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Abstract
Non-alcoholic steatohepatitis morbidity and mortality is on the rise due to the obesity pandemic. Its pathophysiology is not well under-
stood and implies complex interactions between local hepatic cells populations, adipocytes, immune effectors that lead to hepatic lipid 
excess, lipotoxicity, cellular stress and inflammation, as well as programmed cell death. A better understanding of these pathogenic 
interactions would allow better identification of therapeutic targets in a disease that has no known pharmacological therapy until now.
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Introduction

Insulin resistance, NAFLD, NASH and cirrhosis
Non-alcoholic steatohepatitis (NASH) became the leading 
cause of liver transplantation in a world afflicted by obesity 
epidemics. It is a component of the metabolic syndrome 
(hypertension, obesity, dyslipidemia, ectopic fat deposits) 
and, alongside simple steatosis, is one of the faces of 
non-alcoholic fatty liver disease (NAFLD).

If steatosis is the most widely met manifestation of 
NAFLD and represents a benign excess of fat within the 
hepatocyte that seldom leads to complications, NASH im-
plies not only steatosis but also inflammation that in some 
patients is associated with progressive fibrosis, cirrhosis 
and occasionally hepatocellular carcinoma. This process 
seems to be driven by lipotoxicity and cellular metabolism 
dysfunctions caused by insulin resistance and eventual-
ly advances to chronic apoptosis, fibrosis, and cirrhosis. 
From hepatocytes and immune cells to adipose tissue and 
endothelium, multiple cellular actors are involved in NASH 
progression. Their action is modulated by genetic predis-
position and environmental factors like diet and intestinal 
microbiota.

A better understanding of these pathogenic interac-
tions would allow better identification of therapeutic targets 
in a disease that, until now, has no known pharmacological 
therapy. This review focuses on how different cells interact 
and mediate NASH progression.

From fat storage to steatohepatitis
Excess fat, especially triglycerides, stored as droplets with-
in the hepatocytes, seems to be continuously found in both 
steatosis and NASH. Since triglycerides are probably not 
hepatotoxic and even protective for the hepatocyte [1], the 
simple storage excess found in steatosis should not, by 
itself, explain the progression to NASH and fibrosis and 
cirrhosis [2]. For example, oleate and other monosaturated 
and polyunsaturated fatty acids (FAs) are associated with 
triglyceride-rich droplets production that corresponds to 
simple steatosis and are considered protective as to NASH 
through direct triglyceride incorporation. NASH pathogen-
esis is thought to be related to potentially toxic lipid moi-
eties like saturated fatty acids (SFA), diacylglycerols [3], 
ceramides and sphingolipids [4-6]. Another lipid particle 
that might be associated with progression to NASH is cho-
lesterol that can cause precipitation into crystals within the 
hepatocyte. Its exact role is still under scrutiny [6].

These hepatic fat stores originate either from dietary 
esterified chylomicrons or, more often, from free fatty acids 
(FFA). These FFAs can be either the results of a spillo-
ver mechanism where they are synthesized from lipolysis 
of chylomicrons by lipoprotein lipase activation or from a 
de novo hepatic non-lipid source production mechanisms 
[7,8]. They can be delivered in excess to the liver from 
the adipose tissue through a defective inhibition of hor-
mone-sensitive lipase and increased adipose lipolysis pro-
moted by insulin resistance. Within the hepatocyte, insulin 
resistance is directly induced by some lipid metabolites - 
mainly SFA and diacylglycerols - and manifests through a 
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deficit of lipolysis suppression and an excess of de novo 
lipogenesis through a protein kinase Cε mediated mech-
anism [9]. An excess of lipids and probably lipotoxic com-
pounds production ensues. Inversely, monosaturated and 
polyunsaturated FFAs do not seem to induce or aggravate 
insulin resistance.

At some point, the liver fatty acids excess seems to 
overcome the protective mitochondrial beta-oxidation and 
triglyceride production mechanisms from the endoplasmic 
reticulum and induces a lipotoxic state through metabolic 
stress with progressive mitochondrial dysfunction [10] and 
the generation of reactive oxygen species [11].

Other mitochondrial and nonmitochondrial (peroxi-
some, microsome) enzymatic processes, both toxic and 
protective, are impaired through long-chain saturated fatty 
acids like palmitate and stearate excess and seem to par-
ticipate in this cellular stress state [12-14].

Reactive oxygen species and excess lipotoxins within 
the hepatocyte lead to the saturation of the endoplasmic 
reticulum, which responds through a stress state of un-
folded protein response (UPR) [15]. This state is charac-
terized by decreased protein and lipid secretion, lipolysis, 
and initially increased autophagy, which, in the short term, 
is meant to protect the hepatocyte [16]. In the long term, 
oxidative stress, NF-kB-mediated inflammatory response 
[17], insulin resistance [18] and programmed cell death 
[17,19] are progressively upregulated by the stressed en-
doplasmic reticulum and perpetual UPR state and become 
deleterious [20]. This positive loop process leads to hepat-
ic inflammation, autophagy, and repeated programmed cell 
death and represents the main driver for the passage from 
simple fatty liver to NASH and, ultimately, cirrhosis.

Autophagy is upregulated in NASH by an excess of 
unfolded proteins and excess lipid droplets through the 
mTOR and PI3K pathways, but clearance of the substrate 
is insufficient. Defective autophagy could explain the per-
sistence of lipotoxic moieties and inflammation within the 
hepatocyte, which finally leads to programmed cell death 
and increased hepatic insulin resistance [21]. Insulin re-
sistance independently increases apoptosis through the 
PI3K, ERK, and MAPK pathways [22] but also through 
reactive oxygen species generation and mitochondrial per-
meabilization [23].

Pyroptosis, another type of programmed cell death 
tied to NF-kB activation, is excessive in individuals with 
NASH via an excess of gasdermin D signaling that corre-
lates linearly with NAFLD activity and induces a pro-inflam-
matory environment within the liver [24]. These lipotoxic 
pathways of inflammation and programmed cell death for 
the hepatocyte are similar to those that induce activation 
and fibroblast transformation of hepatic stellate cells [25].

Since lipid storage alone does not always lead to ste-
atohepatitis, factors like genetics [24], microbiota – host 
interactions, and impaired immune response probably 
contribute to NASH progression. Specific mitochondrial 
protein-coding genes [26] but also genes involved in colla-
gen and cholesterol synthesis (Patatin-like phospholipase 
domain-containing protein 3 - (PNPLA3) [27], insulin sign-
aling (Insulin Receptor Substrate 1 - IRS1), and innate im-
munity activation (MERTK) inconstantly and heterogene-

ously associate with NASH. Other external factors like age 
and nutrient intake (fat or sugars) are important modifiers 
of the steatosis phenotype; it is accepted that we need to 
account for extensive interactions with the genotype if we 
are to model the disease progression [28].

Another target that could explain phenotypic differenc-
es in the fatty liver is the host-microbiota interaction. Dis-
turbance of the gut–liver axis by inflammation or bile acid 
signaling could initiate or aggravate NASH, maybe through 
excess bacterial lipopolysaccharides within the portal vein. 
Lipopolysaccharides exposition induces inflammation and 
autophagy within the healthy liver, but the causal associa-
tion with NASH is still to be determined.

Inflammation, hepatocyte death and stellate cell acti-
vation and differentiation

Until this point, steatohepatitis is mainly confined to the 
hepatocyte cytoplasm. Once the endoplasmic reticulum is 
overwhelmed by lipotoxic by-products and UPR is initiated, 
and mitochondrial dysfunction with reactive oxygen species 
formation alongside insulin resistance activates inflamma-
tion and programmed death, the process spreads to the 
nucleus and outside the hepatocyte. Inflammation is initiat-
ed by Fas, NF-Kb and TNF receptors, as well as TNF-relat-
ed apoptosis-inducing ligand receptor [23]. Hepatocyte de-
struction releases damage-associated molecular patterns 
(DAMPs) and induces reactive oxygen species that further 
increase activation of hepatic stellate cells [29] and perpet-
uates the inflammatory milieu. Through this signaling cas-
cade, macrophages and Kupfer cells residing the liver are 
recruited and initiate the innate immune response [30,31]. 
They keep the principal functions, such as phagocytosis, 
danger signal recognition, cytokine release, antigen pro-
cessing, and the ability to modulate immune responses 
[32] but exposure to endotoxins, pathogen-associated mo-
lecular pattern (PAMPs), lipopolysaccharides and specific 
FFAs and cholesterol metabolites limit macrophage differ-
entiation towards fibrinolytic phenotypes [33]. Alongside 
Kupfer cells and macrophages, activated resident natural 
killer (NK) cells and natural killer T (NKT) cells produce 
cytokines that also mediate lymphocyte recruitment [34] 
and DAMP and PAMP signaling that amplifies apoptosis. 
In a cascade, pyroptosis continues and cytokines (TNF, 
Il2, IL6, IL 17) are released, and more effector immune 
cells are recruited [35]. The profibrogenic effect of innate 
immunity activation is secondary to TGF-beta secretion 
by most residing cells (hepatocytes, immune cells, mac-
rophages), which stimulates the transformation of stellate 
cells into myofibroblasts [36]. Activated endothelial cells 
mediate this process through the expression of adhesion 
molecules that facilitate neutrophil and lymphocyte recruit-
ment [37]. Their secretion of IL33 and IL1 superfamily cy-
tokines stimulates the activation of perisinusoidal stellate 
cells and explains perisinusoidal fibrosis [38]. High titers of 
antibodies against lipid peroxidation-derived antigens [39] 
and activated lymphocytes [40] parallel with parenchymal 
infiltration by lymphocytes suggest the role of adaptative 
immunity in the perpetuation of NASH and progression to 
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cirrhosis. Th1/Th2 CD4 + T helper lymphocytes popula-
tion ratio immunomodulates fibrosis evolution via cytokine 
synthesis [41]. B and T cell infiltrates correlate with more 
severe lobular inflammation [42].

This inflammatory process leads to the activation of 
the main effector of fibrosis progression, the hepatic stel-
late cells. They represent less than 5% of the healthy liver 
population that are generally found in the space of Dis-
se and have a role in the storage of lipids and fat-soluble 
vitamins [43]. Their activation and proliferation modulated 
by local inflammatory cytokines [31,44, 45,46], lipoprotein 
lipase pathway [47], circulating noncoding RNA (microR-
NA and long non-coding RNA) [48,49] and growth factors 
lead to fibrosis and cirrhosis. When activated, hepatic stel-
late cells express alpha-smooth muscle actin and trans-
form into myofibroblast. Upon activation, they display a 
necro-inflammatory activity [50], immunomodulatory, and 
metalloproteases (TMP1) inhibitory role. They promote fi-
brosis via extracellular type I and III collagen synthesis [51] 
and are stimulated by locally produced factors comprising 
transforming growth factor-beta (TGF-β) and platelet-de-
rived growth factor (PDGF). These myofibroblasts are 
currently considered to have a central role in liver fibrosis 
progression [52]. In a minority of patients suffering from 
NASH, this process will perpetuate, and severe fibrosis 
and cirrhosis will ensue.

Conclusion

Steatohepatitis is a complex and heterogeneous syndrome 
in which insulin resistance and impaired lipid metabolism 
seem to induce a constant state of hepatic inflammation 
that leads to hepatocyte programmed death and activation 
of tissue repair mechanisms that will eventually conduct to 
fibrosis and cirrhosis.
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