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Abstract: An evaluation of the inflammatory enzymatic interactions related to pulmonary function can help identify
biomarkers for interventions or prophylactic measures to improve patient prognosis. This study aimed to determine
the effect of epoxide hydrolase inhibition by GSK2256294 in different pulmonary inflammation models. A second-
ary search was performed using Medline/PubMed, Web of Science, SciELO, Cochrane Library, Embase, Academic
Google, and gray literature by two independent reviewers, who analyzed the methodological quality and consis-
tency of the data. Different variables were compared using a meta-analysis. A total of 86 studies were found, 4 of
which were selected from the gray literature. Based on the eligibility criteria, two clinical and one preclinical studies
were evaluated. GSK2256294 inhibited the soluble epoxide hydrolase enzyme in both clinical and preclinical mod-
els, exhibiting greater effectiveness in clinical studies and contributing to the anti-inflammatory activity mediated
by the eicosatrienoic pathway by reducing the levels of dihydroxyeicosatrienoic acids and leukotoxin-diol. Overall,
GSK2256294 was identified as a promising drug for controlling the deleterious manifestations of lung inflamma-
tion. Further clinical and preclinical studies are required to ensure consistency among the evidence and identify
other biological activities mediated by GSK2256294.
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Introduction Inflammatory lung diseases involve several
modulation pathways, including T-helper type 2

Smoking is a risk factor for chronic diseases (Th2) responses observed in hypersensitivity-

such as cerebrovascular disease; malignant
neoplasms of the lungs, mouth, larynx, and
pharynx; acute coronary disease (angina and
infarction); and chronic obstructive pulmonary
disease (COPD). Globally, tobacco use causes
over seven million deaths per year. Besides
smoking, several other pathophysiological ch-
anges are associated with inflammatory lung
diseases, including central obesity and meta-
bolic syndromes [1], leading to chronic inflam-
mation and endothelial dysfunction [2].

mediated diseases and several other Th1, Th17,
and Th22 profiles, with adaptive and innate
immune cells as participants [3-5]. Although
primary factors initiate the disease, diverse
enzymatic activities mediate different respons-
es [6, 7].

In inflammatory lung diseases, airflow restric-
tion caused by an inflammatory response to
inhaled toxins, often cigarette smoking, causes
oxidative stress, chronic hypoxia, arterial stiff-
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ness, endothelial dysfunction, vasodilator and
vasoconstrictor substance imbalance, altera-
tions in the pro-inflammatory cytokine levels,
inflammation, and senescence of endothelial
cell factors. Therefore, techniques such as
venous occlusion plethysmography, forearm
flow-mediated dilation, and biomarker analyses
have been employed to assess endothelial and
peripheral functions in individuals with pulmo-
nary inflammation [8] and the ensuing altera-
tion of the pulmonary vascular endothelium.

Epoxyeicosatrienoic acids (EETs) are hyperpo-
larizing factors derived from the endothelium
from arachidonic acid metabolism by cyto-
chrome P450 epoxygenases [9], which are fac-
tors that control vasomotor tone [10], inhibit
nuclear factor-kB (NF-kB) signaling pathway
activation via potassium channel modulation,
and exhibit anti-apoptotic effects on endotheli-
al cells and anti-inflammatory properties [11,
12]. In plants and animals, epoxide hydrolases
convert epoxide diols into diols via hydrolysis.
In mammals, soluble epoxide hydrolase (SEH) is
responsible for the metabolism of arachidonic
acid derivatives and EETs. sEH converts EETs to
dihydroxy eicosatrienoic acids (DHETs) [13].

Increased sEH activity may indicate increased
inflammation, as observed in patients with obe-
sity who are smokers with coronary artery dis-
ease, where the sEH concentration was associ-
ated with the lowest EET/DHET ratios [2].
Additionally, EETs are produced in lung epithe-
lial cells, and patients with COPD may experi-
ence loss of function due to high sEH activity
[2, 14].

sEH is found in different cell types, including
epithelial, endothelial, and pulmonary smooth
muscle cells. sEH is also present in inflamma-
tory cells, such as macrophages, eosinophils,
neutrophils, and T cells, and in plasma with
reduced activity [15, 16].

GSK2256294 is a potent and selective sEH
inhibitor discovered using DNA-encoded Che-
mical Libraries based on a combination of oli-
gonucleotides [17]. GSK2256294 can bind to
the enzymatic catalytic site of sEH, inactivating
its action and contributing to an increase in
EET levels and a decrease in its conversion
to DHETs and leukotoxin-diol [18, 19]. The
increased EET levels owing to GSK2256294
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are related to its vasodilatory properties, as
this drug relaxes the blood vessels and pro-
motes increased blood flow. EETs are also re-
lated to reduced expression of pro-inflamma-
tory cytokines, such as tumor necrosis factor-
alpha (TNF-a), interleukin-6 (IL-6), and inter-
leukin 1B (IL-1B), in several cells, including
endothelial cells and immune system cells,
such as macrophages and lymphocytes, there-
by reducing inflammation. NF-kB activation
inhibition via increased EET levels is an impor-
tant mechanism in which the activation of
nuclear factor kappa B (NF-kB), a key regulator
of the expression of genes involved in inflam-
mation, is inhibited [20, 21].

GSK2256294 has been tested in preclinical
and randomized clinical trials and has been
demonstrated to affect pulmonary and syste-
mic endothelial function [13] and attenuate
smoking-induced pulmonary inflammation. sEH
inhibition prevents the initiation and mainte-
nance of the pulmonary inflammatory respon-
se and promotes its resolution [2, 22, 23].
Steroidal and nonsteroidal anti-inflammatory
drugs can be administered to inhibit enzymatic
activity, thereby controlling inflammatory dis-
eases [24, 25].

Evidence of GSK2256294 activity in the inhibi-
tion and resolution of pulmonary inflammatory
responses has been published [2, 22, 23].

An experimental model revealed that sEH inhi-
bition attenuates inflammation and emphyse-
ma secondary to smoking while improving met-
abolic syndrome symptoms and pulmonary
functions [26]. Strategies, such as anti-inflam-
mation, are widely used to inhibit enzymes that
promote inflammation and tissue damage [25].
However, further studies on biomolecules with
higher selectivity and efficacy are required.
Therefore, in this study, we evaluated the effi-
cacy of GSK2256294 and its effects on epox-
ide hydrolase inhibition by GSK2256294 in dif-
ferent pulmonary inflammation models.

Materials and methods
Ethical aspects

This secondary study did not violate any current
legislation related to ethics in research on
humans or animals.
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Registration protocol

This study was registered in the Open Science
Framework database (OSF Registers) under
the doi, 10.17605/0SF.I0/PMHAS8 and is struc-
tured according to the Preferred Reporting
Iltems for Systematic Protocols (PRISMA 2020)
[27].

Search strategy

Medline (PubMed), Web of Science, SciELO,
Cochrane Library, Embase, Google Scholar,
and gray literature databases were searched.
Medical Subject Headings (MeSH) were used to
define the descriptors. The following descrip-
tors were used to select eligible studies: “N-
((4-cyano-2-(trifluoromethyl)phenyl)methyl)-3-
((4-methyl-6-(methylamino)-1,3,5-triazin-2-yl)
amino)cyclohexanecarboxamide” and “Pulmo-
nary Disease, Chronic Obstructive”, with their
respective entry terms (entry terms: GSK22-
56294, Chronic Obstructive Lung Disease,
Chronic Obstructive Pulmonary Diseases,
COAD, COPD, Chronic Obstructive Airway
Disease, Chronic Obstructive Pulmonary Di-
sease, Airflow Obstruction, Chronic Airflow
Obstruction, Chronic Airflow Obstruction, Ch-
ronic Airflow Obstruction). The Boolean opera-
tors “AND” and “OR” were used to aid the
search. The search form was adapted based
on the characteristics of each platform. Two
researchers performed the search in a non-
paired manner between August and September
2022.

Eligibility criteria

Clinical and preclinical studies, both in vivo or
in vitro, that examined the relationship between
lung parenchyma inflammation and enzymatic
activity, irrespective of whether they were eval-
uated as developmental, exposure, or outcome
variables, were eligible for inclusion in the anal-
ysis. All reports were accepted as publications
in the databases, and no time restrictions were
applied to the search for these articles.

Studies that reported arguments related to the
theme but were not products of research
designs, such as narrative reviews and studies
unrelated to the theme, were excluded from the
analysis. Studies indexed in PubMed over the
last 10 years were also evaluated. The extract-
ed data included characteristics of the studies
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and their primary approaches. Finally, data
were evaluated and subjected to a qualitative
assessment using tables by two independent
reviewers. The data were then compiled, and
conflicts were resolved by a third author.

Methodological and evidence quality

Two reviewers independently assessed the
methodological quality of the included studies,
and conflicting opinions were resolved via dis-
cussion. ROB 2.0 [28], which assesses the risk
of bias in clinical studies, and SYRCLE [29],
which assesses the risk of bias in animal stud-
ies, were employed for the analysis. SYRCLE
contains the following assessment catego-
ries: selection, performance, detection, attri-
tion, reporting, and other sources of bias. We
applied 10 questions to the articles included in
the systematic review, with responses of “YES”
indicating a low risk of bias, “NO” indicating a
high risk of bias, and “UNCERTAIN" indicating
an uncertain risk of bias. Using this tool to cal-
culate the total score for each study is not rec-
ommended [29].

Data analysis

Data were tabulated in Microsoft Excel, and
RStudio was used for data analysis and visual
display.

The General Package for Meta-Analyses ver-
sion 4.9-5 was used to assess and compare
the prevalence (metaprop), mean (metacont),
and meta-regression (metareg). A “forest plot”
was used to evaluate and represent data and
generate a correlation chart for F(X). Study het-
erogeneity was assessed using the I? statistic
from Cochran’s Q statistic and the number J of
analyzed studies. Based on the estimated het-
erogeneity, a random-effect model was imple-
mented for meta-analysis [30-33].

Results

A total of 86 studies were retrieved from the
databases using the established search key,
four of which were selected from the gray litera-
ture. After applying the eligibility criteria, three
studies were classified and analyzed (Figure 1).

By assessing the methodological quality of eli-
gible studies, “some concerns” were found for
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Figure 1. Flowchart of the selection of eligible studies for the systematic review per the eligibility criteria (PRISMA

2020).

clinical studies (Supplementary Table 1), and a
moderate risk of bias was found for preclinical
studies (Supplementary Table 2), per the rec-
ommendations of each applied tool (Robbis2
and SYRCLE).

The effects of GSK2256294 on sEH levels
were verified using different models (Figure 2).
When frequencies were grouped (1> = 96%),
high heterogeneity was observed, with signifi-
cant differences between the study models (P
< 0.001). The greatest reduction was observed
in an in vitro evaluation of human blood sam-
ples (93% reduction).

Experiments using rats revealed a 38% reduc-
tion in GSK2256294 activity. However, a high
reduction rate was obtained using mice (61%)
and rodents (50%).

After determining the inhibitory activities of the
sEH enzyme using GSK2256294 in different
pulmonary inflammation models, the effect of
decreasing DHETS was evaluated and correlat-
ed with GSK2256294 concentrations in differ-
ent models (clinical and preclinical) (Figure 3).
A significant positive correlation was found in
all models. When the models were grouped, a
positive correlation of 0.76 was found. When
the models were evaluated separately, an
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increase in the heterogeneity of DHES reduc-
tion values was observed in the clinical model
(rho = 0.64). Notably, heterogeneity decreased
while the correlation increased (rho = 0.92) in
the preclinical model (Figure 3).

sEH participates in the conversion of leukotox-
ins to leukotoxin-diol, which exhibits inflamma-
tory activity. The relationship between these
two compounds enabled the evaluation of the
enzymatic activity and inflammatory status of
the evaluated model. Thus, the effects of the
leukotoxin-to-leukotoxin-diol ratio in a pulmo-
nary inflammation model treated with GSK-
2256294 were verified (Figure 4). Pooling the
effects of GSK2256294 on the leukotoxin-to-
leukotoxin-diol ratio between clinical and pre-
clinical models resulted in low heterogeneity (I?
= 9%), with a mean ratio-increasing effect of
27% (Cl = 0.35 to 2.18) (Figure 4).

The effect of GSK2256294 on bradykinin-asso-
ciated blood flow was determined in a clinical
study of lung injury in smokers (Figure 5). In
eligible studies, blood flow was assessed fol-
lowing administration of 300 mg of bradykinin,
either in the presence or absence of GSK-
2256294. The relationships between the
effects (blood flow without GSK2256294 and
blood flow with GSK2256294, both under the

Am J Transl Res 2023;15(11):6649-6659
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Figure 2. Evaluation of the effects of GSK2256294 on soluble epoxide hydrolase inhibition in a clinical and preclini-
cal study of lung injury. A. Relative inhibition frequencies for the different study models. B. Relative frequencies of
the inhibition effects stratified by study models. Prevalence means were used, and 95% confidence intervals were

presented for each description.

effect of bradykinin) were analyzed. On aver-
age, blood flow increased by 23% (Cl = 1.01 to
1.45) in individuals administered GSK2256-
294 compared with those who were not admin-
istered GSK2256294 (Figure 5).

Discussion

EETs, which are products of arachidonic acid
epoxidation by cytochrome P450 enzymes,
exert anti-inflammatory effects. EETs are me-
tabolized by cyclooxygenase (COX) and [3-oxi-
dation but are mainly converted into diols by
sEH. Pharmacological inhibition of sEH inhibits
inflammation via a decrease in endothelial cell
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adhesion molecule expression induced by cyto-
Kines and chemokines and prevents leukocyte
adhesion to vascular walls and tissues through
a mechanism involving NF-kB inhibition [34,
35].

EETs can inhibit NF-kB activation, preventing its
translocation to the cell nucleus, where it nor-
mally activates the transcription of inflamma-
tory genes. This effect is likely mediated by spe-
cific receptors to which EETs bind and modulate
intracellular signaling [36]. EETs can interfere
with the activation of genes that encode pro-
inflammatory cytokines, such as TNF-«, IL-6,
and IL-1, thereby reducing the production of

Am J Transl Res 2023;15(11):6649-6659
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Figure 3. Correlation and meta-regression analyses of GSK2256294 con-
centration and DHETS formation inhibition in the eligible studies. A. Correla-
tion between the effect and concentration of GSK2256294 and DHETS for-
mation inhibition in preclinical and clinical models. B, C. Evaluations were
conducted separately using each study model. Spearman’s test was used to
assess possible correlations. The significance level was 5%.

cific transcription factors or
epigenetic processes. More-
over, modulation of ion chan-
nels, such as calcium and
potassium channels, is anoth-
er proposed mechanism [39].

Wang et al. [35] used experi-
mental models to compare
the effectiveness of different
types of soluble epoxide hydro-
lase inhibitors (sEHIs), such as
the acid sEHI t-TUCB (trans-
4-{4-[3-(4-trifluoromethoxy-
phenyl)-ureido]-cyclohexyloxy}-
benzoic acid) and a phospho-
diesterase-4 (PDE4) inhibitor,
at reducing lung injury and
inflammation following sub-
acute exposure to tobacco
smoke. The sEH to diol ratio
significantly decreased in the
experimental animals, imply-
ing sEH activity.

Lung tissues and cells that
express high stEH levels are
considered as more suscepti-
ble to leukotoxins than those
expressing low enzyme levels,
thereby increasing their sus-
ceptibility to leukotoxin-diol,
which is responsible for pulmo-
nary toxicity [40]. Based on
data collected from clinical
[22] and preclinical [23] stud-
ies using GSK2256294, the
conversion of leukotoxin to
leukotoxin diol decreased in
both experimental and human
models.

Many clinical and preclinical
studies have reported promis-
ing discoveries regarding pul-
monary inflammation treat-
ment. However, further data
are needed to explain the cur-
rent findings, which include
significant differences betwe-
en the results of sEH inhibition
in vitro and in vivo [22, 23].

these cytokines [37, 38]. Such reductions can Capozzi et al. [41] revealed different outcomes
be achieved by modulating the activities of spe- regarding the effects of sEH inhibition, with sig-
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Experimental Control
Study Total Mean  SDTotal Mean  SD Mean Difference MD  95%-Cl Weight
Podolin etal., (2013) 6 3.4623859 4 12704349 ; 2.18[0.23; 4.14] 20.5%
Lazaar etal, (2016) 14 2.311,5185 4 1.27 0.4349 —— 1.03[0.13; 1.93] 79.5%
_,::h__;, .35; 2. Y
Random effects model 20 8 | I \ T 1 1.2710.35; 2181100.0%
Heterogeneity: 1> = 9%, 12 = 0.0605, p = 0.29 4 ) 0 2 4

Figure 4. Mean distribution of the leukotoxin-to-leukotoxin-diol ratio in preclinical and clinical pulmonary inflamma-
tion models after intervention with GSK2256294. Sampling, means, and standard deviations for the effects on the
leukotoxin-to-leukotoxin-diol ratio were obtained from the eligible and pooled studies. The randomized effect model
was used. The significance level was 5%.

Study Mean MRAW 95%-CI Weight
: 1.47 [0.99; 1.94] 18.1%
Yang et al., (2017) — 1.05; 1.30 9
Lazaar et al., (2016) 118 [1.05:1.30] 81.9%
Random effects model 1.23 [1.01; 1.45] 100.0%

Heterogeneity: I* = 26%, = 0.0111, p=0.24 :
<=

I I | \ I \
-15 -1 05 0 05 1 15

Figure 5. Effect of GSK2256294 on blood flow associated with bradykinin in a clinical study of lung injury in smok-
ers. The mean effect of GSK2256294 was determined after the mean ratio was calculated between the control
group (without GSK2256294 with 300 mg of bradykinin) and group treated with GSK2256294 (plus 300 mg of
bradykinin). Summarization was performed using a randomized design, and confidence intervals were determined.
The significance level was 5%.

nificantly better in vivo than in vitro results. kinase (MAPK) activation, chromatin remodel-
Preclinical and clinical studies can be com- ing, and pro-inflammatory gene transcription
pared, as demonstrated by An et al. [42] [43].
Although the use of an sEHI was found to be
safe in phase 1 of the trial, an appropriate effi- Arachidonic acid cascade modulators have
cacy level was not found in the phase 2 trial, as been the focus of research in inflammation
the beneficial effects found in animals were not treatment for decades. Besides the known du-
replicated. The opposite result was obtained al 5-lipoxygenase and cyclooxygenase-2 inhibi-
with GSK2256294, which, despite a negligible tors, recent findings shed light on multi-target
difference between interspecies results, pro- inhibitors that interfere with the cytochrome
duced positive outcomes in humans. P450 pathway by inhibiting sEH, which offers a
new opportunity for the development of novel
Treating COPD with anti-inflammatory com- anti-inflammatory drugs [44, 45].
pounds remains challenging because inflam-
mation and related comorbidities are complex. Clinical studies using sEH inhibitors are limit-
Currently, no therapy effectively reverses the ed. The selective sEH inhibitor AR9281 (Arete
disease; therefore, minimizing disease progres- Pharmaceuticals) improved endothelial func-
sion is an alternative strategy, and reducing tion in animal models, inhibited enzyme activi-
oxidative stress and inflammation can improve ty, and caused a modest decrease in dihydrox-
the quality of life and increase survival [43]. ylipid levels in a clinical study involving healthy
Oxidative stress, particularly that generated by participants. A phase 2 study evaluating the
exposure to tobacco smoke, is a major contrib- effects of this inhibitor on blood pressure and
utor to the pathogenesis of COPD, inducing glucose metabolism in patients with moderate
apoptosis, extracellular matrix remodeling, pro- hypertension and impaired glucose tolerance
tease inhibitor inactivation, mucus secretion, was terminated (NCTO0847899). Other sEHIs
NF-kB activation, mitogen-activated protein have been tested in animal models of inflam-
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matory diseases and have been demonstrated
to increase EET/EDP levels and mitigate inflam-
mation [16, 44]. Besides GSK2256294, other
sEH inhibitors have been evaluated in experi-
mental models of inflammatory lung injury.
Notably, an increase in EET levels could be
detected, consequently resulting in a reduction
in DHETs and inflammation attenuation [46].
Given the selectivity and stability of some sEH
inhibitors, their biological activities may vary in
a model-dependent manner, resulting in the
ineligibility of some inhibitors for clinical trials.

GSK2256294 ((1R, 3S)-N-(4-cyano-2-(trifluoro-
methyl)benzyl)-3-((4-methyl-6-(methylamino)-
1,3,5-triazin-2-yl)Jamino)cyclohexanecarboxami-
de) is a potent inhibitor of strong but reversible
binding of sEH. GSK2256294 belongs to the
amide family and interacts with the amino acid
residue, Asp333, of the catalytic triad, Asp333-
Asp495-His523, which is responsible for open-
ing the epoxide ring, and two tyrosine residues,
Tyr381 and Tyr465, which are responsible for
fixing the epoxide oxygen atom. Therefore,
GSK2256294 is a competitive inhibitor that
decreases the transcription of pro-inflammato-
ry vascular cell adhesion molecule-1 (VCAM-1)
and nuclear translocation of NF-kB in the pres-
ence of sHE in TNFa-activated human endothe-
lial cells, thereby blocking the adhesion of
mononuclear cells to the endothelium [17]. This
inhibitor is specific to the hydrolase domain of
EPHX2, inactive against the phosphatase do-
main, and attenuates cigarette smoke-induced
lung inflammation in animal models.

Therefore, GSK2256294 can bind to the enzy-
matic catalytic site, inactivating its function,
thereby increasing EET levels and decreasing
the conversion to DHETs and leukotoxin-diol
[15].

sEH hydrolyzes fatty acid epoxides to form
diols, DHETs, and leukotoxin diols, with differ-
ent biological functions and activities under
various physiological and pathological condi-
tions [47].

EETs can act as anti-inflammatory agents owing
to several properties they exhibit in response to
inflammatory processes. The elevation of EETs
due to GSK2256294 use is related to its vaso-
dilatory properties, which relaxes blood vessels
and promotes increased blood flow [19, 48].
This can help reduce inflammation because

6656

vasodilation increases oxygen and nutrient
delivery to inflamed tissues, contributing to the
resolution of the inflammatory process. EETs
inhibit platelet aggregation and reduce blood
clot formation. This is important for preventing
the inflammation associated with thrombotic
disorders [49]. EETs can act on endothelial
cells lining blood vessels, promoting healthy
endothelial function and reducing the adhesion
of leukocytes (immune cells) to blood vessels,
which is an important step in the inflammatory
response [50]. However, increasing epoxide lev-
els and reducing inflammation have been pro-
posed as rational therapeutic methods.

Some studies also revealed a possible decrea-
se in cytokine expression, with modulation of
pathways that converge in NF-kB-dependent
transcription [31, 41]. These findings corrobo-
rate the therapeutic potential of this drug in
patients with COPD.

One limitation of this study is the small number
of primary studies included in this research. In
addition, low consistency among the results of
eligible studies affected the level of evidence
reported in this secondary study.

Conclusions

GSK2256294 was found to reduce seH enzyme
levels in clinical and preclinical models, with
greater effectiveness observed in clinical than
preclinical studies. GSK2256294 also contrib-
utes to the anti-inflammatory activity mediat-
ed by the eicosatrienoic pathway by reducing
DHETS and leukotoxin-diol and helping control
blood flow. Thus, this study revealed that
GSK2256294 is a promising drug for control-
ling the deleterious manifestations of pulmo-
nary inflammation. However, given the low num-
ber of articles retrieved from the databases,
more studies are required to guarantee the
consistency of the evidence and unveil other
pathways of biological activities mediated by
GSK2256294.
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Supplementary Table 1. Assessment of the methodological quality of eligible clinical trials (RobBis 2)

Study - Randomized crossover

Categories —

Aili L Lazaar, 2016 Lucy Yang, 2017
Domain 1 Some concerns Low risk
Domain 2 Some concerns Low risk
Domain 3 Low risk Some concerns
Domain 4 Low risk Low risk
Domain 5 Low risk Low risk
Classification Some concerns Some concerns

Supplementary Table 2. Assessment of the methodological quality of eligible preclinical studies
(SYRCLE)

Study - preclinical

Categories — -
Patricia L Podolin, 2013

Domain 1 1

Domain 2 0.5;0.5and 1

Domain 3 0

Domain 4 land 1

Domain 5 0.5

Domain 6 0

Domain 7 OandO

Domain 8 1;0.5;1and 1

Domain 9 0.5and 1

Domain 10 1;0.5;1;0and 1

Classification Moderate risk of bias

Classification: O, high risk of bias; 0.5, moderate risk of bias; 1, low risk of bias.



