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Alcohol-associated liver disease poses a significant global health burden, with alcoholic steatohepa
titis (ASH) representing a severe subtype driven by chronic alcohol consumption, hepatic inflamma
tion, and limited treatment options. Central to ASH pathogenesis is the dysregulation of lipid droplet 
(LD) dynamics in hepatocytes. This review explores the critical role of LDs, focusing on alcohol- 
induced disruptions in LD biogenesis and catabolism. Chronic ethanol exposure enhances LD 
biogenesis from lipid import and de novo lipogenesis, while impairing LD catabolism by inhibiting 
lipolysis and lipophagy. Also, the review article examines alcohol’s effect on remodeling the LD pro
teome and lipidome, including post-translational modifications. Additionally, LDs emerge as 
morphologic markers in hepatic stellate cells, where their loss drives fibrosis. Recent advances 
highlight potential therapeutic targets, such as restoring lipophagy or modulating LD biogenesis, 
offering hope for effective ASH treatments. This review underlines LDs as pivotal organelles in ASH 
progression and therapeutic innovation. (Am J Pathol 2026, 196: 20—34; https://doi.org/10.1016/j. 
ajpath.2025.07.010) 

Alcohol-associated liver disease (ALD) is a global public 
health concern, varying from simple steatosis to more severe 
steatohepatitis, fibrosis, cirrhosis, and hepatocellular carci
noma.1,2 These conditions can overlap and coexist simulta
neously.1 Alcoholic steatohepatitis (ASH), a form of ALD, is 
the most critical and life-threatening form of acute-on- 
chronic liver failure that develops in individuals with pro
longed heavy alcohol consumption.3—5 In Western countries, 
particularly the United States and Europe, trends in early-age 
drinking, binge consumption, and increasing alcohol sales 
have contributed to a growing incidence of ASH. Mortality 
related to ALD has escalated, especially among younger 
adults, with severe ASH carrying a 20% to 50% short-term 
mortality rate. Geographic disparities are notable, where 
the European region bears the highest per capita alcohol 
consumption and related mortality, followed by the Amer
icas.3,6 Although the precise prevalence of ASH is difficult to 
determine, it is estimated to occur in 10% to 35% of heavy 
drinkers with advanced fibrosis. The burden is amplified by 

comorbid conditions, such as malnutrition, viral hepatitis, 
obesity, and metabolic syndrome, all of which accelerate 
disease progression and worsen prognosis.3,6

Over 90% of heavy drinkers develop hepatic steatosis, 
characterized by excessive accumulation of lipid droplets 
(LDs) with hepatocytes.7,8 LDs are dynamic organelles 
responsible for neutral lipid storage in hepatocytes and all 
mammalian cells.7,9 They serve critical roles in various 
essential cellular functions, ranging from energy produc
tion, protection against lipotoxicity, and the supply of lipid 
biomass for the synthesis of cellular membranes.10 Central 
to the development of ASH is LD biogenesis, which begins 
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at the endoplasmic reticulum (ER), where a host of en
zymes catalyze the production of neutral lipids, including 
triglycerides and cholesterol esters, which collect in a lipid 
lens between the two leaflets of the ER bilayer, forming the 
LD neutral lipid core.7,10 This accumulation leads to the 
budding of LDs into the cytoplasm, a process facilitated by 
phase separation and LD assembly proteins like Seipin, 
which spatially arranges this process.10 The phospholipid 
composition and membrane asymmetry of the ER influence 
the formation of these LDs7 and the recruitment of LD- 
resident proteins, such as phospholipase domain contain
ing protein 3 (PNPLA3), adipose triglyceride lipase 
(ATGL), perilipins (PLINs), and cell death—inducing DNA 
fragmentation factor α—like effector B (CIDEB) proteins, 
influence lipid metabolism and accessibility.7,10 Disruption 
in the balance between LD formation and degradation leads 
to hepatic steatosis, which is a major factor in the pro
gression of ASH.7,10 Below, this review covers the central 
role of LDs in the pathogenesis of ASH, the role of liver 
hepatocytes and nonparenchymal cells, liver-organ cross
talk, and potential therapies.

Pathogenesis of Alcoholic Steatohepatitis

The incidence of ALD has been rapidly increasing world
wide, particularly in the United States.11 It is attributed to 
50% of all deaths due to liver diseases in 2022. Studies 
showed that >20 million Americans, approximately 6% of 
the US population, have alcohol-use disorders.1 Patients in 
the late stages of the disease typically do not respond to 
pharmacotherapy, which is limited to corticosteroids. Liver 
transplant is the only treatment option for end stages of 
ALD; moreover, the procedure is highly selective and 
limited based on post-transplant survival rate and donor 
availability, respectively.2,5 In severe cases, ASH could be 
life threatening, where prognosis is poor, having mortality 
rates ranging from 20% to 50% at 28 days and can reach up 
to 70% at 90 days.5 ASH typically develops in individuals 
with prolonged excessive alcohol consumption and is 
characterized by distinct histopathologic features.3,5 Stea
tosis, along with hepatocellular ballooning, indicates sig
nificant liver injury.2,3 Furthermore, oxidative stress can 
impair hepatocyte secretory functions by disrupting bile 
formation, resulting in cholestasis.12,13 A hallmark of ASH 
is the presence of Mallory-Denk bodies, which are 
abnormal cytoplasmic inclusions in the hepatocytes, 
composed of insoluble, misfolded protein aggregates that 
accumulate primarily in the perinuclear region. They 
contain eosinophilic material and exhibit immunoreactivity 
to keratin 8, 18, and p62 due to keratin filament misfold
ing.1,3 In ASH, macrovesicular steatosis involves large LDs 
displacing the nucleus peripherally, whereas microvesicular 
steatosis features small LDs with a centrally located nu
cleus. Microvesicular steatosis is linked to a worse prog
nosis because of greater mitochondrial dysfunction and 

oxidative stress. On the other hand, neutrophil infiltration 
plays a critical role in driving inflammation and differen
tiates ASH from nonalcoholic liver conditions.10

Alcoholic steatohepatitis is commonly associated with 
hepatic steatosis, driven by excessive LD accumulation 
within hepatocytes because of disruptions in lipid biogen
esis and metabolism.10,14 Chronic alcohol consumption 
enhances de novo lipogenesis (DNL) by increasing NADH/ 
NAD+ ratios, which suppresses fatty acid oxidation by 
upregulating sterol regulatory element—binding protein 1c 
(SREBP-1c) and carbohydrate response element—binding 
protein (CHREBP), key transcription factors that promote 
fatty acid synthesis.14 In addition, ethanol metabolism 
generates acetate, which promotes triglyceride produc
tion.1,2,7 Alcohol also enhances lipid import from adipose 
tissue lipolysis via fibroblast growth factor 21 (FGF21), 
ghrelin, and insulin resistance, resulting in elevated free 
fatty acid flux to the liver, where uptake via fatty acid 
transport proteins (FATPs) and CD36 exacerbate lipid 
accumulation.7,15 Ethanol also impairs lipid export by dis
rupting Golgi vesicular trafficking and suppressing micro
somal triglyceride-transfer protein (MTP), essential for very 
low-density lipoprotein (VLDL) assembly, ultimately trap
ping triglycerides within hepatocytes.15 Additionally, 
alcohol suppresses LD catabolism by inhibiting both lipol
ysis and lipophagy. Alcohol reduces ATGL and hormone- 
sensitive lipase activity in hepatocytes, impairing triglyc
eride breakdown (lipolysis), while also inhibiting autophagy 
via mammalian target of rapamycin (mTOR) complex 1 
activation and Ras-related protein Rab-7a (RAB7) 
dysfunction, preventing lysosomal degradation of LDs 
(lipophagy)7,15 (Figure 1). These effects are exponentially 
worsened in obese drinkers with metabolic dysfunction and 
alcohol-associated liver disease (MetALD), which amplify 
DNL due to insulin resistance, increased adipose lipolysis, 
ER stress response, and further suppression of 
autophagy.10,14—17 These mechanisms disrupt metabolic 
balance, leading to LD accumulation and accelerating the 
transition from steatosis to steatohepatitis and fibrosis in 
ALD. In summary, LDs are active organelles, not inert fat 
blobs. In the alcohol-stressed liver, LDs become oversized, 
protein locked, autophagy resistant, and poorly connected to 
mitochondria. This dysfunctional state turns LDs from a 
safe-storage depot into hubs of lipotoxicity and inflamma
tory signaling, representing the molecular bridge between 
hepatic steatosis and the full picture of ASH. A more 
detailed discussion of these processes and their impact on 
disease progression are presented below.

Lipid Droplet Biogenesis in Alcoholic 
Steatohepatitis

Overview of Lipid Droplet Biogenesis

Lipid droplets are cytoplasmic organelles predominantly 
generated via a process initiated at the ER. Fatty acids 
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sourced from either DNL or extracellular uptake are directed 
to the ER, where they are converted into neutral lipids con
sisting mainly of triacylglycerols (TAGs) and cholesteryl 
esters. The synthesis of TAGs commences with glycerol-3- 
phosphate acyltransferase and is further catalyzed by diac
ylglycerol O-acyltransferase (1 and 2), whereas acetyl-CoA 
acetyltransferase (1 and 2) facilitates the formation of cho
lesteryl esters. Neutral lipids accumulate between the two 
leaflets of the ER bilayer, where they eventually exceed a 
critical concentration that triggers phase separation and the 
nucleation of a neutral lipid lens (structures typically 
measuring 30 to 60 nm in diameter in yeast).18 ER-resident 
proteins, particularly Seipin and its yeast orthologue SEI1 
(FLD1), play pivotal roles during this nucleation phase by 
forming a decameric, cage-like assembly that promotes lipid 
demixing.19,20 Their interacting partner promethin lipid 
droplet assembly factor 1 (LDAF1), along with factors such 

as Achaete-Scute family of basic helix-loop-helix (bHLH) 
transcription factor and peroxisomal biogenesis factor, 
further delineates nucleation sites by modulating local 
membrane curvature and lipid composition.21—23

Beyond nucleation, LD biogenesis advances through 
distinct phases of growth and cytoplasmic budding.24 The 
bidirectional budding of LDs toward the cytoplasm or the ER 
lumen (where they will become secreted lipoproteins) is 
orchestrated by an interplay of membrane tension, phospho
lipid asymmetry, and curvature conditions that favor the 
directionality of emergence.25—27 Proteins, such as lipid 
phosphate phosphatase (FIT2), potentially acting as a lipid 
phosphatase, help regulate cytoplasmic budding by converting 
phosphatidic acid to diacylglycerol, thereby offsetting local 
phospholipid depletion.28 Additional mechanisms contribute 
to LD growth, including Ostwald ripening and protein- 
mediated fusion via the cell death-inducing DFF45-like 

Figure 1 Cellular mechanisms affecting extreme hepatocellular lipid droplet (LD) accumulation in alcohol-associated liver disease. Four distinct 
mechanisms drive LD accumulation in hepatocytes following alcohol consumption. Fatty acid import by CD36 is accelerated on the basis of increased lipid 
supply from adipose lipolysis. De novo lipogenesis also synthesizes new lipids intracellularly via sterol regulatory element—binding protein 1c (SREBP1c) and 
peroxisome proliferator-activated receptor (PPAR)-γ transcriptional networks. Both of these pathways result in fatty acid esterificaiton into triacylglycerol in 
the endoplasmic reticulum during LD biogenesis. At the same time, ethanol (EtOH) decreases LD catabolism by targeting lipolysis, lipophagy, and mito
chondrial respiration both directly and through transcriptional down-regulation of mitochondrial and lysosomal gene networks. Finally, lipoprotein assembly 
and secretion is impaired by alcohol, leading to increased lipid retention within hepatocytes. The figure was created with BioRender.com (Toronto, ON, 
Canada). ATGL, adipose triglyceride lipase; DGAT, diacylglycerol acyltransferase; FFA, free fatty acid; LAL, lysosomal acid lipase; PKA, protein kinase A; 
PLIN2, perilipin 2; Rab, Ras-related protein in brain; ROS, reactive oxygen species; TAG, triacylglycerol; TFEB, transcription factor EB; VLDL, very low-density 
lipoprotein.

Omar et al

22 ajp.amjpathol.org ■ The American Journal of Pathology

http://ajp.amjpathol.org


effector (CIDE) family, alongside the formation of membrane 
bridges through ADP-ribosylation factor 1 and coat protein 
complex I (ARF1-COPI) complexes that facilitate the transfer 
of lipid-synthesizing enzymes [eg, glycerol-3-phosphate 
acyltransferase 4 (GPAT4)] from the ER to the LD 
surface.29—32 Recent studies also underline that membrane 
curvature itself can catalyze LD assembly, highlighting the 
critical influence of biophysical membrane properties on LD 
formation.33

De Novo Lipogenesis in Alcoholic Steatohepatitis

DNL is the metabolic pathway through which acetyl-CoA is 
converted into fatty acids from nonlipid precursors, such as 
carbohydrates, proteins, or even alcohol itself.34—37 In the 
context of ASH, acceleration of DNL is a key pathologic 
feature contributing significantly to hepatic steatosis and liver 
injury.38 Central to this process are transcription factors, such 
as sterol regulatory element—binding protein 1c (SREBP1c) 
and carbohydrate response element—binding protein 
(CHREBP), which on activation, enhance the expression of 
lipogenic enzymes, including acetyl-CoA carboxylase and 
stearoyl-CoA desaturase 1.39—41 These enzymes play critical 
roles in promoting lipid synthesis and accumulation within 
hepatocytes. In ASH, several factors exacerbate the up- 
regulation of DNL. Concurrently, hepatic cytochrome P450 
2E1 enzyme activity increases reactive oxygen species pro
duction, which further stimulates DNL. Mitochondrial 
dysfunction also plays a role, as silencing mitochondrial car
rier homolog 1 rescues mitochondrial activity, lipid β-oxida
tion, and reduces DNL, offering a potential therapeutic target 
for ASH.42 Inhibition of acyl-CoA synthetase short-chain 
family member 2 has been shown to attenuate alcoholic 
liver steatosis by epigenetically regulating DNL.43

Dietary factors also modulate DNL in ASH. Studies 
indicate that carbohydrate intake influences DNL more than 
alcohol itself, with sugar-rich diets enhancing DNL and he
patic triglyceride accumulation.44 Conversely, omega-3 fatty 
acids suppress hepatic DNL while promoting fatty acid β- 
oxidation.20 Hepatic DNL is further modulated by circadian 
regulation; loss of nuclear receptor corepressor 1 gene 
(NCOR1) promotes fatty acid β-oxidation but exacerbates 
alcohol-induced liver injury through monocyte infiltration.45 

Additionally, molecular interventions targeting lipid meta
bolism show promise in mitigating ASH. For instance, 
inhibiting the DEP domain-containing mTOR-interacting 
(DEPTOR) protein, a protein involved in the mTOR 
signaling pathway, alleviates hepatic steatosis by reducing 
lipogenesis in ASH.46 Liver-specific ceramide reduction has 
demonstrated efficacy in reducing steatosis and improving 
insulin sensitivity in alcohol-fed mice.47

Epigenetic factors are also critical for lipogenesis during 
ASH pathogenesis, as alcohol dysregulates various histone 
deacetylases. For example, sirtuin1 (SIRT1) is an NAD+- 
dependent histone deacetylase and is inhibited by alcohol- 
induced decreases in NAD+/NADH ratios.48 This results in 

hyperacetylation and activation of SREBP1c and CHREBP 
to stimulate lipogenesis. Furthermore, SIRT1 deficiency also 
contributes to hepatic inflammation during ALD.49

Contribution of Adipose Lipolysis in Alcoholic 
Steatohepatitis

Although the liver is the primary site of ethanol metabolism 
and ethanol-induced injury, it is well established that adi
pose tissue is significantly affected by ethanol.50 ALD 
progression marked by hepatic steatosis has been related to 
increased lipolysis in adipose tissue, from which 60% of 
hepatic fatty acids have been traced.51 Adipocytes catabo
lize TAG via lipolysis and distribute the resulting glycerol 
and nonesterified fatty acids to peripheral tissues in 
response to catecholamine stimulation. Thus, ethanol acti
vation of adipose lipolysis is a major driver of hepatic 
steatosis and liver injury in ALD.

One of the mechanisms linking ethanol consumption to 
adipose lipolysis is FGF21, which is secreted from the liver 
and is markedly up-regulated following ethanol consump
tion. FGF21 targets several tissues, one of which is the brain, 
where it activates sympathetic neuronal circuits that release 
catecholamines, thereby activating adipose β-adrenergic re
ceptors.52 This stimulates cAMP production and activation of 
protein kinase A (PKA) to phosphorylate and activate lipo
lytic enzymes PLIN1 and hormone-sensitive lipase.52 PLIN1 
phosphorylation activates lipolysis by inhibiting the inter
action between PLIN1 and comparative gene identification- 
58 (CGI-58) protein. Dissociation of this complex allows 
CGI-58 to interact with and activate the cytosolic lipase 
ATGL.53,54 Notably, the absence of FGF21 attenuates 
alcohol-induced lipolysis in adipose tissue.52 Although 
FGF21 exacerbates adipose tissue lipolysis contributing to 
hepatic steatosis, other reports have observed FGF21 can also 
serve a protective role when acting on hepatocytes, miti
gating ethanol-induced hepatic damage.55 In addition to 
FGF21, other endocrine factors are known to activate lipol
ysis in adipose tissue during ALD. For example, adipose 
insulin receptors negatively regulate lipolysis, but in the 
context of insulin resistance, insulin sensitivity is diminished, 
leading to higher lipolysis activity in adipose tissue.56 The 
pancreatic hormone ghrelin also increases adipose lipolysis 
via insulin signaling, as ghrelin levels are markedly increased 
by ethanol to reduce pancreatic insulin secretion.57 Chroni
cally high levels of ghrelin decrease insulin sensitivity in 
adipose tissue, exacerbating adipose lipolysis and alcohol- 
associated steatosis (Figure 2).

Epigenetic mechanisms also influence adipose lipolysis 
in ALD. Ethanol consumption affects methionine meta
bolism characterized by increased S-adenosylhomocysteine 
(SAH) levels and a consequent decrease in S-adenosylme
thionine/SAH ratio and methylation portential.58 This con
tradicts previous studies where hypermethylation was 
observed in patients with ASH and details that alcohol- 
induced changes in the liver may affect methylation 
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processes beyond the availability of methyl groups. For 
example, alcohol-induced oxidative stress could alter pat
terns in DNA methylation. Alternatively, increases in DNA 
methylation may be gene specific or genome-region specific 
rather than a global increase despite having an overall lower 
S-adenosylmethionine/SAH ratio. Regardless, lowered 
methylation potential has been shown to increase hormone- 
sensitive lipase activity to promote lipolysis in adipose 
tissue, leading to liver steatosis.59,60 Indeed, an increase in 
SAH levels alone can mimic the deleterious pathologic 
changes in adipose tissue seen with alcohol consumption 
(increased adipocyte lipolysis, decreased intracellular tri
glycerides, and reduced LD size).61 Increased SAH levels 
also mimicked steatosis changes observed in hepatocytes, 
like those seen following alcohol exposure (increased he
patocellular triglyceride accumulation, larger LD size, and 
increased protein expression of genes involved in lipogen
esis and fatty acid mobilization).61

Decreased Lipoprotein Secretion in Alcoholic 
Steatohepatitis

In ASH, aberrant lipoprotein assembly and secretion play a 
central role in the development of hepatic steatosis by 

blocking lipid exports. Alcohol impairs the secretion of 
VLDL, a crucial pathway for exporting neutral lipids, and 
down-regulates microsomal triglyceride transfer protein 
activity.62 This inefficiency leads to the intracellular accu
mulation of cytoplasmic LDs, thereby exacerbating fat 
deposition within the liver.63 Although hepatic steatosis is 
generally linked to enhanced VLDL lipidation and the 
formation of larger VLDL particles,64 the compensatory 
mechanism appears to be compromised in ASH, further 
contributing to lipid overload and liver injury.63

Concomitantly, ASH is also characterized by a marked 
reduction in high-density lipoprotein (HDL) levels, likely 
stemming from impaired production of apolipoprotein 
A1.63,65 Under physiological conditions, the liver secretes 
lipid-poor apolipoprotein A1 and immature HDL particles, 
which undergo lipidation and maturation in the circulation, 
a process critically dependent on lecithin-cholesterol acyl
transferase to convert free cholesterol into cholesteryl es
ters, thereby forming large, mature HDL particles. In ASH, 
a shift toward smaller HDL particle size, because of a 
disproportionate reduction in large- and medium-sized 
HDL particles, suggests that HDL lipidation or lecithin- 
cholesterol acyltransferase—mediated maturation is 
impaired. Moreover, the accumulation of lipoprotein Z, a 

Figure 2 Overview of adipose-liver lipid trafficking driving steatosis in alcohol-associated liver disease. Alcohol consumption leads to lipid accumlation 
in liver through the activation of lipolysis in adipose tissues. Both fibroblast growth factor 21 (FGF21) and ghrelin facilitate this through two distinct 
mechanisms: FGF21 stimulates catacholamin release via sympathetic neurons, whereas ghrelin decreases insulin sensitivity in adipose tissues. Insulin 
resistance, especially in metabolic dysfunction and alcohol-associated liver disease (MetALD), also contributes to activated lipolysis during alcohol 
exposure. Lipolysis in adipose tissues releases free fatty acids into the bloodstream, which are taken up by the liver, thus increasing hepatocellular lipid 
import. Simultaneously, alcohol directly inhibits lipid catabolism in liver, leading to excessive lipid storage, which propogates steatohepatitis. The figure 
was created with BioRender.com (Toronto, ON, Canada). LD, lipid droplet.
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hepatotoxic lipoprotein enriched with free cholesterol, 
further aggravates liver injury and correlates with poor 90- 
day clinical outcomes.66 Together, these disruptions in 
VLDL and HDL metabolism underline the pathogenic link 
between decreased lipoprotein secretion and the progres
sion of hepatic steatosis into ASH.

Lipid Droplet Catabolism in Alcoholic 
Steatohepatitis

Overview of Lipid Droplet Catabolism

Lipid droplet catabolism is accomplished by two synergistic 
pathways in hepatocytes and other cell types. First is 
lipolysis, which is induced by activation of the cAMP-PKA 
pathway, typically via G-protein—coupled receptor 
(GPCRs; ie, β-adrenergic or other Gαs-linked GPCRs). 
Through a series of phosphorylation events, cytoplasmic 
lipases, such as ATGL, are recruited to the LD surface and 
bind with stimulatory cofactors, like abhydrolase domain- 
containing 5 and lysophosphatidic acid acyltransferase, 
also known as CGI-58. This action liberates fatty acids 
from TAGs that are effluxed and transported to mitochon
dria of neighboring cells for β-oxidation.67 The second 

major pathway of LD catabolism is lipophagy, which is the 
autophagic degradation of LDs by lysosomal acid lipase 
within acidic vesicles, such as lysosomes, autolysosomes, 
multivesicular bodies, and late endosomes. Lipophagy can 
be categorized into two subtypes―macrolipophagy, which 
uses autophagosomes that target LDs and are acidified by 
lysosomal fusion; and microlipophagy, which is autopha
gosome independent and uses direct LD interactions with 
endolysosomes. As discussed below, alcohol consumption 
drastically alters each of these pathways uniquely to 
advance steatosis and steatohepatitis.68—70

Alcohol Impairs Hepatocellular Lipolysis

Lipolysis is inducible through GPCRs that activate the 
cAMP/PKA pathway. As discussed in Contribution of 
Adipose Lipolysis in Alcoholic Steatohepatitis, alcohol 
consumption increases circulating levels of catecholamines 
(the ligand for β-adrenergic GPCRs) to activate lipolysis in 
adipose tissue. Despite this, alcohol paradoxically inhibits 
lipolysis in hepatocytes by reducing GPCR downstream 
signaling events. For example, ethanol increases hepato
cellular levels of the enzyme phosphodiesterase to stimulate 
cAMP hydrolysis to AMP, thereby significantly decreasing 

Table 1 LD-Associated Phosphopeptides in AH versus Normal Liver

LD protein* Proposed LD role Phosphorylated protein site† Total protein (AH vs normal)† Citation

Higher phosphorylation in AH vs normal liver (P < 0.05)
ACSL3 LD biogenesis T688 No change 100
ANXA2 Lipid import, 

HCV assembly
T19, Y24 Higher 101

ATG2A Autophagy, 
LD biogenesis

S403 Lower 102

CAV1 LD biogenesis S37 Higher 103
NDE1 LD trafficking S306 No change 104
PRKDC Unclear T2671, S2672 No change
SQSTM Lipophagy, 

autophagy
S24, S28, Y148, S152, S226, 

S233, S249, T269, S403
Higher 105,106

Lower phosphorylation in AH vs normal liver (P < 0.05)
ACACA De novo lipogenesis S29, S80 Lower 107,108
ALDOA De novo lipogenesis? S36 Higher 109
GPAT3 LD biogenesis S66 No change 110
LASP1 Cholesterol trafficking S61, S146 Higher 111
PLIN1 Lipolysis S130, S382 Lower 112
PLIN5 Lipolysis, 

LD-Mito tethering
S277 Not reported 113

RAB13 Unclear S178 Higher
RAB18 LD fusion, 

autophagy
S144 Lower 114

RAB7A Lipophagy S72 Lower 80,82
SQSTM Lipophagy, 

autophagy
S272 Higher 105,106

WIPI2 Autophagy, 
LD biogenesis

S413 Higher 102

*Curated list of LD proteins based on Bersuker et al.99

†Proteomics data from Hardesty et al.98

AH, alcoholic hepatitis; HCV, hepatitis C virus; LD, lipid droplet. 
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cAMP levels.71 In addition, ethanol consumption seems to 
have a direct effect on PKA enzymatic activity. In a pre
vious study, PKA phosphorylation events were measured in 
primary hepatocytes from rats fed a 6-week control versus 
ethanol diet.72 PKA phosphorylation was diminished 
greatly in ethanol-fed hepatocytes, even when treated with 
8-Br-cAMP, a nonhydrolyzable analogue of cAMP.72 It is 
noteworthy that the direct effects of ethanol on PKA ac
tivity have also been observed in lung epithelial cells, 
where longer treatment with ethanol inhibits PKA- 
dependent ciliary beating.73 In total, ethanol inhibition of 
the cAMP/PKA pathway impacts phosphorylation of lipo
lytic enzymes and inhibits the trafficking of ATGL to the 
LD surface72 (Figure 1). In addition to disrupting lipolysis, 
alcohol further exacerbates LD accumulation by impairing 
lipophagy, another critical pathway for lipid degradation in 
hepatocytes.

Alcohol Impairs Hepatocellular Lipophagy

Ethanol consumption seems to inhibit both macrolipophagy 
and microlipophagy in hepatocytes. Macrolipophagy uses 
double-membrane autophagosomes to target LDs for 
degradation, likely through selective autophagy receptors, 
such as sequestosome 1 (SQSTM1/p62), which bind to 
ubiquitinated cargo on the LD surface, thereby recruiting 
microtubule-associated protein 1A/1B light chain 
3—positive autophagosomes. Chronic ethanol exposure is 
generally accepted to inhibit autophagic degradation of 
cargo in hepatocytes, but the mechanism seems to differ 
somewhat depending on the model system. For example, a 
net decrease in autophagic flux was observed in hepatocytes 
from rats fed a 6-week ethanol diet versus isocaloric control 
diet.74 In the National Institute on Alcohol Abuse and 

Alcoholism model of 10-day ethanol + 1 binge, autophagic 
flux appeared to be accelerated, but was deemed as insuf
ficient autophagy because of a severe block in lysosome 
biogenesis via transcription factor EB75,76 (Figure 1). 
Mechanistically, ethanol activates mTOR complex 1 to 
prevent transcription factor EB from entering the nucleus 
and activating its coordinated lysosomal expression 
and regulation (CLEAR) gene network of lysosomal genes 
in ethanol-fed hepatocytes. This prevents macrolipophagic 
degradation of LDs as well as autophagy of mitochondria 
and other cargoes also contributing to LD accumulation in 
hepatocytes.

Microlipophagy occurs independent of macroautophagy 
machinery as LDs can be directly engulfed by lysosomes, 
multivesicular bodies, and late endosomes.77 This process is 
complex and requires LD targeting, trafficking, and 
engulfment by a variety of intracellular vesicles. It is likely 
that the vesicle trafficking family of Ras-associated binding 
(RAB) GTPases is at the forefront of this process, although 
RAB GTPases can also facilitate macrolipophagy. For 
example, RAB10 can direct light chain 3—positive auto
phagosomes to the LD surface via its interaction with 
endocytic machinery.78,79 It is likely that microlipophagy is 
mediated by endocytic vesicle trafficking, especially the 
late endosomal RAB7, which marks endocytic maturation 
and fusion with acidic lysosomes.80 Recent work has also 
demonstrated that RAB5 operates upstream of RAB7, 
possibly serving in the initial targeting of LDs during the 
early stages of microlipophagy.81 Mechanistically, etha
nol’s action on lipophagy is thought to occur primarily 
through the inhibition of RAB7 GTPase activity to prevent 
lysosomal degradation LDs.82 Ethanol did not impact 
RAB5 GTPase activity, but the current model suggests that 
ethanol inhibition of RAB7 leads to a dramatic 

Table 2 LD-Associated Phosphopeptides in AC versus Normal Liver

LD protein* Proposed LD role Phosphorylated protein site† Total protein (AC vs normal)† Citation

Significantly higher phosphorylation in AC vs normal liver (P < 0.05)
ACSL3 LD biogenesis T688 Higher 100
ANXA2 Lipid import, possibly HCV assembly T19 Higher 101
CAV1 LD biogenesis S37 Higher 103
LASP1 Cholesterol trafficking S146 Higher 111
NDE1 LD trafficking S306 No change 104
RAB7A Lipophagy S72 No change 80,82
RAB8A LD fusion, 

LD-mitochondria tethering
S185 No change 115,116

Significantly lower phosphorylation in AC vs normal liver (P < 0.05)
ACACA De novo lipogenesis S29 Lower 117
PLIN1 Lipolysis S130, S382 Lower 112
PLIN5 Lipolysis, 

LD-mitochondria tethering
S277 Not reported 113

SQSTM Lipophagy, autophagy S403 No change 105,106
WIPI2 Autophagy, LD biogenesis S413 Higher 102

*Curated list of LD proteins based on Bersuker et al.99

†Proteomics data from Hardesty et al.98

AC, alcoholic cirrhosis; HCV, hepatitis C virus; LD, lipid droplet. 
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accumulation of RAB5-positive early endosomes on LDs, 
suggesting an RAB5-to-RAB7 conversion process is 
needed for hepatocellular microlipophagy81 (Figure 1). In 
support of this model, a recent study showed that active 
RAB7 may serve as potential therapeutic to restore lip
ophagy in response to ethanol insult.83 However, another 
compelling model for microlipophagy is the direct injection 
of lipids from LDs into lysosomes, demonstrated by both 
live-cell microscopy and electron microscopy, but the 
impact of ethanol on this process is unclear.84 Future 
studies are needed to further define the interactions between 
LDs and autophagosomes, endosomes, and lysosomes, and 
to test the relative prevalence of macrolipophagy versus 
microlipophagy following ethanol insult in vivo. Beyond 
impairing lipid degradation pathways like lipophagy, 
chronic alcohol exposure also disrupts the structural and 
functional integrity of LDs themselves through extensive 
remodeling of their protein and lipid composition.

Alcohol Remodeling of Lipid Droplets: 
Proteins, Lipids, and Post-Translational 
Modifications

Altered Lipid Droplet Proteome in Alcoholic 
Steatohepatitis

Lipid droplets have a unique and diverse proteome that 
facilitates LD growth, fusion, trafficking, and catabolism. 
Recent studies demonstrate that chronic ethanol consump
tion can alter this proteome, leading to LD dysfunction. For 
example, proteomic analysis of liver LDs from rats fed a 6- 
week chronic ethanol diet versus isocaloric control diet (as 
well as postethanol recovery with or without fasting)85 

showed that chronic ethanol consumption modified 338 
distinct LD membrane-associated proteins and caused sig
nificant alterations in the LD proteome network. Proteomic 
analysis and Western blot analysis reconfirmation revealed 
up-regulation of genes involved in cholesterol and steroid 
biosynthetic pathway, such as hydroxysteroid 17-β dehy
drogenase (HSD17B7/11/13), squalene monooxygenase 
(SQLE ), and 7-dehydrocholesterol reductase (DHCR7), 
resulting in fatty liver in ethanol-fed animals, whereas the 
levels of proteins associated with the LD breakdown were 
significantly reduced, including the cytoplasmic lipase 
ATGL and the endosome/lipophagy protein RAB5. Con
trastingly, refeeding or fasting ethanol fed reversed some of 
these effects. Fasted animals showed a twofold decrease in 
lipogenesis-related proteins, with a concomitant increase in 
proteins promoting β-oxidation and lipophagy.85

As LD size is implicated in LD dynamics and degrada
tion, another interesting study analyzed the proteome of 
large-, medium-, and small-sized LDs isolated from the 
livers of ethanol-fed rats.86 Large-sized LDs displayed 
higher amounts of proteins associated with fatty acid 
synthesis, such as ATP citrate lyase, fatty acid synthase, 

acyl-CoA synthetase long-chain family member 4, and 1- 
acylglycerol-3-phosphate O-acyltransferase 2; fatty acid 
transport, such as fatty acid translocase (CD36), solute 
carrier family 27, and sterol carrier protein (SCP2); and 
lipolysis inhibitors compared with smaller-sized LDs.86

Altered Lipid Droplet Lipidome in Alcoholic 
Steatohepatitis

A study performed by Arumugam et al87 precisely analyzed 
the LD lipidome and quantified alterations in these organ
elles along the progression of ethanol-induced steatosis. 
Chronic ethanol diet markedly modified the lipid compo
sition of LDs, including phospholipids and glycer
ophospholipids in LDs of differing sizes. Furthermore, 
elevated concentrations of sphingolipids were observed, 
including a 2.7-fold increase in ceramide (Cer) C18:1 
(24:0), an 18.8-fold increase in hexosylceramide (HexCer) 
C18:1 (20:0), and a 15-fold increase in HexCer C18:1 
(22:0) across all fractions of LDs from the livers of ethanol- 
fed rats. Also, the increment was observed, particularly in 
16- and 18-carbon fatty acids, including C (16:1), C (18:0), 
and C (18:3), as well as eicosatrienoic acid C (20:3) and 
docosahexaenoic acid C (22:6), in the LD fractions of 
ethanol-fed rats in comparison to control subjects. Few 
studies have examined phospholipid architecture and noted 
a decrease in phosphatidylcholine levels in the livers of 
ethanol-fed rats. This study showed that larger LDs 
exhibited a significantly lower phosphatidylcholine/phos
phatidylethanolamine ratio compared with the smaller LDs. 
Moreover, this ratio was markedly reduced in LD fractions 
from ethanol-fed rats in comparison to their pair-fed 
counterparts.87 Prior research demonstrated that the phos
phatidylcholine/phosphatidylethanolamine ratio governs 
LD size, which subsequently affects the accessibility of 
lipases to the TAG reserves inside the LDs.88,89 Together 
with proteomic and lipidomic remodeling, post- 
translational modifications (PTMs) of LD-associated pro
teins represent an additional layer by which alcohol disrupts 
LD function and turnover in ASH.

Post-Translational Modification of Lipid Droplet 
Proteins in Alcoholic Steatohepatitis

Protein modifications by alcohol have long been attributed 
to liver injury during ALD. For example, reactive oxygen 
species—generated malondialdehyde reacts with the ethanol 
metabolite acetaldehyde to form numerous protein adducts 
in hepatocytes.90 Ethanol can also alter protein acetylation, 
especially tubulin, which can impact several pathways 
related to LD trafficking.91 On the LD surface, there is a 
specific proteome that can be heavily influenced by PTMs, 
including phosphorylation, ubiquitylation, acetylation, and 
lipidation. Given the impact of alcohol on PTMs in other 
hepatocellular compartments, an area of growing interest is 
the impact of alcohol on PTMs of the LD proteome.
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Lipid droplet proteins are highly sensitive to ubiq
uitylation, which drives selective degradation of LD pro
teins.92 Polyubiquitin chains are added to specific LD 
resident proteins, which are then retrotranslocated to the 
proteasome for degradation via the protein segregase p97/ 
valosin-containing protein (VCP). Ubiquitin PTMs can also 
signal protein catabolism by lysosomes. A recent study 
linked ALD to decreased proteasome and lysosome activity 
in hepatocytes, leading to the accumulation and stabiliza
tion of many ubiquitylated proteins on the LD surface 
identified by mass spectrometry.93 One of these heavily 
ubiquitylated proteins was the steroidogenic enzyme 
hydroxysteroid 17-beta dehydrogenase 11 (HSD17B11), 
which is stabilized to the LD surface and displaces ATGL, 
the major triacylglycerol lipase in hepatocytes, resulting in 
diminished lipolysis and LD accumulation in ALD.93 This 
supports previous work demonstrating a reduction in ATGL 
recruitment to LDs during ALD.72 ATGL itself can be 
modified post-translationally. Although various phosphor
ylation sites have been identified previously, a recent study 
in nonalcoholic fatty liver in mice discovered a novel PTM 
site on ATGL, whereby Cys15 is palmitoylated by the 
acyltransferase enzyme zinc finger DHHC-type containing 
11 (zDHHC11).94 Interestingly, Cys15 palmitoylation was 
not necessary for ATGL localization to the LD, but ATGL 
(C15S) mutants were catalytically inactive, similar to 
enzymatically dead ATGL (S47A).

Phosphorylation of LD proteins is a critical regulator of 
LD biology. Canonically, PKA phosphorylation is central 
cAMP-stimulated lipolysis. In ALD, cAMP activity is 
severely down-regulated, with reduced PKA phosphoryla
tion of substrates as well as reduced cAMP levels by up- 
regulation of phosphodiesterase 4.71,72,95—97 This limits 
lipolytic activity in ALD and leads to steatosis. It is likely 
that several LD-resident proteins undergo phosphorylation 
on the LD surface, although the complete phosphoproteome 
of LDs has not been defined to date. However, a recent 
phosphoproteomics study profiled liver biopsies from a 
cohort of patients with alcoholic hepatitis (AH) and alco
holic cirrhosis.98 Although this study focused on top hits 
related to protein secretion and fibrosis in ALD, several 
known LD-associated proteins were also identified in their 
study. Cross-referencing their phosphoproteomics data set 
with a modified list of high-confidence LD-associated 
proteins99 identified several phosphopeptides of LD- 
associated proteins that were significantly altered in ASH 
or alcoholic cirrhosis compared with normal liver biopsies. 
A summary table for significantly altered phosphorylation 
sites is provided in Table 182,98—114 (AH versus normal) and 
Table 280,82,98—106,111—113,115—117 (alcoholic cirrhosis 
versus normal). Two caveats must be considered in these 
results. First, although these proteins are found on LDs 
based on proteomic studies, many of them have other 
functions in cells that may not be directly related to LD 
biology. The second caveat is that changes in phosphory
lated peptide abundance may be a function of similar 

changes in total protein levels. Thus, of special interest are 
significantly altered phosphopeptides with no change, or 
opposite change, in total protein levels (Tables 1 and 2). For 
example, the phosphorylation of the LD biogenesis protein 
glycerol-3-phosphate acyltransferase 3 on serine 66 was 
greatly reduced in AH versus normal liver, with no change 
in total protein abundance in these samples. Glycerol-3- 
phosphate acyltransferase 3 Ser66 has been implicated as 
a putative phosphotarget in insulin signaling,110 but its 
exact role in ALD is yet to be defined. The autophagy re
ceptor SQSTM1/p62 also showed a modest but significant 
reduction in phosphorylation of serine 403 in alcoholic 
cirrhosis versus normal liver, with no change in total pro
tein levels. As Ser403 phosphorylation enhances SQSTM1/ 
p62 ubiquitin binding, this may provide a potential mech
anistic insight into reduced autophagy in ALD. Conversely, 
SQSTM1/p62 has many phosphopeptides in AH, which 
could suggest a hyperphosphorylated state in AH versus 
cirrhosis. It is noteworthy that the function of many of these 
phosphosites is unknown, and future studies will be 
necessary to validate these hits and identify any putative 
roles for these phosphorylated LD proteins along the life
cycle of LD biogenesis, fusion, trafficking, and catabolism 
during ALD. In addition to hepatocytes, LD also plays a 
critical role in other liver cell types, particularly hepatic 
stellate cells (HSCs), as discussed below.

Lipid Droplets as Distinct Morphologic Marker 
of Hepatic Stellate Cells

HSCs are nonparenchymal cells of the liver, originally 
named fat-storing cells, which regulate inflammation, 
fibrosis, and tissue repair. HSCs have unique cytoplasmic 
LDs serving as the storage site for retinoids (vitamin 
A).118,119 Retinyl esters and TAGs are the most abundant 
lipids found at similar concentrations within HSC LDs, 
surrounded by a phospholipid layer with an embedded 
surface LD-associated protein called PLIN, which helps 
control LD lipolysis.120 In response to ASH, quiescent 
HSCs undergo activation, which regulate hepatocyte injury 
and inflammation that precedes liver fibrosis.121 Chronic 
alcohol exposure induces oxidative stress and inflammation, 
which contributes to LD loss and depletion of hepatic 
retinoid in HSCs through induction of cytochrome P450 
family 2 subfamily E member 1, which accelerates HSC 
activation and transformation to fibrogenic myofibroblast- 
like cells, leading to fibrosis, thereby exacerbating liver 
damage.122,123

According to lipidomic analysis, HSCs have two distinct 
metabolic LD pools: an original pool within quiescent 
HSCs and a new generated pool of LDs emerging on HSC 
activation.118—120 In the quiescent HSCs, the LD pool 
consists of large LDs containing mainly retinyl esters and 
TAGs, which are localized mainly to the perinuclear area 
where LDs are degraded by lysosomes with a half-life of a 
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few days.124 In the activated HSCs, the LD quantity is 
increased but is significantly smaller in size. This pool of 
small LDs is enriched mainly with TAGs, containing 
polyunsaturated fatty acids with less retinyl ester content. 
Furthermore, these LDs are mainly localized to the cell 
periphery and are less resistant to lysosomal degradation, 
with a turnover rate of <8 hours.125 As a therapeutic 
implication, targeting lipid metabolism by restoring LD 
function and preventing their depletion in HSCs could offer 
new treatment strategies for ASH, which may modulate 
HSC activation and mitigate liver fibrosis. This insight 
opens new avenues for developing antifibrotic therapies for 
ASH.

Future Directions: Cellular Mechanisms and 
Therapeutics

Lipid droplets will continue to be an exciting area for 
mechanistic research into the cell biology of ALD. One 
interesting area that has recently been clarified is the role of 
LD-mitochondria contacts, which are highly prevalent in 
hepatocytes and best appreciated by high-resolution elec
tron microscopy. Until recently, it was assumed that 
LD-mitochondrial contacts facilitated lipid transport into 
mitochondria following lipolysis to complete the next step 
of β-oxidation. However, recent studies have emerged in 
liver and adipose showing that LD-mitochondria contacts 
play a larger role in lipid biosynthesis, as opposed to lipid 
catabolism.126—128 In fact, it is the cytoplasmic mitochon
dria, detached from LDs, that exhibit higher levels of lipid 
oxidation. Future studies will be needed to understand this 
dynamic in the context of ALD, and whether the hyperfused 
megamitochondria characteristic of ALD aid in LD 
biogenesis.129 In addition, the activity of lipophagy in vivo 
remains unclear, particularly the balance between lipolysis, 
microlipophagy, and macrolipohagy. These studies would 
be particularly interesting in the context of microsteatosis 
and macrosteatosis, as LD catabolism is heavily influence 
by LD size.70 Third, greater clarity is needed regarding the 
mechanisms and contribution of LDs in nonparenchymal 
liver cell types, especially resident and nonresident immune 
cells, in the context of ALD. Finally, given the obesity 
epidemic worldwide, expanding the use of mouse models 
combining alcohol with high-fat diet (MetALD) has the 
potential to enhance the ability to define effective thera
peutic targets.130

Alcoholic steatohepatitis remains associated with high 
mortality, yet treatment options remain limited. Notwith
standing variations in origins, ASH and metabolic 
dysfunction—associated steatohepatitis (MASH) exhibit 
several parallels that could open the possibility for MASH 
drug repurposing in the treatment of ASH. For example, 
resmetirom is a liver-specific thyroid hormone receptor β

agonist that has recently obtained US Food and Drug 
Administration clearance as the first pharmaceutical 

intervention for MASH.131 Resmetirom’s liver specificity 
prevents deleterious thyromimetic consequences on other 
thyroid hormone—responsive organs, including the cardio
vascular system, bone, and pituitary gland. Resmetirom’s 
mechanism of action in MASH could have a parallel effect 
in ASH by reversing liver steatosis and fibrosis.132 Other 
promising candidates, including the diacylglycerol O-acyl
transferase 2 (DGAT2) target (ervogastat), which inhibits 
LD biogenesis, as well as the acetyl-CoA carboxylase 
(ACC) target (clesacostat), which inhibits DNL, can prove 
to be an effective intervention to resolve MASH with 
fibrosis.133 More recent studies indicate that ATGL inhi
bition could also serve as a MASH therapeutic, likely 
through protection against lipotoxicity.134 These therapeutic 
strategies can be successfully repurposed to treat ASH.

Pharmacotherapy for ASH has largely remained un
changed since corticosteroids were introduced in the 
1970s.135 However, emerging therapeutic strategies are 
being explored, including autophagy inducers, such as 
rapamycin analogs, which may help counteract ethanol- 
induced lipid accumulation by enhancing autophagic flux. 
Additionally, antioxidants that target oxidative stress could 
mitigate mitochondrial dysfunction and support lipophagy, 
whereas mTOR inhibitors aimed at restoring autophagic 
activity by targeting mTOR complex 1 may also offer 
therapeutic benefits.

Currently, several clinical trials are investigating novel 
targeted therapies for ASH, with multiple approaches, 
including the following: i) Targeting hepatic injur
y―chronic ethanol exposure depletes glutathione, 
increasing susceptibility to oxidative stress.136 Although 
classic antioxidants, like N-acetylcysteine, have shown 
limited efficacy in severe ASH because of their lack of 
mitochondrial specificity, S-adenosylmethionine, which 
restores mitochondrial glutathione, has demonstrated 
promise in preclinical studies.137,138 Also, liver regenera
tion strategies, including granulocyte colony-stimulating 
factors and IL-22 agonists, have shown promise in early 
studies.139,140 ii) Reducing inflammatory responses―
chronic inflammation plays a pivotal role in ASH progres
sion, making immune modulation a compelling therapeutic 
avenue. Anti—tumor necrosis factor agents, including 
infliximab and etanercept, have failed in clinical tri
als.141,142 Ongoing trials assess IL-1 inhibitors, such as 
canakinumab and anakinra, whereas toll-like receptor 4 
antagonists, like HA35 (NCT05018481, https:// 
clinicaltrials.gov, last accessed May 26, 2025), have 
shown promise in preclinical models but remain in early- 
stage human trials. The farnesoid X receptor agonists 
(NCT02039219, https://clinicaltrials.gov, last accessed 
May 26, 2025), which exhibit hepatoprotective effects, 
were explored in a clinical trial involving obeticholic 
acid, but the trial was halted because of hepatotoxicity. 
iii) Microbiome-based therapies―emerging evidence sug
gests that gut microbiota dysfunction contributes to ASH 
progression, positioning microbiome-targeted therapies as a 
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potential treatment avenue. Probiotic trials, including 
Lactobacillus rhamnosus GG, have shown promise in 
reducing inflammation.143 However, antibiotic therapies 
have not demonstrated significant benefits in mitigating 
hepatitis and systemic inflammation. Fecal microbiota 
transplantation has yielded encouraging results in severe 
ASH, with studies indicating improved survival rates and 
beneficial microbiota changes. Additionally, cytolysin- 
secreting Enterococcus faecalis strains have been impli
cated in worsening ALD severity, and bacteriophage ther
apy targeting these strains may provide a novel therapeutic 
approach.144,145

Overall, ASH is a perilous condition with a restricted 
outlook and continues to be a predominant cause of liver 
pathology globally, with an increasing disease burden. 
Approaching ASH with multitargeted therapeutic strategies 
is of great importance to achieve the required clinical out
comes, before liver transplant is needed. Ongoing research 
is primarily focused on evaluating combination therapies 
for MASH. Notably, the combination of farnesoid X re
ceptor agonist (cilofexor) and acetyl-CoA carboxylase in
hibitor (firsocostat) has demonstrated synergistic effects in 
preclinical studies.146 The dual approach targets key disease 
pathways―bile acid metabolism via farnesoid X receptor 
activation and DNL via acetyl-CoA carboxylase inhibition. 
By simultaneously addressing both metabolic dysregulation 
and fibrotic progression, this strategy holds promise for 
broader therapeutic benefits, including in the context of 
ASH.147 A triplicate therapy consisting of semaglutide, 
cilofexor, and firsocostat, under investigation for MASH, 
may have potential implications for ASH as well.148

In the past 10 years, several new therapeutic targets have 
been identified, with clinical studies either finished or 
currently underway in individuals with ALD. Despite the 
availability of excellent medicinal therapy for ALD, long- 
term outcomes are contingent on abstaining from alcohol 
use across all spectrums of ALD.
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