Platelet count x109/L 121 (97–134)

AST (U/L) 116 (65–190)

ALT (U/L) 43 (23–60)

Serum albumin (g/dL) 2.7 (2.4–3.2)

Serum creatinine (mg/dL) 0.8 (0.6–0.9)

Serum bilirubin (mg/dL) 4.7 (2.0–13.4)

International normalized ratio 1.4 (1.3–1.7)

HVPG (mmHg) 19 (14–21)

Alcoholic hepatitis severity scores at admission

Fibrosis stage n (%)
F1
F2
F3
F4

 
2 (6%)
0 (0%)
5 (16%)
25 (78%)

MELD score 17 (13–23)

ABIC score 7.1 (6.6–8.1)

Maddrey score 56 (49–68)

Severe AH n (%)* 22 (69%)

Clinical decompensations during hospitalization

AKI n (%)** 10 (31%)

Infection n (%) 11 (34%)

Mortality at 90 days n (%) 6 (19%)

Abbreviations: SIRS, Systemic Inflammatory Response Syndrome; HVPG, Hepatic Venous Pressure Gradient; MELD, Model for End Stage Liver 
disease; ABIC, Age-Bilirubin-INR-Creatinine; AH, Alcoholic Hepatitis; AKI, Acute Kidney Injury.

+
SIRS was defined as 2 or more of the following variables: temperature > 38°C (100.4°F) or < 36°C (96.8°F), heart rate > 90 x’, respiratory >20 x’ 

or PaCO2<32mm Hg and Leucocytes >12,000/mm3 or < 4,000/mm3.

*
Defined as: ABIC score > 6.71 or MELD score >21 points.

**
AKI was defined as an abrupt (within 48 hours) reduction in kidney function currently defined as an absolute increase in serum creatinine of 

more than or equal to 0.3 mg/dl (≥ 26.4 μmol/l), a percentage increase in serum creatinine of more than or equal to 50% (1.5-fold from baseline) 
based on AKIN (acute kidney injury network) criteria.
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Table 3.

Baseline characteristics of patients included in Brussels cohort.

Baseline Characteristics N= 8 Median (25–75 IQR)

Age (y) 60 (51–62)

Male n (%) 4 (50%)

Megamitochondria n (%) 2/5 (40%)

Corticosteroids n (%) 2 (25%)

Laboratory and hemodynamic parameters

Platelet count x109/L 92.5 (77.5–141.75)

AST ( U/L) 66 (54–86)

ALT (U/L) 30 (26–35)

Serum albumin (g/dL) 25 (22–36)

Serum creatinine (mg/dL) 1 (0.7–1.5)

Serum bilirubin (mg/dL) 3 (1.1–10.4)

International normalized ratio 2 (1.3–1.9)

HVPG (mmHg) 13 (12–14.5)

Alcoholic hepatitis severity scores at admission

Fibrosis stage F4 n (%) 8 (100%)

MELD score 16 (10–21)

Severe AH n (%)* 2 (25%)

Mortality at 90 days n (%) 1 (12.5%)

Abbreviations: HVPG, Hepatic Venous Pressure Gradient; MELD, Model for End Stage Liver disease; AH, Alcoholic Hepatitis.

*
Defined as: MELD score >21 points.
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