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SUMMARY

Alcohol-related liver disease (ALD) is associated with steatohepatitis and insulin

resistance. Insulin resistance impairs growth and disrupts lipid metabolism in hepato-

cytes. Dysregulated lipid metabolism promotes ceramide accumulation and oxidative

stress, leading to lipotoxic states that activate endoplasmic reticulum (ER) stress

pathways and worsen inflammation and insulin resistance. In a rat model of chronic

alcohol feeding, we characterized the effects of a ceramide inhibitor, myriocin, on

the histopathological and ultrastructural features of steatohepatitis, and the biochem-

ical and molecular indices of hepatic steatosis, insulin resistance and ER stress. Myr-

iocin reduced the severity of alcohol-related steatohepatitis including the abundance

and sizes of lipid droplets and mitochondria, inflammation and architectural disrup-

tion of the ER. In addition, myriocin-mediated reductions in hepatic lipid and cera-

mide levels were associated with constitutive enhancement of insulin signalling

through the insulin receptor and IRS-2, reduced hepatic oxidative stress and modula-

tion of ER stress signalling mechanisms. In conclusion, ceramide accumulation in

liver mediates tissue injury, insulin resistance and lipotoxicity in ALD. Reducing

hepatic ceramide levels can help restore the structural and functional integrity of the

liver in chronic ALD due to amelioration of insulin resistance and ER stress. How-

ever, additional measures are needed to protect the liver from alcohol-induced necro-

inflammatory responses vis-�a-vis continued alcohol abuse.
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Introduction

Alcohol abuse is a leading cause of liver-associated morbidity

and mortality (Paula et al. 2010; McCullough et al. 2011;

Miller et al. 2011). Excessive chronic or binge alcohol con-

sumption causes steatohepatitis, which can progress to

chronic alcohol-related liver disease (ALD) (O’Shea et al.

2010) due to combined effects of sustained insulin and insu-

lin-like growth factor (IGF) resistance, inflammation, oxida-

tive and endoplasmic reticulum (ER) stress, lipotoxicity

with ceramide accumulation and mitochondrial dysfunction

(Lieber 2004; Kaplowitz & Ji 2006; de la Monte et al. 2008;

Pang et al. 2009; Longato et al. 2012). Ethanol-impaired sig-

nalling through insulin and IGF type 1 (IGF-1) pathways

(Sasaki & Wands 1994; Onishi et al. 2003; He et al. 2007;

Ronis et al. 2007; de la Monte et al. 2008; Pang et al. 2009;

Denucci et al. 2010; Setshedi et al. 2011) inhibits activation

of mitogen-activated protein kinase, which supports liver
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regeneration, and phosphatidyl-inositol-3-kinase (PI3K) and

Akt (Sasaki et al. 1994; Mohr et al. 1998; de la Monte et al.

2008) networks, which promote hepatocellular survival,

motility and metabolism (Roberts et al. 2000). Moreover,

ethanol-mediated inhibition of Akt increases activation of

glycogen synthase kinase 3b (GSK-3b) (He et al. 2007)

and phosphatases that negatively regulate receptor tyro-

sine kinases and PI3K (Yeon et al. 2003; He et al. 2007).

Therefore, ethanol’s long-term toxic and degenerative

effects on the liver are propagated by the inhibition of insulin/

IGF signalling, which propagates a broad array of critical and

fundamental hepatic functions (Ronis et al. 2007; de la

Monte et al. 2008; Derdak et al. 2011; de la Monte 2012).

Besides insulin resistance, other pathophysiological pro-

cesses including cytotoxic and lipotoxic injury (McVicker

et al. 2006; de la Monte et al. 2009; Cohen & Nagy 2011;

Derdak et al. 2011), inflammation (Ronis et al. 2008;

Cohen & Nagy 2011), oxidative and ER stress (Kaplowitz

& Ji 2006; Pandol et al. 2010; Feldstein & Bailey 2011;

Malhi & Kaufman 2011), metabolic and mitochondrial

dysfunction (Purohit et al. 2009; Ding et al. 2011),

decreased DNA synthesis (Pang et al. 2009) and increased

cell death (Derdak et al. 2011) contribute to liver injury in

ALD. Importantly, these factors worsen insulin resistance

and its consequences. We hypothesize that sustained hepatic

insulin resistance triggers a potent multipronged self-rein-

forcing cascade, that is, a reverberating loop that drives

ALD to progress (de la Monte 2012). Therefore, besides

insulin sensitizers, which have demonstrated efficacy in ALD

(Pang et al. 2009; de la Monte et al. 2011), other compo-

nents of the mal-signalling cascade must also be targeted to

prevent eventual progression of ALD.

Among other potential therapeutic targets, we regard the

contributions of lipid dyshomeostasis and ER stress as piv-

otal because they activate pro-inflammatory cytokines and

promote oxidative stress and insulin resistance (Kao et al.

1999). Lipid dyshomeostasis leads to lipolysis and ceramide

accumulation. Attendant lipotoxicity further impairs insulin

(Holland & Summers 2008; Kraegen & Cooney 2008;

Langeveld & Aerts 2009) and PI3K–Akt (Hajduch et al.

2001; Bourbon et al. 2002; Powell et al. 2003; Nogueira

et al. 2008) signalling, activates pro-inflammatory cytokines

and increases ER and oxidative stress (Lieber 2004; de la

Monte et al. 2009; Ramirez et al. 2013a,b). Roles for cera-

mide accumulation in the pathogenesis and progression of

ALD are suggested by the findings that (i) mice deficient in

acidic sphingomyelinase are resistant to ethanol-induced

hepatic steatosis (Garcia-Ruiz et al. 2003); (ii) ceramides

inhibit AMPK (Liangpunsakul et al. 2010) and promote local

hepatocellular injury (Anderson & Borlak 2008), possibly

because AMPK reduces ER stress and apoptosis (Kuznetsov

et al. 2011); and (iii) in advanced human ALD, hepatic cera-

mide levels are increased and their profiles are substantially

altered (de la Monte 2012; Longato et al. 2012).

Endoplasmic reticulum stress develops or worsens with

insulin resistance because vital ER functions such as protein

synthesis, modification and folding; calcium signalling; and

lipid biosynthesis (Hotamisligil 2010) all utilize glucose as

the main source of energy, and insulin resistance impairs

glucose uptake and metabolism. Ethanol-impaired insulin

signalling promotes hepatocellular injury and death via all

three major ER stress sensor cascades: PERK, inositol-

requiring enzyme 1a (IRE-1a) and activating transcription

factor-6a (ATF-6a) (Kaplowitz et al. 2007; Sundar-Rajan

et al. 2007; Malhi & Gores 2008; Sharma et al. 2008). In

addition, ethanol increases ER-resident sterol regulatory

binding proteins (SREBP)-1c and -2, resulting in the upregu-

lation of fatty acid/triglyceride synthesis, beta-oxidation

(SREBP-1a) and cholesterol synthesis (SREBP-2) (Kaplowitz

& Ji 2006). On the one hand, ER stress can potentiate insu-

lin resistance and lipolysis, leading to increased ceramide

production (Kaplowitz et al. 2007; Sundar-Rajan et al.

2007; Anderson & Borlak 2008; Malhi & Gores 2008) and

worsening of inflammation and insulin resistance (Kaplowitz

& Ji 2006; Ronis et al. 2008), and disease-associated lipoly-

sis can be initiated by ER stress and mitochondrial dysfunc-

tion (Kaplowitz et al. 2007; Sundar-Rajan et al. 2007;

Anderson & Borlak 2008; Malhi & Gores 2008). Therefore,

it is not surprising that ER stress in ALD is marked by lipid

dyshomeostasis and activation of proceramide and pro-

inflammatory pathways that increase toxic lipid generation

(Ozcan et al. 2004; Kaplowitz et al. 2007; Sundar-Rajan

et al. 2007; Malhi & Gores 2008; Ronis et al. 2008).

Previous studies showed that treatment with peroxisome

proliferator-activated receptor (PPAR) agonists, which are

insulin sensitizers that also have anti-inflammatory actions,

prevents or reverses a number of chronic ALD-related

histopathological, ultrastructural, biochemical and molecular

abnormalities caused by chronic ethanol exposure (Pang

et al. 2009; Ramirez et al. 2013a,b). Despite striking

responses to the PPAR-d and PPAR-c agonists in relation to

liver regeneration, inflammation, histopathology and ultra-

structural features (Pang et al. 2009; de la Monte et al. 2011;

Ramirez et al. 2013a,b), all aspects of ALD were not resolved

by the treatments. In particular, ceramide load and ER stress

remained elevated (Ramirez et al. 2013a,b), setting the stage

for ALD to eventually progress. Therefore, additional

approaches are needed to more effectively resolve ALD. In

the light of the known anti-inflammatory and anti-lipotoxic

effects of ceramide inhibitors (Hinkovska-Galcheva & Shay-

man 2010; Kornhuber et al. 2010), we used an established

model of chronic ALD to examine the therapeutic responses

to myriocin, a potent ceramide inhibitor. The analyses were

focused on liver histology, ultrastructural pathology, steato-

sis, insulin signalling and ER stress pathway activation.

Materials and methods

Materials

The Taqman Gene expression master mix, Amplex Red Tri-

glyceride Assay Kit, Nile Red fluorescence-based assay for

lipids, 4-methylumbelliferyl phosphate (4-MUP) fluorophore

and Amplex UltraRed soluble fluorophore were purchased
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from Invitrogen (Carlsbad, CA, USA). QIAzol Lysis Reagent

for RNA extraction was obtained from Qiagen, Inc (Valen-

cia, CA, USA). OptiPlates (96-well) were from Thermo

Fisher Scientific (Rochester, NY, USA). Mouse monoclonal

anti-ceramide, oligodeoxynucleotide primers and myriocin

were purchased from Sigma-Aldrich Co (St. Louis, MO,

USA). The One Touch Ultra II glucometer was purchased

from Lifescan, Inc (Milpitas, CA, USA). Rabbit polyclonal

antibody to large acidic ribosomal protein (RPLPO) was

purchased from Proteintech Group, Inc (Chicago, IL, USA).

Fine chemicals were purchased from CalBiochem (Carlsbad,

CA, USA) or Sigma-Aldrich. The Cytokeratin 18-M65

enzyme-linked immunosorbent assay (ELISA) kit was pur-

chased from MyBiosource Inc (San Diego, CA, USA). The

OxiSelect Protein Carbonyl Fluorometric Assay and OxiSe-

lect HNE-His Adduct ELISA kit were purchased from Cell

Biolabs, Inc (San Diego, CA, USA).

Experimental model

Adult male Long Evans rats (Harlan Sprague Dawley, Inc.,

Indianapolis, IN, USA) were pair-fed with the Lieber-DeCar-

li isocaloric liquid diet (BioServ, Frenchtown, NJ, USA) con-

taining 0% to 37% (caloric content; 9.2% v/v) ethanol for

8 weeks (Pang et al. 2009; Denucci et al. 2010; Ramirez

et al. 2013a,b). Both diets provided 151 kcal/l of protein

and 359 kcal/l of fat. The control diet provided 490 kcal/l

carbohydrates, while the ethanol diet contained 120 kcal/l

carbohydrate and 370 kcal/l of ethanol. Chow-fed controls

were studied in parallel, but their responses were similar to

the liquid diet-fed controls. The mean blood alcohol levels

(Mean � SD) measured at 7 a.m. in this model were

19.7 � 6.9 mg/dl for controls and 113.7 � 12.7 mg/dl in

the alcohol-fed group (P = 0.0006). Two weeks prior to ini-

tiating the study, rats were adapted to the liquid diets by

incrementing ethanol from 0% to 11.8%, 23.6% and then

to 37% of the caloric content. Controls were adapted to

ethanol-free liquid diets over the same period. After 3 weeks

on the full liquid diets, rats in each group were treated on

Mondays, Wednesdays and Fridays with i.p. injections of

myriocin (0.3 mg/kg) or saline (vehicle) in 100 ll volumes.

The myriocin and vehicle treatments were continued

through the last 5 weeks of the study. Myriocin is a serine

palmitoyl transferase (de novo pathway) inhibitor. Rats

were monitored daily to ensure adequate nutritional intake

and maintenance of body weight. Throughout the experi-

ment, rats were housed under humane conditions and kept

on a 12-h light/dark cycle with free access to food. All

experiments were performed in accordance with protocols

approved by Institutional Animal Care and Use Committee

at the Lifespan-Rhode Island Hospital, and they conform to

guidelines established by the National Institutes of Health.

Liver tissue processing

At the end of the experiment, rats were fasted overnight and

then sacrificed by isofluorane inhalation. Blood glucose was

measured with a One Touch II glucometer. Serum was used

to measure triglycerides and ceramide immunoreactivity

(ELISA). Portions of liver were snap-frozen in a dry ice/

methanol bath and stored at �80 °C for protein, lipid and

RNA studies. Liver tissue was immersion-fixed in 4% buf-

fered paraformaldehyde for histological studies or in modi-

fied Karnovsky’s fixative (2.5% glutaraldehyde and 2%

paraformaldehyde in 0.15 M sodium cacodylate) for trans-

mission electron microscopic (EM) examination. Parafor-

maldehyde-fixed tissues were embedded in paraffin, and

adjacent histological sections (5 or 10 lm thick) were

stained with haematoxylin and eosin (H&E) and Sirius Red

(collagen stain). Cryostat sections (5 to 10 lm thick) of

paraformaldehyde-fixed, non-paraffin-embedded liver sam-

ples were stained with Oil red O to assess steatosis. After

Karnovsky fixation, the tissues were postfixed in osmium

tetroxide and embedded in Spurrs’s epoxy resin. Semi-thin

(1 lm thick) sections were stained with methylene blue–
azure II to select optimum regions for transmission EM

studies. Ultra-thin (50–60 nm) sections, contrasted with ura-

nyl acetate and lead citrate, were examined using a Mor-

gagni 268 transmission electron microscope and

photographed with an AMT Advantage 542 CCD camera.

Lipid assays

Liver homogenates were prepared in lysis buffer containing

50 mM Tris (pH 7.5), 150 mM NaCl, 5 mM EDTA (pH

8.0), 50 mM NaF, 0.1% Triton X-100, and protease and

phosphatase inhibitors (Longato et al. 2012; Ramirez et al.

2013a,b; Setshedi et al. 2011). Total neutral lipid content

was measured using the Nile Red microplate assay (McMil-

lian et al. 2001), and triglycerides were measured using a

commercial assay. Fluorescence (Ex 485/Em 572) was mea-

sured in a SpectraMax M5 microplate reader. Results were

normalized to sample protein content. Ceramide immunore-

activity was quantified by ELISA (Longato et al. 2012; Ra-

mirez et al. 2013a,b).

Oxidative Stress/Apoptosis Assays: The Cytokeratin 18-

M65 (CK18) ELISA kit was used to assess apoptosis/cellular

injury in liver and serum. The OxiSelect Protein Carbonyl

Fluorometric Assay OxiSelect HNE-His Adduct ELISA kit

was used to assess levels of oxidative macromolecular injury

and stress. Apoptotic/CK18 immunoreactivity was measured

in liver tissue homogenates and serum. Protein carbonyl

immunoreactivity was measured in liver tissue to assess levels

of protein oxidation. HNE immunoreactivity was measured

in serum as an index of lipid peroxidation. These commercial

assay kits were used as directed by the manufacturers.

Quantitative reverse-transcriptase polymerase chain
reaction assays

Total RNA was extracted from fresh-frozen tissue using the

RNeasy Mini Kit (Qiagen, Valencia, CA, USA). RNA was

reverse-transcribed using random oligonucleotide primers

and the AMV 1st Strand cDNA Synthesis Kit. Gene expres-
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sion was measured using a hydrolysis probe-based duplex

quantitative reverse-transcriptase polymerase chain reaction

(qRT-PCR) assay with b-actin as a reference gene as previ-

ously described (Longato et al. 2012; Ramirez et al. 2013a,

b). Gene-specific primers and matched probes were deter-

mined with the ProbeFinder software (Roche, Indianapolis,

IN, USA) (Ramirez et al. 2013a,b). PCR amplifications were

performed in a LightCycler 480 (Roche), and results were

analysed using the LightCycler� software 4.0.

Enzyme-linked immunosorbent assay

Endoplasmic reticulum stress pathway activation was

assessed with direct-binding duplex ELISAs in which immu-

noreactivity was normalized to large acidic ribosomal pro-

tein (RPLPO) measured in the same wells as previously

described (Longato et al. 2012). Liver homogenates were

prepared with the buffer described earlier. Direct-binding

ELISAs were performed in 96-well MaxiSorp plates. Protein

samples (100 ng/50 ll) were adsorbed to the well bottoms

by overnight incubation at 4 °C and then blocked for 3 h

with 1% bovine serum albumin in Tris-buffered saline. After

washing, the samples were incubated with primary antibody

(0.1–0.4 lg/ml) for 1 h at 37 °C. Immunoreactivity was

detected with horseradish peroxidase (HRP)-conjugated sec-

ondary antibody followed by Amplex UltraRed soluble flu-

orophore. Fluorescence intensity was measured (Ex 565 nm/

Em 595 nm) in a SpectraMax M5 microplate reader

(Molecular Devices, Sunnyvale, CA, USA). The samples

were then incubated with biotin-conjugated antibodies to

RPLPO, and immunoreactivity was detected with streptavi-

din-conjugated alkaline phosphatase (1:1000) and 4-MUP.

Fluorescence (Ex360/Em450) intensity was measured in a

SpectraMax M5. Binding specificity was determined from

parallel negative control incubations in which the primary

or secondary antibody was omitted. The ratio of specific

protein/RPLPO immunoreactivity was calculated and used

for intergroup statistical comparisons.

Statistics

All assays were performed with eight or 10 samples per group.

Data depicted in box plots reflect group medians (horizontal

bar), 95% confidence interval limits (upper and lower box

limits) and range (whiskers). Data were analysed using Graph-

Pad Prism 5 software (GraphPad Software, Inc., San Diego,

CA, USA), and intergroup comparisons were made using

repeated-measures one-way analysis of variance (ANOVA) with

Tukey’s post hoc multiple comparison test of significance.

Results

Systemic and hepatic effects of myriocin treatment

Body weight increased steadily in all four groups (Fig-

ure 1a). However, myriocin treatment of ethanol-fed rats

(a) (b)

(c) (d)

Figure 1 Effects of chronic ethanol feeding and myriocin treatment on body and liver weights. Adult Long Evans male rats
(beginning at 5 weeks of age) were maintained for 8 weeks on isocaloric liquid diets containing 0% or 37% ethanol by caloric
content. After 3 weeks on the liquid diets, rats in each group were treated with vehicle or myriocin by i.p. injection on Mondays,
Wednesdays, and Fridays of the subsequent 5 weeks of the experiment. (a) Rats were weighed weekly and (b) on the last day of the
experiment. (c) Fresh livers were weighed immediately upon harvest, and (d) individual ratios of liver to body weights were
calculated. Data were generated from 10 to 12 rats per group. Box plots depict medians (horizontal bars), 95% confidence intervals
(upper and lower limits of boxes), and ranges (stems). Inter-group comparisons were made by repeated measures one-way ANOVA

with post-hoc Tukey tests of significance. CV, control diet, vehicle (saline) injected; EV, ethanol diet, vehicle treated; CM, control
diet, myriocin treated; EM, ethanol diet, myriocin treated.
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caused obvious tapering of body weight gain, beginning

1 week after the treatments were initiated (Figure 1a). At

the end of the experiment, myriocin-treated control and eth-

anol-fed rats were significantly leaner than vehicle-treated

rats. Mean body weight was lowest in the ethanol + myrio-

cin group (Figure 1b).

Mean liver weight was highest in the ethanol + vehicle

group, corresponding with their hepatic steatosis. Myriocin-

treated control and ethanol-exposed rats had the lowest

mean liver weights; the differences from the ethanol + vehi-

cle group were statistically significant (P < 0.05) (Figure 1c).

Liver/body weight ratios were calculated to assess relative

liver size. Those analyses revealed strikingly and significantly

increased liver/body weight ratios in ethanol-fed relative to

control rats, irrespective of myriocin treatment (P < 0.001;

Figure 1d). These findings are explained by the dispropor-

tionate increases in liver weight among ethanol + vehicle-

treated rats and disproportionate reductions in body weight

compared with liver weight in the ethanol + myriocin group.

Overnight fasting blood glucose levels were significantly

increased in the ethanol + vehicle relative to all other groups

(P < 0.05; Figure 2a). Myriocin normalized fasting blood

glucose in chronic ethanol-fed rats, but did not affect blood

glucose in control rats (Figure 2a). Serum triglyceride levels

were slightly increased in the ethanol + vehicle and con-

trol+myriocin groups, but the intergroup differences did not

reach statistical significance (Figure 2b). Serum ceramide lev-

els were significantly increased in chronic ethanol-fed relative

to control rats, irrespective of myriocin treatment (P < 0.01;

Figure 2c). Although myriocin modestly reduced serum cera-

mide levels relative to the corresponding vehicle-treated

groups, those effects did not reach statistical significance.

Hepatic Nile Red fluorescence levels were similar for all

groups (Figure 2d). Hepatic triglyceride levels were similar

(a) (d)

(b)

(c) (f)

(e)

Figure 2 Effects of chronic ethanol feeding and myriocin treatment on fasting blood glucose, and serum and hepatic lipids. (a) Blood
glucose levels were measured with a glucometer (b) Nile red fluorescence was measured in liver tissue homogenates and normalized
to protein content. (b, e) Triglycerides were measured in (b) serum and (e) liver lipid extracts using a commercial assay kit (FLU,
fluorescence light units). Liver tissue results were normalized to sample weight. (d) Nile red fluorescence assay was used to measure
hepatic neutral lipids in protein homogenates. Results were normalized to sample weight (RFU, relative fluorescence units). (c and f)
Serum and hepatic ceramide levels were measured by ELISA with luminescence detection (RLU, relative light units). Data were
generated from 10 to 12 rats per group. Box plots depict medians (horizontal bars), 95% confidence intervals (upper and lower
limits of boxes), and ranges (stems). Inter-group comparisons were made by repeated measures one-way ANOVA with post-hoc Tukey
tests of significance. CV, control diet, vehicle (saline) injected; EV, ethanol diet, vehicle treated; CM, control diet, myriocin treated;
EM, ethanol diet, myriocin treated.
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for the control + vehicle, ethanol + vehicle and con-

trol + myriocin groups and slightly reduced in livers from

ethanol + myriocin-treated rats. However, the intergroup

differences did not reach statistical significance. In contrast,

hepatic ceramide immunoreactivity was significantly

increased in chronic ethanol-fed and vehicle-treated rats rel-

ative to all other groups (P < 0.001). Myriocin significantly

reduced hepatic ceramide levels in ethanol-fed rats, but had

no measured effect in control rats (Figure 2f).

Effects of myriocin on the histopathology of
experimental alcohol-induced steatohepatitis

Control livers had the expected chord-like architecture and

were free of inflammation, steatosis, fibrosis and cholestasis

(Figure 3a). Myriocin treatment produced subtle changes in

control livers, such that the hepatocytes were rendered more

polygonal with discrete cell borders relative to control +
vehicle livers (Figure 3b). Chronic ethanol feeding caused

steatohepatitis characterized by diffuse hepatocellular micro-

vesicular steatosis, loss of the chord-like architecture, multifo-

cal microfoci of inflammation, hepatocellular apoptosis or

necrosis and scattered hepatocytes with ballooning degenera-

tion (Figure 3c). Myriocin treatment of ethanol-fed rats lar-

gely restored the hepatic architecture and reduced

inflammation and steatosis, although foci of apoptosis,

degeneration and cell turnover were still detected (Figure 3d).

Oil red O staining demonstrated zonal and relatively low

levels of lipid accumulation in control livers, irrespective of

myriocin treatment (Figures 4a,b). Chronic ethanol feeding

caused striking panlobular increases in hepatic steatosis,

with both coarse and fine lipid droplet accumulations in he-

patocytes (Figure 4c). In ethanol + myriocin-treated livers,

Oil red O staining levels and distribution were strikingly

reduced relative to ethanol + vehicle-treated livers. In fact,

myriocin rendered the levels of hepatic steatosis similar to,

or somewhat less than, control (Figure 4d).

In livers from the control + vehicle group, Sirius Red stain-

ing for collagen was fine and scantily distributed within the

lobules and around individual hepatocytes (Figure 5a). In

control+myriocin livers, Sirius Red staining of hepatocyte

nuclei and sinusoidal edges was slightly increased relative to

corresponding controls (Figure 5b), but this effect could

reflect enhanced definition of cell boundaries. Chronic ethanol

feeding increased the coarseness and abundance of intralobu-

lar and perihepatocyte Sirius Red staining of collagen fibrils

(Figure 5c). Sirius Red staining of ethanol + myriocin-treated

(a) (b)

(c) (d)

Figure 3 Histopathologic features of experimental alcohol-
induced steatohepatitis-effects of myriocin treatment. Adult
male Long Evans rats were fed with isocaloric liquid diets
containing 0% (control) or 37% ethanol (caloric content) for
8 weeks, and treated with vehicle or myriocin three times per
week over the last 5 weeks of the experiment. Formalin-fixed
paraffin-embedded 5 lm thick sections of liver were stained
with H&E. (a) Control livers had regular chord-like
architectures and uniform hepatocyte structure. (b) Myriocin
treatment had no discernible effect on hepatic architecture in
control rats. (c) Ethanol-exposed livers exhibited loss of the
chord-like architecture with marked variability in hepatocyte
cytology, prominent micro-vesicular steatosis (clear cytoplasmic
vacuoles), foci of lymphomononuclear cell inflammation, and
apoptotic bodies (arrows). (d) Myriocin treatment nearly
normalized hepatic architecture in ethanol-fed rats.

(a) (b)

(c) (d)

Figure 4 Increased hepatic steatosis in experimental chronic
ALD-effects of myriocin treatment. Cryostats sections of
formalin-fixed livers from (a) control + vehicle, (b)
Control + myriocin, (c) ethanol + vehicle, and (d)
ethanol + myriocin were stained with Oil Red O to detect
cytoplasmic lipid accumulation (red punctate labeling).
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livers was similar to that observed in the corresponding con-

trol livers (Figure 5d). Therefore, myriocin prevented or

reversed fibrogenesis in chronic ethanol-exposed livers.

Effects of myriocin treatment on the ultrastructural
pathology of experimental alcohol-induced
steatohepatitis

Transmission EM demonstrated regular parallel organized

ER in close association with regularly distributed mitochon-

dria that had well-organized cristae (Figure 6a). In contrast,

chronic ethanol-exposed livers had increased densities of

lipid vacuoles, pronounced variability in shape and size of

mitochondria, enlargement of mitochondria, irregularity of

mitochondrial cristae and abnormalities in the ER ranging

from dilation with irregular spacing and density of ribo-

somes to pronounced architectural disruption (Figure 6c).

Myriocin treatment rendered the RER more uniform and

increased mitochondrial abundance in control livers (Fig-

ure 6b). In ethanol-fed rats, myriocin reduced the size and

abundance of lipid droplets, rendered mitochondria more

uniform and enhanced the RER profiles, whereby parallel-

beaded tracts were more readily detected (Figure 6d). One

unusual effect of myriocin in ethanol-exposed livers was that

the RER tended to encapsulate mitochondria rather than be

arranged in typical parallel stacks adjacent to mitochondria

(Compare Figure 6d to Figure 6a,b).

Effects of myriocin on hepatic insulin and IGF signalling
mediators

Duplex probe-hydrolysis-based qRT-PCR analysis demon-

strated that chronic ethanol feeding significantly reduced

hepatic mRNA levels of insulin, insulin receptor and IGF-2

receptor, and increased IRS-2 expression relative to control.

Myriocin treatment of control rats reduced hepatic expres-

sion of insulin receptor and IRS-1 relative to vehicle. In eth-

anol-fed rats, myriocin increased hepatic expression of

insulin, decreased expression of insulin receptor, IGF-1, IRS-

1 and IRS-2, and had no significant effect on IGF-2, or IGF-

1 and IGF-2 receptors relative to corresponding vehicle-trea-

ted rats (Figure 7). Furthermore, myriocin treatments

resulted in similar hepatic levels of insulin, IRS-1 and IRS-2

gene expressions in control and ethanol-fed rats, whereas

(a) (b)

(c) (d)

Figure 5 Early hepatic fibrosis in experimental chronic ALD-
effects of myriocin treatment. Formalin-fixed paraffin embedded
liver sections from (a) control + vehicle, (b)
Control + myriocin, (c) ethanol + vehicle, and (d)
ethanol + myriocin were stained with Sirius Red to detect
collagen. Note minimal labeling in (a, b) control and (d)
myriocin-treated, ethanol-exposed livers compared with (c)
ethanol-exposed livers (collagen fibrils are stained red).

(a) (b)

(c) (d)

Figure 6 Ultrastructural features of experimental chronic
alcohol-induced liver injury, with or without myriocin
treatment. Liver tissue from adult male Long Evans rats that
were fed for 8 weeks with isocaloric Lieber-diCarli diets
containing 0% or 37% ethanol and treated with vehicle or
myriocin by i.p. injection during the last 5 weeks of the
experiment. Liver tissues were fixed in Karnovsky’s, post-fixed
in osmium tetroxide, and embedded in resin. Ultra-thin (50–
60 nm) sections were contrasted with uranyl acetate and lead
citrate and examined by transmission electron microscopy. (a)
Control + vehicle and (b) control + myriocin treated livers
exhibited regular parallel organized endoplasmic reticulum (ER)
(er) in close association with mitochondria (m). (c)
Ethanol + vehicle treated livers exhibited irregularly arranged
and disrupted ER, striking variability in mitochondrial size and
shape with enlargement and disruption of the normal cristae in
ethanol-exposed livers. (d) Ethanol + myriocin treated livers
showing nearly normal ER morphology, reduced lipid droplets,
and normalized mitochondria size and distribution in
ethanol+myriocin treated livers (L, lipid droplet). (n, nucleus),
(Original magnifications: a�d = 918 000).

International Journal of Experimental Pathology, 2014, 95, 49–63

Myriocin treatment of ALD 55



the relatively reduced levels of insulin receptor and IGF-2

receptor in ethanol-fed rats were not corrected by myriocin

treatments. Additional studies using multiplex or single-plex

ELISAs examined the effects of ethanol and myriocin on

downstream signalling through Akt, GSK-3b and extracellu-

lar signal-regulated kinases (ERK 1/2). The results demon-

strated that ethanol inhibition of signalling through Akt was

restored by myriocin treatment and that hepatic levels of

total ERK were significantly increased by myriocin in both

control and ethanol-fed rats (Table S1).

Effects of chronic ethanol exposure and myriocin
treatment on ER stress protein expression in liver

Endoplasmic reticulum stress mechanisms are activated in

steatohepatitis and in association with hepatic ceramide

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 7 Chronic ethanol feeding and myriocin treatment effects on hepatic insulin, IGF and IRS signaling mechanisms. Total RNA
was isolated from livers of control and ethanol-fed, vehicle or myriocin treated adult rats. Gene expression was measured using by
duplex qRT-PCR analysis with a probe-hydrolysis detection system. The b-actin housekeeping gene was simultaneously amplified and
detected in the same well as the gene of interest (see Methods). Graphs depict relative mRNA abundance of (a) insulin polypeptide,
(b) insulin receptor, (c) IGF-1 polypeptide, (d) IGF-1 receptor (IGF-1R), (e) IGF-2 polypeptide, (f) IGF-2R, (g) insulin receptor
substrate, type 1 (IRS1), and (h) IRS2. Box plots depict medians (horizontal bars), 95% confidence intervals (upper and lower limits
of boxes), and ranges (stems). Inter-group comparisons were made by repeated measures one-way ANOVA with post-hoc Tukey tests
of significance. CV, control diet, vehicle (saline) injected; EV, ethanol diet, vehicle treated; CM, control diet, myriocin treated; EM,
ethanol diet, myriocin treated.
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accumulation and insulin resistance. ER stress contributes to

ALD by promoting oxidative injury and inflammation. To

determine the effects of myriocin on ER stress in experimen-

tal ALD, we measured immunoreactivity of proteins that

mediate ER stress at various levels in the cascade (Jager et al.

2012), including glucose-regulated protein 78 (GRP-78/BiP),

protein disulphur isomerase (PDI), IRE-1a, calnexin, C/EBP
homologous protein transcription factor (CHOP) and ER

oxidoreductase-1a (ERO-1a). See Table 1 for specific func-

tions. Chronic ethanol feeding significantly reduced hepatic

expression of PDI, calnexin, IRE-1a, CHOP and ERO-1a,
but had no significant effect on GRP-78 relative to vehicle-

treated controls (Figure 8). Myriocin significantly increased

hepatic expression of all ER stress pathway proteins in both

control and ethanol-fed rats, relative to the corresponding

vehicle-treated groups. However, expression of PDI, calnexin

and IRE-1a remained significantly lower in myriocin-treated

ethanol-fed relative to control livers (Figure 8). In contrast,

the levels of CHOP and ERO-1a were similarly higher in

myriocin-treated control and ethanol-fed rats (Figure 8).

Effects of ethanol and myriocin on indices of apoptosis
and oxidative stress

To further assess the effect of myriocin on ethanol-induced

oxidative stress and hepatocellular apoptosis, we measured

protein carbonyl levels in liver, HNE immunoreactivity in

serum and CK18 immunoreactivity (apoptosis) in liver and

serum by ELISA (Figure 9). Hepatic protein carbonyl levels

were significantly higher in the ethanol + vehicle relative to

all other groups (Figure 9a). Myriocin treatment significantly

reduced hepatic protein carbonyl levels relative to vehicle in

the ethanol groups. In contrast, serum HNE levels (marker

of lipid peroxidation and oxidative stress) were significantly

(a)

(b)

(c)

(d)

(e)

(f)

Figure 8 Effects of chronic ethanol exposure and myriocin treatment on hepatic endoplasmic reticulum (ER) stress mechanisms. ER
stress protein expression was measured by ELISA using horseradish peroxidase (HRP)-conjugated secondary antibody and Amplex
UltraRed soluble fluorophore. Graphs depict immunoreactivity corresponding to (a) Bip/ glucose-regulated protein 78 (GRP78), (b)
protein disulphide isomerase (PDI), (c) calnexin, (d) inositol requiring enzyme-1 (IRE-1a), (e) CHOP, and (f) endoplasmic
oxidoreductin-1 (ERO-1). Fluorescence was measured (Ex 530 nm/Em 590 nm) in a Spectramax M5 microplate reader (FLU,
fluorescence light units). Immunoreactivity was normalized to large ribosomal protein (RPLPO) measured in the same wells. Box
plots depict medians (horizontal bars), 95% confidence interval limits (tops and bottoms of boxes), and range (stems). Inter-group
comparisons were made using one way repeated measures ANOVA and the Tukey multiple comparisons post hoc significance test.
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higher in the ethanol versus control groups, irrespective of

myriocin treatment (Figure 9b). CK18 immunoreactivity was

significantly reduced by myriocin treatment in both control

and ethanol-exposed groups, and the responses in ethanol-

exposed livers were striking (Figure 9c). Median levels of

serum CK18 immunoreactivity were similar among the

groups, except the variances in ethanol-fed rats were higher

due to higher levels in 50% of the groups (Figure 9d). Myr-

iocin reduced the variance in ethanol-exposed livers. Conse-

quently, CK18 serum levels were significantly different

between the control + myriocin and ethanol + vehicle

groups, but not ethanol + myriocin group.

Discussion

Effects of myriocin on body growth, blood glucose and
lipids, and hepatic lipid content, including ceramides

This study examined the effects of myriocin, a potent cera-

mide inhibitor, on steatohepatitis, insulin resistance and ER

Table 1 ER Stress pathway genes and proteins

Gene/Protein Full name Function/Regulation Cellular/Molecular effect

GRP-78/BiP Glucose-regulated protein 78 Molecular chaperone Maintains transmembrane receptor proteins; initiates

UPR downstream signalling; prevents mal-folded

proteins from being secreted

PDI Protein disulphur isomerase Molecular chaperone complex Escorts mal-folded protein to ubiquitin proteasome
pathway and directly oxidizes disulphide bonds in

folding proteins.

IRE-1a Inositol-requiring enzyme 1a Activated by BiP dissociation

from receptor

Promotes splicing of XBP1 to generate an active

transcription factor (sXBP1), activates JNK.
Calnexin Calnexin Lectin for glycosylated proteins Binds newly synthesized glycosylated proteins in the

ER to facilitate their folding and assembly.

CHOP/GADD153 C/EBP homologous protein
transcription factor

Transcription factor Upregulates GADD34 leading to eIF-2a
dephosphorylation in a negative feedback loop.

Promotes apoptosis and oxidative stress via

ERO-1a and caspase activation and represses

expression of protective Bcl2
ERO-1a ER oxidoreductase-1a ER oxidoreductase Activated by CHOP and mediates the oxidation of

protein disulphide isomerase (PDI)

(a) (b)

(c) (d)

Figure 9 Myriocin effects on indices of liver injury and oxidative stress. ELISAs were used to assess oxidative stress, lipid
peroxidation, and tissue injury/cell death with commercial assays of (a) protein carbonylation-liver, (b) 4-hydroxy-2-nonenal (HNE)-
serum, and (c, d) cytokeratin 18 (CK18)-liver and serum. Assay results were calculated from standard curves, and the levels of each
substance are expressed as per ml of serum or per mg of liver protein. Box plots depict medians (horizontal bars), 95% confidence
interval limits (tops and bottoms of boxes), and range (stems). Inter-group comparisons were made using one way repeated measures
ANOVA and the Tukey multiple comparisons post hoc test.
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stress in an experimental model of chronic ALD. Myriocin

is an inhibitor of de novo ceramide synthesis and functions

by inhibiting serine palmitoyl transferase (de novo pathway)

(Bismuth et al. 2008; Jiang et al. 2011), which is proximal

within the cascade (Reynolds et al. 2004). Myriocin was

used in these experiments because preliminary studies found

it to be more effective than desipramine and fumonisin B

for reducing cytotoxicity in liver slice culture models of ste-

atohepatitis (Setshedi et al. 2010). The present study exam-

ined several interrelated aspects of liver injury including (i)

histological and ultrastructural pathology; (ii) expression of

genes that regulate insulin/IGF signalling; and (iii) ER stress

pathway activation.

One of the main systemic effects of chronic myriocin

treatment was to reduce body mass in both control and eth-

anol-fed rats, although the responses were more striking in

the ethanol group. In addition, myriocin normalized fasting

blood glucose, which was increased by chronic ethanol feed-

ing. As there were no detectable changes in behaviour or

general health, the myriocin-induced leanness and normali-

zation of blood glucose are positive off-target effects that

might be exploited to treat obesity, insulin resistance and

steatohepatitis. Persistently high serum ceramide levels in

chronic ethanol-fed rats could reflect systemic dysregulation

of lipid metabolism and ongoing metabolic injury in the set-

ting of chronic alcohol abuse.

Increased liver weight in ethanol + vehicle-treated rats

corresponds with hepatic steatosis, as reported (Lyn-Cook

et al. 2009). Myriocin-induced reductions in liver weight

correlate with resolution of hepatic steatosis, as demon-

strated by multiple morphological approaches. Importantly,

chronic ALD was associated with strikingly increased hepa-

tic ceramide levels, which resolved with steatosis after myr-

iocin treatment. Correspondingly, hepatic ceramide levels

were also found to be strikingly higher in humans with

chronic ALD (Longato et al. 2012). These findings suggest

that excessive ceramide accumulation is a critical mediator

of steatohepatitis in ALD. The concept that hepatic cera-

mide accumulation contributes to the histopathological fea-

tures of ALD is novel and argues that hepatic ceramide

levels and perhaps their profiles (mass spectrometry) (Longa-

to et al. 2012; Ramirez et al. 2013a,b) could be used to

monitor ALD severity.

Ceramide inhibitor effects on ALD pathology

Myriocin substantially reduced several histopathological and

ultrastructural abnormalities in experimental ALD including

hepatic steatosis, loss of the chord-like architecture, mega-

mitochondria, ER disarray and intralobular inflammation,

whereas focal necrosis/apoptosis persisted. In addition, myr-

iocin reduced ALD-associated perihepatocyte and sinusoidal

fibrosis, which marks the beginning stages of fibrogenesis.

This suggests that increased hepatic ceramide levels mediate

mitochondrial dysfunction (reflected by megamitochondria),

ER stress (disruption of ER parallel tubular profiles and

ribosome studding), steatosis and fibrogenesis in chronic

ALD, whereas the toxic effects of alcohol and/or acetalde-

hyde mediate hepatocellular injury with necrosis/apoptosis.

Although reducing ceramide levels in ALD can lead to resto-

ration of liver structure and function, anti-inflammatory

and/or antioxidant measures are likely needed to suppress

necroinflammatory responses.

Role of impaired insulin/IGF-1/IRS signalling

Previous experimental animal and human studies showed

that chronic ALD is associated with hepatic insulin and IGF

resistance and significant alterations in trophic factor, recep-

tor and/or IRS expression (Denucci et al. 2010; Longato

et al. 2012; Pang et al. 2009; Ramirez et al. 2013a,b).

Reduced trophic factor expression represents a state of tro-

phic factor withdrawal, whereas increased receptor or IRS

expression could reflect upregulation of genes due to recep-

tor or IRS resistance. Disease-associated reductions in recep-

tor expression could reflect cell loss, downregulation of the

genes or perhaps adaptive responses to ligand gene upregu-

lation. The studies herein demonstrate constitutive inhibition

of insulin polypeptide, insulin receptor and IGF-2 receptor

expression in ethanol + vehicle-treated livers, indicating that

insulin and IGF-2 signalling were substantially impaired.

The aberrantly increased levels of IRS-2 expression in etha-

nol+vehicle-treated livers could reflect insulin resistance with

compensatory upregulation of the docking protein needed to

transmit signals downstream. Myriocin reduced IGF-1 poly-

peptide and IRS-1 gene expression in both control and etha-

nol-exposed livers, but not IGF-2 receptor expression in

ethanol-exposed livers. The inhibitory effects of ethanol and

therapeutic responses to myriocin were reflected by down-

stream effects on signalling through Akt and GSK-3b.
Therefore, myriocin-mediated reductions in hepatic ceramide

and restoration of hepatic architecture were associated with

partial normalization of insulin signalling networks. This

suggests that the therapeutic effects of myriocin favour

enhancement of insulin and IRS-2, rather than IGF-1 and

IGF-2 networks. Insulin signalling is an important regulator

of energy metabolism, cell survival and stress responses,

whereas IGFs have major roles in regulating cell prolifera-

tion (de la Monte 2012).

Effects of chronic ALD and myriocin on ER stress
mediators in liver

Insulin resistance, inflammation and ceramide accumulation

promote ER stress, and ER stress exacerbates insulin resis-

tance, inflammation, oxidative stress and ceramide accumu-

lation (Urano et al. 2000; McCullough et al. 2001; Ozcan

et al. 2004; Carracedo et al. 2006; Hu et al. 2006; Sauane

et al. 2010; Senkal et al. 2010; Boslem et al. 2011). The ER

mediates protein synthesis, folding, maturation and traffick-

ing (Hotamisligil 2010) and is critical for Ca2+ homeostasis

and triglyceride synthesis. ER stress occurs with disruption

of homeostatic mechanisms and attendant accumulation

of unfolded proteins and increased formation of reactive
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oxygen and reactive nitrogen species. Prolonged activation

of the unfolded protein response (UPR) leads to inflamma-

tion, injury, steatosis and apoptosis (Kaplowitz & Ji 2006;

Hotamisligil 2010; Pandol et al. 2010; Jager et al. 2012).

Normally, the ER adapts to stress by activating the UPR

(Ozcan et al. 2004; Malhi & Kaufman 2011), which

quickly increases levels of ER stress sensor proteins includ-

ing inositol-requiring enzyme 1 (IRE-1a), PKR-like ER-local-

ized eIF-2a kinase (PERK) and the activating transcription

factor 6a (ATF-6a; ER membrane-anchored transcription

factor). PERK and IRE-1a transmit stress signals in response

to protein misfolding or unfolding and thereby activate ER

stress networks (Hotamisligil 2010). PERK drives global

arrest of protein synthesis and upregulates the transcription

factor C/EBP homologous protein CHOP, which pro-

motes apoptosis. IRE-1a increases transcription of chaper-

ones and ER-associated protein degradation (ERAD)

machinery.

Insulin resistance drives ER stress because vital ER func-

tions such as protein synthesis, modification and folding; cal-

cium signalling; and lipid biosynthesis utilize glucose as the

main source of energy; insulin resistance impairs glucose

uptake and metabolism. Moreover, pathogenic lipolysis lead-

ing to ceramide accumulation is initiated by critical levels of

ER stress and mitochondrial dysfunction (Kaplowitz et al.

2007; Sundar-Rajan et al. 2007; Anderson & Borlak 2008;

Malhi & Gores 2008). Ethanol activates all major ER stress

sensor cascades (Kaplowitz et al. 2007; Sundar-Rajan et al.

2007; Malhi & Gores 2008; Sharma et al. 2008), and the

resulting increased levels of ER stress exacerbate insulin resis-

tance and lipolysis. End results include increased ceramide

production (Szulc et al. 2006; de la Monte 2012), worsening

of inflammation and insulin resistance, and lipotoxicity

(Kaplowitz & Ji 2006; Banerjee et al. 2008; Ronis et al. 2008).

Herein, we observed relative inhibition of PDI, calnexin,

IRE-1a, CHOP/GADD153 and ERO-1a in ethanol + vehicle

relative to control + vehicle livers. ERO-1a, complexed with

the PDI molecular chaperone, mediates oxidation of disul-

phide bonds in folding proteins. The ethanol-associated

decreases in ERO-1a and PDI most likely reflect reduced

disposal and increased accumulation of mal-folded proteins

in liver, due to inefficient escorting to the ubiquitin protea-

some pathway for destruction. At the same time, reduced

expression of calnexin and IRE-1a could indicate impaired

folding and assembly of newly synthesized proteins in the

ER (calnexin) and reduced transcription of chaperones and

ERAD machinery (IRE-1a). Potential consequences include

further accumulation of mal-folded proteins and inhibition

of homeostatic mechanisms designed to dispose of cells that

accumulate mal-folded proteins. These effects would worsen

ER stress, metabolic dysfunction and hepatocellular degener-

ation. Correspondingly, the myriocin-associated restoration

of ER and mitochondrial structure, hepatic architecture and

insulin/IGF signalling mechanisms in ethanol-exposed livers

was associated with increased expression of GRP-78, PDI,

IRE-1a, CHOP and calnexin. This suggests that myriocin-

induced reduction in hepatic ceramide levels in chronic

ethanol-exposed livers correlated with increased activation

of ER stress responses, including those needed to drive

apoptosis.

Previous authors investigating the role of ER stress in the

pathogenesis of alcoholic and non-alcoholic liver disease

have instead found activation of the pathway in the experi-

mental animal models (Ji et al. 2005; Dara et al. 2011; Pag-

liassotti 2012; Tsuchiya et al. 2012). Similarly, in humans,

ER stress pathways were shown to be upregulated with

chronic ALD (Longato et al. 2012). However, one poten-

tially important difference between the models in which

alcohol exposure led to activation of ER stress pathways or

humans with ALD and the present work is the episodic ver-

sus sustained chronic nature of the ethanol exposures used

herein. Conceivably, acute, high-level alcohol infusions

induced experimentally or by drinking may cause sufficient

damage to bolster ER stress signalling. As it is generally

agreed that the purpose of ER stress pathway activation is

to restore ER homeostasis (Malhi & Kaufman 2011; Pag-

liassotti 2012), even if activation of apoptosis mechanisms is

required (Malhi & Kaufman 2011), adaptive responses that

lead to resetting of the homeostasis bar could have long-

term adverse effects, yet enable the liver to maintain func-

tion at a compromised level. Therefore, while the observed

adaptive responses with respect to alterations in hepatic ER

stress pathway activation may seem paradoxical, the out-

comes suggest they were protective and needed to restore

some level of homeostasis vis-�a-vis persistent hepatic injury

from continuous ethanol exposure. The finding of similar

responses in control livers is noteworthy because, compared

with other strains, Long Evans rats have constitutively

higher levels of oxidative stress (Denucci et al. 2010; Der-

dak et al. 2011). Thus, the myriocin treatments may have

been therapeutic to the basal underlying strain-specific meta-

bolic deficiencies.

Conclusions

We hypothesize that chronic ALD is mediated by a harmful

feedback loop, whereby insulin resistance leads to lipolysis

and toxic ceramide generation, which promote ER stress.

Both toxic ceramides and ER stress exacerbate insulin resis-

tance. The treatment of chronic progressive ALD may

require multipronged strategies to reverse the effects of

hepatic insulin resistance and dysregulated lipid metabolism.

Insulin sensitizers can reverse several aspects of ALD, but

not the increased levels of hepatic ceramides (Ramirez et al.

2013a,b). Anti-inflammatory/antioxidant agents reduce

inflammation, but not hepatic insulin resistance or lipid dys-

homeostasis (Setshedi et al. 2011). Although monotherapy

with myriocin was sufficient to restore liver structure and

function in chronic ALD, despite persistent high-level alco-

hol exposures, the measure fell short with respect to resolv-

ing the necroinflammatory response and all aspects of

hepatic insulin/IGF resistance. We propose and agree with

the views of other authors (Dara et al. 2011) that chronic

ALD requires multipronged treatment approaches to disrupt
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the mal-signalling cascade leading to progressive liver degen-

eration.
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