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Stress-induced stenotic vascular
remodeling via reduction of plasma
omega-3 fatty acid metabolite
4-oxoDHA by noradrenaline
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Manabu Nagao®, Ryuji Toh®, Tatsuro Ishida®’, Ken-ichi Hirata®, Tomoyuki Furuyashiki®® &
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Stress has garnered significant attention as a prominent risk factor for inflammation-related diseases,
particularly cardiovascular diseases (CVDs). However, the precise mechanisms underlying stress-driven
CVDs remain elusive, thereby impeding the development of preventive and therapeutic strategies.

To explore the correlation between plasma lipid metabolites and human depressive states, liquid
chromatography-mass spectrometry (LC/MS) based analysis of plasma and the self-rating depression
(SDS) scale questionnaire were employed. We also used a mouse model with restraint stress to study
its effects on plasma lipid metabolites and stenotic vascular remodeling following carotid ligation.

In vitro functional and mechanistic studies were performed using macrophages, endothelial cells, and
neutrophil cells. We revealed a significant association between depressive state and reduced plasma
levels of 4-oxoDHA, a specific omega-3 fatty acid metabolite biosynthesized by 5-lipoxygenase (LO),
mainly in neutrophils. In mice, restraint stress decreased plasma 4-oxoDHA levels and exacerbated
stenotic vascular remodeling, ameliorated by 4-oxoDHA supplementation. 4-oxoDHA enhanced
Nrf2-HO-1 pathways, exerting anti-inflammatory effects on endothelial cells and macrophages. One
of the stress hormones, noradrenaline, reduced 4-oxoDHA and the degraded 5-LO in neutrophils
through the proteasome system, facilitated by dopamine D2-like receptor activation. Our study
proposed circulating 4-oxoDHA levels as a stress biomarker and supplementation of 4-oxoDHA as a
novel therapeutic approach for controlling stress-related vascular inflammation.

Stress refers to the physiological and psychological responses during prolonged or excessive stimulation from
various internal and external stressors. While stress responses serve as adaptive mechanisms for maintaining
homeostasis, chronic or severe stress can lead to mental and physical health problems such as depression, anxi-
ety, and cognitive dysfunction, thereby increasing the risk of illness. Notably, the physiological response to
stress influences immune, endocrine, and metabolic pathways, with stress-induced imbalances often leading to
inflammation. Recently, stress has received increased attention as a substantial and modifiable risk factor for
various inflammation-related diseases, including cardiovascular diseases®~”.

Uncontrolled inflammation is recognized as a common underlying factor in many chronic diseases. Exploring
intrinsic regulatory mechanisms within the inflammatory response can offer new insights into disease patho-
genesis and potential treatment approaches. The acute inflammatory response involves various lipid mediators,
including eicosanoids (prostaglandins and leukotrienes) derived from the essential fatty acid arachidonic acid,
as well as cytokines and chemokines®™'2. Lipids play critical roles in cellular functions, including the regulation
of protein transport, anchoring, and structural support. In neuronal function, lipids are essential for processes

Division of Molecular Epidemiology, Kobe University Graduate School of Medicine, Kobe 650-0017, Japan. 2The
Integrated Center for Mass Spectrometry, Kobe University Graduate School of Medicine, Kobe, Japan. 3Division
of General Internal Medicine, Kobe University Graduate School of Medicine, Kobe, Japan. “Kobe Kaisei Hospital,
Kobe, Japan. °Division of Cardiovascular Medicine, Kobe University Graduate School of Medicine, Kobe,
Japan. ®Division of Evidence-Based Laboratory Medicine, Kobe University Graduate School of Medicine, Kobe,
Japan. "Division of Nursing Practice, Kobe University Graduate School of Health Sciences, Kobe, Japan. ®Division
of Pharmacology, Kobe University Graduate School of Medicine, Kobe, Japan. ®Japan Agency for Medical Research
and Development, Tokyo, Japan. “’email: mashino@med.kobe-u.ac.jp

Scientific Reports|  (2024) 14:4178 | https://doi.org/10.1038/s41598-024-54867-3 nature portfolio


http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-024-54867-3&domain=pdf

www.nature.com/scientificreports/

such as membrane fluidity, permeability, vesicular formation and transport, neurotransmitter release, cell integ-
rity, and plasticity'>!*. The levels of low-density lipoproteins, absolute polyunsaturated fatty acids (PUFAs), and
PUFA subtype ratios have been proposed as potential biomarkers for major depressive disorder'®. Omega-3
PUFAs have demonstrated efficacy in improving depression'®. Considering stress as a significant risk factor for
depression and stress-related physical disorders like cardiovascular diseases, investigating how omega-3 PUFAs
alleviate psychosomatic symptoms becomes crucial. Therefore, our study focuses on PUFA-derived metabolites
in the plasma.

While several studies have identified potential blood biomarkers for stress, such as proteins, monoamine
metabolites, and lipids, these findings have often involved cross-sectional comparisons between control and
diagnosed major depressive disorder groups'. Thus, there is a need to establish sensitive early diagnostic bio-
markers for the pre-symptomatic stage of stress. This study investigated the correlation between depressive states
and plasma lipid metabolites in humans. Our findings revealed a correlation between depressive states and spe-
cific omega-3 fatty acid metabolites in the plasma. Moreover, we validated these observations in a mouse stress
model, which enhanced stenotic vascular remodeling. These findings uncover a novel pathway through which
stress promotes systemic vascular inflammation by regulating omega-3 fatty acid metabolites in the circulation.

Results

Depressive state correlates with low plasma 4-oxoDHA levels in humans

We first investigated whether a depressive state correlated with plasma fatty acid metabolite profiles in humans.
The depressive state was quantitatively assessed using the SDS score obtained by answering twenty questions'”.
Plasma was processed for LC/MS/MS-based lipidomics analysis. A total of 408 samples were analyzed, of which
54.1% were obtained from males. The mean [standard deviation] age and SDS score were 54.1 [11.7] and 37.2
[8.0]. All monohydroxy fatty acids are expressed as the percent conversion ratio of each substrate. Among the
variables, including lipid profiles, age, and sex, 4-oxoDHA (coefficient, — 60.941; p = 0.002), age (coeflicient, — 0.1;
p =0.003), and 18-HEPE (coefficient, — 83.671; p = 0.024) significantly correlated with SDS scores in univariate
analysis (Table 1, left). In multiple regression analysis, age (coefficient, — 0.093; p = 0.006) and 4-oxoDHA (coef-
ficient, — 52.013, p = 0.019) significantly correlated with SDS scores. These epidemiological data indicated that
a depressive state correlated with low plasma 4-oxoDHA levels in humans.

Restraint stress reduces plasma 4-oxoDHA levels and deteriorates stenotic vascular remod-
eling in mice

We next investigated stress-induced alterations in plasma 4-oxoDHA levels in mice. After 2 h of restraint stress
in mice for two consecutive days, we profiled DHA metabolites in the plasma on day 3 (Fig. 1a). The concentra-
tion of 4-oxoDHA significantly decreased in plasma after 2 days of restraint, a trend similar to that of 4-oxoDHA
levels in human plasma in a depressive state (Table 1). We hypothesized that the DHA metabolite 4-oxoDHA,
which is decreased by stress, might have specific bioactive functions.

We employed a mouse carotid ligation model to evaluate how stress regulates vascular remodeling. As shown
in Fig. 1b, mice were treated with or without restraint stress; then, the right common carotid artery was subjected
to carotid ligation on day 3. On day 10, vascular remodeling was histologically evaluated. We found that stressed
mice showed a ~sevenfold increase in neointimal formation (arrowheads, Fig. 1¢), quantified by stenosis rate
(Fig. 1d). Next, we investigated the effects of transperitoneal administration of DHA or 4-oxoDHA on neointimal
formation in stressed mice. We injected DHA (1 pg) and 4-oxoDHA (1 pg) on days of restraint stress (Fig. 1b)
and found that 4-oxoDHA treatment rescued the deterioration of stenotic vascular remodeling (Fig. 1c,d).

We investigated the infiltration of neutrophils across endothelial cells by immunohistochemistry using an
anti-CD45 antibody (Fig. le, arrowheads). The number of infiltrated neutrophils was quantified (Fig. 1f). We
found that stressed mice showed an approximately fivefold increase in neutrophil infiltration, and treatment with
4-0x0DHA significantly decreased neutrophil infiltration under stressed conditions.

Adhesion molecules are crucial for initiating vascular remodeling in carotid ligation models. Therefore, we
immunohistochemically evaluated the induction of adhesion molecules in endothelial cells (Fig. 1g, arrowheads).
We found that ICAM-1 expression increased ~fivefold in stressed mice (Fig. 1h) and that 4-oxoDHA treatment
almost entirely rescued stress-induced augmentation of ICAM-1.

Taken together, restraint stress reduced plasma 4-oxoDHA levels and enhanced pathological stenotic vascular
remodeling via augmentation of ICAM-1 expression and neutrophil infiltration, and treatment with 4-oxoDHA
rescued these deteriorations.

4-oxoDHA augments Nrf2-HO-1 pathways and anti-inflammatory properties in endothelial
cells
Because 4-0xoDHA can reduce the expression of adhesion molecules in vivo, we investigated the biological
functions of 4-oxoDHA in endothelial cells in vitro. First, to comprehensively examine the effects of 4-oxoDHA
on HUVEC, HUVEC were incubated with or without 10 uM 4-oxoDHA for 2 h, followed by RNA-sequencing.
Pathway analysis revealed that the Nrf2-ARE regulatory pathway was activated after treatment with 4-oxoDHA
(Fig. 2a). Next, we examined the protein expression levels of heme oxygenase-1 (HO-1), as HO-1 is significantly
regulated by Nrf2-ARE'. HUVEC were treated with DHA (10 uM), 4-HDHA (0.1-10 uM), or 4-oxoDHA (0.1-10
uM) for 6 h at 37 °C. Whole-cell lysates were processed for western blot analysis to determine HO-1 expression.
We found that HO-1 expression levels showed a ~sevenfold increase following 4-HDHA treatment (10 uM) and
a ~28-fold increase following 4-oxoDHA treatment (10 uM) (Fig. 2b).

We also confirmed 4-oxoDHA-induced HO-1 expression in an endothelial-like cell line, EA.hy 926, and
found that HO-1 was augmented by 4-oxoDHA treatment (Fig. 2¢). Next, we investigated the activation of Nrf2
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Univariate analysis Multivariable analysis

Variable Mean+SE Coef. 95% CI lower 95% CI upper p value Coef 95% CI lower 95% CI upper p value
Age 54.1+0.6 —-0.100 —-0.166 -0.034 0.003 —-0.093 —-0.159 —-0.027 0.006
Sex -1.321 -2.925 0.283 0.106

4-HDHA 0.0028 £0.0001 —238.377 —536.088 59.333 0.116

4-oxoDHA 0.0131+£0.0010 —60.941 —98.967 -22915 0.002 -52.013 —95.348 -8.677 0.019
7-HDHA 0.0020£0.0001 —206.511 -519.614 106.592 0.196

14-HDHA 0.0046 +0.0003 —94.478 —248.591 59.635 0.229

17-HDHA 0.0056+0.0003 —66.628 —194.247 60.990 0.305

5-HEPE 0.0254+0.0017 -15.792 —38.891 7.307 0.180

12-HEPE 0.0066 +0.0004 —-83.180 -191.376 25.015 0.131

15-HEPE 0.0072+0.0004 —84.829 —174.246 4.588 0.063

18-HEPE 0.0104+0.0005 —-83.671 -156.229 -11.112 0.024

5-HETE 0.0432+0.0029 -6.515 -19.696 6.666 0.332

12-HETE 0.0190£0.0010 —27.642 —66.788 11.505 0.166

15-HETE 0.0131+0.0007 —36.580 —-89.421 16.261 0.174

Table 1. A depressive state correlates with low plasma 4-oxoDHA levels in humans. All monohydroxy fatty
acids are expressed as the percent conversion ratio from each substrate (mean +s.e., n=408). Among the fatty
acid metabolites, 4-oxoDHA independently correlated with SDS after adjusting for age, sex, and other fatty
acid metabolites. Significant values are in bold.

in HUVEC and found that nuclear Nrf2 protein levels showed a ~fivefold increase with 4-oxoDHA treatment
(Fig. 2d).

As endothelial cells play a critical role in vascular barrier function, we investigated the effect of 4-oxoDHA
on the vascular permeability of endothelial cells grown in a transwell chamber. EA.hy 926 cells were treated
with 1 uM DHA, 4-HDHA, or 4-oxoDHA for 1 h, followed by stimulation with H,O, (500 pM) for 2 h at 37 °C.
After incubation, we investigated endothelial permeability with FITC-labeled dextran and found that 4-oxoDHA
rescued approximately 50% of vascular leakage induced by H,O, (Fig. 2e).

Since 4-oxoDHA regulated expression of adhesion molecules in endothelial cells in vivo (Fig. 1g,h), we
investigated the expression of adhesion molecules in HUVEC using real-time RT-PCR. We treated HUVEC with
10 uM of DHA or 4-oxoDHA after stimulation with Kdo2-Lipid A, a TLR4 ligand (0.5 ug/mL), and found that
Kdo2-induced ICAM-1 (Fig. 2f) and E-selectin (Fig. 2g) mRNA were reduced to 1/2 and 1/3 after 4-oxoDHA
treatment.

These results indicated that 4-oxoDHA augmented the Nrf2-HO1 pathway and had anti-inflammatory
properties in endothelial cells.

4-oxoDHA augments Nrf2-HO-1 pathways and anti-inflammatory properties in macrophages
We investigated the effects of 4-0xoDHA on macrophages. The murine macrophage cell line (RAW 264.7) was
treated with DHA, 4-HDHA, 4-oxoDHA (0.01-1 uM), or vehicle (N/C) for 6 h at 37 °C. The lysates were pro-
cessed for western blot analysis to determine HO-1 expression. Treatment with 4-oxoDHA significantly enhanced
HO-1 protein expression, reaching approximately 2.5-fold induction by 1 uM 4-oxoDHA (Fig. 3a).

We also examined the activation of Nrf2, an upstream transcription factor for HO-1. Treatment with
4-oxoDHA significantly augmented the protein levels of Nrf2 (Fig. 3b) and the DNA-binding activity of Nrf2
(Supplementary Fig. 1).

We next investigated cytokine production in macrophages. RAW 264.7 cells were incubated with Kdo2
(0.5 pg/mL) for 1 h, followed by treatment with 1-10 uM of DHA, 4-HDHA, and 4-oxoDHA for 2 h at 37 °C.
Treatment with 4-oxoDHA significantly suppressed inflammatory cytokines, including C-C motif chemokine
(CCL) 2 (Fig. 3¢) and interleukin (IL)-18 (Fig. 3d), induced by Kdo2. Treatment with 4-oxoDHA also enhanced
the mRNA expression of glutamate-cysteine ligase modifier subunit (GCLM) (Fig. 3e) and NAD(P)H quinone
dehydrogenase 1 (NQO1) (Fig. 3f), which have anti-inflammatory properties.

Furthermore, we focused on the phagocytosis of macrophages, as phagocytosis activity is a critical function of
macrophages for the resolution of inflammation’®. We treated RAW 264.7 cells with 1 uM DHA, 4-HDHA, and
4-0x0DHA for 6 h at 37 °C and evaluated phagocytosis with FITC-labeled zymosan particles. Treatment with
4-0xoDHA significantly enhanced phagocytosis (Fig. 3g). These results indicated that 4-oxoDHA augmented
the Nrf2-HO-1 pathway and upregulated anti-inflammatory and pro-resolution functions in the macrophages.

Noradrenalineregulates 5-LO protein expression viadopamine D2-like receptorsin neutrophils
Given that 4-oxoDHA, which regulates the anti-inflammatory functions of endothelial cells and macrophages,
was reduced under stressed conditions, we hypothesized that specific blood cells produce 4-oxoDHA and that
stress hormones regulate its production. First, heparin-treated whole blood (100 pL) was stimulated by specific
stress hormones (adrenaline, noradrenaline, dopamine, or cortisol). Noradrenaline stimulation (10-1000 uM)
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for 1 h significantly suppressed the production of 4-HDHA and 4-oxoDHA in whole human blood (Fig. 4a).
Notably, postganglionic sympathetic fibers release noradrenaline under stressed conditions'>%.

We also investigated which whole blood cells were responsible for the production of 4-HDHA and 4-oxoDHA.
To this end, we employed neutrophil-like (HL60), monocyte-like (RAW 264.7), T lymphocyte-like (EL4), B
lymphocyte-like (Ba/F3), and megakaryocyte cell lines (Meg-1) and profiled lipid metabolite production with
or without noradrenaline treatment (data not shown). We found that the neutrophil-like cell line (HL60)
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«Figure 1. Restraint stress reduces plasma 4-oxoDHA levels and deteriorates vascular remodeling in mice. (a)
Mice were treated with or without stress by physical restriction (2 h) for two consecutive days. DHA, 4-HDHA,
and 4-oxoDHA levels in plasma were analyzed using LC/MS/MS on day 3. Data are shown as ng/mL in plasma,
mean ts.e. (n=38). *Indicates p <0.05. (b) Experimental protocol for carotid artery ligation model. Mice were
treated with or without stress as above; then, the right common carotid artery was subjected to the carotid
ligation model (see “Methods” section) on day 3. Specific mice were treated with 1 ug of DHA or 4-oxoDHA
(intraperitoneal injection) on days of restraint stress. On day 10, stenotic vascular remodeling was histologically
evaluated. (c) Representative sections at 300 um from the carotid bifurcation are shown. Arrowheads indicate
neointimal formation. Scales indicate 100 pum. (d) Stenosis rate (neointimal lesion area/lumen area). Data
are expressed as mean+s.e. (n=9-12). *Indicates p <0.05. (e) Infiltration of neutrophils (arrowheads) across
endothelial cells was evaluated by immunohistochemistry with an anti-CD45 antibody. Scales indicate 50 um.
(f) Number of infiltrated neutrophils per section. *,****Indicate p <0.05, p<0.0001. (g) ICAM-1 expression in
endothelial cells at 500 um from the bifurcation was evaluated by immunohistochemistry with an anti-ICAM-1
antibody. Scales indicate 100 pm. (h) Relative ICAM-1 expression was quantified using Image-J software. Data
are expressed as fold change compared to control, mean ts.e. (n=4-7). *Indicates p <0.05.

biosynthesized 4-HDHA and 4-oxoDHA from DHA and that noradrenaline treatment reduced 4-oxoDHA
levels by 30-40% (Fig. 4b). The effect of noradrenaline treatment had the same trend as found in human plasma
under a depressive state (Table 1) and mouse plasma after 2 h of restraint stress (Fig. la).

Because 4-oxoDHA is produced by 5-LO from DHA, we hypothesized that noradrenaline might regulate
5-LO expression in neutrophils. We investigated the mRNA and protein expression of 5-LO in HL60 cells after
noradrenaline stimulation. HL60 cells were treated with noradrenaline (10-1000 pM) for 2.5 h at 37 °C, and
cell lysates were processed for western blot analysis to determine 5-LO expression. The protein expression of
5-LO reduced by ~ 40% with 100 uM noradrenaline and ~ 90% with 1000 pM noradrenaline (Fig. 4c), whereas
the mRNA expression of 5-LO did not show any significant changes (Supplementary Fig. 2). Stimulation with
cortisol, also known as a stress hormone, did not significantly alter the expression of 5-LO proteins in HL60 cells
(Supplementary Fig. 3). We monitored annexin-V and PI double-negative fractions to exclude possible cellular
toxicity induced by relatively high concentrations of noradrenaline. These fractions were not significantly altered
by 10-1000 uM noradrenaline (Fig. 4d).

We investigated how noradrenaline regulates 5-LO protein expression in neutrophils. Noradrenaline-derived
suppression of 5-LO protein was rescued by MLN2238 (proteasome inhibitor; 1-10 nM; 1 h before noradrenaline
stimulation; Fig. 4e), suggesting that the ubiquitin-proteasome system degraded the 5-LO protein. Next, we
used selective agonists for adrenergic o receptors (Supplementary Fig. 4a) and selective agonists for adrenergic
B receptors (Supplementary Fig. 4b). We found that none of these compounds suppressed 5-LO protein
expression in neutrophils. Moreover, specific antagonists for each a- and B-adrenergic receptor failed to rescue
the noradrenaline-derived suppression of the 5-LO protein expression (Fig. 4f). We thus treated neutrophils with
dopamine receptor antagonists (SCH39166 for D1-like receptors and raclopride for D2-like receptors), followed
by noradrenaline stimulation, and found that raclopride completely recovered the noradrenaline-induced
suppression of 5-LO protein expression in neutrophils (Fig. 4g). We also employed selective dopamine receptor
agonists (SKF81297 for D1-like receptors and quinpirole for D2-like receptors) and found no suppression of
5-LO protein expression in the neutrophils (Supplementary Fig. 5). Finally, Barbadian (f arrestin-2 inhibitor)
treatment almost completely rescued noradrenaline-derived suppression of 5-LO (Fig. 4h). It indicated that a
relatively high concentration of noradrenaline-activated dopamine D2-like receptors via {3 arrestin-2 dependent
signaling pathways and reduced 5-LO protein levels via the ubiquitin-proteasome system. We also measured
5-LO protein expression in neutrophils from restraint stress model mice. The mean intensity of 5-LO protein
expression in neutrophils was ~ 25% lower in the stressed group than in the control group (Fig. 4i), indicating
that 5-LO protein expression in neutrophils was also regulated in an in vivo restraint stress mouse model.

Discussion

Our study revealed that stress conditions led to a reduction in circulating levels of 4-oxoDHA, which was
regulated by 5-LO, mainly in neutrophils. We found that stress triggered the degradation of 5-LO in neutro-
phils through the proteasome system in the dense concentration of noradrenaline. Additionally, we discovered
that dopamine D2-like receptor activation via the B-arrestin pathway was involved in the regulation of 5-LO.
The decreased levels of circulating 4-oxoDHA would downregulate the Nrf2-HO-1 anti-inflammatory axis and
increase adhesion molecules, vascular permeability, and stenotic vascular remodeling (see Fig. 5). 4-oxoDHA
supplementation would be a novel therapeutic strategy for stress-induced vascular remodeling.

Dietary consumption of omega-3 fatty acid-rich fish oil has been associated with various health benefits,
including improved neurocognitive function?!, enhanced insulin resistance in individuals with diabetes?,
reduced cardiovascular event incidence?*?*, and decreased inflammation®. However, the precise molecular
mechanisms underlying the beneficial effects of omega-3 fatty acids are not fully understood. Recent evidence
suggests that the resolution of acute inflammation and the restoration of homeostasis involve active and highly
regulated processes, termed programmed resolution, which are coordinated by bioactive lipid mediators derived
from omega-3 fatty acids?>”. Nonetheless, little is known about the presence of functional lipid metabolites
corresponding to stress-induced systemic inflammation in the bloodstream.

Omega-3 PUFAs are metabolized and enzymatically converted into specialized pro-resolving mediators
(SPMs), such as lipoxins, resolvins, protectins, and maresins®. Enzymes like lipoxygenases (LOs), cytochrome
p450, and cyclooxygenase (COX) play a role in the synthesis of bioactive anti-inflammatory lipids.
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Dehydrogenases convert the hydroxy group of these lipids into an oxo group, which imparts electrophilicity.
Electrophilic fatty acids act through various signaling mechanisms, including noncovalent binding to receptors
and covalent binding to target proteins and receptors*?. Notably, 4-oxoDHA activates PPARY* and regulates
electrophile-sensitive signaling pathways, such as the Keap1/Nrf2-dependent antioxidant response. In the case
of Nrf2/Keapl, electrophilic fatty acids induce the release and nuclear translocation of Nrf2 by modifying a
specific cysteine residue on the Nrf2 inhibitor Keapl. Once in the nucleus, Nrf2 binds to antioxidant response
elements (AREs) and activates the transcription of protective genes. Our study demonstrates that 4-oxoDHA
increases Nrf2 protein expression (see Figs. 2d, 3b) and enhances ARE-binding activities (see Supplementary
Fig. 1), subsequently inducing HO-1 (see Figs. 2b,c, 3a) and glutathione biosynthetic enzymes (see Fig. 3¢).
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«Figure 2. 4-oxoDHA augments Nrf2-HO-1 pathways and anti-inflammatory properties in endothelial cells.
(a) Pathway analysis of RNA-sequence data from the control (N/C) and 4-oxoDHA treated (4-oxoDHA)
HUVECs. (b) HUVECs were treated with DHA (10 uM), 4-HDHA (0.1-10 uM), and 4-oxoDHA (0.1-10 pM)
for 6 h at 37 °C. Whole-cell lysates were processed for western blot analysis to determine heme oxygenase-1
(HO-1) expression. p-actin was employed as the internal standard. Data are expressed as fold induction of
HO-1 compared to control, meanzs.e. (n=3). ***Indicates p <0.0001. (c) Endothelial cell line (EA.hy 926)
was treated with DHA (1 uM), 4-HDHA (0.01-1 pM), and 4-oxoDHA (0.01-1 pM) for 6 h at 37 °C. Whole-
cell lysates were processed for western blot analysis to determine HO-1 expression. B-actin was used as the
internal standard. Data are expressed as fold induction of HO-1 compared to control, meanzs.e. (n=5).
**Indicates p<0.01. (d) HUVECs were treated with 10 pM of DHA, 4-HDHA, and 4-oxoDHA for 2 h at 37 °C.
Nuclear fractions were processed for western blot analysis to determine Nrf2 expression. PCNA was used as the
internal standard. Data are expressed as fold induction of Nrf2 compared to control (N/C), mean ts.e. (n=3)
¥ Indicate p<0.01, p<0.001. (e) EA.hy 926 cells were treated with 1 uM of DHA, 4-HDHA, and 4-oxoDHA
for 1 h, followed by stimulation of H,O, (500 uM) for 2 h at 37 °C. After incubation, endothelial permeability
was investigated with FITC-labeled dextran (MW: 10,000). Data are expressed as percent reduction compared to
control, mean+s.e. (n=3-4). **Indicates p <0.01. (f,g) HUVECs were treated with 10 pM DHA or 4-oxoDHA
after stimulation with Kdo2 (0.5 pg/mL). ICAM-1 (f) and E-selectin (g) mRNA were analyzed using real-
time RT-PCR. Data are expressed as fold change compared to control, mean +s.e. (n=7). *,**Indicate p <0.05,
p<0.01.

Given that stress conditions exacerbate vascular diseases, we utilized a mouse model of vascular remodeling
that leads to stenotic lesions. Endothelial cells and macrophages have been shown to play critical roles in the
pathogenesis of vascular diseases®*2. The induction of adhesion molecules by endothelial cells initiates the
rolling, adhesion, and infiltration of leukocytes®®. Additionally, the loss of endothelial barrier function contrib-
utes to the extravasation of leukocytes*. Macrophages regulate peripheral tissue homeostasis by phagocytosing
apoptotic tissue debris and neutrophils®. In our study, 4-oxoDHA reduced the expression of adhesion molecules
in the mouse vascular remodeling model (see Fig. 1g,h) and in an in vitro model (see Fig. 2f,g). Furthermore,
4-0xoDHA enhanced macrophage phagocytosis (see Fig. 3g) and exhibited anti-inflammatory properties (see
Fig. 3c-f).

While our study suggests that reduced levels of circulating 4-oxoDHA could serve as a novel biomarker for
stress (see Table 1), we acknowledge that our study design was cross-sectional and, therefore, unable to establish
a cause-and-effect relationship. Nevertheless, we consistently observed reduced circulating 4-oxoDHA levels in
humans experiencing depressive states and mice subjected to restraint stress. These findings suggest that specific
stress-induced reactions may be conserved across species. Our study primarily focused on the sympathetic
nervous system, as the bone marrow receives rich innervation from sympathetic nerves involved in regulating
hematopoietic homeostasis'>?°. Noradrenaline, secreted by sympathetic nerve terminals within the bone
marrow, exhibits a dense distribution within the micro-compartment®. Importantly, the plasma concentration
of noradrenaline is approximately 1-2 nM?’, suggesting that noradrenaline can selectively regulate neutrophils
within specific microenvironments like the bone marrow.

We conclude that high levels of noradrenaline, acting through specific receptors other than adrenergic
receptors, led to the reduction of 5-LO protein expression in neutrophils. This conclusion was supported by our
observations that selective agonists for a and P adrenergic receptors failed to reduce 5-LO protein expression
(see Supplementary Fig. 4) and that selective antagonists for a and P receptors did not rescue the noradrenaline-
induced reduction in 5-LO protein (see Fig. 4f). Notably, noradrenaline had been shown to act as a potent
agonist for all D2-like receptor subtypes®®. Furthermore, we found that the D2-like receptor antagonist raclopride
effectively rescued the noradrenaline-induced reduction in 5-LO protein (see Fig. 4g), and the 3-arrestin inhibitor
Barbadian maintained 5-LO protein expression even under noradrenaline stimulation (see Fig. 4h). These results
demonstrated that noradrenaline regulates 5-LO protein expression in neutrophils through dopamine D2-like
receptors via the B-arrestin pathway.

Our findings provide evidence for a novel stress-induced vascular inflammation pathway. Reduced circulating
levels of 4-oxoDHA would lead to compromised Nrf2-ARE-related anti-inflammatory functions in endothelial
cells and macrophages, resulting in vascular inflammation. These neuro-lipid metabolite interactions under stress
conditions might serve as biomarkers for stress and offer supplementation of 4-oxoDHA as a novel therapeutic
approach for preventing systemic vascular inflammation.

Methods
Reagents
RAW 264.7, HL-60, EA.hy 926, and HUVEC were obtained from the American Type Culture Collection (ATCC,
Manassas, VA, USA), Riken BRC (BioResource Research Center, JP), and Lonza (Basel, Switzerland). RAW264.7
and EA.hy 926 cells were cultured in Dulbecco’s Modified Eagle’s medium (DMEM). HL-60 cells were cultured
in Roswell Park Memorial Institute (RPMI)-1640 with 1 pM of all-trans retinoic acid from Wako (Wako Pure
Chemical Industries Ltd., Osaka, JP). HUVEC cells were cultured in Endothelial Cell Growth Medium (Lonza).
All other media were purchased from Wako and supplemented with 10% fetal bovine serum (FBS; Gibco by Life
Technologies, Grand Island, NY, USA).

For specific agonism and antagonism of each catecholamine receptor, we employed following reagents:
DL-norepinephrine hydrochloride (Sigma Aldrich), cirazoline hydrochloride (al adrenergic agonist, TOCRIS),
B-HT 933 dihydrochloride (a2 adrenergic agonist, TOCRIS), DL-isoproterenol hydrochloride (non-selective

Scientific Reports |

(2024) 14:4178 | https://doi.org/10.1038/s41598-024-54867-3 nature portfolio



www.nature.com/scientificreports/

Figure 3. 4-oxoDHA augments Nrf2-HO-1 pathways and anti-inflammatory properties in macrophages. (a)
RAW 264.7 cells were treated with DHA, 4-HDHA, and 4-oxoDHA (0.01-1 uM) or vehicle (N/C) for 6 h at

37 °C. Lysates were processed for western blot analysis to determine HO-1 expression. B-actin was used as the
internal standard. Data are expressed as fold change compared to vehicle, mean *s.e. (n=4-5). ***Indicates
p<0.0001. (b) RAW 264.7 cells were incubated with Kdo2 for 1 h, followed by treatment of DHA (10 uM),
4-HDHA (0.1-10 uM), and 4-oxoDHA (0.1-10 uM) for 2 h at 37 °C. Nuclear fractions were processed for
western blot analysis to determine Nrf2 expression. PCNA was used as the internal standard. Data are expressed
as fold change compared to vehicle, mean +s.e. (n=4). **Indicates p <0.01. (c—f) RAW 264.7 cells were
incubated with Kdo2 for 1 h, followed by treatment with 1-10 uM of DHA, 4-HDHA, and 4-oxoDHA for 2 h
at 37 °C. CCL2 (c), IL1-B (d), GCLM (e), and NQO1 (f) mRNA were analyzed using real-time PCR. Data are
expressed as fold change compared to vehicle, mean +s.e. (n=3). *,**,**Indicate p <0.05, p<0.01, p<0.001.
(g) RAW 264.7 cells were incubated with 1 uM of DHA, 4-HDHA, and 4-oxoDHA for 6 h at 37 °C, and
phagocytosis was evaluated with FITC-labeled zymosan particles. Data are expressed as fold change compared
to vehicle, mean+s.e. (n=4). *Indicates p <0.05.

B adrenergic agonist, Sigma Aldrich), dobutamine hydrochloride(f1 adrenergic agonist, TCI), clenbuterol
hydrochloride (2 adrenergic agonist, Sigma Aldrich), BRL 37344 sodium salt hydrate (3 adrenergic agonist,
Sigma Aldrich), phentolamine mesylate (non-selective a adrenergic antagonist, Selleck Chemicals), propranolol
hydrochloride (non-selective B adrenergic antagonist, Selleck Chemicals), dopamine hydrochloride (Wako),
SKF81297 hydrobromide (D1-like receptor agonist, TOCRIS), quinpirole hydrochloride (D2-like receptor
agonist, TOCRIS), SCH 39166 (D1-like receptor antagonist, TOCRIS), raclopride (D2-like receptor antagonist,
Funakoshi), and barbadin (p-arrestin inhibitor, Cosmo Bio Co., Ltd.).

Clinical participants and health checkups

The clinical study was approved by the ethical review board of Kobe University Medical Ethical Committee (No.
781) on September 19, 2017, and performed in accordance with relevant guidelines/regulations, including the
Declaration of Helsinki. All clinical participants were volunteers who had undergone regular health check-ups.
A written informed consent was obtained from all the participants. Residual plasma samples collected during
health checkups were frozen and stored at — 80 °C. The self-rating depression scale (SDS), designed by Zung'’,
was used to score the depressive state of participants, which was then classified into four categories of depression
severity: within the normal range (below 40 points), minimal to mild depression (40-47 points), moderate to
marked depression (48-55 points), and severe to extreme depression (56 points and above).

Restraint stress mouse model

All animal experiments were approved by the Animal Care and Use Committee of Kobe University (permission
number: P190802). All methods in this study were performed following the relevant guidelines and regulations
and ARRIVE guidelines (https://arriveguidelines.org). Six-week-old adult male C57BL/6] mice (weighing 20-25
g) were housed in standard cages at a temperature of 20-25 °C under a 12-h day/night cycle in pathogen-free
conditions with ad libitum access to food and water. The mice were randomly assigned to stress treatment groups.
Stressed mice were restrained for 2 h in a confined space that prevented them from moving freely or turning
around but did not unduly compress them. This stress model was characterized with elevated tissue levels of
noradrenaline®.

Vascular remodeling in mouse carotid artery

We used a mouse model of vascular remodeling by carotid ligation*!. After general anesthesia by intraperitoneal
injection of a combination of midazolam, butorphanol, and medetomidine, the right carotid arteries were
dissected and entirely ligated at the carotid bifurcation. Mice were euthanized 7 days after ligation and then
perfusion-fixed under physiological pressure with 10% neutral-buffered formalin.

Morphological analysis

The vessel was removed and embedded in a Tissue-Tek optimal cutting temperature (OCT) compound (Sakura,
Japan), and serial sections (5 pm) were cut for histological analysis using hematoxylin and eosin (HE). For
immunohistochemistry, sections were stained with anti-CD45 antibody (1:100, BD Biosciences, Franklin Lakes,
NJ, USA #550539) and anti-ICAM-1 antibody (1:100, Abcam, #ab119871), followed by incubation with Takara
POD conjugate solution and DAB substrate (Takara, Japan).

LC/MS/MS-based lipidomics

To quantify lipid mediator levels in plasma, 1 mL of iced methanol per 100 puL of plasma was added and incubated
for 1 h to extract total lipids. To quantify lipid mediator levels in bone marrow, whole bone marrow was flushed
directly with 100% methanol at — 20 °C*. All samples for LC-MS-based lipidomics were extracted using solid-
phase extraction columns. Deuterated internal standards, d4-LTB,, d8-5-HETE, d4-PGE,, and d5-RvD,,
representing each chromatographic region of the identified LMs, were added to the samples (500 pg each) to
facilitate quantification. The samples were extracted by SPE on C18 columns, as previously described*?, and
subjected to LC-MS/MS. The system consisted of a Q-Trap 6500 system (Sciex) equipped with a Shimadzu
LC-30AD HPLC system. A ZORBAX Eclipse Plus C18 column (100 mm X 4.6 mm, 3.5 pm, Agilent Technologies)
was used. The mobile phase used was methanol/water/acetic acid at a gradient of 55:45:0.01 to 98:2:0.01 (v/v/v) at
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a 0.4 mL/min flow rate. To monitor and quantify the levels of the targeted LMs, the multiple reaction monitoring
(MRM) method was developed with signature ion pairs Q1 (parent ion)/Q3 (characteristic fragment ion) for
each molecule. Identification was conducted according to published criteria using the LC retention time, specific
fragmentation patterns, and at least six diagnostic fragmentation ions. Quantification was performed based on
the peak area of the MRM chromatograph, and linear calibration curves were obtained with authentic standards
for each compound.

Scientific Reports | (2024) 14:4178 | https://doi.org/10.1038/s41598-024-54867-3 nature portfolio



www.nature.com/scientificreports/

B-aCtN ~rei—————a  (-3C1IN  em—— - —_——

k%
(@) (b) . . (c)
Neutrophil cell line
Whole Blood ***
" " (HL-60) .
_5 DHA  4-HDHA  4-0xoDHA _E DHA  4-HDHA  4-0xoDHA &
® 204 ° ® 2.0+ 2
[t S —
k= = £ 1.0- °
[ ) o -
Q 1549 ° ¢ Q 1.5- . ° .
[*] o ! ® [*] L4 Qo °
o ° o ° ° ° o
T 1.0 T 1.0 Digh %o * 2 0.5+
s * -1 ° <
= o ° = &
L]
S 054 y S 05
S = 0.0 T
< < NIC 10 100 1000 (uM)
X 0.0 0.0 ——l  NA
NA 10 102 10° 10 102 10% 10 102103 (uM) ~ NA 10 107 10° 10 107 10° 10 102 10° (UM) | | b bt
el el el e — B-actin 8 i + ——
(d) *
(e) (f)
—100 ) 257 *k 1.5+
K107 paey oy oo 2 ] $
g @ 2.0+ ° ° 3
T g 80 c iyl 2
35 £ 15 . § 107
€ & 60 ° °
3= c 5
E g 40 g 1.0 °® g 0.5
=& 8 go
-] - Q
2 20- e 05 5
0 0.0 T T T T 0.0-
N/C 10 100 1000 (uM) MLN2238 - - 1 10 (nM) NA - + o+ +
- NA - + + + Phentolamine - - + -
NA 5.0 i Propranolol  _ - - +
_ i — 5-LO -—E 1 :
B-actin o B-actin :
(8) (h) (i) 5LO expression
*% in mice neutrophil
o 157 sekkk  kkokk ®
g o 10000
2 ° o
f= - PP
g 1.0 £ 10 g 8000~
o ! c
= o
s & £ 60004
2 0.5- > 0.5 F
(- ° s S 4000
2 . 3 =
= | & 2000
0.0 T * T
NA - + + + T
NA - + + N/IC  Stress
- - + - .
SCH 39166 Barbadin  — - +
Raclopride - - - +
510 —Qé ; TR pp—" S5LO e w— §~‘-

RNA sequencing

Total RNA was extracted from HUVEC using the RNeasy Mini Kit Plus (QIAGEN) and quantified using a
NanoDrop (Thermo Fisher Scientific). RNA-seq was performed after a quality check (RIN value > 9.0) by Rhelixa
Co. (Tokyo, JP) using an Illumina NovaSeq 6000 (Illumina, Inc., CA, USA). For pre-processing, the Trimmomatic
toolkit*® was used to trim the sequences and remove short low-quality reads, and Salmon** was used to quantify
transcript abundance from RNA-seq reads. Gene clustering (t-SNE) and pathway analyses were performed using
the iDEP toolkit (Integrated Differential Expression and Pathway Analysis ver. 0.96)*.
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«Figure 4. Noradrenaline regulates 4-oxoDHA production and 5-LO protein expression via dopamine D2-like
receptors in neutrophils. (a) Whole blood was stimulated with noradrenaline (NA) or vehicle for 1 h at 37 °C.
Fatty acid metabolites were analyzed using LC/MS/MS. Data are expressed as fold change compared to the
vehicle-treated group, mean +s.e. (n=3). *,**Indicate p<0.05, p <0.01 compared to vehicle. (b) Neutrophil cell
line (HL-60) was treated with noradrenaline or vehicle for 2.5 h at 37 °C. Fatty acid metabolites were analyzed
as above. *Indicate p <0.05 compared to vehicle. (c) HL-60 cells were treated with noradrenaline for 2.5 h at
37 °C. Cell lysates were processed for western blot analysis to determine 5-LO expression. 3-actin was used as
the internal standard. Data are expressed as fold change compared to control, mean *s.e. (n=3). **,**Indicate
p<0.01, p<0.001. (d) HL-60 cells were treated with noradrenaline for 2.5 h at 37 °C. Annexin-V and PI negative
fractions are shown as percent of total cells, mean £ s.e. (n=4). (e) HL-60 cells were treated with noradrenaline
(1000 uM) for 2.5 h at 37°C, with and without 1 h pretreatment with MLN 2238 (proteasome inhibitor). Cell
lysates were processed for western blot analysis to determine 5-LO expression. -actin was used as the internal
standard. Data are expressed as fold change compared to control, mean *s.e. (n=3). *,**Indicate p <0.05,
p<0.01. (f) HL-60 cells were treated with noradrenaline (1000 (M) for 2.5 h at 37 °C, with and without 1-h
pretreatment with phentolamine (alpha receptor inhibitor, 150 nM) and propranolol (beta receptor inhibitor,
120 nM). Cell lysates were processed for western blot analysis to determine 5-LO expression. 3-actin was used
as the internal standard. Data are expressed as fold change compared to control, mean+s.e. (n=4). (g) HL-60
cells were treated with noradrenaline (1000 uM) for 2.5 h at 37 °C, with or without pretreatment with SCH39166
(D1-like receptor antagonist, 10 nM) or raclopride (D2-like receptor antagonist, 20 nM). Data are expressed as
fold change compared to control, mean+s.e. (n=4). ****Indicate p <0.0001. (h) HL-60 cells were treated with
noradrenaline (1000 uM) for 2.5 h at 37 °C, with and without 1-h pretreatment with Barbadian (B-arrestin
inhibitor, 100 uM). Cell lysates were processed for western blot analysis to determine 5-LO expression. -actin
was used as the internal standard. Data are expressed as fold change compared to control, mean+s.e. (n=4).
**Indicates p <0.01. (i) Mice were treated with or without stress by physical restriction (2 h) for two consecutive
days (as in Fig. 1b). On day 3, 5-LO protein expression in neutrophils was monitored using flow cytometry. Data
are expressed as mean fluorescent intensity, mean+s.e. (n=5). **Indicate p <0.01.

Protein analysis by western blotting
Total cell protein lysates were prepared by homogenizing the cells with radioimmunoprecipitation assay (RIPA)
buffer, followed by sonication. Total protein concentration was measured using the Bicinchoninic Acid (BCA)
protein assay. An aliquot of total cell lysate corresponding to 10 pg was electrophoresed using 10% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), transferred onto a polyvinylidene difluoride
(PVDF) membrane, and blotted using an iBlot 2 Dry Blotting System (Invitrogen, Massachusetts, USA). Blotting
membranes were blocked with 5% skim milk in Tris-buffered saline with Tween-20 for 30 min and subsequently
incubated with a primary antibody diluted in Signal Enhancer HIKARI Solution (Nacalai Tesque). Antibodies
against rabbit anti-5-lipoxygenase (1:1000, Cell Signaling, #C49G1), rabbit anti-NRF2 (1:500, Cell Signaling
#D129C), rabbit anti-heme oxygenase-1 (1:2000, Abcam, #ab52957), mouse anti-beta-actin (1:10000, Abcam,
#ab3013), and rabbit anti-PCNA (1:1000, Cell Signaling, #D3H8P) were used. After washing, the membranes
were incubated with horseradish peroxidase-conjugated horse anti-mouse IgG (1:10,000; Cell Signaling, #7076S)
or goat anti-rabbit IgG antibody (1:10,000; Cell Signaling, #7074S). Immunoreactivity was detected using an
Immobilon Western chemiluminescent horseradish peroxidase substrate (Millipore Corporation, Billerica, MA,
USA) and visualized using a ChemiDoc Touch Imaging System (Bio-Rad Laboratories Inc., Hercules, CA, USA).
The volumetric value of each band was assessed using Image]J software.

To investigate the amount of Nrf2 transcription factor in the nuclear fractions, a HUVEC culture
corresponding to one million cells was collected. Nuclear fractions were obtained using NE-PER Nuclear and
Cytoplasmic Extraction Reagents (Thermo Scientific, IL, USA).

Nrf2 ARE-binding activity assay

The ARE-binding activity of Nrf2 was measured in nuclear extracts using a commercially available kit (Nrf2
Transcription Factor Assay Kit, No. 600590, Cayman Chemical Company, Michigan, USA) following the
manufacturer’s instructions.

Endothelial cell permeability assay

EA hy 926 cells were seeded into a transwell chamber with a 0.4 um pore polyester membrane insert (Corning)
at a density of 1 x 10° cells/chamber two days before the treatment. After incubation with the indicated lipids
for 1 h, H,0, (500 uM)-induced permeability was quantified using FITC-conjugated dextran (10 kDa, 1 mg/mL,
Tokyo Chemical Industry Co., Ltd., JP) for 2 h. The fluorescence intensity in the lower chambers was determined
using a fluorescence reader (EnSpire Multimode Plate Reader, PerkinElmer, Waltham, MA, USA).

Flow cytometry
Cell analyses were performed using an Attune Acoustic Focusing Cytometer (Thermo Fisher Scientific). For
the cell viability assay, HL-60 cells were collected after incubation with noradrenaline (10-1000 uM) for 2.5 h
and stained with Annexin V-FITC and PI (Annexin V-FITC Apoptosis Detection Kit, Nacalai Tesque, JP) for
15 min at room temperature.

For quantification of 5-lipoxygenase protein expression in mouse neutrophils, mouse whole blood (100 uL)
was incubated with 1x RBC lysis buffer (Invitrogen, eBioscience) on ice for 5 min, fixed and permeabilized with
Cytofix/Cytoperm solution (BD Biosciences, CA, USA) on ice for 20 min, and incubated with 5-LO monoclonal
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Figure 5. Circulating 4-oxoDHA was regulated by 5-LO mainly in neutrophils and activated Nrf2-HO-1
pathways, which maintained endothelial functions. However, under a stressed condition, a high concentration of
noradrenaline was secreted in the bone marrow compartment, and D2-like receptor activation degraded 5-LO
via the proteasome system in neutrophils. The decreased levels of circulating 4-oxoDHA would downregulate
the Nrf2-HO-1 anti-inflammatory axis and increase ICAM-1 expression, vascular permeability, and remodeling.

antibody (Abcam, 1:100, #ab169755) on ice for 30 min. Cells were then washed twice with Cytoperm/Cytowash
solution, followed by incubation with anti-rabbit IgG and Alexa Fluor 488-labeled secondary antibodies (1:100,
Bioss Antibodies, Massachusetts, USA) on ice for 30 min. The neutrophil fraction was determined using FFC/
SSC scatter plotting, and the expression levels of 5-LO were measured.

RT-PCR analysis

Total RNA was extracted using an RNeasy Mini Kit (Qiagen, Hilden, Germany). cDNA was prepared from 1 ug
of total RNA using the PrimeScript RT Reagent Kit with gDNA Eraser (Takara). Real-time polymerase chain
reaction (real-time PCR) was performed with TB Green Premix Ex Taq II (Takara). Primers were obtained from
Takara Bio Inc. Amplification reactions were performed in duplicate using a LightCycler 96 Real-Time PCR
system (Roche Molecular Systems, CA, USA), and fluorescence curves were analyzed using this software. 18S
ribosomal RNA was used as an internal control. Relative quantification was performed using the AACt method.

Macrophage phagocytosis

RAW 264.7 cells (0.5 x 10°) were adhered onto 96-well plates and incubated with or without 1 pM DHA,
4-HDHA, or 4-oxoDHA for 6 h at 37 °C. Cells were then incubated with fluorescent-labeled opsonized zymosan
(Molecular Probes) for 30 min at 37 °C. The plates were gently washed, extracellular fluorescence was quenched
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by the addition of 1:40 diluted trypan blue solution, and phagocytosis was determined by measuring the total
fluorescence intensity using a fluorescent plate reader (EnSpire, PerkinElmer).

Statistical analysis

Results are expressed as the mean + standard error (s.e.). Statistical significance was determined using a two-
tailed Student’s t-test for two-group comparisons and one-way analysis of variance (ANOVA) for multiple
comparisons, with post hoc analysis using Tukey’s test (GraphPad Prism). Statistical significance was set at p <
0.05.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on
reasonable request.
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