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can progress to fibrosis, cirrhosis, hepatocellular carcinoma, and ultimately death, but
there are no approved therapies. Leukotriene B4 (LTB4) is a potent pro-inflammatory
chemoattractant that drives macrophage and neutrophil chemotaxis, and genetic loss or
inhibition of its high-affinity receptor, leukotriene B4 receptor 1 (BLT1), results in improved
insulin sensitivity and decreased hepatic steatosis. To validate the therapeutic efficacy of
BLT1 inhibition in an inflammatory and pro-fibrotic mouse model of MASH and fibrosis,
mice were challenged with a choline-deficient, L-amino acid-defined, high-fat diet and
treated with a BLT1 antagonist at 30 or 90 mg/kg for 8 weeks. Liver function, histology,
and gene expression were evaluated at the end of the study. Treatment with the BLT1
antagonist significantly reduced plasma lipids and liver steatosis but had no impact on
liver injury biomarkers or histological endpoints such as inflammation, ballooning, or
fibrosis compared to control. Artificial intelligence-powered digital pathology analysis
revealed a significant reduction in steatosis co-localized fibrosis in livers treated with the
BLT1 antagonist. Liver RNA-seq and pathway analyses revealed significant changes in
fatty acid, arachidonic acid, and eicosanoid metabolic pathways with BLT1 antagonist
treatment; however, these changes were not sufficient to impact inflammation and fibro-
sis endpoints. Targeting this LTB4-BLT1 axis with a small molecule inhibitor in animal
models of chronic liver disease should be considered with caution, and additional studies
are warranted to understand the mechanistic nuances of BLT1 inhibition in the context of
MASH and liver fibrosis.

OPEN a ACCESS Metabolic dysfunction-associated steatohepatitis (MASH) is a prevalent liver disease that

Introduction
Metabolic dysfunction-associated steatotic liver disease (MASLD) is estimated to be present in more
than one-third of the global population [1,2] and the prevalence is increasing in parallel with increases
in obesity and type 2 diabetes in most countries [2]. MASLD can progress from simple steatosis to
more severe forms of the disease including metabolic dysfunction-associated steatohepatitis (MASH),
fibrosis, cirrhosis, hepatocellular carcinoma,, and ultimately death [3-8]. A role for immune cell-
driven inflammation has been characterized in the pathogenic transition from MASLD to MASH and
once initiated; it is perpetuated by several intra- and extrahepatic cycles [9]. Novel therapies that can
Received: 6 October 2023 trigger the resolution of inflammation in MASH are of significant interest to the field, and although
Revised: 22 November 2023 several anti-inflammatory targets have been tested in clinical trials [10-13], there are no approved
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Leukotriene B4 (LTB4) is a potent pro-inflammatory lipid mediator that is produced from arachi-
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two G-protein coupled receptors, the high-affinity receptor Ltb4rl (also known as BLT1) or the low-affinity
receptor Ltb4r2 (also known as BLT2) [14]. Leukotriene B4 receptor 1 (BLT1) is highly expressed in immune
cells such as granulocytes and macrophages and within the liver, BLT1 is expressed in hepatocytes and
immune cell populations [15,16]. Although the canonical role of the LTB4-BLT1 axis is in inflammation and
immune cell regulation, its role as a lipid-modulating pathway in the liver and as a potential therapeutic target
for liver steatosis and insulin resistance has been reported [15,17-19]. However, the mechanisms through
which this pathway modulates lipid metabolism are still unclear. Global deletion of Ltb4rl in mice results in
decreased levels of alanine transaminase (ALT) and decreased liver fat content when mice are fed a high-fat
diet [18] while hepatocyte-specific knockout of Ltb4rl in mice results in decreased levels of ALT, aspartate
transaminase (AST), hepatic fat, and lipogenic gene expression [15]. Additionally, a small molecule antagonist
of BLT1 is sufficient to reduce hepatic steatosis and lipogenic gene expression in mice fed a high-fat diet [17]
and reduce circulating and hepatic triglycerides in db/db mice [15]. Moreover, a recent clinical trial was
initiated, and subsequently discontinued, for LYS006 (LTA4H inhibitor), alone or in combination with tropi-
fexor for the indication of MASH (ClinicalTrials.gov, NCT04147195) demonstrating the significant investment
that has been made to evaluate the therapeutic potential of targeting the LTB4-BLT1 axis in chronic liver
disease.

In this report, to extend the previous findings on BLT1 loss of function biology to MASH, liver fibrosis, and
late-stage liver disease, a small molecule BLT1 antagonist [20,21] was used to inhibit LTB4 action on BLT1
receptors in a mouse model of MASH and liver fibrosis induced by a choline-deficient, L-amino acid-defined,
high-fat diet (CDAA-HFD). This model recapitulates progressive steatohepatitis and the development of
MASH-induced fibrosis and indeed, clinical candidates such as pan peroxisome proliferator-activated receptor
agonist lanifibranor, can significantly reduce liver steatosis, inflammation, and fibrosis in this model [22].
Primary endpoints in clinical trials for MASH include MASH resolution without worsening of fibrosis and/or
one-stage fibrosis improvement without worsening of MASH. These regulatory endpoints are assessed by hist-
ology as defined by the MASH Clinical Research Network (CRN) [23,24] and include components such as stea-
tosis, inflammation, hepatocyte ballooning, and liver fibrosis. In this report, we demonstrate that inhibition of
BLT1 in the CDAA-HFD model results in decreased hepatic steatosis and circulating lipids, consistent with
previous findings [15,17,18]. Moreover, RNA-seq and gene ontology enrichment analysis reveals that inhibition
of BLT1 results in changes in arachidonic acid, eicosanoid, and fatty acid metabolism. However, in this model,
inhibition of BLT1 has no effect on liver injury biomarkers and no effect on the histological components of
regulatory endpoints including inflammation, hepatocyte ballooning, and liver fibrosis. These findings suggest
that while BLT1 inhibition has beneficial effects on lipid metabolism and liver steatosis in multiple preclinical
disease models, in highly inflammatory and pro-fibrotic disease models, BLT1 inhibition is not sufficient to
delay or reverse the effects of inflammation and fibrosis.

Results
Inhibition of BLT1 reduces plasma lipids but has no effect on liver injury
biomarkers in the CDAA-HFD model

Previous work has demonstrated that inhibition of BLT1 with a small molecule antagonist is protective against
the development of lipid accumulation in the liver [17]. To extend these findings to a more inflammatory and
fibrotic model of liver disease, we challenged mice with a CDAA-HFD, a well-established model to study
chronic liver disease. After 4 weeks on diet, mice were treated with a BLT1 antagonist (BLT1i) that has an
EC50 of <100 nM in the BLT1 cAMP assay, and a favorable selectivity profile over BLT2 (>100x). The com-
pound shows good kinetic solubility across pH ranges (>100 wM), as well as high permeability. The mouse
pharmacokinetic profile exhibits low clearance, long half-life (>2h), and high oral bioavailability (>50%)
[20,21]. BLT1i was formulated into the diet such that the animals received a daily dose of 30 or 90 mg/kg for 8
additional weeks (Figure 1A). We observed a 10% decrease in body weight as well as a decrease in food intake
in the group receiving the 90 mg/kg dose of BLT1i (Supplementary Figure S1A,B). Upon CDAA-HEFD feeding,
we observed a significant downregulation of Ltb4rl and Ltb4r2 expression in the liver with no changes in
Lta4h expression, and treatment with BLT1i had no further effect on the expression of Ltb4r1, Ltb4r2, or Lta4h
(Supplementary Figure S2). The circulating level of BLT1i at the terminal time point was sufficient to achieve
up to 75% inhibition based on previously characterized CD11b neutrophil inhibition assays with this com-
pound and higher plasma exposure was observed with increasing doses of BLT1i (Supplementary Figure S2D,
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Figure 1. Inhibition of BLT1 reduces plasma lipids but has no effect on liver injury biomarkers in the CDAA-HFD model

of MASH and liver fibrosis.

(A) Schematic of study design. Mice were fed a CDAA-HFD or normal chow diet for 4 weeks after which the CDAA-HFD was
formulated with a BLT1 antagonist (BLT1i) to generate a daily dose of 30 or 90 mg/kg. After 8 additional weeks on compound
formulated diet, the study was terminated. (B) Liver index of liver weight as a percentage of body weight. Study endpoint blood
plasma analysis of (C) ALT, (D) AST, (E) triglycerides, (F) cholesterol, (G) glucose, and (H) leptin levels. Liver levels of (1)
triglycerides and (J) total cholesterol normalized to grams of liver tissue. ND, normal diet; VEH, vehicle. Data are presented as
mean + SEM. n =9-10 per group. Compared with CDAA-HFD VEH *P < 0.05, **P < 0.01, ***P < 0.0001.
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E). As expected, mice fed a CDAA-HFD had a significantly increased liver index (liver weight as a percentage
of body weight) compared with mice fed a normal diet, and treatment with BLT1i at 90 mg/kg was sufficient to
significantly decrease the liver index compared with the vehicle group (Figure 1B). Both ALT and AST activities
were significantly increased in mice fed the CDAA-HFD and treatment with BLT1i at 30 mg/kg further
increased ALT activity but there was no effect on ALT or AST activity in the 90 mg/kg BLT1i group compared
with the vehicle control (Figure 1C,D). Since hepatic steatosis can be driven by a number of factors such as
aberrant lipid and glucose metabolism, we assessed levels of circulating lipids, glucose, and leptin. Plasma
lipids, including triglycerides and total cholesterol, were significantly decreased in mice fed the CDAA-HFD,
and treatment with BLT1i further reduced triglycerides and total cholesterol levels (Figure 1E,F). Fasting blood
glucose levels were unchanged between treatment groups (Figure 1G) while leptin levels were significantly
decreased with 90 mg/kg BLT1i treatment (Figure 1H). Liver triglyceride levels were significantly increased in
mice fed the CDAA-HFD, and a further increased in liver triglycerides was observed in the 30 mg/kg treated
group while no significant difference was observed in the 90 mg/kg treated group (Figure 1I). Liver cholesterol
levels were unchanged between treatment groups (Figure 1]). Since we observed a significant decrease in body
weight in the 90 mg/kg BLT1i treatment group that may confound the results, we performed a multivariable
ANCOVA analysis using body weight as a covariate. For dependent variables that were significantly affected by
treatment (plasma triglycerides, cholesterol, leptin), we found that treatment alone, not body weight, was a sig-
nificant predictor of effect on the dependent variable. Together, this data suggests that inhibition of BLT1 has
effects on lipid metabolism but not on liver injury biomarkers in this diet model.

Inhibition of BLT1 has no effect on MASLD activity score but decreases
steatosis area in the CDAA-HFD model

Next, we wanted to assess if MASLD activity score (MAS) histopathological features such as steatosis, inflam-
mation, and hepatocyte ballooning were changed upon BLT1i treatment in the CDAA-HFD model. Liver sec-
tions were stained with hematoxylin and eosin (H&E), evaluated by a histopathologist, and scored based on the
MASH CRN scoring system [23,24]. H&E staining revealed a dramatic increase in lipid droplets and inflamma-
tory foci in the liver of mice fed the CDAA-HFD (Figure 2A). However, there was no significant effect of
BLT1i on MAS (Figure 2B), and its individual components steatosis (Figure 2C), inflammation (Figure 2D),
and ballooning (Figure 2E) scores. Since the steatosis score in each group had reached the maximum score of 3
out of 3 in this aggressive model of MASH and liver fibrosis, we wanted to ascertain more granular insight into
histopathological features including characterizing lipid droplet size as well as the zonal distribution of steatosis
within the three zones (portal tract (PT), perisinusoidal (PS), central vein (CT)) of the liver lobule using artifi-
cial intelligence (AI)-powered digital pathology [25]. We found that there was a significant decrease in steatosis
in all zones of the liver including the zone 1 PT region, zone 2 PS region, zone 3 CV region in the 90 mg/kg
BLT1i group compared with vehicle control (Figure 2F). This decrease in steatosis in all zones observed in the
BLT1i treatment arm amounted to a 21% total decrease in steatosis area compared with vehicle control. Finally,
using Al-powered digital pathology, we assessed whether there was a shift in lipid storage from large lipid dro-
plets, or macrosteatosis, to smaller lipid droplets, or microsteatosis, in the BLT1i treated mice. Indeed, we
observed a significant decrease in macrosteatosis, with a trend toward increasing microsteatosis in the 90 mg/kg
BLT1i treatment group compared with vehicle control (Figure 2G). In addition, we used Al-powered digital
pathology to quantify the inflammatory cell density in the liver and found there was a significant upregulation
in inflammatory cell density in the CDAA-HFD VEH treated group, but there was no significant difference in
inflammatory cell density upon BLT1i treatment (Figure 2H). Taken together this data demonstrates that BLT1
inhibition can significantly decrease liver steatosis, specifically macrosteatosis, but not inflammatory cell recruit-
ment and underscores the importance of sufficient granularity in the analysis of liver histopathological features.

Inhibition of BLT1 has no effect on lipogenic or inflammatory gene expression
in the CDAA-HFD model

To further characterize the effect of BLT1 inhibition on decreasing steatosis, we assessed the expression of
genes associated with lipid synthesis and storage. Mice fed the CDAA-HFD had significantly decreased expres-
sion of genes involved in de novo lipogenesis and fatty-acid esterification, but we did not observe a significant
effect of BLT1i treatment on the expression of these genes compared with the vehicle control group (Figure 3A,
B). In addition to genes involved in lipid metabolism, we assessed genes involved in pro- and anti-
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Figure 2. Inhibition of BLT1 has no effect on MASLD activity score but decreases steatosis area in the CDAA-HFD
model of MASH and liver fibrosis.
(A) Representative images of H&E-stained liver sections from mice fed a normal diet or CDAA-HFD and treated with BLT1i. (B)
Pathologist scored MASLD activity score. (C-E) Pathologist scored components of MASLD activity score (C) steatosis, (D)
inflammation, and (E) hepatocyte ballooning. (F) Artificial intelligence (Al)-guided digital pathology analysis and quantification of
steatosis area by liver zones — zone 1 portal tract (PT), zone 2 perisinusoidal region (PS), zone 3 central vein (CV) —
represented as percent area of each liver zone. (G) Al-guided quantification of total area of macrosteatosis and microsteatosis.
(H) Al-guided quantification of inflammatory cell density. ND, normal diet; VEH, vehicle. Data are presented as mean + SEM. n
=9-10 per group. Compared with CDAA-HFD VEH *P < 0.05, **P <0.001, ***P < 0.0001.
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Figure 3. Inhibition of BLT1 has no effect on liver lipogenic or inflammatory gene expression in the CDAA-HFD model of
MASH and liver fibrosis.

(A,B) Relative mRNA expression of genes involved in (A) de novo lipogenesis and (B) fatty acid esterification in liver of mice on
CDAA-HFD treated with BLT1i. (C,D) Relative mRNA expression of (C) pro-inflammatory and (B) anti-inflammatory genes in liver
of mice on CDAA-HFD treated with BLT1i. (E-H) Circulating levels of pro-inflammatory cytokines from plasma at study endpoint.
(E) TNF-alpha, (F) IL-1 beta, (G) CCL2, and (H) IL-6. ND, normal diet; VEH, vehicle. n=9-10 per group. Data are presented as
mean = SEM. n =9-10 per group. Compared with CDAA-HFD VEH *P < 0.05, **P < 0.01, ***P <0.001, **P < 0.0001.

inflammatory processes. We observed a significant increase in pro- and anti-inflammatory gene expression in
mice fed the CDAA-HFD (Figure 3C,D). Treatment with BLT1i significantly decreased the expression of
tumor necrosis factor-alpha (Tnf) gene expression at the 90 mg/kg dose but increased the expression of inter-
leukin 6 (Il6) at the 30 mg/kg dose of BLT1i (Figure 3C). In addition, treatment with BLT1i had no effect on
anti-inflammatory cytokine gene expression in the liver of mice fed a CDAA-HFD (Figure 3D). Since we did
not observe an effect on inflammatory gene expression in the liver and BLT1i will be active in extrahepatic
tissues, we assessed the levels of circulating pro- and anti-inflammatory cytokines. We observed an increase in
TNF (Figure 3E), IL1B (Figure 3F), and CCL2 (Figure 3G) and a decrease in IL6 (Figure 3F) in the plasma of
mice fed the CDAA-HFD however BLT1i treatment had no effect on the levels of these circulating
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pro-inflammatory cytokines (Figure 3E-H). Anti-inflammatory cytokines IL-4 and IL-10 were below the limit
of detection in the circulation. Together, this data indicates that treatment with BLT1i has no effect on lipo-
genic and inflammatory gene expression in the liver and no effect on circulating pro-inflammatory cytokines at
this timepoint in the CDAA-HFD model.

Inhibition of BLT1 has no effect on liver fibrosis in the CDAA-HFD model

To evaluate the effect of BLT1 inhibition on later stages of liver disease, we assessed the effect of BLT1i treat-
ment on fibrosis endpoints. Picrosirius red (PSR) staining of the livers revealed a significant deposition of colla-
gen in the livers of mice fed the CDAA-HFD (Figure 4A). Pathologist scoring of the livers using MASH CRN
fibrosis criteria revealed a significant increase in CRN fibrosis score upon CDAA-HFD but no significant dif-
ference between vehicle and BLT1i treated groups (Figure 4B). Similarly, quantification of the PSR-stained area
showed a sixfold increase in PSR staining on the CDAA-HFD fed mice compared with normal diet, but there
was no significant difference between vehicle and BLT1i treated groups (Figure 4C). We next assessed the gene
expression levels of genes important in the development of fibrosis including various collagens and alpha
smooth muscle actin. We observed a significant upregulation of Collal, Col3al, and Acta2 upon CDAA-HFD
feeding and BLT1i treatment had no impact on the expression of these genes (Figure 4D). Since we previously
established the need for increased granularity to assess histopathological features (Figure 2), we used
Al-powered digital pathology to assess liver fibrosis in more detail. First, we assessed whether the zonal distri-
bution of fibrosis was different upon treatment with BLT1i. We did not observe any significant difference in
fibrosis in any of the liver zones upon BLT1i treatment (Figure 4E). Finally, we assessed the extent to which
fibrosis is co-localized with steatosis, the regression of which is predicted to be associated with better clinical
outcomes [26]. We observed that in the high-dose BLT1i group, there was significantly less steatosis
co-localized fibrosis compared with the vehicle control group which may be due, in part, to decreased overall
steatosis (Figure 4F).

Transcriptomics analysis reveals treatment with BLT1 antagonist modulates

arachidonic acid, fatty acid, and eicosanoid metabolic pathways

To further understand how BLT1 inhibition modulates lipid metabolism and steatosis while having no effect
on inflammation or fibrosis in this model, we performed transcriptomics analysis on the liver from CDAA-
HED fed mice treated with vehicle or 90 mg/kg BLT1i. Principal component analysis (PCA) analysis revealed a
distinct separation between vehicle and BLT1i treated groups (Figure 5A). Differential gene expression analysis
identified 77 significantly upregulated and 17 significantly down-regulated genes upon 90 mg/kg BLTi treat-
ment (Figure 5B,C). Pathway analyses were performed, and arachidonic acid, fatty acid, and eicosanoid meta-
bolic pathways were identified as significantly altered with BLT1i treatment (Supplementary Figure S3). Further
analysis by qPCR of several of the most abundantly upregulated genes including cytochrome P450, family 4,
subfamily a, polypeptide 14 (Cyp4al4d), growth differentiation factor 15 (GdfI5), early growth response 1
(Egrl), and enoyl-CoA hydratase/3-hydroxyacyl CoA dehydrogenase (Ehhadh) revealed a dose-responsive
increase in gene expression with increasing BLT1 inhibition suggesting a specific effect of BLT1 inhibition on
the expression of these genes (Figure 5D-G). Consistent with the known function of these genes in the liver,
the increased expression upon inhibition of BLT1 would result in significant alterations in lipid metabolism.

Discussion and conclusion

There are currently no approved therapies for MASH or liver fibrosis and while new classes of weight loss
drugs are certain to provide some benefit to the liver, there remains an unmet clinical need for treatments tar-
geting late-stage liver disease. Lobular inflammation is a key feature of MASH and evidence suggests that the
transition to the inflammatory state is a major driver of disease pathogenesis. Therapeutic interventions that
modulate inflammation could have a significant impact on disease progression. Indeed, several anti-
inflammatory therapies have made it to late-stage clinical trials including Cenicriviroc (CCR2/CCR5),
Selonsertib (ASK1), and Simtuzumab (LOXL2), but have failed to meet primary endpoints [11-13] revealing
the complex nature of inflammation in chronic liver disease. At present, the successful translation of anti-
inflammatory therapies to the treatment of MASH in the clinic has proven challenging, necessitating the evalu-
ation of novel pathways and mechanisms in the pathogenesis of inflammation in chronic liver disease. Novel
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Figure 4. Inhibition of BLT1 has no effect on liver fibrosis in the CDAA-HFD model.

(A) Representative images of picrosirius red stained liver sections from mice fed a normal diet or CDAA-HFD and treated with
vehicle or BLT1i. (B) Pathologist scored CRN fibrosis score. (C) Quantification of whole-slide images of Picrosirius red stained
area represented as percentage of total area. (D) Relative mMRNA expression of fibrosis-associated genes Col1a1, Col3al, and
Acta2. (E) Al-powered digital pathology analysis and quantification of SHG collagen area by liver zones — Zone 1 portal tract
(PT), Zone 2 perisinusoidal region (PS), Zone 3 central vein (CV). (F) Al-powered digital pathology analysis of the co-localization
of fibrosis with steatosis regions. ND, normal diet; VEH, vehicle. Data are presented as mean + SEM. n=9-10 per group.
Compared with CDAA-HFD VEH *P < 0.05, **P < 0.01, ***P < 0.0001.

therapies, such as BLT1 antagonism, that could trigger the resolution of inflammation in MASH would be
valuable.

In this report, to interrogate whether disrupting the pro-inflammatory LTB4-BLT1 axis by pharmacological
inhibition of BLT1 using a small molecule inhibitor provides a therapeutic benefit in the pathogenesis of
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Figure 5. Transcriptomics analysis reveals treatment with BLT1 inhibitor modulates arachidonic acid, fatty acid, and
eicosanoid metabolic pathways.

RNA sequencing was performed on RNA from vehicle and BLT1i (90 mg/kg) treated livers. (A) Principal component analysis of
samples. (B) Volcano plot of differentially regulated genes. Significantly upregulated genes are shown in red and significantly
down regulated genes in green. Significance was defined as an FDR adjusted P-value <0.05. (C) Heat map and clustering of
differentially expressed genes across all 20 samples represented as column scaled normalized count values. (D-G) Relative
mRNA expression of top hits from transcriptomics analysis. (D) Cyp4ai4, (E) Gdf14, (F) Egr1, and (G) Ehhadh expression in
liver from mice fed a normal diet or CDAA-HFD and treated with BLT1i. ND, normal diet; VEH, vehicle. Data are presented as
mean + SEM. n =9-10 per group. Compared with CDAA-HFD VEH *P < 0.05, **P < 0.01, **P <0.001, ***P < 0.0001.

MASH, fibrosis, and late-stage liver disease, we tested a BLT1 antagonist in the well-characterized CDAA-HFD
mouse model which induces a robust inflammatory and fibrotic response within as little as 6 weeks [27]. In
this model, we examined MASH CRN histological endpoints and found that inhibition of BLT1 does not
reduce liver inflammation or fibrosis. We did, however, demonstrate an effect of BLT1 inhibition on reducing
liver steatosis measured by AI-guided digital pathology, confirming findings from previous studies, and suggest-
ing that the LTB4-BLT1 axis modulates lipid metabolism pathways in various metabolic models. Unlike previ-
ous reports [15,17,18], we did not observe a significant decrease in liver injury biomarkers ALT or AST, or a
decrease in circulating pro-inflammatory modulators but we did observe a significant decrease in plasma lipids
including triglycerides and total cholesterol.
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Liver transcriptomics and gene ontology enrichment analysis revealed that inhibition of BLT1 resulted in
altered arachidonic acid, eicosanoid, and fatty acid metabolism. Since the ligand for BLT1, LTB4, is an arachi-
donic acid derivative, it is possible that inhibition of BLT1 is driving a feedback loop to regulate arachidonic
acid and eicosanoid metabolism, but this remains to be explored. Several of the top hits from the analysis were
genes that have already been implicated in the pathogenesis of chronic liver disease including Cyp4al4, Gdfl5,
and Egrl. In this study, these genes were all upregulated in response to BLT1 inhibition in a dose-dependent
manner (Figure 5). Previous work demonstrated that in three distinct mouse models of MASLD, overexpression
of Cyp4al4 resulted in a fatty liver phenotype whereas gene disruption attenuated liver lipid accumulation [28].
On the other hand, in cholestatic liver disease, Cyp4al4 gene deficiency aggravated, whereas its overexpression
ameliorated, bile-duct ligation-induced hepatic fibrosis [29] revealing both hepatoprotective and hepatotoxic
effects of Cyp4al4 in different models of liver disease. Interestingly, depletion of Egrl, another gene upregulated
by BLT1i treatment, was protective against lipid accumulation and fibrosis in the liver in a db/db mouse model
[30]. Together these studies suggest that upregulation of Cyp4al4 and Egrl, as seen with inhibition of BLT1 in
this study, would lead to increased lipid accumulation and fibrosis inconsistent with our results. However, as
with Cyp4al4, Egrl may have context-dependent effects in different models of disease. Gdf15 was also signifi-
cantly upregulated in response to BLT1 inhibition. Previous studies have shown that Gdfl5 gene deficiency
resulted in aggravated MASH phenotypes while overexpression attenuated these same phenotypes and
improved lipid homeostasis [31,32] suggesting that induction of Gdf15 expression may be hepatoprotective and
consistent with the findings in this study. How LTB4 signaling through BLT1 modulates the expression of these
genes remains to be explored.

There are several reasons why the results of this study may conflict with other published reports. First,
different models to induce MASH and liver fibrosis have been used across studies. Most prior studies
testing the effect of loss of BLT1 used high-fat diets or genetic models of obesity to induce inflammation,
insulin resistance, and liver steatosis and these models, at the timepoints tested, are not sufficient to induce
significant liver fibrosis [27,33] whereas livers in the CDAA-HFD model rapidly develop robust inflamma-
tion and fibrosis [27]. Second, we used stringent histological endpoints developed by the MASH CRN to
evaluate the pathogenesis of MASH and fibrosis in our model whereas other studies use liver injury bio-
markers, liver lipid content, and gene expression as surrogates to assess liver pathology [15,17,18]. Finally,
we assessed a specific time point in the CDAA-HFD model (Figure 1A) chosen for its high levels of
inflammation and fibrosis, so it is possible that the window where the impact of BLT1i treatment on
inflammation and fibrosis endpoints was not captured in this study. However, we also assessed an earlier
time point with lower disease burden in this model and similarly, observed no effect of BLT1i treatment on
inflammatory or fibrotic liver endpoints (data not shown). It is also possible that the CDAA-HFD model is
not the optimal model to test the effects of BLT1 inhibition due to the dysregulated lipid metabolism as a
result of dietary choline deficiency. Nonetheless, we demonstrate in this well-characterized and commonly
used CDAA-HFD model of MASH and fibrosis, that inhibition of BLT1 is not sufficient to reduce inflam-
mation or fibrosis.

Our report reveals a significant disconnect between changes in lipid metabolism/steatosis and inflammation/
fibrosis upon BLT1 inhibition. Although MASLD is considered a progressive disease beginning with metabolic
dysfunction and steatosis that leads to inflammation, hepatocyte degeneration, and ultimately, fibrosis and cir-
rhosis, only a fraction of those with simple steatosis will progress to MASH and beyond. The transition from
simple steatosis to MASH is a complex and dynamic process that involves both extra and intrahepatic pathways
and although many mechanisms in this process have been elucidated it is still not well understood [34]. Like
BLT1 inhibition in this model, it is not unprecedented for an intervention that protects on steatosis endpoints
to have no effect on fibrosis endpoints. For example, in a clinical trial assessing the efficacy and safety of piogli-
tazone, vitamin E, or placebo in patients with MASH, the authors found that treatment with both pioglitazone
and vitamin E was associated with significant reductions in hepatic steatosis, but neither treatment was asso-
ciated with improvement in fibrosis scores [35]. Further studies to elucidate the effects of the LTB4-BLT1 axis
in different mouse models of MASH and liver fibrosis are necessary to understand the disconnect between
lipid metabolism, inflammation, and fibrosis with BLT1 inhibition.

Ultimately, pharmacological inhibition of BLT1 may not be the optimal approach for treating MASH, fibro-
sis, and late-stage liver disease but further exploration of the pathway is warranted to better understand the
biology of the LTB4-BLT1 axis in the liver. Disruption of the LTB4-BLT1 axis could be a useful tool to further
characterize the disconnect between steatosis and downstream sequelae.
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Materials and methods

Animal studies

Animal experiments were conducted in accordance with the Public Health Service Policy on Human Care and
Use of Laboratory Animals from the Office of Laboratory Animal Welfare, and the Guide for the Care of Use
of Laboratory Animals from the National Research Council. All experiments were approved by the Institution
Animal Care and Use Committee of Merck & Co., Inc., South San Francisco, CA, U.S.A., and were performed
in accordance with relevant guidelines and regulations at MRL South San Francisco. All mice were housed in a
temperature and humidity-controlled environment with a 12-h light-dark cycle, environmental enrichment,
and ad libitum access to food and water. Male C57BL/6] mice from Jackson Laboratory were used for all
studies. At 8 weeks of age, mice were randomized into four groups with equivalent body weights and were fed
a normal chow laboratory diet (LabDiet, #5001) or a CDAA-HFD with 60 kcal% fat with 0.1% methionine
and no added choline (Research Diets, A06071302). After 4 weeks, one group remained on the chow diet, one
group remained on CDAA-HFD, one group was started on CDAA-HFD with a 30 mg/kg dose of BLT1i, and
the final group was started on CDAA-HFD with a 90 mg/kg dose of BLT1 antagonist (BLT1i) for the final 8
weeks of the study (Figure 1A). BLT1 antagonist was formulated into the feed at a concentration sufficient to
produce a daily dose of 30 or 90 mg/kg based on known daily feeding behavior. Mice were anesthetized using
isoflurane prior to terminal exsanguination followed by bilateral thoracotomy.

CD11b neutrophil assay

Whole blood was collected from mice treated with vehicle, 1, 3, 10, or 30 mg/kg BLT1i after 1, 6, or 24 h. LTB4
was added to blood at a final concentration of 20 nM and incubated at 37°C for 10 min. Cells were stained
with an antibody cocktail (Supplementary Table S1) for 30 min at 4°C, washed, and then flow cytometry ana-
lysis was performed. Cells were gated on granulocytes (LY6G+) and CD66b+ cells were identified as neutro-
phils. CD11b staining within the CD66b+ population was quantified to assess BLT1 activity.

Plasma and tissue analysis

Blood was collected from animals at the 12-week terminal timepoint by cardiac puncture and transferred into
K2-EDTA tubes following a 5h fast. ALT, AST, total cholesterol, and triglycerides were measured using the
cobas ¢ 311 Clinical Analyzer (Roche, Indianapolis, IN, U.S.A.). Blood glucose was measured from whole blood
using the AlphaTrak2 blood glucose monitor after a 5 h fast at the 12-week study timepoint. Plasma cytokines
and chemokines were analyzed using the Immune Monitoring 48-Plex Mouse ProcartaPlex™ Panel (Thermo
Fisher Scientific, Waltham, MA, U.S.A.) per the manufacturer’s protocol. For liver lipid analysis, ~100 mg of
tissue was homogenized in 5% IGEPAL CA-630, heated to 80-100°C twice, centrifuged, and the extracted
lipids from the supernatant were measured using the cobas ¢ 311 Clinical Analyzer.

Histology and pathology

Liver was fixed, embedded in paraffin, sectioned, and stained with H&E and PSR. All stained slides were exam-
ined by light microscopy and digital scanned at 20x brightfield. MASH CRN scoring system was used by a
pathologist to obtain an MAFLD activity score and fibrosis score. PSR stained area was quantified using whole
slide image analysis. Samples were blinded to the observer.

Al-powered digital pathology

Unstained formalin-fixed paraffin-embedded tissue slides (section thickness: 5pm) were scanned using the
Genesis® 200 system (HistoIndex, Singapore), which uses an ultrafast femtosecond laser, emitting photons to
excite the unstained tissue sample at 780 nm. Second Harmonic Generation (SHG) signals at 390 nm and two-
photon excited fluorescence (TPEF) signals at 550 nm were then collected at two photomultiplier tubes. The
monochromic signals were colorized and subsequently merged to form SHG/TPEF image, giving a resolution
of 0.39 pm/pixel. TPEF signals (red in color) provide visualization of background liver architecture while SHG
signals (green color) identify collagen fibers. Al-based image analysis was performed to identify liver zone-
specific 100 fibrosis features and 45 steatosis features [36], as well as the colocalization between fibrosis and
steatosis [26]. Following the SHG/TPEF scanning, the same slides were stained using H&E. The whole slide
images were acquired using Vectra Polaris at 40x. Inflammatory cells were detected and quantified on the H&E
images using a two-stage Al pipeline that combines supervised and unsupervised approaches, based on spatial
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context representation [37]. In the first stage, the H&E images were divided into patches, and evaluated with a
pretrained deep-learning pipeline to obtain the centroids and categories of the cells. It integrates several inde-
pendent modules, including feature extractor, cell detection, cell classification, spatial context categorization,
and deep clustering. In the second stage, the segmentation of cells with StarDist [38,39] was performed and
matched with the cell detection and classification results from the first stage. Inflammatory cell density (i.e. the
number of inflammatory cells per unit area) was then calculated. To assess the colocalization between inflam-
matory cells and fibrosis, the H&E images were registered to the corresponding SHG/TPEF images. The
amount of fibrosis in the vicinity of inflammatory cells was quantified.

qPCR analysis

RNA from the liver was prepared using QIAzol reagent followed by chloroform extraction (Qiagen,
Germantown, MD, U.S.A.). RNA was purified using the RNeasy mini kit with a DNAse digestion (Qiagen).
One microgram of RNA was converted to cDNA using SuperScript VILO ¢cDNA Synthesis Kit (Thermo Fisher
Scientific) and qPCR was performed using TagMan Fast Advanced Master Mix on a Viia7 instrument
(Applied Biosystems, Waltham, MA, U.S.A.). Tagman probes (Thermo Fisher Scientific) used to assess gene
expression levels are listed in Supplemental Table S2 and Tbp was used as a housekeeping gene.

lllumina stranded total RNA prep and Novaseq sequencing

For each sample, total RNA was normalized to 100 ng before undergoing library preparation using the Illumina
Stranded Total RNA Prep Ligation with Ribo-Zero Plus kit (Illumina, Foster City, CA, U.S.A.) per manufac-
turer’s instructions. The Agilent Bioanalyzer (Agilent Technologies, Santa Clara, CA, U.S.A.) and Qubit
Fluorometer (Thermo Fisher Scientific) were used to qualify and quantify libraries prior to pooling samples.
Samples were sequenced on the Illumina Novaseq 6000 using 2 x 100 cycles, per manufacturer’s instructions
(Illumina).

RNA sequencing analysis

Following DNA sequencing and read mapping to the mouse GRCm39 genome, reads aligning to coding
regions were retained and the number of read counts per gene was calculated. The resulting read count table
was then filtered to include only genes with an FPKM value greater than or equal to one in at least half of the
samples. Next, differential gene expression analysis was performed using DEseq2, and the results were visua-
lized using ggplot2 and pheatmap libraries. Genes with a fold change >1.5 and an FDR-adjusted P-value < 0.05
were considered significant. PCA analyses were performed using the top 500 genes with the greatest variance
across all samples and pathway analyses were performed across GO-biological process, GO-molecular function,
GO-cellular compartment, Reactome, and WikiPathway databases using clusterprofiler. Data have been depos-
ited within the Gene Expression Omnibus repository (GSE248273).

Statistical analysis

All data were expressed as mean + SEM. Statistical analysis was performed with GraphPad Prism 9 (GraphPad
Software, Boston, MA, U.S.A.). For multiple comparisons, one-way or two-way ANOVA with Dunnett’s mul-
tiple comparison tests were used. For non-parametric analyses, Kruskal-Wallis and Dunn’s multiple compari-
son tests were performed. Multivariable analysis was performed in R using functions housed in the stats
package as previously described [40]. Briefly, independent variables were passed onto the Im function. Models
were built using body weight or treatment as independent variables, either independently or together, to test
for multivariable interactions. ANOVA analysis was then performed using the results of these models.
Differences are marked as *P < 0.05, **P < 0.01, and **P < 0.001, ****P < 0.0001.
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