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VCAM-1: closing the gap between lipotoxicity and
endothelial dysfunction in nonalcoholic steatohepatitis
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Inflammation underlies
nonalcoholic steatohepatitis
Nonalcoholic fatty liver disease (NAFLD)
is a systemic disease that results from
multiorgan metabolic dysregulation, tis-
sue inflammation, and organ dysfunction.
It is a chronic condition that can progress
from steatosis to nonalcoholic steato-
hepatitis (NASH), manifesting as inflam-
mation, fibrosis, cirrhosis, and hepato-
cellular carcinoma (1, 2). NAFLD affects
nearly one-third of the global adult pop-
ulation (3) and, within a decade, it is esti-
mated it will increase in prevalence by up
to 60% (4). In fact, prior to the COVID-19
pandemic, the NAFLD epidemic had cen-
ter stage as the most concerning disease
for those with underlying metabolic risk
factors, such as obesity, diabetes, hyper-
tension, and dyslipidemia (5). Indeed,
with these shared risk factors for disease
susceptibility and severity, it is notewor-

Nonalcoholic fatty liver disease (NAFLD) results in the accumulation of fat
in the liver and can progress as an inflammatory disorder with considerable
vascular endothelial dysfunction known as nonalcoholic steatohepatitis
(NASH). Inflammatory signals can trigger the expression of vascular cell
adhesion molecule 1 (VCAM-1) on endothelial cells. VCAM-1 is a surface
protein that induces adherence and extravasation of monocytes to blood
vessels. In this issue of the JCI, Furuta et al. report on their sequencing of
RNA transcripts from the livers of mice fed a NASH-inducing diet. VCAM-1
was upregulated in the whole liver as well as liver sinusoidal endothelial
cells (LSECs). When the researchers incubated LSECs with palmitate,

a toxic lipid, VCAM-1 was upregulated. Notably, inhibiting VCAM-1in

the NASH model reduced VCAM-1 expression, lessened infiltrating
macrophages, and mitigated fibrosis. This study connects steatosis to
endothelial dysfunction and inflammation and suggests that targeting
VCAM-1 may address fibrosis in patients with NASH.

thy that inflammation underlies both
COVID-19 (6) and NAFLD pathogenesis.

Vascular cell adhesion molecule 1
(VCAM-1) is an adhesion molecule that
is expressed on endothelial cells and
upregulated in response to inflammatory
signals (7). VCAM-1 upregulation induces
adherence and extravasation of mono-
cytes to vessels (8). Recently, Tong et al.
established that serum VCAM-1 levels are
increased in patients with COVID-19 (9),
perhaps explaining the widespread, sys-
temic vascular inflammation that occurs
in infected patients. In this issue of the
JCI, Furuta et al. elegantly establish a
mechanistic role of VCAM-1 in human
and rodent NASH (10).

Vascular endothelial dysfunction is
an important feature of NASH pathogen-
esis. Clinical evidence for this vascular
endothelial component is revealed in the
numerous epidemiologic studies demon-
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strating that cardiovascular complica-
tions are the major causes of morbidity
and mortality in patients with NASH (11)
and in the portal hypertension that ensues
in advanced NASH. Despite the ongo-
ing debate about whether NASH inde-
pendently promotes endothelial damage
in cardiac vessels (12), preclinical data in
rats fed a NASH-inducing diet demon-
strate that, at least in the liver, endothelial
inflammation is an early feature of NASH,
preceding both hepatic macrophage cell
infiltration and fibrosis (13). Indeed, it is
the steatotic hepatocyte that distorts liver
sinusoidal endothelial cells (LSECs) and
impairs sinusoidal perfusion (14). Sinu-
soidal injury is followed by macrophage
infiltration and adherence to the sinu-
soidal lining. It is likely that persistence
of this cascade leads to progressive ste-
atohepatitis and fibrosis and, conversely,
that ameliorating the precipitating endo-
thelial cell dysfunction can remedy NASH
fibrosis (Figure 1).

Recruiting macrophages to

the vascular endothelium

While the ultrastructural changes contrib-
uting to endothelial dysfunction have been
identified, the molecular mechanisms that
instigate the recruitment of macrophages
to the vascular endothelium had not been
characterized previously. Hence, the study
by Furuta et al. (10) fills critical knowledge
gaps. To reveal factors that associate with
transcriptional regulation, the authors
sequenced the transcriptome and profiled
chromatin regions from the livers of mice fed
a high-fat, -fructose, and -cholesterol (FFC)
NASH-inducing diet. VCAM-1 was identi-
fied as transcriptionally and differentially
upregulated, an observation confirmed with
targeted gene analysis of whole livers and
LSECs derived from NASH mice (10).

The authors established further that,
in NASH, lipids themselves regulated
VCAM-1. Namely, the lipotoxic lipid pal-
mitate upregulated VCAMI gene and
protein expression in primary mouse
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and human LSECs through a mechanism
that involved MAPK. MAPK activation
occurred through the MAP3K mixed lin-
eage kinase 3 (MLK3), as both pharmaco-
logic and genetic inhibition of MLK3 pre-
vented LSEC VCAM-1 upregulation. Since
LSEC incubation with palmitate caused
VCAM-1 upregulation, palmitate may
directly affect LSEC function through its
own bioactive effects on cellular process-
es and indirectly affect LSEC function
through the aforementioned structural
derangements that result from hepatocel-
lular steatosis (10).

While several studies corroborate the
association of VCAM-1 upregulation with
inflammatory diseases (15, 16), the trans-
lational relevance of VCAM-1 in NASH was
supported by the authors’ investigation.
Hepatic VCAM-1 protein was upregulated
in NASH patients compared with normal
liver and steatotic livers of NAFLD patients.
Moreover, VCAM-1 was upregulated in pal-
mitate-incubated primary human LSECs.
Indeed, the endothelial cell-derived
VCAM-1 promoted hepatic inflammation
and fibrosis in NASH. Endothelial cell-spe-
cific Veaml knockout mice (Veami®) fed
a choline-deficient, high-fat diet for six
weeks exhibited reduced expression of sev-
eral inflammatory markers, reduced mac-
rophage infiltration, as measured by mark-
er F4/80 labeling, and decreased fibrosis,
as measured by histology and markers of
stellate cell activation (10).

Potential therapeutic\

f Macrophage
invasion

Clinical implications
Notably, blocking VCAM-1 using an anti-
body failed to influence body weight,
energy expenditure, hepatic steatosis,
or glucose intolerance. While it does not
appear that targeting VCAM-1 alone rem-
edies the constellation of metabolic and
hepaticinjuryin NASH targeting, VCAM-1
did reduce both the hepatic monocyte-
derived macrophage infiltrate and fibro-
sis. The use of AGI-1067 (a VCAM-1 phar-
macologic inhibitor that has been used
in clinical trials of other diseases) had
effects similar to those of the VCAM-1
antibody. The inhibitor additionally
improved insulin resistance, perhaps
pointing toward an extrahepatic effect of
this intervention (10).

The ultimate clinical utility of VCAM-
1 has yet to be established in NASH. One
hundred seventeen patients with NASH
who participated in the Pioglitazone vs.
Vitamin E vs. Placebo for the Treatment of
Nondiabetic Patients with NASH (PIVENS)
trial had paired liver biopsies and serum
samples that were analyzed post hoc (17).
There was no difference in VCAM-1 levels
between those patients who had NASH res-
olution and those whose NASH persisted
after 96 weeks of either vitamin E or piogl-
itazone therapy. As criteria for NASH res-
olution require the absence of features of
steatohepatitis, it is possible that VCAM-1
levels were associated with improvements
in some NASH features, such as fibrosis or
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Figure 1. Model of hepatic macrophage
infiltrate and fibrosis. Following distortion

and injury of LSECs by steatotic hepatocytes,
macrophages infiltrate and adhere to the sinu-
soidal lining via VCAM-1. The persistence of this
cascade likely results in progressive steatohepa-
titis and fibrosis. Ameliorating the precipitating
endothelial cell dysfunction (possibly through
VCAM-1) may remedy NASH-related fibrosis.

inflammation. Hence, targeting VCAM-1
is unlikely to reverse NASH, but VCAM-1
may act as a NASH antifibrotic therapeutic
target for patients with fibrosis who have
been unsuccessful with dietary and weight
loss strategies. This therapy would need to
be combined with other therapies that tar-
get dysmetabolism and steatosis, the onset
of which impairs endothelial function and
initiates inflammation.

Nevertheless, Furtura et al. (10) help
us understand how patients progress from
steatosis to endothelial dysfunction and
inflammation. VCAM-1 mediates this tran-
sition through an MLK3-dependent pro-
cess. Because VCAM-1 production is not
confined to hepatic LSECs, this protein
may affect the systemic inflammation that
characterizes NAFLD hepatic disease as
well as cardiovascular disease, the source
of greatest morbidity and mortality for
NAFLD patients.
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