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A structurally engineered fatty acid, icosabutate, suppresses liver
inflammation and fibrosis in NASH
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Background & Aims: Although long-chain omega-3 fatty acids findings suggest that structural engineering of LCn-3FAs offers a

(LCn-3FAs) regulate inflammatory pathways of relevance to non-
alcoholic steatohepatitis (NASH), their susceptibility to peroxi-
dation may limit their therapeutic potential. We compared the
metabolism of eicosapentaenoic acid (EPA) with an engineered
EPA derivative (icosabutate) in human hepatocytes in vitro and
their effects on hepatic glutathione metabolism, oxidised lipids,
inflammation, and fibrosis in a dietary mouse model of NASH,
and in patients prone to fatty liver disease.
Methods: Oxidation rates and cellular partitioning of EPA and
icosabutate were compared in primary human hepatocytes.
Comparative effects of delayed treatment with either low-
(56 mg/kg) or high-dose (112 mg/kg) icosabutate were compared
with EPA (91 mg/kg) or a glucagon-like peptide 1 receptor
agonist in a choline-deficient (CD), L-amino acid-defined NASH
mouse model. To assess the translational potential of these
findings, effects on elevated liver enzymes and fibrosis-4 (FIB-4)
score were assessed in overweight, hyperlipidaemic patients at
an increased risk of NASH.
Results: In contrast to EPA, icosabutate resisted oxidation and
incorporation into hepatocytes. Icosabutate also reduced
inflammation and fibrosis in conjunction with a reversal of CD
diet-induced changes in the hepatic lipidome. EPA had minimal
effect on any parameter and even worsened fibrosis in associa-
tion with depletion of hepatic glutathione. In dyslipidaemic pa-
tients at risk of NASH, icosabutate rapidly normalised elevated
plasma ALT, GGT and AST and reduced FIB-4 in patients with
elevated ALT and/or AST.
Conclusion: Icosabutate does not accumulate in hepatocytes and
confers beneficial effects on hepatic oxidative stress, inflamma-
tion and fibrosis in mice. In conjunction with reductions in
markers of liver injury in hyperlipidaemic patients, these
words: ALT; antifibrotic; collagen; FIB-4; icosabutate; omega-3 fatty acid;
ative stress; glutathione; steatohepatitis.
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novel approach for the treatment of NASH.
Lay summary: Long-chain omega-3 fatty acids are involved in
multiple pathways regulating hepatic inflammation and fibrosis,
but their susceptibility to peroxidation and use as an energy
source may limit their clinical efficacy. Herein, we show that a
structurally modified omega-3 fatty acid, icosabutate, overcame
these challenges and had markedly improved antifibrotic efficacy
in a mouse model of non-alcoholic steatohepatitis. A hep-
atoprotective effect of icosabutate was also observed in patients
with elevated circulating lipids, in whom it led to rapid re-
ductions in markers of liver injury.
© 2021 Published by Elsevier B.V. on behalf of European Association
for the Study of the Liver.

Introduction
The pathogenesis of non-alcoholic steatohepatitis (NASH) is
complex, with multiple pathways driving inflammation, hepa-
tocyte damage and fibrosis.1–3 The ability of long-chain omega-3
fatty acids (LCn-3FAs), e.g. eicosapentaenoic acid (EPA), to inhibit
platelet activation,4 target nuclear5 and extracellular6 receptors
and favourably alter the balance of NASH-associated oxylipins
(oxygenated fatty acid metabolites),7,8 fulfils the need for pleio-
tropic targeting of the disease. However, 12 months treatment
with EPA ethyl ester (1.8 or 2.7 g/day) had no effect on liver
histology in patients with NASH.9

Given the importance of oxidative stress as a driver of NASH,10

a potential liability of LCn-3FAs as a treatment for NASH is their
susceptibility to peroxidation due to their high number of allylic
double bonds.11 Increased oxidative stress in response to high-
dose LCn-3FAs occurs in humans12–14 and in rodent models of
both NASH and alcoholic steatohepatitis (ASH).15,16

Avoidance of incorporation into complex lipids, in particular
cell membranes,17 could limit the LCn-3FA-associated increase in
oxidative stress. Icosabutate is a structurally engineered EPA
derivative currently being evaluated in a phase IIb clinical study
for the treatment of NASH (NCT04052516). In contrast to natu-
rally occurring long-chain fatty acids that are transported in
chylomicrons from the gut to the periphery,18 icosabutate
directly targets the liver via the portal vein and has demon-
strated promising results in rodent NASH models.19,20
022 vol. 76 j 800–811
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We have compared the cellular metabolism of icosabutate vs.
unmodified EPA in primary human hepatocytes in vitro. We also
compared their effects upon hepatic lipidomics, glutathione
metabolism, inflammation, fibrosis, and glucose tolerance in an
optimized dietary, non-transgenic, fibrosing choline-deficient L-
amino acid-defined (CD) moderate-fat diet mouse model,21,22

using exenatide extended-release (EXE) – a glucagon-like pep-
tide-1 receptor (GLP-1R) agonist – as a positive control. To
further assess the potential translatability of the rodent findings
to humans, we assessed time-course changes in elevated plasma
alanine aminotransferase (ALT), aspartate aminotransferase
(AST) and gamma-glutamyltransferase (GGT) levels in patients at
an increased risk of NASH and cardiovascular disease (CVD)
treated for up to 12 weeks with oral icosabutate (600 mg q.d.) or
placebo.23–25 Fibrosis-4 (FIB-4) scores were also measured in
patients with elevated baseline ALT and/or AST.
Materials and methods
Cell experiments
Primary human hepatocytes grown in 12- or 96-well plates were
incubated with 5 lM or 25 lM (0.2 and 0.5 lCi/ml, respectively)
14C-Icosabutate or 14C-EPA for 24 h. To assess lipid distribution,
cells were washed with PBS, harvested in 250 ll 0.1% SDS and
cellular lipids extracted and separated as described earlier,26

followed by liquid scintillation counting. Cellular and extracel-
lular lipids were calculated in relation to total cell protein con-
tent measured according to Pierce BCA Protein Assay Kit. To
measure fatty acid oxidation, cells were incubated for 24 h before
CO2 was trapped for another 4 h. The CO2 produced was captured
by filters soaked with sodium hydroxide.27 Cellular 14C–CO2

production was related to total cell protein content measured
according to Bradford.28
Choline-deficient diet NASH mouse model
Ninety male C56BL/6 J mice (9 weeks old) were divided into 2
experimental groups (45 mice per group) and fed either a
choline-sufficient (CS, n = 45) or choline-deficient (CD, n = 45) L-
amino acid-defined high-sucrose, moderate-fat (containing 31%
of calories from fat) diet, plus 0.2% cholesterol for 12 weeks
(Table S1). From week 7-12 groups of 9 received either no
treatment (CD, CS), 0.15 mmol/kg icosabutate (ICOSA-L),
0.3 mmol/kg icosabutate (ICOSA-H), 0.3 mmol/kg EPA in chow, or
EXE at 0.4 mg/kg once-weekly injected subcutaneously (EXE
dosage utilised in earlier studies29). Animals were sacrificed after
12 weeks.

Intraperitoneal glucose tolerance test (IPGTT) was performed
at study end as described previously.30 Liver hydroxyproline was
quantified from 150 mg of frozen liver,31 to determine liver
collagen content.
Staining of liver sections
Liver cryosections were stained for lipid with Sudan III or Oil red
O; fromalin fixed sections were staned for collagen using Sirius
Red (SR), and macrophage markers CD68 and YM1.22,30,32 In each
animal, stained areas were quantitated using ImageJ software,
and cells were counted in a minimum of 10 randomly
selected fields.30,32,33
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RT-qPCR analysis
TaqMan probes and primers are summarized in Table S2. RNA
levels were normalised to Gapdh using the relative standard
curve method.22,30–33

Hepatic lipidomic analysis
Hepatic lipidomic analysis was performed with liquid
chromatography-tandem mass spectrometry as described.19

Human study samples
Patients with abnormal baseline ALT, GGT or AST were identi-
fied from 3 previously published placebo controlled, random-
ized clinical trials (NCT02364635, NCT01893515 and
NCT01972178) of icosabutate treatment (600 mg q.d.) vs. pla-
cebo in overweight/obese hyperlipidaemic patients at high risk
of NASH and CVD.23–25 Liver enzymes were assessed over 5
time-points from baseline to study end (4 and 12 weeks). FIB-4
scores were calculated (age [years] × AST [U/L]/(platelets [109/
L] × ALT1/2 [U/L]) in patients with elevated baseline ALT and/
or AST.34

Further detailed information for experiments performed
in vivo and in vitro are detailed in the supplementary methods.

Statistical analysis
Data from the mouse model and human patients were evalu-
ated using one-way ANOVA (two-way ANOVA for IPGTT) with
multiple comparison post hoc analysis except for FIB-4 scores
where Wilcoxon paired signed-rank test was used. For cellular
lipids and hepatic lipidomics, differences between groups were
tested using an unpaired t test. Data are presented as mean
values ± SEM (standard error of mean) with significance set at
a = 5% for all comparisons. All statistical data was produced
using GraphPad Prism 8.2.1 (GraphPad software, La Jolla, USA)
except hepatic lipidomics (MassLynx 4.1 software) in which all
calculations were performed using statistical software package
R v.3.1.1 (R Development Core Team, 2011; https://cran.r-
project.org/).

For further details regarding the materials and methods used,
please refer to the CTAT table and supplementary information.

Results
Icosabutate is minimally incorporated into complex lipids
and is resistant to use as a cellular energy source
Icosabutate is structurally designed to (A) avoid incorporation
into complex lipids via an ethyl-group in the a-position and (B)
resist b-oxidation via incorporation of an oxygen atom into the
b-position (Fig. 1A). As shown in Table 1, in contrast to EPA,
minimal amounts of icosabutate/icosabutate metabolites are
found as complex lipids after 24 h incubation of primary hu-
man hepatocytes (15 to 19-fold lower concentrations in total
intracellular lipids than EPA). Accordingly, higher concentra-
tions of icosabutate were found in the extracellular fraction (9-
and 14-fold higher than the intracellular pool at 5 and 25 lM,
respectively) (Fig. 1B). Conversely, EPA concentration was 6.5-
and 4-fold higher in the intracellular vs. the extracellular pool
at the corresponding concentrations. Minimal increases in CO2

production from primary human hepatocytes incubated with
icosabutate demonstrate the efficacy of the oxygen substitution
in the b-position (Fig. 1C), effectively preventing its own
metabolism via fatty acid b-oxidation. Overall, these results
demonstrate how specific structural modifications to EPA
022 vol. 76 j 800–811 801
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Fig. 1. Structural differences between icosabutate and EPA with effects on extracellular accumulation and utilisation as an energy source in primary
human hepatocytes. (A) Structural differences between EPA and icosabutate. (B) extracellular accumulation of EPA or icosabutate in primary human hepatocytes
after 24 h incubation (values in nmol/mg cell protein). (C) 14C–CO2 production after incubation of the cells with 14C-EPA or 14C-icosabutate for 24 h (values in
nmol/mg cell protein). Results (B, C) are shown as means of 3 experiments (each with 4 parallels) ± SEM. ****p <0.0001 vs. EPA, by unpaired t test. EPA, eico-
sapentaenoic acid.
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minimise both fatty acid b-oxidation and esterification into
complex lipids in human hepatocytes, resulting in a high
extracellular concentration.
A GLP-1R agonist (EXE) induces pronounced effects on body
weight, food intake, liver weight, plasma ALT and glycaemic
control in mice with diet-induced NASH
As expected, and in part due to its anorexigenic effect,35 EXE
significantly improvedmultiple parameters related to obesity and
NASH. Thus, EXE reduced body weight by 22% (Fig. 2A) in associ-
ation with a decreased calculated food intake (-29%) vs. the un-
treated CD diet-fed mice (Fig. 2B), while neither icosabutate nor
EPA affected body weight or calculated food intake. The CD diet
(which attenuates hepatic export of triacylglycerol [TAG] via in-
hibition of phosphatidylcholine synthesis) induced an increase in
liver weight relative to the CS control diet (Fig. 2C). Inmice fed the
CD diet, EXE markedly reduced liver weight compared to the CD
diet alone,whereas icosabutate andEPAhadnoeffect (Fig. 2C). The
CD diet induced an increase in plasma ALT (Fig. 2D) that was
reduced by treatment with ICOSA-H or EXE, whereas no changes
were observed in plasma AST (Fig. 2E). EXE markedly improved
Table 1. Fractional partitioning of icosabutate vs. EPA into cellular lipids of p

Lipid distribution

5 lM

EPA Icos

FFA 0.30 ± 0.02 0.04 ± 0
TAG 9.22 ± 1.02 1.01 ±
PL 13.0 ± 0.83 0.12 ±
CE 0.09 ± 0.06 0.01 ± 0
Total cellular lipids 22.7 ± 1.8 1.18 ±

Incorporation of EPA or icosabutate into complex lipids in primary human hepatocytes a
experiments (each with 4 parallels) ± SEM. ***p <0.001, ****p <0.0001 vs. EPA, by unpa
CE, cholesterol ester; EPA, eicosapentaenoic acid; FFA, free fatty acid; PL, phospholipid;
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glucose tolerance, asmeasured by the IPGTT (Fig. 2F) in CS diet-fed
mice. ICOSA-L and ICOSA-Hmodestly improved glucose tolerance,
whereas EPA had no effect. CS diet-fed mice displayed a more
pronounced glucose excursion vs. CD diet-fed mice (Fig. S2).
Late onset treatment with icosabutate and EXE, but not EPA,
decreases hepatic fibrosis and inflammation
Representative images from all treatment groups are shown in
Fig. 3A. The CD diet markedly increased hepatic fibrosis, as
evidenced by a 2.2-, 3.5- and 2.8-fold increase in collagen
deposition measured via relative (mg per g liver) and total (per
liver) hydroxyproline (HYP) content, and Sirius Red (SR)
morphometry, respectively (Fig. 3B-D). Icosabutate was the only
treatment that significantly reduced all 3 quantitative measures
of fibrosis. Notably, despite 6 weeks of the CD diet before
treatment initiation, ICOSA-L reduced fibrosis (SR) by 69% vs. no
treatment to a level comparable with the control CS mice that
developed no detectable fibrosis (Fig. 3D). ICOSA-H and EXE also
significantly decreased fibrosis (SR) vs. untreated CD mice by
37% and 41%, respectively. EXE reduced total (Fig. 3B), but not
relative HYP content in association with the markedly reduced
rimary human hepatocytes.

25 lM

abutate EPA Icosabutate

.003**** 0.77 ± 0.09 0.26 ± 0.01***
0.28**** 34.8 ± 3.69 3.1 ± 0.55****
0.01**** 26.6 ± 1.42 0.69 ± 0.09****
.001**** 0.09 ± 0.01 0.03 ± 0.002****
0.29**** 62.3 ± 4.9 4.1 ± 0.52****

fter 24 h incubation (values in nmol/mg cell protein). Results are shown as means of 3
ired t test.
TAG, triacylglycerol.
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food intake, (C) liver weight (D) ALT (E) AST and (F) glucose tolerance in CS-diet-fed mice. *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001 vs. untreated CD diet (vs.
untreated CS diet for glucose tolerance), by one-way ANOVA (two-way for glucose tolerance). ALT, alanine aminotransferase; AST, aspartate aminotransferase; CD,
choline-deficient; CS, choline-sufficient; EPA, eicosapentaenoic acid; EXE, exenatide extended-release; ICOSA-H, high-dose icosabutate; ICOSA-L, low-
dose icosabutate.
liver weight in EXE-fed mice. EPA had no significant effect on
HYP content and significantly increased collagen proportionate
area (Fig. 3D).

Effects of delayed treatment with icosabutate upon hepatic
macrophage content and expression of hepatic inflammation-
and fibrosis-related genes
Representative images of CD68 and YM1+ stained livers from CD
treatment groups are shown in Fig. 4A. Icosabutate or EXE did
not affect total macrophage numbers (CD68+) (Fig. 4B). Icosa-
butate, but not EXE, induced a dose-dependent decrease in YM1+
M2-type macrophages (Fig. 4C). The CD diet upregulated all
measured hepatic inflammation- and fibrosis-related genes vs.
the CS diet (Fig. 5A-I). Icosabutate at both doses significantly
attenuated the CD diet-induced increases in all genes except for
Acta2 (Fig. 5E) and Tgfb1 (Fig. 5F) at the low-dose. EXE also
showed significant inhibitory effects but did not alter transcripts
encoding Pdgfrb, Pdgfb and Tgfb1 (Fig. 5B,C,F). EPA only reduced
Timp1, Acta2 and Il1b (Fig. 5D,E,H) expression.

EPA exacerbates the CD diet-induced decrease in hepatic
glutathione
Glutathione plays a pivotal role in cellular protection from lipid
peroxidation.36 Given the pronounced cellular accumulation of
EPA vs. icosabutate in hepatocytes and the susceptibility of EPA to
Journal of Hepatology 2
peroxidation, we compared their effects on hepatic reduced
(GSH) and oxidised (GSSG) glutathione as markers of cellular
redox status. The CD diet induced a 38% decrease in hepatic GSH
compared to the CS diet, which was further exacerbated by EPA
treatment (37% lower than CD diet-fed mice) (Fig. 6A). GSSG
levels were maintained in response to the CD diet but were
significantly reduced by ICOSA-H (Fig. 6B). Secondary to the
decrease in GSH, the CD diet significantly decreased the GSH/
GSSG ratio, an effect that was offset by treatment with ICOSA-H
(Fig. 6C). In contrast, EPAworsened the GSH/GSSG ratio in the CD
diet-fed mice, which was driven by the decrease in GSH. Per-
oxidation of EPA prior to ingestion could be ruled out, since the
GSH/GSSG ratio in the CS diet-fed groups was unchanged by EPA
treatment (Fig. 6D). Overall, these data suggest that the CD diet-
associated depletion of hepatic GSH is exacerbated by EPA,
whereas ICOSA-H improves cellular redox status.

Since EPA mediates its anti-inflammatory effects in part via
replacement of arachidonic acid (AA) in cell membranes, we also
measured hepatic stores of AA in phospholipids (PL; phosphati-
dylcholine species) and diacylglycerols (DAG). The CD diet
induced a significant 51% increase in hepatic DAG-AA (Fig. 6E)
and a 28% decrease in PL-AA (Fig. 6F). Both doses of icosabutate
and, to a lesser extent EPA, attenuated the CD diet-induced in-
crease in DAG-AA, whereas concentrations of PL-AA were lower
in icosabutate-treated mice only (Fig. 6E,F). To assess if the
022 vol. 76 j 800–811 803
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conversion of linoleic acid (LA) and AA to oxylipins was inhibited
by either treatment, we also assessed the hepatic 13-
hydroxyoctadecadienoic acid (HODE)/LA and (11-, 12- and 15-)
hydroxyeicosatetraenoic acid (HETE)/AA ratios. Although there
was no significant change in the CS vs. CD diet-fed groups, ico-
sabutate (both doses) significantly reduced the 13-HODE/LA ratio
(a ratio that in plasma is positively associated with NASH in
humans37) (Fig. 6H) and the HETE/AA ratio (ICOSA-H only).
Despite lack of incorporation into phospholipid membranes, only
icosabutate reduced hepatic concentrations of AA-derived
(11(R)- and 15(S)-HETE) and LA-derived (13-HODE and 9,12,13-
trihydroxyoctadecenoic acids [TriHOMEs]) oxylipins (Fig. 6I-L).

Overall, these data suggest that icosabutate reduces hepatic
AA stores, the conversion of LA and AA to oxylipins and the
concentrations of both AA- and LA-derived oxylipins.
804 Journal of Hepatology 2
Icosabutate prevents the CD diet-induced changes in
hepatic lipids
As shown in Fig. 7, the most significant changes in hepatic
lipids induced by the CD diet were increases in DAG, TAG,
TriHOMEs and cholesteryl ester levels, all of which were
significantly lowered by treatment with icosabutate vs. CD
diet alone (except cholesteryl esters by low-dose icosabutate).
The CD diet also significantly increased omega-6 fatty acids,
total polyunsaturated fatty acids (PUFAs), monounsaturated
fatty acids and glycine-conjugated bile acids (GCBAs). Apart
from GCBA, icosabutate significantly prevented these increases.
EPA had relatively minor effects on hepatic lipids but did pre-
vent the CD diet-induced increase in GCBA. The CD diet
significantly lowered oxoODEs (oxo-octadecadienoic acids),
whereas this decrease was prevented by icosabutate. As
022 vol. 76 j 800–811
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choline-sufficient; EXE, exenatide extended-release; ICOSA-H, high-dose icosabutate; ICOSA-L, low-dose icosabutate.
expected from the changes in individual HETEs noted above,
icosabutate, but not EPA, decreased the concentrations of
NASH-associated HETEs.8 Overall, except for GCBA, the hepatic
lipidomic data suggest that icosabutate prevents CD diet-
induced changes in hepatic lipids.

Icosabutate is a full FFAR4 (b-arrestin-2 pathway) agonist
As we found that icosabutate is predominantly found in the
extracellular pool, we measured its activity towards free fatty
acid receptor 4 (FFAR4). FFAR4 is a membrane bound receptor
highly expressed on Kupffer cells/macrophages and activation
via LCn-3FAs induces potent anti-inflammatory effects in ro-
dents.6 Icosabutate fully activated FFAR4 via the b-arrestin-2
pathway at a concentration of 33 lM, with an EC50 of 15.5 l M
(Fig. S1). Interestingly this EC50 value is approximately 3-fold
lower than the portal vein Cmax of icosabutate in rats at a ther-
apeutic dose.19

Icosabutate rapidly decreases markers of liver injury in
dyslipidaemic patients at high risk of NASH/CVD
To assess the potential translatability of our rodent findings to
humans, we performed a post hoc analysis of changes in elevated
Journal of Hepatology 2
markers of liver inflammation (ALT, AST), glutathione meta-
bolism (GGT) and fibrosis (FIB-4 score)34 in patients at high risk
of NASH and CVD (hyperlipidaemic, overweight/obese) treated
for up to 12 weeks with icosabutate (600 mg q.d.) or pla-
cebo.23–25 Patients with abnormal baseline ALT (>40 U/L), GGT
(>38 U/L females, >51 U/L males) or AST (>34 U/L) from 3 clinical
trials with icosabutate were identified. The number of patients
identified with elevated baseline levels for icosabutate and pla-
cebo groups, respectively, were 16 and 19 (ALT), 33 and 35 (GGT),
11 and 13 (AST).

The baseline characteristics of the overall study population
are shown in Fig. 8A. Icosabutate treatment rapidly reduced
plasma ALT, with significant reductions vs. baseline seen at all
time-points. Median ALT decreased by 49% (from 57 U/L to 29 U/
L) from baseline to study end (Fig. 8B) in response to icosabutate.
Median AST (Fig. 8D) was similarly decreased at all time-points
with icosabutate treatment (from 42 U/L at baseline to 28 U/L
at study end). Rapid normalisation of elevated plasma GGT was
also observed in response to icosabutate treatment, with sig-
nificant decreases at all time-points (Fig. 8F). Median GGT was
decreased by 44% (from 62 U/L to 35 U/L) from baseline to study
end. In contrast to the icosabutate-treated group the placebo-
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Fig. 5. Effects of treatment on key hepatic genes regulating inflammation and fibrosis. Hepatic transcript levels for (A) type 1 collagen alpha 1 (Col1a1) (B)
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treated group demonstrated minimal changes in liver enzymes
(Fig. 8C,E,G). FIB-4 scores were calculated at baseline and study
end in all patients with elevated ALT and/or AST at baseline (18
and 19 patients in the icosabutate and placebo groups, respec-
tively). Icosabutate treatment significantly reduced FIB-4 scores,
with 4/7 patients in the previously classified34 ‘intermediate risk
of developing severe liver disease’ category moving into the
‘low-risk’ category (Fig. 8H). No significant difference was
observed in placebo-treated patients (Fig. 8I).

Discussion
We have shown that, in direct contrast to EPA, icosabutate re-
sists accumulation in primary human hepatocytes in vitro and
does not worsen hepatic glutathione depletion in vivo. The
in vitro findings demonstrate that specific structural modifica-
tions to EPA, as exemplified by icosabutate, can profoundly alter
its cellular partitioning and metabolism, resulting in a much
higher enrichment in the extracellular relative to the intracel-
lular pool. Importantly icosabutate, but not EPA, effectively
reduced hepatic fibrosis and fibrogenesis in a CD diet mouse
model resembling human NASH. This was accompanied by a
significant reduction in key inflammatory genes and hepatic
concentrations of multiple NASH-associated lipid species in
mice and reductions in multiple markers of liver injury in pa-
tients at risk of NASH.

Both doses of icosabutate significantly reduced liver collagen
in mice as assessed by HYP content (both relative and total) and
SR morphometry. The degree of reduction was surprising given
806 Journal of Hepatology 2
that mice received the fibrosis-inducing CD diet for 6 weeks
before commencing treatment with icosabutate. Fibrosis has
been reported to progress continuously from week 4 up to week
24 in response to a CD diet.22 However, as we do not have liver
samples from mice immediately prior to treatment initiation
after week 6 on the CD diet, it is uncertain if, and how much,
fibrosis was present at this stage. The difference in efficacy
shown via the biochemical collagen quantification (HYP) and SR
morphometry may be related to the former measuring tissue
including portal tracts with dense collagen (underestimating the
more delicate sinusoidal collagen), while the latter un-
derestimates portal in favour of parenchymal collagen. The
antifibrotic effect of icosabutate thus appears to be most prom-
inent in the functionally relevant perisinusoidal area.38 Notably,
EPA had no effect on fibrosis as measured by HYP content, with
significant worsening in fibrosis as measured by SR morphom-
etry. The lack of efficacy of EPA in the current model is in line
with the lack of histological response to EPA supplementation
(1.8 or 2.7 g/day) in patients with NASH.9

The histological findings are in accordance with the decreases
in hepatic levels of transcripts regulating fibrosis, fibrolysis and
inflammation, where the most pronounced decreases occurred
in response to icosabutate. Interestingly, ICOSA-H reduced M2-
type macrophages, viewed typically as an anti-inflammatory
phenotype. However, although not significant, the relative
reduction of CD68 (as a general macrophage marker) was com-
parable. We speculate that icosabutate reduces the influx of
monocytes that would have differentiated into either M1-or M2-
022 vol. 76 j 800–811
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Fig. 6. Icosabutate avoids the EPA-associated exacerbation of CD diet-induced hepatic GSH depletion and inhibits the AA cascade. Effects of treatments on
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type macrophages. Moreover, as we previously showed,33

phenotypical M2 macrophages can have pro-inflammatory
functions during liver disease progression, in contrast to bene-
ficial functions once the disease trigger is removed. In contrast,
EXE increased YM1 expressing M2-type macrophages that have
been associated with worsening of fibrosis during progressive
disease.2,30,32,33,39 However, the role of M2-type macrophages in
fibrosis is complex, since there appears to exist a yet ill-defined
M2-macrophage subset that suppresses both inflammation and
fibrosis and that may speed up fibrosis resolution once the in-
flammatory stimulus has disappeared.2,40 In this context, except
Journal of Hepatology 2
for a reduction in key pro-inflammatory cytokines, there was
thus no clear association between changes in the selected in-
flammatory gene transcripts or macrophage (subtype) counts
and improvements in fibrosis, also in view of the finding that
low-dose icosabutate was efficacious in reducing fibrosis.

There is no ideal rodent model; we chose the CD diet model
as it mirrors important phenotypical and mechanistic features of
human NASH.22,41 The CD diet used in the current study is
designed to induce inflammation and fibrosis by firstly pre-
venting the hepatic export of lipids via a decrease in choline-
dependent VLDL synthesis and secondly by depleting the liver
022 vol. 76 j 800–811 807
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Fig. 7. Icosabutate prevents CD diet induced changes in the hepatic lipidome. Colour code represents the transformed ratio between means of the groups:
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of GSH, a pivotal intracellular thiol limiting lipid peroxide- and
free radical-induced damage.36 With respect to the first stressor,
i.e., the accumulation of hepatic lipids, icosabutate ameliorated
the CD diet-induced increases in both the abundant hepatic
lipids (TAGs, DAGs and cholesteryl esters), and decreased the less
abundant but highly bioactive AA- and LA-derived oxylipins. AA-
derived HETEs are believed to be involved in the pathogenesis of
both human and murine NASH.8 However, the differences in
hepatic HETEs between the CS and CD diet-fed mice were not
significant. Thus, although it is possible that a reduction in he-
patic HETEs has an ameliorative effect, they do not appear to play
a pivotal role in driving the CD diet-induced liver pathology. On
the contrary, the CD diet induced a pronounced increase in he-
patic 9,12,13-TriHOME (an oxidised LA metabolite) levels. This
finding suggests that free radical (non-enzymatic)-induced per-
oxidation is a more important driver of liver pathology than
enzymatic oxygenation.

This assumption also concurs with the significant decrease in
hepatic GSH in response to the CD diet, an effect exacerbated by
EPA treatment. This likely reflects increased GSH utilisation in
EPA-fed mice in response to PUFA peroxidation. Given the
beneficial effects of reversal of hepatic GSH deficiency on
808 Journal of Hepatology 2
fibrogenesis,10,42 the exacerbation of GSH depletion may underlie
the worsening of liver fibrosis in response to EPA. Importantly,
hepatic GSH and GSH/GSSG were unchanged in EPA-treated mice
fed the CS diet. This indicates that EPA is not a pro-oxidant per se
– indeed studies have shown that LCn-3FAs can lower markers of
oxidative stress.43 More likely, we suggest that conditions char-
acterized by increased hepatic lipid peroxidation are unsuitable
for therapeutic interventions with LC-PUFAs, as has been previ-
ously shown in both NASH and ASH.15,16

The ability of icosabutate to avoid worsening the GSH
depletion induced by EPA is likely related to its minimal incor-
poration into cellular membranes. Moreover, icosabutate
improved the hepatic GSH/GSSG ratio. Reduced GSH re-
quirements and formation of GSSG likely result from
lower formation of lipid peroxides, e.g., the decrease in 9,12,13-
TriHOME, seen in response to icosabutate therapy. To what
extent decreased inflammation is driving the reductions
in markers of hepatic oxidative stress, or vice versa, is uncertain.
Interestingly the AA cascade, which is downregulated by icosa-
butate, is a major source of cellular reactive oxygen species.44

In addition, avoidance of cellular storage and b -oxidation may
allow icosabutate to achieve the extracellular concentrations
022 vol. 76 j 800–811
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icosabutate or placebo (C, E and G respectively). Change in FIB-4 in response to icosabutate (H) or placebo (I). Horizontal lines for liver enzymes represent
reference normal cut-off values as defined in the clinical study report: ALT (>40 U/L), GGT (>38 U/L for females, >51 U/L for males), AST (>34 U/L). *p <0.05,
**p <0.01, ***p <0.001, ****p <0.0001 vs. baseline, by one-way ANOVA (B-G) or Wilcoxon paired signed-rank test (H–I). ALT, alanine aminotransferase; AST,
aspartate aminotransferase; CVD, cardiovascular disease; FIB-4, fibrosis-4; GGT, gamma-glutamyltransferase; NAFLD, non-alcoholic fatty liver disease; NASH,
non-alcoholic steatohepatitis; TAG, triacylglycerol.
required for activation of the LCn-3FA receptor FFAR4. Indeed, we
demonstrate that icosabutate is a full FFAR4 agonist, engaging the
b-arrestin-2 pathway with an EC50 that is 3-fold lower than the
portal vein Cmax in rats given a therapeutic dose.19 FFAR4 is highly
expressed on macrophages/Kupffer cells,6 and its activation with
Journal of Hepatology 2
high-dose LCn-3FA feeding in mice has potent anti-inflammatory
effects that in turn improve glycaemic control.6 The prominent
portal vein transport of icosabutate19 likely further enhances the
ability of icosabutate to achieve the hepatic concentrations
required to target FFAR4.
022 vol. 76 j 800–811 809
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In the post hoc analysis of plasma samples from earlier clinical
trials in patients at increased risk of NASH and CVD (hyper-
lipidaemic, overweight/obese), the rapid and marked decrease in
both plasma ALT and AST (markers of liver inflammation and
hepatocyte stress) and GGT (a marker of cellular glutathione
metabolism/oxidative stress) in response to icosabutate provides
evidence that the findings observed in our rodent studies appear
to translate to humans. As decreases in ALT (>17 U/L) are asso-
ciated with histological responses to therapy in patients with
NASH,45 the 29 U/L (49%) decrease in median ALT observed in our
clinical studies is promising, especially as significant improve-
ments were observed at all time-points. The clinical relevance of
the marked reductions in liver enzymes is further supported by
the significant decrease in FIB-4 in those with elevated baseline
ALT and/or AST. An increase in FIB-4 over time is associated with
an increased risk of severe liver disease whilst a decrease is
associated with a lower risk.34 Our finding that 4 of 7 patients
treated with icosabutate dropped from FIB-4 levels associated
with ‘intermediate’ to ‘low’ risk34 is therefore encouraging. The
ongoing phase II ICONA study (NCT04052516) will specifically
address the efficacy of once-daily oral icosabutate (300 mg or
600 mg) for 52 weeks compared with placebo in patients with
NASH with biopsy follow-up. In relation to doses used in the
current study in mice, the ICOSA-L dose equates to approxi-
mately 318 mg/day in humans whereas ICOSA-H corresponds to
636 mg/day using interspecies allometric scaling.46

In summary, the current studies demonstrate that, unlike EPA,
icosabutate does not accumulate in hepatocytes in vitro. In a
delayed treatment CD diet rodent NASH model, icosabutate
prevented the CD diet-induced increases in NASH-associated
lipids and induced a potent antifibrotic effect. In contrast, EPA
accumulated in hepatocytes in vitro and amplified the hepatic
GSH-depleting effects of the CD diet and promoted fibrosis. The
translatability of the pre-clinical findings is supported by clinical
data where icosabutate rapidly improved multiple markers of
liver injury in patients at risk of NASH. Esterification-resistant
LCn-3FAs, as exemplified here by icosabutate, may thus offer a
novel and efficacious therapeutic approach for the treatment of
fibrosing NASH.
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