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Icosabutate Exerts Beneficial Effects Upon 
Insulin Sensitivity, Hepatic Inflammation, 
Lipotoxicity, and Fibrosis in Mice
Anita M. van den Hoek ,1 Elsbet J. Pieterman,1 José W. van der Hoorn,1 Marta Iruarrizaga-Lejarreta,2 Cristina Alonso,2 
Lars Verschuren,3 Tore Skjæret,4 Hans M.G. Princen,1 and David A. Fraser4

Icosabutate is a structurally engineered eicosapentaenoic acid derivative under development for nonalcoholic steatohepa-
titis (NASH). In this study, we investigated the absorption and distribution properties of icosabutate in relation to liver 
targeting and used rodents to evaluate the effects of icosabutate on glucose metabolism, insulin resistance, as well as 
hepatic steatosis, inflammation, lipotoxicity, and fibrosis. The absorption, tissue distribution, and excretion of icosabutate 
was investigated in rats along with its effects in mouse models of insulin resistance (ob/ob) and metabolic inflamma-
tion/NASH (high-fat/cholesterol-fed APOE*3Leiden.CETP mice) and efficacy was compared with synthetic peroxisome 
proliferator-activated receptor α (PPAR-α) (fenofibrate) and/or PPAR-γ/(α) (pioglitazone and rosiglitazone) agonists. 
Icosabutate was absorbed almost entirely through the portal vein, resulting in rapid hepatic accumulation. Icosabutate 
demonstrated potent insulin-sensitizing effects in ob/ob mice, and unlike fenofibrate or pioglitazone, it significantly  
reduced plasma alanine aminotransferase. In high-fat/cholesterol-fed APOE*3Leiden.CETP mice, icosabutate, but not 
rosiglitazone, reduced microvesicular steatosis and hepatocellular hypertrophy. Although both rosiglitazone and icosabu-
tate reduced hepatic inflammation, only icosabutate elicited antifibrotic effects in association with decreased hepatic con-
centrations of multiple lipotoxic lipid species and an oxidative stress marker. Hepatic gene-expression analysis confirmed 
the changes in lipid metabolism, inflammatory and fibrogenic response, and energy metabolism, and revealed the involved 
upstream regulators. In conclusion, icosabutate selectively targets the liver through the portal vein and demonstrates 
broad beneficial effects following insulin sensitivity, hepatic microvesicular steatosis, inflammation, lipotoxicity, oxidative 
stress, and fibrosis. Icosabutate therefore offers a promising approach to the treatment of both dysregulated glucose/lipid 
metabolism and inflammatory disorders of the liver, including NASH. (Hepatology Communications 2020;4:193-207).

Although treatment with high-dose oral  
(4  g/day) eicosapentaenoic acid (EPA) ethyl 
ester was recently shown to markedly reduce 

major adverse cardiovascular events in subjects with 
elevated triglycerides,(1) there is little evidence of ben-
eficial effects of ω-3 fatty acids in other metabolic 

Abbreviations: AA, arachidonic acid; ALT, alanine aminotransferase; AUC, area under the curve; DAG, diacylglycerol; EPA, eicosapentaenoic acid; 
ET-1, endothelin 1; FFA, free fatty acid; GSH, glutathione; GSSG, oxidized glutathione; H&E, hematoxylin and eosin; HETE, hydroxyeicosatetraenoic 
acid; HOMA-IR, homeostasis model assessment of insulin resistance; IL, interleukin; NAFLD, nonalcoholic fatty liver disease; NASH, nonalcoholic 
steatohepatitis; PPAR, peroxisome proliferator-activated receptor; STAT1, signal transducer and activator of transcription 1; TNFR, tumor necrosis 
factor receptor.
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and inflammatory conditions such as diabetes and 
nonalcoholic steatohepatitis (NASH). For example, 
in a recent 1-year intervention study, EPA ethyl ester 
(1.8 or 2.7  g/day) had no effect on liver histology 
in NASH patients, and clinical trials examining the 
effects of high-dose (>2 g/day) ω-3 fatty-acid supple-
mentation on glycemic control are inconclusive.(2)

A potential explanation for the lack of efficacy of 
ω-3 fatty acids in conditions beyond cardiovascular 
disease is that long-chain fatty acids have absorption, 
distribution, and metabolism properties that prevent 
optimal liver targeting. First, regardless of the oral 
delivery form (free fatty acid, ethyl ester, triglycer-
ide, or phospholipid), systemic absorption of long-
chain fatty acids occurs primarily through lymphatic 
vessels(3-5) rather than the portal vein, resulting in 
systemic distribution into adipose tissue, skeletal mus-
cle, and many other organs. The consequence of this 
absorption route is that only 8%-16% of dietary fat 
reaches the liver after a meal.(6) Second, as high doses 
of the more potent long-chain fatty acids markedly 
increase their own oxidation as an energy source,(7) 
the potential for achieving a dose-dependent effect 
in the liver is severely limited. Finally, after reaching 
the liver, extracellular and intracellular receptor bind-
ing and eicosanoid pathway metabolism are medi-
ated through nonesterified fatty acids (FFAs). Thus, 
the rapid incorporation of long-chain fatty acids into 
complex lipids such as triglycerides and phospholipids 
(in addition to hepatic β-oxidation for energy) may 
further decrease the availability of the most active free 
acid form in the liver.

Icosabutate, a structurally engineered EPA derivative 
in clinical development for NASH (NCT04052516), 
is designed to overcome the inherent drawbacks of 
unmodified EPA for liver targeting. It is structured  
(1) to remain in a free acid form by resisting 

incorporation into complex cellular lipids (through an 
ethyl group in the α-position) and (2) to minimize 
metabolism through β-oxidation (using an oxygen 
atom substitution in the β-position), with a goal of 
achieving therapeutic efficacy beyond what is possible 
with oral dosing of unmodified ω-3 fatty acids (Fig. 1). 
Icosabutate was initially developed as a hypolipidemic 
drug and demonstrated robust reductions in atherogenic 
lipids and apolipoproteins at a dose of 600  mg once 
daily in two recent clinical trials.(8,9) Interestingly, icos-
abutate also induced a marked and significant reduction 
in homeostasis model assessment of insulin resistance 
(HOMA-IR),(8) an effect not typically associated with 
unmodified ω-3 fatty-acid supplementation.(10) This 
suggests that icosabutate’s structural modifications not 
only facilitate quantitative advantages (i.e., low oral 
dose) but also confer qualitative differences in pharma-
codynamic effects versus unmodified EPA.

To further understand icosabutate’s pharmacokinetic 
and pharmacodynamic profile, we carried out a range 
of preclinical studies addressing the absorption, dis-
tribution, and excretion characteristics of icosabutate. 
We also performed studies on its effects on glucose 
metabolism and insulin resistance, as well as steatosis, 
inflammation, lipotoxicity, oxidative stress, and fibrosis 
in relevant mouse models. In addition, bioinformatics 
analysis was used to study the underlying mechanisms 
involved in the observed hepatic effects.

Methods
animals anD eXpeRimental 
Design

All animal care and experimental procedures were 
approved by the local Ethical Committee on Animal 
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Care and Experimentation and were in compliance 
with European Community specifications regard-
ing the use of laboratory animals. All animals were 
group-housed in a temperature-controlled room on a 
12-hour light-dark cycle and had free access to food 
and water. Body weight, food intake (both between 8 
and 9 am), and blood/plasma measures (after 4 hours 
of fasting) were regularly monitored during the stud-
ies. Animals were sacrificed by CO2 inhalation.

To analyze portal vein uptake of icosabutate, 8-week 
old male Wistar rats (n = 4) were used and were pre-
treated with buprenorphine (0.01-0.05  mg/kg, sub-
cutaneously) and then anesthetized by pentobarbital 
(50  mg/kg, intraperitoneally). Rats received a single 
oral gavage of 100 mg/kg icosabutate, and blood was 
collected from portal vein and from mesenteric lymph 
duct over 24 hours.

To analyze tissue distribution and excretion of icos-
abutate, male albino Wistar rats (n  =  7 for distribu-
tion, n = 3 for excretion) received a single oral gavage 
of 100 mg/kg [14-C]-icosabutate. Plasma concentra-
tions and tissue distribution were measured by liquid 
scintillation counting and quantitative whole-body 
autoradiography, respectively, at multiple time points 
(1, 2, 4, 8, and 24 hours, and 3 and 7 days). Routes and 
rates of excretion were measured by collection of urine 
and feces at corresponding time points.

To analyze the effects of icosabutate on obesity, 
hyperglycemia and insulin resistance, 6-8-week-
old male ob/ob mice were randomized into different 
groups (n  =  10/group) and were left untreated (con-
trol group) or treated for 5 weeks with 135 mg/kg/d 
icosabutate through diet administration. As reference, 

groups mice treated for 5 weeks with 100  mg/kg/d 
fenofibrate or 30  mg/kg/d pioglitazone through diet 
administration were included. An oral glucose (2 g/kg)  
tolerance test was performed after 5 weeks, after 
4-hour fasting. First, baseline blood samples (t  =  0) 
were collected from the tail vein into ethylene diamine 
tetraacetic acid (EDTA)-coated tubes (Sarstedt, 
Nümbrecht, Germany). Subsequently, mice received 
a bolus (2  g/kg) of 10% (wt/vol) D-glucose solution 
through gavage, and additional blood samples (30 µL) 
were drawn at 15, 30, 45, 60, and 120  minutes after 
injection.

To analyze the effects of icosabutate on hepatic ste-
atosis, inflammation and fibrosis, 8-15-week-old male 
APOE*3Leiden.CETP mice fed a high-fat (24% 
wt/wt lard) and high cholesterol (1% wt/wt) diet(14) 
were randomized into different groups (n = 12/group) 
and received daily vehicle (corn oil) gavages (control 
group) or were treated for 20 weeks with 112 mg/kg/d 
icosabutate through daily oral gavages. As a reference 
group, mice treated for 20 weeks with 13  mg/kg/d 
rosiglitazone through diet administration (receiv-
ing daily vehicle gavages) were included. NASH and 
fibrosis were scored in hematoxylin and eosin (H&E) 
or sirius red–stained cross sections using an adapted 
grading system of human NASH(11,12) and were ana-
lyzed by biochemical analysis, as described in more 
detail in the Supporting information.

At several time points during the studies, animals 
were fasted for 4 hours and blood was collected from 
the tail vein into EDTA-coated tubes (Sarstedt) for 
different analytical measurements, as described in 
more detail in the Supporting information.

Fig. 1. Chemical structure of icosabutate as compared with EPA. Icosabutate, a structurally engineered EPA derivative, is structured (1) 
to remain in a free acid form by resisting incorporation into complex cellular lipids (through an ethyl group in the α-position) and (2) to 
minimize metabolism by way of β-oxidation (through an oxygen atom substitution in the β position).
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Liver samples were used for histology, hepatic lipid/
lipidomics analysis, assessment of hepatic reduced 
glutathione (GSH), and oxidized glutathione (GSSG) 
and transcriptome analysis, all described in more detail 
in the Supporting information.

statistiCal analysis
All values shown represent the means  ±  SEMs. 

Statistical differences between groups were deter-
mined by using nonparametric Kruskal-Wallis fol-
lowed by Mann-Whitney U test for independent 
samples using SPSS software (IBM Corp., Armonk, 
NY). A P value < 0.05 was considered statistically 
significant.

Results
iCosaButate eFFeCtiVely 
taRgets tHe liVeR

To evaluate whether structural alterations of icos-
abutate enhanced uptake through the portal vein, 
absorption after single oral administration was ana-
lyzed in male Wistar rats with concurrent collection 

of blood from portal vein and lymph from mesenteric 
lymph duct. Area under the curve (AUC)0-24h and 
maximal concentration (Cmax) values of 14C-labeled 
icosabutate were approximately 2-fold higher in the 
portal vein versus the mesenteric lymph (Table 1A). 
Accounting for the much higher flow rate of portal 
vein plasma (522  mL/h) versus mesenteric lymph 
(0.5  mL/h), the data demonstrate that icosabutate 
is almost entirely taken up through the portal vein 
(>99%) with only a small fraction of icosabutate being 
absorbed through the lymphatic pathway. This con-
trasts with the high uptake of unmodified long-chain 
fatty acids by way of mesenteric lymph after incorpo-
ration into chylomicrons.(3-5)

Tissue distribution analysis showed peak concentra-
tions of radioactivity in most tissues at 4-8 hours after 
the dose (except the gastrointestinal tract) with high-
est concentrations in the liver and kidney (Table 1B). 
Most other tissues contained levels of radioactivity 
below that in plasma, indicating a limited distribution 
of absorbed radioactivity. There was a rapid decline in 
concentrations of drug-related material over the study 
period, with excretion of radioactivity greater than 
95% complete by 48 hours, and with 60% and 40% 
excreted through urine and feces, respectively (data 
not shown).

taBle 1. poRtal Vein anD mesenteRiC lympH aBsoRption anD tissue DistRiBution oF 
iCosaButate

A

Portal Vein Plasma (Blood Flow Rate: 
522 mL/h)*

Mesenteric Lymph (Lymph Flow Rate: 
0.5 mL/h)

Portal Vein/Lymph RatioCmax (µg/mL) Tmax (h) AUC0-24h (µgˑh/mL) Cmax (µg/mL) Tmax (h) AUC0-24h (µgˑh/mL)

Icosabutate in 
corn oil

17.6 2 106 8.4 3 46 1,200:1

B

Activity (µg/g tissue)

1 Hour 2 Hours 4 Hours 8 Hours 1 Day 3 Days

Liver 77.7 134.0 174.0 145.0 25.5 2.7

Kidney cortex 34.0 70.6 92.8 38.5 9.8 1.5

Kidney medulla 47.3 148.0 102.0 76.6 34.5 0.5

Muscle 3.6 5.2 10 4.8 1.2 BLQ

Subcutaneous fat 9.0 14.6 25.3 15.4 7.1 4.0

Blood 24.6 36.2 60.9 28.1 2.6 BLQ

*Assuming a volume ratio of plasma:blood of 1:2.
Abbreviations: BLQ, below the limit of quantification; h, hours.
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iCosaButate impRoVes 
gluCose metaBolism anD 
insulin ResistanCe

The effects of 4-week treatment with icosabutate 
on glucose metabolism and insulin resistance were 
analyzed in a diabetic mouse model, ob/ob mice. We 
included fenofibrate to control for potential peroxisome 
proliferator-activated receptor α (PPAR-α)–mediated 
effects and added pioglitazone, a PPAR-γ agonist (and 
to a lesser extent PPAR-α activity(13)), as a positive 
control. As shown in Fig. 2, icosabutate significantly 
improved glucose metabolism. This was reflected by 
a significant decrease in blood glucose, blood hemo-
globin A1c, plasma insulin, and HOMA-IR (−50%, 
−47%, −76% and −87%, respectively; all p  <  0.001). 
Fenofibrate and pioglitazone also improved glucose 
metabolism, although effects following plasma insu-
lin were less pronounced with fenofibrate. Icosabutate 
markedly improved glucose tolerance after an oral 
glucose load (Fig. 2G) and significantly (p  <  0.001) 
reduced AUC (0-120 minutes) by 60% (Fig. 2H). 
Fenofibrate had a less potent effect on glucose toler-
ance and AUC, whereas pioglitazone reduced AUC to 
a similar degree as icosabutate. Pioglitazone demon-
strated the largest reduction in HOMA-IR (−97%, 
p  <  0.001) and was the only compound to increase 
adiponectin (4.5-fold, p < 0.001). In contrast to piogl-
itazone, neither fenofibrate nor icosabutate affected 
body weight (54.4  ±  1.5, 55.0  ±  1.1, 56.6  ±  1.4, and 
62.3  ±  1.6 for control, icosabutate, fenofibrate and 
pioglitazone group, respectively, after 4 weeks of treat-
ment) or adiponectin (Fig. 2E). Plasma alanine ami-
notransferase (ALT) levels were significantly decreased 
as compared with the control group by icosabutate 
treatment only (−33%, p < 0.01) (Fig. 2F).

iCosaButate impRoVes 
miCRoVesiCulaR steatosis, 
HepatiC inFlammation, anD 
FiBRosis

To assess the effects of icosabutate on NASH in 
a rodent model characterized by more severe hepatic 
inflammation and mild fibrosis, APOE*3Leiden.
CETP mice(14) were fed a high-fat/cholesterol diet 
and treated with either icosabutate (112 mg/kg/d) or 
rosiglitazone (13 mg/kg/d) for 20 weeks. Icosabutate 
prevented microvesicular steatosis (−35%, p  <  0.05) 

and hepatocellular hypertrophy (−82%, p < 0.01), but 
not macrovesicular steatosis (Fig. 3A-D), whereas 
rosiglitazone did not significantly affect either param-
eter. Biochemical analysis of intrahepatic liver lipids 
(Fig. 3E-G) revealed a significant reduction of hepatic 
cholesterol ester with icosabutate and rosiglitazone. 
Both icosabutate and rosiglitazone significantly pre-
vented hepatic inflammation, as shown by the reduced 
number of inflammatory cell aggregates (Fig. 3H),  
by −62% and −67%, respectively (both p < 0.01). The 
anti-inflammatory effect of icosabutate was confirmed 
by measurement of plasma inflammation markers. 
Plasma monocyte chemoattractant protein 1 was 
reduced by −30% and −46% for icosabutate and rosigl-
itazone (p < 0.01), respectively, although the reduction 
achieved by icosabutate was not significant (p = 0.123) 
(111.5 ± 17.1, 78.6 ± 6.4, and 65.1 ± 5.1 for control, 
icosabutate, and rosiglitazone-treated group, respec-
tively, after 20 weeks of treatment). For the liver- 
derived biomarker serum amyloid A, icosabutate 
showed a more potent reduction (−68%, p  <  0.001) 
versus control than rosiglitazone (−46%, p  <  0.01) 
(29.8 ± 5.0, 9.7 ± 0.6, and 16.1 ± 3.3 for control, icos-
abutate, and rosiglitazone-treated group, respectively, 
after 20 weeks of treatment). Despite comparable 
decreases in hepatic inflammatory cell aggregates, 
only icosabutate reduced hepatic collagen content 
(−32%, p  <  0.01 versus control; Fig. 3J) and fibrosis 
surface area (−26%, p < 0.05; Fig. 3AI). Representative 
pictures of fibrosis (sirius red staining) and hepatic 
lipids (H&E stain) from individual mice from con-
trol, icosabutate, and rosiglitazone groups are shown 
in Fig. 3A. Rosiglitazone significantly increased food 
intake at multiple time points (p  <  0.05) during the 
study but did not significantly increase body weight, 
whereas there was a small but significant decrease in 
body weight at week 16 and 20 versus control (−15%, 
p > 0.05) in the icosabutate group despite no change 
in food intake (data not shown).

iCosaButate, But not 
RosiglitaZone, ReDuCes 
HepatiC ConCentRations 
oF multiple lipotoXiC lipiD 
speCies anD oXiDatiVe stRess 
maRKeRs

As icosabutate, but not rosiglitazone, reduced 
hepatic fibrosis despite comparable effects on influx of 
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inflammatory cells, hepatic concentrations of NASH-
associated lipotoxic lipid species(15) and oxidative 
stress were measured in liver tissue of APOE*3Leiden.

CETP mice fed a high-fat/cholesterol diet and treated 
for 20 weeks. As shown in Fig. 4, icosabutate signifi-
cantly reduced hepatic concentrations of multiple 

Fig. 2. Icosabutate improves glucose metabolism and insulin sensitivity. Ob/ob mice were left untreated (control) or treated with 
icosabutate, fenofibrate, or pioglitazone for 5 weeks. Blood glucose (A), plasma insulin (B), blood hemoglobin A1c (C), HOMA-IR 
(D), and plasma adiponectin (E) and plasma ALT (F) levels were measured after 4 weeks of treatment. Oral glucose tolerance test was 
performed in 4-hour-fasted ob/ob mice after 5 weeks of treatment. Blood glucose levels (G) were measured before (basal) and 15, 30, 45, 
60, and 120 minutes after oral glucose load, and the AUC (H) was calculated. Values represent the mean ± SEM for 10 mice per group 
(*p < 0.05, **p < 0.01, ***p < 0.001 versus control). Abbreviations: HbA1c, hemoglobin A1c; OGTT, oral glucose tolerance test.
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Fig. 3. Icosabutate improves NASH and liver fibrosis. Histological photomicrographs of liver cross sections stained with H&E or sirius 
red (A) and quantitative analysis (B-J) of NASH and liver fibrosis in APOE*3Leiden.CETP mice fed a high-fat/cholesterol diet and left 
untreated (control) or treated with icosabutate or rosiglitazone for 20 weeks. Macrovesicular steatosis (B), microvesicular steatosis (C) and 
hepatocellular hypertrophy (D) as percentage of total liver area, intrahepatic triglycerides (E), free cholesterol (F) and cholesterol esters 
(G), inflammatory foci per millimeters-squared microscopic field (H), and fibrosis as percentage of total liver area (I) or as hepatic collagen 
content ( J) were analyzed. Values represent mean ± SEM for 12 mice per group (*p < 0.05, **p < 0.01, ***p < 0.001 versus control).
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Fig. 4. Icosabutate reduces the hepatic concentrations of lipotoxic lipid species and oxidative stress markers. Icosabutate reduces hepatic 
concentrations of lipotoxic lipid species: FFAs (A), DAGs (B), bile acids (C), arachidonic acid (D), ceramides (E), and HETEs (F) 
(comprising 11[R]-, 12-, and 15[S] isomers) in APOE*3Leiden.CETP mice fed a high-fat/cholesterol diet and left untreated (control) or 
treated with icosabutate or rosiglitazone for 20 weeks. Icosabutate significantly improves the GSH/GSSG ratio (H) through a reduction 
in hepatic GSSG concentrations (G). No effect on any parameter was noted for rosiglitazone except a significant increase in HETEs. Data 
are presented as mean ± SEM for 12 mice per group (*p < 0.05, **p < 0.01, ***p < 0.001 versus control).
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lipotoxic lipid species, including FFAs, diacylglycer-
ols (DAGs), bile acids, arachidonic acid, ceramides, 
and arachidonic acid–derived hydroxyeicosatetraenoic 
acids (HETEs, comprising 11[R]-, 12-, and 15[S] 
isomers). Icosabutate also reduced hepatic oxidative 
stress, as evidenced by the significant decrease in 
GSSG and the corresponding increase in the reduced 
GSH:GSSG ratio. In contrast to icosabutate, rosigli-
tazone had no effect on either lipotoxic lipid species 
or oxidative stress other than a significant increase in 
HETE concentrations.

iCosaButate aCtiVates 
patHWays RelateD to HepatiC 
lipiD anD eneRgy metaBolism 
anD inHiBits inFlammatoRy 
anD FiBRogeniC Response 
patHWays

To further investigate the mechanism by which 
icosabutate affects pathways involved in the devel-
opment of NASH, transcriptome analysis of liver 
tissue was performed in the control and icosabutate 
group of APOE*3Leiden.CETP mice fed a high-fat/ 
cholesterol diet and treated for 20 weeks. An upstream 
regulator analysis was performed that predicts the 
activation state (z-scores) of a protein, transcription 
factor, or cytokine based on the expression pattern 
of the genes downstream of this factor24 (Table 2). 
This analysis showed that inflammation was potently 
inhibited by icosabutate, as almost all inflamma-
tory upstream regulators were found to be inhibited, 
including signal transducer and activator of transcrip-
tion 1 (STAT1) and nuclear factor kappa B (NFκB) 
complex. Only two regulators were found to be 
up-regulated (interleukin [IL]-10RA and IL-1RN), 
both of which have anti-inflammatory roles. Several 
of the affected inflammatory regulators are also 
involved in liver necrosis, cell death or apoptosis, as 
indicated in Table 2. In addition, icosabutate activated 
regulators involved in lipid metabolism and energy 
production, and in general, the effects were directed 
at β-oxidation, mitochondrial activation, and glucose 
metabolism. To investigate the effects of icosabutate 
on expression of genes pertaining to the sequence 
of events leading to fibrosis in more detail, a path-
way analysis was performed that demonstrated the 
cell-specific down-regulation of fibrogenic genes in 
the liver. More specifically, the early signaling events 

in hepatic stellate cells (Fig. 5A), containing tumor 
necrosis factor receptor (TNFR), epidermal growth 
factor receptor, insulin-like growth factor 1, IL-6R, 
endothelin 1 (ET-1), fibroblast growth factor recep-
tor 1, and a few associated downstream factors, were 
down-regulated by icosabutate. Furthermore, icosabu-
tate was also able to down-regulate genes involved in 
fibrogenesis in activated stellate cells (Fig. 5B), like 
IL-6R, chemokine (C-C motif ) receptor 5, IL-1β, 
TNFR, ET-1, IL-10, IL-1α, and several downstream 
factors.

Discussion
We observed that icosabutate is absorbed from the 

gut almost entirely through the portal vein and accu-
mulates rapidly in the liver. Icosabutate also induced 
marked improvements in glucose metabolism and insu-
lin sensitivity in obese, type 2 diabetic ob/ob mice. In 
addition, in high-fat/cholesterol-fed APOE*3Leiden.
CETP mice (a well-established model for hyperlip-
idemia, atherosclerosis, and NAFLD/NASH(14,16-18)), 
icosabutate significantly inhibited microvesicular ste-
atosis, hepatocellular hypertrophy, hepatic inflamma-
tion, and fibrosis by beneficially regulating lipid and 
energy metabolism and inflammation. In addition, icos-
abutate significantly reduced the hepatic concentrations 
of multiple lipotoxic lipid species and oxidative stress.

As a multi-etiological disorder with limited success 
achieved to date with single target drugs,(15) NASH is 
an attractive indication for drugs with pleiotropic tar-
geting potential, such as ω-3 fatty-acids.(19) However, 
a potentially important issue limiting their clinical 
efficacy is related to suboptimal absorption, distribu-
tion, and metabolism properties of ω-3 fatty acids for 
liver targeting, which in turn could be rectified using 
structural engineering.

The structural modifications of icosabutate con-
fer effective targeting of the liver as evidenced by 
the more than 99% uptake through the portal vein. 
This lack of systemic distribution likely contributes 
to the potent pharmacological effects of icosabutate 
at translational doses. To translate the dosing used in 
our rodent studies (112 or 135  mg/kg/d ) to human 
dosing, the following simplified calculation based on 
body surface area(20) can be used as a guide: mouse 
dose/12.3  ×  human body weight; thus, 112  mg/kg/d 
in mice is approximately 730  mg/day for an 80-kg 
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taBle 2. upstReam RegulatoRs

Upstream Regulator Activation Z Score P-Value of Overlap Function

Lipid metabolism

PPARA* 7.782 2.65E-86 Major regulator of lipid metabolism; also regulator of cell death and 
apoptosis

PPARG 7.287 7.19E-11 PPARG regulates fatty acid storage and glucose metabolism

SREBF2 5.048 1.77E-16 Controls cholesterol homeostasis by stimulating transcription of sterol-
regulated genes

SREBF1 4.822 4.53E-18 Involved in sterol biosynthesis

Nr1h/LXR 4.286 1.00E-05 Important regulator of cholesterol, fatty acid, and glucose homeostasis

PPARGC1B 3.996 1.50E-06 Involved in fat oxidation

PPARD 3.740 2.78E-22 Regulates the peroxisomal beta-oxidation pathway of fatty acids

ESRRA 3.516 1.20E-03 Regulator of fatty acid metabolism

FGF21 3.129 2.17E-04 Involved in lipid metabolism and ketogenesis

Inflammatory response

STAT1* −7.130 1.63E-13 Important for cell viability in response to different cell stimuli and pathogens; 
key modulator of cell death

IRF7 −6.888 2.63E-17 Regulator of many interferon-alpha genes

Interferon alpha −6.710 2.93E-15 Subgroup of interferon proteins involved primarily in innate immune response 
against viral infection

IFNG* −6.543 4.59E-20 Cytokine that induces an inflammatory response and apoptotic cell death

TNF* −5.733 5.83E-18 Proinflammatory cytokine secreted primarily by macrophages; inducer of cell 
death, apoptosis

Ifnar −5.682 3.98E-17 Receptor which binds endogenous type I interferon cytokines

IRF3* −5.555 2.01E-14 Mediates cellular antiviral responses by both inducing antiviral genes and 
triggering apoptosis

NFkB (complex) −4.873 2.39E-06 Key regulator of immune and inflammatory responses

IRF1* −4.791 9.55E-12 Regulator of immune response, apoptosis, and DNA damage

TLR3 −4.753 3.52E-08 A member of the toll-like receptor family of pattern recognition receptors of 
the innate immune system

TLR9* −4.722 4.88E-05 Receptor expressed in, e.g., dendritic cells, macrophages, natural killer cells; 
may activate apoptosis

TLR7* −4.594 1.75E-04 Plays an important role in pathogen recognition and activation of innate 
immunity; may activate apoptosis

IL21 −4.589 2.66E-04 Cytokine with immunoregulatory activity; may promote the transition between 
innate and adaptive immunity

CHUK* −4.553 1.19E-03 Part of the IκB kinase complex; also plays a role in cell death and cell 
proliferation

NFATC2 −4.409 3.74E-04 Pays a central role in inducing gene transcription during the immune 
response

IKBKB* −4.344 6.79E-04 Protein subunit of IκB kinase; blocks NF-κB activation; also plays a role in cell 
death and cell proliferation

IRF5* −4.340 9.58E-05 Acts as a molecular switch to control whether macrophages promote or 
inhibit inflammation; promotes cell death

TLR4 −4.329 7.39E-06 Activator of intracellular signaling pathway NF-κB and inflammatory cytokine 
production

RELA* −4.272 9.23E-07 Involved in NFκB heterodimer formation, nuclear translocation, and activa-
tion; also proto-oncogene

IKBKG* −4.136 2.06E-04 A subunit of the IκB kinase complex that activates NF-κB; also plays a role in 
cell death and cell proliferation

Ifn −3.968 9.97E-12 Group of cytokines produced by host cells in response to the presence of 
several pathogens

IFN alpha/beta −3.715 2.64E-07 Cytokines involved primarily in innate immune response

IFN type 1 −3.701 3.05E-07 Large subgroup of interferon proteins that help regulate the activity of the 
immune system

IL2 −3.676 1.46E-03 Cytokine that stimulates the growth of T-cell lymphocytes
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human. This corresponds to the highly efficacious 
600-mg/day dose used previously in the clinic.(8,9) 
This is markedly less than, for example, the 150  mg 
per mouse/day (versus approximately 4 to 7 mg/per 
mouse/day in current studies for APOE*3Leiden.
CETP and ob/ob models, respectively) used in previous 
studies to achieve improvements in insulin resistance 
and inflammation with unmodified ω-3 fatty-acids.(21) 
We used comparatively high doses of all positive con-
trols to avoid inadequate dosing (e.g., rosiglitazone 

maximum dose in humans is 8 mg/kg, current study 
is 13 mg/kg; fenofibrate maximum dose in humans is 
120  mg/d, present study is 100  mg/kg; pioglitazone 
maximum dose in humans is 15 mg/d, current study is 
30  mg/kg). Icosabutate (300-600  mg/day in humans 
versus 112-135 mg/kg in current study) was therefore 
used at a lower dose in the current experiments in 
relation to the human dose versus all positive controls.

Resistance to incorporation into complex lipids 
likely also underlies the rapid decline in icosabutate 

Upstream Regulator Activation Z Score P-Value of Overlap Function

IL1 −3.629 1.35E-02 Group of cytokines that plays a central role in the regulation of immune and 
inflammatory responses

IL1A −3.492 4.40E-03 A cytokine that plays one of the central roles in the regulation of the immune 
responses

IL6* −3.485 5.83E-06 A pro-inflammatory cytokine; associated with necrosis

JAK2* −3.397 9.62E-04 Mediates essential signaling events in both innate and adaptive immunity; 
delays cell death

C3* −3.332 4.92E-04 A protein of the immune system; associated with liver damage

IL1B* −3.255 2.32E-13 An important mediator of the inflammatory response; also involved in cell 
proliferation, differentiation, and apoptosis

CD14* −3.244 1.78E-02 A component of the innate immune system; expressed on monocytes/mac-
rophage; plays a role in apoptototic cell clearance

CSF2 −3.225 1.84E-05 Stimulates stem cells to produce granulocytes and monocytes

IL6R* −3.219 2.64E-03 IL-6 receptor; plays an important role in immune response

IL12 (complex) −3.174 8.76E-04 A T cell–stimulating factor

C5 −3.062 4.58E-03 Plays an important role in inflammatory and cell killing processes

CSF1 −3.048 1.70E-06 Cytokine that influences differentiation into macrophages or other related cell 
types

OSM* −3.023 1.24E-07 A pleiotropic cytokine that belongs to the IL-6 group of cytokines; inducer of 
cell death

IL10RA 3.366 3.46E-14 IL-10 receptor; inhibits the synthesis of proinflammatory cytokines

IL1RN* 3.834 7.40E-08 IL-1 inhibitor

Energy production

INSR 6.234 4.75E-10 Insulin receptor that plays a key role in the regulation of glucose homeostasis

PPARGC1A 4.090 1.42E-14 Regulator of mitochondrial biogenesis and function

PPARGC1B 3.996 1.50E-06 Involved in nonoxidative glucose metabolism and energy expenditure

ESRRA 3.516 1.20E-03 Regulator of mitochondrial biogenesis, gluconeogenesis, and oxidative 
phosphorylation

Note: Effect of icosabutate on hepatic gene expression involved in lipid metabolism, inflammatory response, and energy production. High 
fat/cholesterol–fed APOE*3Leiden.CETP mice were left untreated or treated with icosabutate for 20 weeks. Data represent the predicted 
activation state (z score ≤ 3 or > 3) of the upstream regulators, based on the expression changes of known target genes. The overlap p value 
indicates the significance of the overlap between the known target genes of a transcription factor and the differentially expressed genes 
measured in an experiment. Red color indicates up-regulation; green color indicates down-regulation.
*Indicates upstream regulators that are involved in liver necrosis, cell death, or apoptosis as well.
Abbreviations: C, complement; CD14, cluster of differentiation 14; CHUK, component of inhibitor of NFκB; CSF, colony stimulating 
factor; ESRA, estrogen receptor alpha; ESRRA, estrogen related receptor alpha; FGF21, fibroblast growth factor 21; IFN, interferon; 
Ifnar, interferon-α/β receptor; IFNG, interferon gamma; IKBKB, inhibitor of NFκB subunit beta; IKBKG, inhibitor of NFκB subunit 
gamma; IL1RA, interleukin 1 receptor antagonist; IL10RA, interleukin 10 receptor subunit alpha; INSR, insulin receptor; IRF, inter-
feron regulatory factor;  JAK2, janus kinase 2; LXR, liver X receptor; NFATC2, nuclear factor of activated T-cells, cytoplasmic 2; NFκB, 
nuclear factor kappa-light-chain-enhancer of activated B cells; Nr1h: nuclear receptor family; OSM, oncostatin M; PPARA, PPAR-
alpha; PPARD, PPAR-delta; PPARGC1B, PPARG Coactivator 1 Beta; RELA, REL-associated protein involved in NFκB heterodimer 
formation; SREBF, sterol regulatory element binding transcription factor; TLR, toll-like receptor; TNF, tumor necrosis factor.

taBle 2. Continued
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and its metabolites, with excretion greater than 95% 
complete by 48 hours. This contrasts sharply to 
unmodified ω-3 fatty acids, in which incorporation 

and accumulation in complex lipids such as cell mem-
branes necessitates extensive wash-out periods in 
cross-over design studies.(22)

Fig. 5. Hepatic fibrosis pathway analysis. Pathway analysis showing statistically significant gene-expression changes in hepatic stellate 
cells (A) and activated hepatic stellate cells (B) of APOE*3Leiden.CETP mice fed a high-fat/cholesterol diet and treated with icosabutate 
for 20 weeks relative to control group. Red color indicates up-regulation and green color indicates down-regulation. Abbreviations: 
BAX, B cell lymphoma 2–associated X protein; Bcl2, B cell lymphoma 2; CD, clusters of differentiation; CCL2, chemokine (C-C 
motif ) ligand 2; CCR9, chemokine (C-C motif ) receptor 9; CTGF, connective tissue growth factor; GSF1, growth stimulating factor 
1; EGF, endothelial growth factor; FGF, fibroblast growth factor; FN1, fibroblast growth factor–inducible 1; HGF, hepatocyte growth 
factor; ICAM, intercellular cell adhesion molecule; IFN, interferon; IGF, insulin-like growth factor; LBP, lipopolysaccharide-binding 
protein; LPS, lipopolysaccharide; MCP-1, monocyte chemoattractant protein 1; MMP, matrix metalloproteinase; NFκB, nuclear factor 
kappa B; PDGF, platelet-derived growth factor; ROS, reactive oxygen species; SMAD, mothers against decapentaplegic homolog; TGF, 
transforming growth factor; TIMP, tissue inhibitor of metalloproteinase; VCAM1, vascular cell adhesion molecule 1; VEGF, vascular 
endothelial growth factor.
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We tested icosabutate in high-fat/cholesterol-fed 
APOE*3Leiden.CETP mice that develop the char-
acteristics of human NAFLD and NASH.(12,14,16) 
Icosabutate significantly inhibited microvesicular steato-
sis, hepatocellular hypertrophy, and hepatic inflammation 
and fibrosis. Rosiglitazone also reduced inflammation, 
but no change was seen in fibrosis. A similar pattern 
was seen with another thiazolidinedione (pioglitazone) 
in the PIVENS study, with improvements in lobular 
inflammation without change in fibrosis.(23) One pos-
sible explanation for this observation is the notable dif-
ference observed between icosabutate and rosiglitazone 
in the ability of icosabutate to lower the hepatic con-
centrations of multiple hepatic NASH-associated lipo-
toxic lipid species (FFAs,(24) ceramides,(25) bile acids,(26) 
DAG,(24) arachidonic acid (AA),(27) and AA-derived 
HETEs(28)) in addition to hepatic oxidative stress—
effects not seen with rosiglitazone. The decrease in 
hepatic bile acid concentrations can be explained by the 
PPARα-agonistic activity of icosabutate, as PPAR-α 
activators suppress bile acid synthesis.(29)

The substrate-overload model, as illustrated by 
Sanyal et al.,(15) proposes a stepwise path to fibro-
genesis, with excess FFAs driving the generation of 
lipotoxic lipid species that in turn activate endoplas-
mic reticulum and oxidative stress. This induces an 
inflammatory response (and apoptosis/necrosis) in 
hepatocytes/macrophages that ultimately results in 
activation of stellate cells and fibrogenesis. The ability 
of icosabutate to reduce all components of this step-
wise NASH model (i.e., from reduction in hepatic 
FFAs and lipotoxic lipid species to a decrease in oxi-
dative stress, inflammation, and fibrosis) is promising 
with respect to the need for upstream and/or pleiotro-
pic targeting in NASH. Of particular interest, icos-
abutate was highly effective in reducing the hepatic 
concentrations of HETEs, pro-inflammatory arachi-
donic acid metabolites that have been associated with 
progression from normal to NAFLD to NASH(30) 
and are associated with inflammation score in human 
NASH.(28) The marked decrease in hepatic AA con-
centrations after icosabutate treatment suggests that 
substrate availability may explain the decreased HETE 
concentrations. In addition to the hepatic antifibrotic 
effects of PLA2 inhibitors in mice, the potential role 
of the arachidonic cascade in liver fibrosis is supported 
by recent findings that demonstrate the protective 
effect of aspirin on fibrosis progression in NASH 
patients.(31) Finally, with respect to the reduction in 

hepatic oxidative stress after treatment with icosabu-
tate, it has recently been proposed that oxidative stress 
drives NASH and fibrosis by activation of STAT1,(32) 
which was the most inhibited upstream regulator in 
response to treatment with icosabutate.

Modified cholesterol (cholesterol crystals) in the 
liver is also believed to be involved in the pathogene-
sis of human NASH.(33) The mechanism underlying 
the ability of icosabutate, but not rosiglitazone, to 
significantly reduce microvesicular steatosis in high- 
cholesterol-fed mice may be related to regulation of 
hepatic cholesterol metabolism, as cholesterol over-
load in mice induces microvesicular steatosis in associ-
ation with increased oxidative stress,(34) both of which 
are significantly diminished by icosabutate. However, 
both rosiglitazone and icosabutate significantly 
reduced hepatic cholesterol ester, so absolute concen-
trations of unmodified cholesterol do not explain the 
reduction in microvesicular steatosis after icosabutate 
treatment only.

It should be noted that although the high-fat-fed 
APOE*3Leiden.CETP mouse model is an established 
rodent NAFLD/NASH model that develops a more 
robust hepatic inflammatory and fibrotic response with 
additional cholesterol in the diet,(12,14,16) the increase 
in fibrosis in this study was relatively mild due to the 
relatively short duration. Furthermore, in the current 
study, icosabutate was administered at the same time 
as the start of the high-fat/cholesterol diet and not 
in a treatment design (i.e. in a situation of existing 
NASH and fibrosis). We evaluated the effects of a 
6-week treatment of icosabutate in APOE*3Leiden.
CETP mice first fed a high-fat diet (without supple-
mented cholesterol) for 20 weeks as well and found 
a significant reduction of −48% (p  =  0.001) versus 
control in hepatic triglycerides (data not shown). As 
these dietary conditions were less suitable to induce 
hepatic inflammation and fibrosis, the latter study 
suggested that icosabutate could treat existing steato-
sis, but did not provide clues on treatment properties 
for inflammation and fibrosis. Although the results 
with icosabutate in the current study in the high-fat/
cholesterol-fed APOE*3Leiden.CETP mouse model 
are encouraging, delayed treatment design studies in 
more severe inflammatory/fibrotic models are cur-
rently being evaluated.(35)

In addition to the effects on hepatic lipid species, 
inflammation and fibrosis, icosabutate demonstrated 
marked improvements in glucose metabolism and 
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insulin sensitivity in ob/ob mice. These observations 
are in line with the clinical observations of icosabutate 
in hypertriglyceridemic subjects, in whom icosabu-
tate significantly lowered both fasting plasma insu-
lin and insulin sensitivity (HOMA-IR).(9) There are 
several possible mechanisms underlying these effects 
related to either direct effects following insulin signal-
ing or indirectly through inhibition of inflammatory 
responses.(36) The moderately positive effects of feno-
fibrate suggest that PPAR-α may, at least partially, be 
involved in the improvements in insulin resistance in 
ob/ob mice. However, icosabutate elicited a more pow-
erful effect than fenofibrate, particularly in response 
to an oral glucose load, and moreover also reduced 
plasma ALT. The comparable effect of pioglitazone 
and icosabutate on glucose tolerance in response to a 
glucose load is remarkable, given that icosabutate does 
not target PPAR-γ (as evidenced by lack of effect 
on plasma adiponectin and body weight, in addition 
to lack of PPAR-γ or PPAR-δ activity in vitro [in 
vitro data not shown]). Reductions in hepatic lipid 
species known to aggravate insulin sensitivity such as 
AA metabolites,(37) DAG,(38) and ceramides(39) could 
potentially explain icosabutate’s potent effects on 
glycemic control, and/or activation of ω-3-sensitive 
G-protein–coupled receptors.(40)

A potential limitation of these studies is the use of 
2 different thiazolidinediones, pioglitazone and rosigl-
itazone, for the ob/ob and APOE*3Leiden.CETP 
studies, respectively. Indeed, a recent meta-analysis 
demonstrated that their clinical efficacy in NASH 
with advanced liver fibrosis is differentiated.(41) 
However, it is also important to emphasize that the 
data presented herein are primarily intended to estab-
lish pharmacokinetic and pharmacodynamic charac-
teristics of a viable drug (i.e., icosabutate) rather than 
compare the relative efficacy of well-established thi-
azolidinediones in different mouse models.

In conclusion, we have demonstrated that icos-
abutate, a structurally engineered EPA derivative, 
selectively targets the liver and elicits potent insulin- 
sensitizing, hepatic anti-inflammatory, and antifibrotic 
effects in preclinical models of type 2 diabetes or 
hepatic inflammation/metabolic dysregulation. Given 
its benign safety profile and established hypolipid-
emic effects in humans,(8,9) icosabutate offers a prom-
ising therapeutic approach to the treatment of both 
inflammatory/fibrotic liver disease and co-existing 
glucose and lipid abnormalities.
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