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Fatty acid composition in the Western diet has shifted from saturated to polyunsatu-
rated fatty acids (PUFAs), and specifically to linoleic acid (LA, 18:2), which has gradu-
ally increased in the diet over the past 50 y to become the most abundant dietary fatty
acid in human adipose tissue. PUFA-derived oxylipins regulate a variety of biological
functions. The cytochrome P450 (CYP450)–formed epoxy fatty acid metabolites of LA
(EpOMEs) are hydrolyzed by the soluble epoxide hydrolase enzyme (sEH) to dihydrox-
yoctadecenoic acids (DiHOMEs). DiHOMEs are considered cardioprotective at low
concentrations but at higher levels have been implicated as vascular permeability and
cytotoxic agents and are associated with acute respiratory distress syndrome in severe
COVID-19 patients. High EpOME levels have also correlated with sepsis-related fatali-
ties; however, those studies failed to monitor DiHOME levels. Considering the overlap
of burn pathophysiology with these pathologies, the role of DiHOMEs in the immune
response to burn injury was investigated. 12,13-DiHOME was found to facilitate the
maturation and activation of stimulated neutrophils, while impeding monocyte and
macrophage functionality and cytokine generation. In addition, DiHOME serum con-
centrations were significantly elevated in burn-injured mice and these increases were
ablated by administration of 1-trifluoromethoxyphenyl-3-(1-propionylpiperidin-4-yl)
urea (TPPU), a sEH inhibitor. TPPU also reduced necrosis of innate and adaptive
immune cells in burned mice, in a dose-dependent manner. The findings suggest
DiHOMEs are a key driver of immune cell dysfunction in severe burn injury through
hyperinflammatory neutrophilic and impaired monocytic actions, and inhibition of
sEH might be a promising therapeutic strategy to mitigate deleterious outcomes in
burn patients.
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Interest in dietary fatty acid composition began in the 1950s when the American Heart
Association (AHA) formed the Nutrition Committee to investigate the rising increase
in heart disease. Based on its assessment, the AHA recommended reducing the intake
of saturated fats and increasing intake of apparently healthier poly- and monounsatu-
rated fatty acids. This factor, combined with agricultural practices driven toward corn
production and a dietary preference toward processed foods, shifted fatty acid composi-
tion in the modern Western diet from saturated and monounsaturated to increasing
concentrations of polyunsaturated fatty acids (PUFAs), specifically omega-6 linoleic
acid (LA, 18:2), resulting in a corresponding increase in LA in human adipose compo-
sition since the 1950s (1). The metabolism of PUFAs results in numerous regulatory
lipid mediators that influence inflammation and metabolism, and many observational
studies have found associations between concentrations of parent PUFAs, their metabo-
lites, and numerous diseases (2, 3). For example, higher dietary intake of omega-3 fatty
acids found predominantly in cold-water fish is associated with better health outcomes
and antiinflammatory properties (4), while the omega-6 fatty acids and their metabo-
lites are associated with more complex phenotypes. Omega-3 and -6 PUFAs are metab-
olized primarily by the cyclooxygenase (COX), lipoxygenase (LOX), and cytochrome
P450 (CYP) oxidation enzymes, and secondary metabolism pathways generate further
regulatory metabolites (for review, see ref. 5). The metabolism of LA specifically results
in multiple biologically relevant compounds associated with numerous diseases (6).
Specifically, the CYP metabolism pathway of LA has recently been of considerable
interest with the discovery that LA-derived metabolites prevent heart disease partially
through regulation of brown fat adipogenesis and thermogenesis (7).
The CYP metabolites of LA, epoxyoctadecenoic acids (EpOMES), were originally

termed leukotoxins because these bioactive compounds were initially identified in

Significance

Oxylipins alter immune cell
function and potentially drive
pathophysiology in burn and
sepsis patients. Past and recent
data reveal a correlation between
increased systemic EpOME levels
and reduced survival in human
burn trauma and sepsis. This work
extends these studies and
provides evidence that the
downstream sEH-derived
metabolites, DiHOMEs, are driving
worsening outcomes by altering
the immune response. Inhibiting
DiHOMEmetabolite formation
with the sEH inhibitor, 1-
trifluoromethoxyphenyl-3-(1-pro-
pionylpiperidin-4-yl) urea (TPPU),
restored immune function by
increasing immune cell survival
and function. These data support
the hypothesis that sEH-derived
linoleic acid diols are responsible
for increased mortality in burn
and sepsis patients and also
provide a rationale for testing the
therapeutic blockage of DiHOME
generation in burn and sepsis
patients to improve their
outcomes.

Reviewers: B.H., University of Kentucky; and M.M.,
OROX Biosciences.

Competing interest statement: C.B.M. and B.D.H. work
with EicOsis on the development of epoxide hydrolase
inhibitors for clinical use.

Copyright © 2022 the Author(s). Published by PNAS.
This article is distributed under Creative Commons
Attribution-NonCommercial-NoDerivatives License 4.0
(CC BY-NC-ND).
1C.B.B. and C.B.M. contributed equally to this work.
2To whom correspondence may be addressed. Email:
bdhammock@ucdavis.edu.

This article contains supporting information online at
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.
2120691119/-/DCSupplemental.

Published March 21, 2022.

PNAS 2022 Vol. 119 No. 13 e2120691119 https://doi.org/10.1073/pnas.2120691119 1 of 9

RESEARCH ARTICLE | IMMUNOLOGY AND INFLAMMATION

https://orcid.org/0000-0003-3309-1773
https://orcid.org/0000-0003-1408-8317
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:bdhammock@ucdavis.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2120691119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2120691119/-/DCSupplemental
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2120691119&domain=pdf&date_stamp=2022-03-17


bacterial infections and found to cause an increase in leukocyte
cytotoxicity. However, those original experiments did not
investigate the downstream metabolites of EpOMEs. EpOMEs
are metabolized by the soluble epoxide hydrolase (sEH) into
corresponding vicinal diols, dihydroxyoctadecenoic acids
(DiHOMEs) or leukotoxin diols. In 1997, Moghaddam et al.
demonstrated that the cytotoxicity of the “leukotoxins” was in
fact a result of sEH metabolism into the DiHOMEs, and if
this metabolism was prevented through inhibition of the sEH,
EpOMEs did not demonstrate cytotoxicity in alveolar cells (8).
This was confirmed in animal models when intravenous
injections of leukotoxin in healthy mice caused acute respiratory
distress syndrome (ARDS) and ultimately death; however, inhi-
bition of the sEH, either chemically or through genetic muta-
tions, prevented this toxicity. Administration of DiHOMEs
directly resulted in the same ARDS phenotype, at lower concen-
trations and independently of sEH inhibition (9). ARDS is a
severe respiratory syndrome associated with high mortality from
a wide range of primary insults, including sepsis, COVID-19
pneumonia, and burn injuries. Increased DiHOME concentra-
tions have been observed in humans with severe COVID-19
infection compared to healthy controls (10), and lipidomic anal-
yses in sepsis and burn patients identified an increase in EpOME
concentrations correlating to higher incidence of mortality; how-
ever, DiHOMEs were not monitored in these patients (11).
Few research studies have focused on the role of diols in

disease; however, recently Bergmann et al. discovered that
sEH-derived diols from arachidonic acid metabolism impaired
neutrophil function (12). The research described here charac-
terized the oxylipin profile in the mouse burn model compared
to sham-treated animals to determine whether mouse models
mimic the increased LA-derived oxylipin metabolites observed
in human burn patients, as well as characterized the immune-
altering response of DiHOMEs to determine whether they
could contribute to worse outcomes in burn patients. We
selected the mouse burn model because of previously published
papers describing the correlation between leukotoxin (EpOME)
concentrations and worsening outcomes in burn patients (11).
Burn injury results in a dysfunctional pattern of hyperinflam-
mation (13, 14), thus our hypothesis was to use the mouse
model of burn injury to test whether leukotoxin diols
(DiHOMEs) were responsible for the dysregulated immune
response in burn injury.

Results

PUFA Metabolites from Both Omega-3 and -6 Fatty Acids Are
Increased in Scalded Mice, and LA-Derived Diols Are Reduced
with Inhibition of sEH. Lipidomic analysis was conducted in
serum of scalded or sham-treated mice that were treated pro-
phylactically with three intraperitoneal (i.p.) injections of 10
mg/kg 1-trifluoromethoxyphenyl-3-(1-propionylpiperidin-4-yl)
urea (TPPU) (sEH inhibitor) or vehicle (controls). Ninety-
seven oxylipins were monitored quantitively for effects of scald
injury and sEH-inhibitor treatment (Fig. 1A). The only COX-
generated metabolite that significantly increased after scald
treatment was prostaglandin B2. This compound was not
altered by sEH-inhibitor administration. The remaining signifi-
cantly altered regulatory lipids were generated from CYP- and
sEH-mediated metabolism of PUFA. The diols derived from
the omega-3 fatty acid, docosahexaenoic acid (DHA), increased
after scald treatment (10,11-, 13,14-, and 19,20-dihydroxy-
docosapentaenoic acid (DiHDPE)), and the DHA epoxide
19,20-epoxy-docosapentaenoic acid (EpDPE), also significantly

increased, indicating that the linoleate epoxides outcompete
turnover by the sEH enzyme. The only DHA-derived metabo-
lite that changed in response to burn and sEH treatment was
10,11-DiHDPE, and the only arachidonic acid metabolite in the
CYP metabolism pathway to respond to burn was 14,15-dihy-
droxyicosa-tetraenoic acid (DiHETrE). This compound also
decreased in response to sEH inhibition, consistent with previ-
ously published data (12). Both LA-derived diols (9,10-
DiHOME and 12,13-DiHOME) increased in response to scald,
but only the 12,13-DiHOME significantly decreased after sEH
inhibition (Fig. 1A).The concentrations of 9,10 DiHOME also
decreased, although not significantly. Considering the previous
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Fig. 1. Increased DiHOME concentrations after burn injury are reversed
by sEH inhibitor, TPPU. Male C57BL/6N mice underwent scald injury result-
ing in a third-degree burn of 28% TBSA. The intervention group (n = 4)
received intraperitoneal administration of TPPU at 48 h, 24 h, and directly
before burn injury, while the control group (n = 4) received the vehicle
PEG400. Twenty-four hours after the scald treatment, blood was harvested
from all groups and centrifuged to gain serum, which was analyzed via
mass spectroscopy to determine oxylipin serum levels. (A) The data were
normalized for sham (x axis) and vehicle treatment (y axis), and the effect
size for burn injury vs. sham was displayed on the x axis, and the effect
size for TPPU treatment was shown on the y axis. An effect size of �1.6 (y
axis) and 1.6 (x axis) was considered biologically relevant and marked using
a dotted line. (B) Quantitative values of EpOMEs and DiHOMEs were evalu-
ated. Data are presented as box plots with minimum to maximum values.
*P < 0.05. Individual oxylipin values are reported in SI Appendix.
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implications of LA metabolites in ARDS and sepsis, effects on
immune function were further analyzed in cells treated exoge-
nously with biologically active EpOME and DiHOME.

TPPU Decreases Necrosis in Innate and Adaptive Immune
Cells in Scalded Mice. Scalded and sham-burned mice were
treated prophylactically three times with vehicle or 10 mg/kg
TPPU i.p. to monitor the effects on innate and adaptive immune
cell function. Harvested blood serum from burn-injured mice
was incubated with bone marrow and splenocytes derived from
healthy, untreated mice. Serum from vehicle-treated scalded mice
resulted in necrosis of ∼50, ∼40, and ∼25% in CD4+, CD8+,
and monocytes/macrophages, respectively, similar to historic con-
trols in mouse splenocytes serum cocultures (15). Serum from
TPPU-treated mice showed significantly less necrosis in all three
cell types in a dose-dependent manner (Fig. 2).

EpOME Decreases Apoptosis of Nonstimulated Memory T
Cells But Has Little Effect on Myeloid Apoptosis and Cell
Compartment Acidification. We assessed the effect of EpOME
on innate and adaptive immune cells. A total of 2 μM EpOME
was administered to innate and adaptive immune cells under stim-
ulated and nonstimulated conditions. The 9,10-EpOME was
selected because this compound has been associated with increased
ARDS severity in sepsis patients and in animal models of sepsis
(11, 16). The stimulation of the spleen cell suspension with CD3
revealed it promotes CD4+ and CD8+ T cell apoptosis (Fig. 3 A
and C). In contrast to the general T cell population, CD3 stimu-
lation reduced the induction of apoptosis in the memory T cell
subpopulations (Fig. 3 B and D), which are defined as CD62L-
low–expressing T cells (17). The incubation with 9,10-EpOME
did not alter apoptosis induction in either stimulated or nonsti-
mulated CD4+ and CD8+ T cell populations (Fig. 3 A and C),
but 9,10-EpOME reduced it in their nonstimulated CD62L-low
subpopulations (Fig. 3 B and D).

The stimulation of myeloid cells with lipopolysaccharide (LPS)
increased apoptosis in neutrophils, defined as Ly6G+Ly6+/� (Fig.
3E) but decreased it in monocytes and macrophages, defined as
Ly6C+Ly6G� cells (Fig. 3G). Moreover, the acidification of cell
compartments such as phagosomes and lysosomes was assessed in
these cell types, which revealed that LPS induces acidification in
both neutrophils and monocytes (Fig. 3 F and H). The incubation
of the spleen cell suspension with EpOME reduced apoptosis in
stimulated neutrophils to a small but statistically significant extent
(Fig. 3E) and reduced the capacity to acidify monocyte and mac-
rophage cell compartments (Fig. 3H).

DiHOME Impairs Innate Immune Cell Functionality by Driving
Maturation and Activation in Stimulated Neutrophils,
Impairing Monocyte and Macrophage Functionality, and
Reducing Cytokines Produced by Myeloids. Given that
DiHOMEs increase in murine burn injury (Fig. 1), we exam-
ined what effect 12,13-DiHOME would exert on innate
immune cells. 12,13-DiHOME was selected because it has been
identified to have the largest increase in severe COVID-19 dis-
ease, and it also is involved in brown fat adipogenesis (7, 10).
Amplified expression of CD11b and ICAM-1 on neutrophils
mirrors neutrophil activation and maturation (18), because it is
associated with an increase in phagocytic capacity and reactive
oxygen species (ROS) production (18, 19). We found the in vitro
incubation of nonstimulated neutrophils from a spleen cell sus-
pension showed decreased expression of CD11b (Fig. 4B) and
ICAM-1 (Fig. 4C). However, under stimulation with interferon
gamma (IFNγ) (Fig. 4A) and LPS (Fig. 4 B and C), both
CD11b (Fig. 4 A and B) and ICAM-1 (Fig. 4C) expression
increased when stimulated with DiHOME. Next, we found the
ability of monocytes and macrophages in a spleen cell suspension
to acidify internal cell compartments impaired by DiHOME
under nonstimulated conditions (Fig. 4D). The expression of
major histocompatibility complex class II (MHC-II), which is
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Fig. 2. TPPU prevents immune cell necrosis. Male C57BL/6N mice were divided into four groups (n = 4 to 6/group). The mice underwent the same burn
and TPPU/vehicle treatment as described above (Fig. 1) with the only difference that TPPU/vehicle was administered twice at 24 h and directly before burn
injury and not three times. Serum from all mice was harvested 6 h postburn injury (PB6H) and pooled within the groups. Cell suspensions from spleen (A
and B) and bone marrow (C) from a male C57BL/6N mouse were then incubated for 24 h with increasing amounts of serum proteins; burn-injured mice
were treated with TPPU. Controls were treated with serum of vehicle-treated mice. After an incubation of 24 h the cell suspensions were harvested and
labeled for flow cytometry to identify CD4 and CD8 T cells, as well as monocytes and macrophages. To assess whether incubation with the respective serum
prevents necrosis, cells were stained with PI and Annexin V and analyzed via flow cytometry. For plotting of the data, cells treated with serum of vehicle-
treated mice were combined as there were no differences among the different levels of serum proteins. All cells treated with increased protein concentra-
tions from serum of mice, which did not receive TPPU treatment, were combined in the analysis and marked as one vehicle group. Data were compared
using a one-way ANOVA test and a P value of <0.05 was considered statistically significant. Data are presented as mean ± SD. *P < 0.05, **P < 0.01, ****P <
0.0001.
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associated with immunosuppressive functionality (20) tended to
be impaired by DiHOME under nonstimulated conditions and
was found significantly impaired under stimulated conditions
(Fig. 4E). Last, we assessed the concentrations of IL-6 and TNF-
α in the supernatants of the spleen cell suspensions. All myeloid
cell types are known to be potent producers of IL-6 and TNF-α,
when stimulated (21–23). When treated with 12,13-DiHOME,
both cytokine concentrations were found to be significantly
reduced in the supernatants (Fig. 4 F and G).

Discussion

Burn injury in mice and humans is characterized immunologically
by an acute increase (<24 h) of absolute numbers of innate
immune cells, whereas lymphocyte numbers drop and mainly
proinflammatory cytokines such as TNF-α, IL-6, and IL-1β are

released systemically (24, 25). Studies focused on innate immune
functions reveal an impairment of innate immune cells in severe
burn outcomes because neutrophils show both reduced ROS pro-
duction and ability to phagocyte pathogens (25), and monocytes
display reduced bactericidal activity (26). Kosaka et al. found
increased EpOME levels associated with mortality in burn patients
(11); however, few studies have examined the correlation between
the concentrations of DiHOMEs and outcome in burn patients.
Hamaguchi et al. conducted one of the few studies investigating
DiHOME levels in burn patients (27). In that case study, only
five patients were analyzed (four survivors and one fatal case) with
the fatal case showing significantly increased DiHOMEs com-
pared to survivors. We therefore assessed the effect of EpOME
and DiHOME on innate and adaptive immune cells, with the
aim of examining whether the dysfunction in these cells in burn
injury can be attributed to the effect of these oxylipins.
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EpOMEs are metabolized rapidly to DiHOMEs by sEH
(10). First, we measured systemic oxylipin levels 24 h postburn
and found DiHOME levels significantly increased (Fig. 1).
Then we assessed whether they can be therapeutically reduced.
TPPU, a soluble sEH inhibitor, decreased 9,10- and 12,13-
DiHOME 24 h postburn injury (Fig. 1). Moreover, we found
TPPU-treated serum from burn-injured mice harvested 6
h postburn decreased necrosis of adaptive and innate immune
cells in a dose-dependent manner (Fig. 2). Given the detrimen-
tal effect of lymphopenia in inflammation (28), we believe that
the prevention of DiHOME formation via TPPU diminished

adaptive and innate immune dysfunction in burn injury, and
we further examined the effects of EpOME and DiHOME on
the innate immune response.

Studying adaptive immunity, we found 9,10-EpOME has
no effect on the induction of apoptosis in either stimulated or
nonstimulated CD4+ and CD8+ T cell populations (Fig. 3 A
and C). We further examined the memory T cell subpopula-
tion, defined as CD62L-low–expressing T cells (17), because
they more potently contribute to the immune response by pro-
ducing IFNγ as an example (29, 30). EpOME reduced apopto-
sis in unstimulated memory T cells (Fig. 4 B and D). In burn
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phenotypical analysis. (F and G) Moreover, we collected the supernatants of the cell suspensions and measured their IL-6 and TNF-α concentrations, both of which
are potently produced by myeloid cells. (A–C) Neutrophil markers CD11b and ICAM-1 (CD54) were assessed because increased expression mirrors maturation and
activation of neutrophils. (D) The cell suspension was exposed and incubated with E. coli opsonized pHrodo dye that increases its fluorescence intensity when
phagocyted and with declining pH values, and thereby serves as a marker for the acidification of internal cell compartments such as the lysosomes. (E) Monocyte
and macrophage MHC-II expression was measured to assess shifts toward a functionally immunosuppressive type that expresses decreased levels of MHC-II. (F
and G) Myeloid cells are potent producers of IL-6 and TNF-α when stimulated; therefore, their concentrations in the spleen cell suspension supernatants were ana-
lyzed to reveal impaired production mirroring decreased myeloid ability to produce proinflammatory cytokines when stimulated. (A and D) Groups (n = 4) were
compared using a nonpaired Student’s t test. (B, C, and E) All groups analyzing cells (n = 6) and cytokine concentrations (F and G) (n = 18 to 22/per group, distrib-
uted over five different experiments) were tested for statistically significant differences using a one-way ANOVA test. A P value of <0.05 was considered statistically
significant. Data are presented as mean ± SD. *P > 0.05, ***P > 0.001, ****P > 0.0001.
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injury, CD4+ T cell apoptosis is induced over time (31), and
this apoptosis-driven lymphopenia was revealed to be associated
with a detrimental outcome in other inflammatory conditions
such as sepsis, where the experimental prevention of apoptotic
death of lymphocytes was shown to increase murine survival
(28). We therefore conclude that our data do not support the
assumption of Kosaka et al., that increased mortality can be
attributed to elevated EpOME levels (11). Because some epox-
ides other than 1,2-disubstituted fatty acid epoxides are highly
reactive chemically, biological activity is often attributed to
these three-membered cyclic ethers rather than to the generally
nonreactive diol metabolites. Kosaka et al. did not monitor
DiHOME concentrations in their published study (11). We
assume that the correlation of high EpOME levels and adverse
outcome in their data can be attributed to increased DiHOME
instead of EpOME, because our data show an increase in
DiHOME levels in the burn-injured mice compared to con-
trols (Fig. 1B), and previously cited in vitro work shows pathol-
ogy largely can be attributed to the DiHOMEs and not the
EpOMEs (8, 9).
Further, the examination of neutrophils did not support pre-

vious assumptions from Kosaka et al. (11) that the mortality
was due to the EpOMEs, because we found that the EpOME-
treated cells show slightly reduced signs of apoptosis (Fig. 3E).
Reduced neutrophil apoptosis might benefit the host in burn
injury as it was shown that neutrophils become less apoptotic
after burn (32), potentially contributing to hyperinflammation.
However, given the small quantitative effect observed in our
samples, this remains speculative until further experimental
examination. The EpOME did reduce acidification of stimu-
lated monocytes and macrophages (Fig. 3H). The acidification
of phagolysosome is necessary for monocyte phagocytosis (33),
which is impaired postburn (26). These findings suggest that
EpOME might contribute to some innate immune cell dys-
function postburn, most likely only in specific cells such as
monocytes. We therefore conclude that our data do not sup-
port the assumption of Kosaka et al. that increased mortality
can be attributed to elevated EpOME levels (11); rather, these
effects appear largely due to the DiHOME metabolites Kosaka
et al. did not monitor. We hypothesize that the correlation
they reported can be attributed to increased DiHOME levels.
In support of this hypothesis, our data show an increase in
DiHOME levels in the burn-injured mice compared to sham
(Fig. 1). To further examine whether innate immune dysfunc-
tion can be attributed to either EpOMEs or DiHOMEs, we
assessed the effect of DiHOME on innate immunity.
The incubation of splenic neutrophils with 12,13-DiHOME

increased neutrophil maturation under stimulated conditions
(Fig. 4 A–C), but decreased it under nonstimulated conditions
(Fig. 4 B and C). The release of damage-associated molecular
patterns and pathogen-associated molecular patterns creates a
highly inflammatory stimulus in severely burn-injured organ-
isms as a protective mechanism against passage of pathogenic
bacteria through the impaired skin or gut barriers or the respi-
ratory tract (34). Therefore, we tested the effect of 12,13-
DiHOME on neutrophils with two different stimuli, IFNγ and
LPS, both known to prime neutrophils (35). Incubation with
12,13-DiHOME increased the expression of both CD11b and
ICAM-1 to a greater degree than LPS or IFNγ alone, which
reflect maturation and activation of neutrophils and increased
ROS production (18, 36). It is not yet fully understood
whether this promotion of neutrophil maturation is beneficial
or leads to neutrophil exhaustion in burn injury (14). Several
studies showed that neutrophils posttrauma express high

CD11b surface levels but are unable to further increase it when
stimulated (37, 38). We therefore interpret high neutrophil
CD11b expression as a sign of neutrophils reaching maximum
activation but without the ability to further combat subsequent
immunological assault, such as infection or major surgery.

Next, we found that monocyte acidification and MHC-II
expression is diminished by 12,13-DiHOME (Fig. 4 D and E),
which decreases their ability to phagocytize pathogens (33).
Diminished expression of monocyte human leukocyte antigen-
DR isotype (HLA-DR), which is a MHC-II isotype, was found
in several burn studies and is associated with mortality and the
development of sepsis (39). Decreased HLA-DR expression on
monocytes under highly inflammatory conditions was shown to
be associated with an antiinflammatory cytokine profile (40).
An important function of splenic macrophages following burn
injuries is the production of proinflammatory cytokines, such
as IL-6 and TNF-α (41). The in vitro treatment of the splenic
cell suspension with 12,13-DiHOME decreased IL-6 and
TNF-α production significantly after LPS stimulation (Fig. 4 F
and G). It is of note that we did not isolate the monocyte pop-
ulation; therefore, IL-6 and TNF-α production cannot be
directly attributed to only monocytes. However, given that
LPS, a strong myeloid stimulant, specifically induces TNF-α
production in monocytes and neutrophils but not macrophages
(42) or T cells, we can assume that the effect largely is mono-
cyte and neutrophil dependent. This suggests that 12,13-
DiHOME impairs a key neutrophilic and monocytic function,
leaving them dysfunctional and the host susceptible to second-
ary infection, a common cause of morbidity and mortality in
burn patients. In addition, we have previously reported that
DiHOME causes massive alveolar edema and hemorrhage in
mice (9).

We assessed whether systemic DiHOME levels can be thera-
peutically decreased and found that TPPU, a selective sEH
inhibitor, significantly decreased 12,13-DiHOME and nonsig-
nificantly decreased 9,10-DiHOME 24 h postburn injury (Fig.
1). Moreover, we found that TPPU-treated serum from burn-
injured mice harvested 6 h postburn decreased necrosis of adap-
tive and innate immune cells in a dose-dependent manner (Fig.
2). Given the detrimental effect of lymphopenia in inflamma-
tion and critical illness, as discussed above, we believe sEH
inhibitors such as TPPU are suitable therapeutic agents to
diminish adaptive and innate immune dysfunction in burn
injury by preventing DiHOME formation. Previous studies
determined the specificity of both omega-3 and -6 fatty acid
epoxides for the sEH enzyme and also determined that the LA
epoxides had the highest affinity, demonstrated by the lowest
Km, of all epoxide regioisomers from different PUFA lipids
tested with the exception of a few lipids (cis and trans 9,10-
EpO, γ-12,13-EpODE, and 11,12-EET). Furthermore, sEH
metabolizes the 12,13-EpOME slightly faster than the 9,10-
EpOME; however, the lack of statistical significance in decreas-
ing 9,10-DiHOME after TPPU treatment can be explained by
non-sEH hydrolysis by the structurally and catalytic very differ-
ent epoxide hydrolase enzyme, microsomal epoxide hydrolase,
which can hydrolyze the 9,10- but not the 12,13-EpOME and
not as efficiently as sEH (43). This is consistent with the oxyli-
pin profile showing elevated DiHOMEs from burned mice,
suggesting higher activity of the sEH enzyme in response to
burn and the importance of inhibiting the formation of these
metabolites. Furthermore, animals with higher omega-3 fatty
acid epoxides demonstrate an antiinflammatory phenotype;
however, the biological activity of the omega-3 diols has not
been investigated (44). Thus, it is uncertain whether the
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antiinflammatory profile is a result of the increased epoxides or
decreased inflammatory diols. The current study investigates
the biological activity of the epoxides and diols of LA.
Although it may be unrealistic to monitor the biological activity
of the entire fatty acid metabolism cascade in each study, care
should be taken in interpreting past studies that did not explore
the activity of the full metabolic pathway.
DiHOMEs demonstrate a wide variety of biological effects,

having both deleterious and beneficial implications depending
on tissue concentration and disease conditions. The AHA rec-
ommendation to increase PUFA consumption resulted in part
from observational studies showing improved health in humans
with high LA consumption (1), and the understanding that LA
is an essential PUFA derived entirely from dietary intake (5).
Furthermore, recent studies demonstrate that decreased concen-
trations of DiHOMEs are associated with poor outcomes in
patients with heart failure compared to healthy, age-matched
patients. Part of the beneficial cardiovascular effects may be
attributed to increased brown fat adipogenesis associated with
DiHOMEs (7). This function has further beneficial effects by
regulating thermogenesis and improving insulin sensitivity in
patients with metabolic syndrome. In accordance with these
activities, DiHOMEs (particularly the 12,13- molecule) are
sometimes referred to as adipokines or batokines. In these con-
ditions, DiHOMEs are driving what appears to be a beneficial
effect; however, the effects reported in disease conditions indi-
cate the benefits of DiHOMEs are observed at low concentra-
tions, while higher concentrations are associated with negative
and inflammatory outcomes, such as ARDS, COVID-19, and
sepsis (Fig. 5).
In summary we conclude that there is a baseline level of

DiHOMEs required for the important biological function
of brown fat adipogenesis; however, highly increased levels of
DiHOME impair key innate immune functions that have signifi-
cant implications in dietary recommendations. Our data suggest
that DiHOMEs rather than EpOMEs are a key driver of immune
dysfunction in burn injury by indicating that DiHOMEs, and
not EpOMEs, support a phenotype of hyperinflammatory neutro-
philic response. In these experiments, the biologically relevant
regioisomers were used to probe the hypothesis that the
DiHOMEs are responsible for driving increased mortality in
burn: the 9,10-EpOME was tested as the regioisomer that signifi-
cantly increased in response to burn, and 12,13-DiHOME was

tested as the regioisomer that responded to sEH inhibition. Recent
literature revealed an inflammatory pattern of hyperinflammatory
neutrophils, reflected by increased CD11b expression, in combi-
nation with dysfunctional and suppressive monocytes, reflected by
decreased HLA-DR expression, in burn injury (13, 14), trauma
(37), and bacterial (45) and viral (46) sepsis, which is associated
with detrimental outcomes. The same patterns can be functionally
seen in our data when innate cells were treated with DiHOME
(Fig. 4). Future studies will benefit from assessing the effects of
both regioisomers of EpOMEs and DiHOMEs on immune func-
tion. Furthermore, we provide a rationale to further explore the
mechanistic effects of the impairment of adaptive and innate
immunity and for the therapeutic use of sEH inhibitors in murine
models potentially translated and applied to humans in the future.

Materials and Methods

Animal Models. Male and female C57BL/6N and male outbred CD1 IGS mice,
both 8 to 12 wk old, were purchased from Charles River. Female C57BL/6N mice
were used for in vitro analyses and outbred CD1 IGS mice, as well as male
C57BL/6N mice, for the in vivo trauma models. All animal experiments were
approved by the Institutional Animal Care and Use Committee (IACUC) of the
University of Cincinnati (IACUC protocol no: 08-09-19-01) in accordance with all
institutional and federal guidelines, and reporting in the manuscript follows the
recommendations in the Animal Research: Reporting of In Vivo Experiments
(ARRIVE) guidelines (47).

Burn Injury Model and Administration of TPPU. Male C57BL/6N mice
underwent scald injury after being shaved on their back and placed in a plastic
mold exposing 28% of the total body surface area (TBSA) under inhalation anes-
thesia with 4% isoflurane in oxygen. The exposed back was then subjected to
90 °C hot water for 9 s, resulting in a third-degree burn injury of the respective
area (48). Afterward the mice were resuscitated with 1 mL of 0.9% normal saline
injected i.p. and placed on a 42 °C heating pad for 3 h. As a control, mice under-
went sham treatment by exposure to room temperature water. To assess the
effect of TPPU, a group of mice received 10 mg/kg body weight TPPU (300 μg
per mouse, i.p.) (Cayman Chemical) diluted in 100% polyethylene glycol (PEG)
with an average molecular weight of 400 Da (Sigma-Aldrich) at 48 h, 24 h, and
directly before induction of burn injury. The control group (n = 4) was adminis-
tered PEG. The final three groups consisted of sham treatment without TPPU
administration (n = 4) and burn injury with TPPU (n = 6) and with vehicle (PEG)
(n = 6) treatment. All mice were euthanized after 24 h and blood serum was col-
lected to analyze systemic oxylipin levels via mass spectrometry.

To evaluate the effect of blood serum from burn injury, TPPU (n = 4) or
vehicle-treated (n = 4) male C57BL/6N mice underwent the exact same burn

Fig. 5. DiHOME concentrations reported in human disease and animal models indicate a disease-specific and/or concentration-dependent effect on benefi-
cial or deleterious outcomes. Pinckard et al. characterized decreased 12,13-DiHOME concentration in patients with cardiac disease compared to healthy
human controls, concluding a protective effect of this oxylipin (7). Pinckard et al. also characterized function of this adipokine in a mouse cardiac model to
demonstrate that brown fat is cardioprotective and that 12,13-DiHOME maintains brown fat adipogenesis. Anita et al. (49) characterized fatty acid profiles in
patients with type 2 diabetes (T2D) with and without depression and found that diabetic patients have increased DiHOMEs that are even more pronounced
in diabetic patients with depression. McReynolds et al. demonstrated increased DiHOMES in severe human COVID patients (10). Finally, normal mice display
higher DiHOMEs than humans [62 nM calculated in sham-treated mice from Bergmann et al. (12) and the current study], but the concentrations of DiHOMES
observed in this mouse study exceeded those concentrations observed in other diseases in humans and therefore further studies are needed to character-
ize DiHOME levels in burn patients and correlate them to the level of EpOMEs observed in severe and septic burn cases (11).
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injury procedure as described above, different only in receiving two treatments
of TPPU or vehicle, 24 h and directly before injury induction. Blood serum was
harvested 6 h postinjury induction, for in vitro incubation with innate and adap-
tive immune cells.

Mass Spectrometry. Whole blood was collected 24 h postburn injury, main-
tained at room temperature for 30 min, and centrifuged at 4 °C to gain blood
serum. Immediately after serum collection, an antioxidant solution (0.2% triphe-
nylphosphine/0.2% butylated hydroxytoluene/0.1% ethylenediaminetetraacetic
acid per 100 μL of serum) was added at 2% of volume and frozen at �80 °C
until analysis. For analysis of lipid profiles, nine isotope-labeled oxylipins were
added to the samples as internal controls at 3× volume in methanol and
extracted using solid phase extraction followed by the liquid chromatography-
electrospray ionization/multistage mass spectrometry UPLC/MS/MS system
(Waters Acquity UPLC) and the AB Sciex 6500+ QTrap system as previously
described (12).

In Vitro Incubation with EpOME and DiHOME. The effect of EpOME and
DiHOME treatment in spleen and bone marrow cell suspensions was evaluated by
incubating 2 million cells of the respective cell suspension for 24 h at 37 °C in a
cell culture media consisting of RPMI (BioWhittaker, Lonza Group AG), gentamycin,
minimum essential medium, sodium pyruvate, penicillin-streptomycin-glutamine
(all purchased from Gibco, Thermo Fisher Scientific), and Cytiva HyClone fetal
bovine serum (Thermo Fisher Scientific). After euthanasia, bone marrow was har-
vested by flushing the tibia and femur of both legs, and spleens were harvested
by splenectomy and gently mashed through a 70-μm mesh (Falcon Cell Strainers,
Thermo Fisher Scientific) to gain a cell suspension. All in vitro experiments were
conducted in 24-well plates with 2 million cells per well. Untreated cells contained
only cell media. T cell stimulation was performed by adding 1 μg/mL CD3e (BD
Pharmingen) in phosphate buffered saline (Sigma-Aldrich) per well, which was
then incubated for 1 h so the CD3e became plate bound. Then 9,10-EpOME was
added to a final concentration of 2 μM to evaluate its effect on T cell behavior.
Myeloid cells were primed by adding 100 ng/mL LPS (Escherichia coli 0111:B4,
Sigma-Aldrich) into the cell media to the respective cells. Moreover, a final concen-
tration of 2 μM 9,10-EpOME or 5 μM 12,13-DiHOME was achieved in the respec-
tive wells to evaluate their effect on myeloid cell behavior. The spleen cell
suspension stimulation with IFNγ required the addition of 2.5 ng/mL IFNγ
(Sigma-Aldrich) with or without 5 μM 12,13-DiHOME, all in cell culture media.

In Vitro Incubation with Serum from TPPU-Treated, Burn-Injured Mice.

Serum from male C57BL/6N mice was harvested 6 h postburn or postsham inter-
vention with or without TPPU administration, as described above. The sera from
scalded mice treated with TPPU (n = 4) and without TPPU treatment (n = 4)
were pooled for ex vivo treatment of splenocytes and bone marrow cells. The
amount of protein in the pooled sera was assessed using a BCA Protein Assay
Kit (Pierce Protein Biology, Thermo Fisher Scientific) according to the manufac-
turer’s instructions. Spleen and bone marrow cell suspensions were harvested
from one naïve male C57BL/6N mouse. These suspensions were incubated in
cell culture media with the pooled sera from the scald-injured and TPPU-treated
mice containing 1, 10, or 100 μg/mL protein for 24 h at 37 °C. The same incu-
bation was performed with the pooled sera from the scald-injured mice not
treated with TPPU. For the analysis, the latter sera with all three protein concen-
trations were combined. The cells were then harvested and labeled for flow
cytometry identification of CD4+ and CD8+ T cells, neutrophils, monocytes, and
macrophages, and for the assessment of necrosis, both as described below.

Acidification Assay (pHrodo Assay). According to the manufacturer’s instruc-
tions we processed opsonized peptides from E. coli labeled with pH-sensitive
dyes (pHrodo Green BioParticles from E. coli; Thermo Fisher) and subsequently
incubated the spleen cell suspensions with them at 37 °C, 5% CO2 for 1 h. This
allowed neutrophils, monocytes, and macrophages to phagocytize these par-
ticles. Phagocytosis was then interrupted by placing the cells on ice and fixing
them with 1% paraformaldehyde (PFA). For the remainder of the processing,
cells were kept on ice and subsequently labeled for flow cytometry analysis as
described below. Internal cell compartments such as phagosomes and lyso-
somes become acidified after the digestion of the phagocyted particles, which
correlates with the increased intensity of the light signal of the pH-sensitive
dyes, reflected in its mean fluorescence intensity (MFI) in flow cytometry. A

decrease in the MFI was assumed to reflect a decrease in the ability to acidify
internal cell compartments.

Flow Cytometry and Assessment of Apoptosis and Necrosis. The har-
vested cells were enumerated using a cell counter (Beckman Coulter) and 1 mil-
lion cells were washed and afterward labeled for flow cytometry. First a
Fc-receptor blockage was conducted by incubating the cells with CD16/CD32
(Mouse BD Fc Block) (clone 2.4G2 [RUO], BD Pharmingen) and 5% rat serum
(Invitrogen) for 10 min at room temperature. Consecutively, the cells were
labeled with the antibodies for 20 min at 4 °C in the dark. The following
fluorescent-labeled antibodies were used: Ly6G (clone: 1A-8), Ly6C (clone: AL-
21), CD4 (clone: RM4-5), ICAM-1(CD54) (clone: 3E2), L-Selectin (CD62L) (clone:
MEL-14), CD11b (clone: M1/70), MHC-II (clone: AF6-120.1) (all from BD Bio-
sciences) and CD8 (clone: 53-6.7) (BioLegend). The analysis of the labeled cells
was performed on an Attune NxT Acoustic Focusing Cytometer (Thermo
Fisher Scientific).

To evaluate the share of apoptotic or necrotic cells, they were labeled with
Annexin V (BD Pharmingen) and/or propidium iodide (PI) (Fluka Chemie
GmbH). After harvesting, cells were washed and resuspended in Annexin V
Buffer (BD Biosciences), counted, and diluted into 100 μL buffer containing 1 ×
105 cells. Each sample was then incubated with 5 μL Annexin V antibody and 1
μL 100 μg/mL and/or PI for 15 min. Consecutively, the samples were washed,
placed on ice, labeled, and analyzed via flow cytometry as described above. Cells
were indicated to become increasingly apoptotic when showing increasing
Annexin V MFI values. Cells that were found to be Annexin V and PI positive
were assumed necrotic.

Cytokines. To assess cell supernatant cytokine concentrations, the spleen cell
suspensions were centrifuged and supernatants collected after a 24-h incubation
time. The concentrations of IL-6 and TNF-α were measured using the BD Cyto-
metric Bead Array Mouse IL-6 Flex Set and Mouse TNF Flex Set (BD Biosciences)
according to the manufacturer’s instructions.

Statistical Analysis. The statistical analysis was performed with GraphPad
Prism 9.1.2 (GraphPad Software). All groups were tested for normality using the
Shapiro–Wilk test (method of Royston) and the D’Agostino and Pearson normal-
ity test omnibus K2. If groups were normally distributed, a two-tailed Student’s t
test comparison of two groups (Fig. 4 A and D) or one-way (Fig. 2) or two-way
(Fig. 1) ANOVA with Tukey (Fig. 2) or of Benjamini, Krieger, and Yekutieli (Fig. 1)
post hoc analysis for comparisons of more than two groups was applied (Figs. 1,
3, and 4 B, C, E, and F). If groups were not normally distributed, a
Mann–Whitney test to compare two groups or Kruskal–Wallis test with Dunn’s
multiple-comparison test analysis for comparisons of more than two groups was
conducted (Fig. 3G). Data are expressed as the mean ± SD. A P value of ≤0.05
was considered statistically significant.

Data Availability. All study data are included in the article and/or SI
Appendix. Study data is also available at https://doi.org/10.25338/B8QP99.
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