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Abstract
Aims: Expression status of pro-resolving lipid mediators (PLM) and receptors in the post-CABG coronary
arteries are largely unknown. Here, we aim to investigate the expression of PLMs in the atherosclerotic
post-CABG swine LAD compared to without CABG (LAD-AS), and in isolated coronary artery smooth
muscle cells (CASMCs) cultured under ischemia.

Methodology: The arteries of interest were harvested from post-CABG atherosclerotic swine and the
histomorphology and the expression status of key PLM mediators were quanti�ed using
immunostaining. SMCs were cultured under ischemia and con�rmed the expression on PLM mediators at
transcript and protein level.

Results: The histomorphometric analysis revealed considerable alterations in the tissue architecture in
LAD-CABG and LAD-AS arteries compared to control. PLM synthetic enzyme 5LPOX was signi�cantly
upregulated in LAD-CABG and LAD-AS whereas the other mediators including 12LPOX, 15LPOX, COX2,
ChemR23, GPCR18, GPCR120 were decreased in LAD-CABG than control. LPOX enzymes and PLM
receptors were upregulated in ischemic CASMCs with respect to control. Western blot showed the
upregulation of 5LPOX, and ChemR23. Additionally, higher level of RvE1 was observed in ischemic
control CASMCs which was decreased following reperfusion.

Conclusion: These �ndings suggest that the CASMCs withstand the ischemia-triggered proin�ammatory
episodes by increasing the secretion of RvE1 mediated through 5LPOX and ChemR23 signaling. 

Introduction
Hyperactivation of in�ammatory events and delayed/impaired resolution of in�ammation exacerbates
cardiovascular disease (CVD) pathology [1]. The increased pro-in�ammatory episodes, especially in
coronary atherosclerotic events resulting in ischemia and reperfusion, remain consistent with the
impaired resolution of in�ammation, which aggravates the pathology of ischemic heart diseases (IHD)
[1]. Similarly, the sustained ischemic events impede the resolution of in�ammation and prevent the
functional recovery of myocardium following an infarction [2]. A basic understanding regarding the
mechanism underlying the resolution of chronic unresolved in�ammation in atherosclerosis and IHD is
limited; however, it possesses immense translational potential. Interestingly, versatile classes of
polyunsaturated fatty acids (PUFAs)-derived pro-resolvin lipid mediators (PLMs) have been identi�ed,
notably the E and D series of resolvins, protectins, maresins, and lipoxins [3]. The biochemical transition
of docosahexanoids and eicosanoids activate the expression, localization, and activities of cellular
lipoxygenases (LPOX) including 5-, 12- and 15-LPOX deviating from their conventional synthetic
pathways of proin�ammatory prostaglandins and leukotrienes [4]. The three LPOX family enzymes play
key roles in the synthesis of PLMs, which in turn mediate the crosstalk between in�ammatory cells and
local cell phenotypes and promote the resolution of in�ammation mainly via a promotion of the
transition of M1-M2 macrophages [5].
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Generally, PLM facilitate the resolution of in�ammation by upregulating speci�c LPOX activities along
with the expression and presentation of PLM receptors on the surface of leukocytes and host cells [3] [6].
However, the PLM signaling in vascular cells (including SMCs and endothelial cells) under pathological
simulations remains unknown. Generally, the PLM synthesis pathway utilizes PUFAs, including
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) via cyclooxygenase (COX)2 and LPOX
activities, and leads to the formation of RvD and RvE family resolvins and maresins [7] [6]. Interestingly,
the treatment with PLM accelerated the resolution of in�ammatory signaling in IHD, as evident by the
accelerated resolution of in�ammation and healing response following myocardial infarction (MI) in
human patients and animal models [8], [9].

While coronary artery bypass graft (CABG) surgery is the established lifesaving strategy for IHD, an
increased pro-in�ammatory pool has been reported in the vein graft and associated blood vessels in
versatile CABG models [10], [11]. However, the expression status of PLM receptors and mediators, as well
as downstream signaling has yet to be documented. A clearer understanding of PLM induction signaling
would reveal the underlying molecular mechanisms and open novel translational avenues. Moreover,
ischemic insults and in�ammation persist in the post-CABG coronary artery due to the increased level of
oxidative stress and damage associated molecular patterns (DAMPs) [10]. However, the expression
status of PLM mediators and receptors in the post-CABG coronary arteries is largely unknown. The
impact of ischemic and reperfusion events on PLM mediators in coronary artery smooth muscle cells
(CASMCs) remain unexplored. Considering the unknowns, the present study aimed to investigate the
expression of PLM mediators, including the key enzymes COX2, 5LPOX, 12LPOX, and 15LPOX, as well as
the major receptors, including 7- transmembrane G-protein coupled receptor (GPCR)18, GPCR120 and
chemokine like receptor 1 (ChemR23) in the left anterior descending (LAD) coronary artery of post-CABG
swine model and isolated coronary SMCs.

Materials And Methods

Animals and experimental groups
The Institutional Animal Care and Use Committees of Creighton University, Omaha, Nebraska and
Western University of Health Sciences, Pomona, California, approved the study. Animal management
functioned strictly in accordance with the NIH and OLAW guidelines throughout the study and extreme
care was taken to minimize distress to the animals. The study involved three experimental groups (n = 3
animals in each group): Group I (LAD-CABG) – atherosclerotic Yucatan microswine (Sus scorfa, Sinclair
bioresources) which underwent CABG surgery, Group II (LAD-AS) – atherosclerotic Yucatan microswine
without CABG surgery, and Group III (LAD-C) – normal miniswine (Sus scorfa, SBS farms). Microswine
(female, 8-10 months of age, weighing 60-80 pound) and miniswine (female, 6-8 months, 50-60 pounds)
were acclimatized for one week, and maintained in a 12/12 light-dark cycle. The microswine were fed a
high-cholesterol and high-fat diet, whereas the miniswine were fed with a normal diet throughout the
study. The animals maintained uninterrupted access to water throughout the study.   
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CABG surgery and LAD harvest 
The CABG procedure was performed in LAD-CABG group by grafting the super�cial epigastric vein (SEV)
between the left internal mammary artery (LIMA) and the left anterior descending (LAD) artery per the
procedure described in our recent publication [10]. Surgical procedures typically simulated human CABG.
The animals continued to be fed with a high-cholesterol and high-fat diet post-CABG and euthanized 6
months post-procedure to harvest the LAD distal to the anastomoses for analysis. Similarly, the LAD was
harvested from the animals of LAD-AS and LAD-C groups from an identical anatomical location. The
harvested tissues were processed for formalin �xation and para�n embedding for histology and
immuno�uorescence analysis.    

Histology
The sections (5μm thick) were depara�nized and H&E, Trichrome, and pentachrome staining were
performed to examine the tissue morphometry, ECM composition, and architecture following our
previously reported protocol [12], [13]. Stained tissues were mounted using xylene-based mounting media
and imaged using a �uorescent slide scanner system (Thunder, Leica) at 20x magni�cation. The images
were processed using LASX software (Leica) and saved in JPEG format. 

Immuno�uorescence
Protein expression of key biomarkers involved in resolvin biology from the harvested LAD tissue sections
was analyzed by immuno�uorescence following our previously reported protocol [14], [12]. The
depara�nized sections were brie�y subjected to antigen retrieval in HIER buffer (Heat Induced Antigen
Retrieval) (TA-135-HBM) at 95oC for 20 min and blocking (0.25 % Triton X-100 and 5% horse serum in
PBS) at room temperature for 90 min. Sections were then incubated overnight at 4oC with the primary
antibodies (1:300 dilution) against the enzymes 5LPOX (ab-39347), 12LPOX (ab-211506), 15LPOX (ab-
244205), and COX2 (ab-23672), as well as the receptors ChemR23 (ab-230442), GPCR18 (ab-76258), and
GPCR120 (ab-230869). The �uorochrome-conjugated secondary antibodies (1:400) were used to detect
the primary antibodies. Nuclei were counterstained with 4′,6-diamidino-2-phenylindole (DAPI) (H-1200)
and imaged using the �uorescent slide scanner system (Thunder, Leica) at 20x magni�cation and the
images were acquired using LASX software (Leica). The raw images were processed for background
clearance and cell counting and mean �uorescence intensity (MFI) corresponding to the expression of the
proteins was quanti�ed using NIH-ImageJ software and normalized to 100 cells (MFI/100 cells). Three-to-
four images were randomly acquired from each specimen to quantify MFI/100 cells and the average
value was utilized for statistical analysis. From MFI/100 cells the variation with respect to the control
(VRC) (ratio of respective MFI/100 cells of the specimen to that of average control) was calculated and
the protein expression was represented as fold-change expression calculated by transforming VRC to
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logarithmic (Log2) scale. A negative control was employed to �x the exposure time and to clear the
background.

SMC isolation, culture and simulation of ischemia and
reperfusion
Coronary artery SMCs (CASMCs) were isolated from the LAD of the microswine with the use of the
collagenase digestion method and characterized following our previously established protocol [10] [15].
The cells were maintained in SMC growth media containing 10% fetal bovine serum (Millipore Sigma)
under standard culture conditions (antibiotics, 37oC and 5% CO2 in a humidi�ed incubator). The study
involved three experimental groups: Group I (Control), Group II (Ischemia only) (ISC), and Group III
(Ischemia and reperfusion) (ISC/R). The SMCs of passage 2-4 were used for the study and the
experiments were conducted in triplicate. The ischemia was simulated in vitro by treating the cells in
ischemic buffer (118 mM NaCl, 24 mM Na2HCO3, 1 mM Na2HPO4, 2.5mM CaCl2, 1.2mM, MgCl2, 20 mM
sodium lactate, 16mM KCl, 10mM 2-deoxyglucose and pH 6.2) for 15 min and reperfusion was attained
by replacing the ischemic buffer with complete culture media overnight. The cells cultured and
maintained in complete media served as control. 

Gene expression
The CASMCs from the three experimental groups (Control, ISC, and ISC/R) were treated accordingly as
mentioned above, total cellular RNA was isolated via the trizol method, cDNA was synthesized using 1μg
RNA from each group using cDNA synthesis kit (Promega) following the manufacturer’s protocol. The
mRNA transcripts for the genes 5LPOX, 12LPOX, 15LPOX, COX2, ChemR23, GPCR18, and GPCR120 were
ampli�ed and quanti�ed by real-time PCR (Applied Biosystems, CA, U.S.A.) using SYBR Green chemistry
following our previous protocol [16]. The 18s rRNA was used as a housekeeping reference gene. The
corresponding forward and reverse primers employed for each gene are displayed in Supplementary
Table 1. The program for qRT-PCR was 95ºC for 10 min; and 40 cycles of 95ºC for 15 sec, and 60ºC for 1
min. The CT values for mRNA expression of the genes were normalized with the expression level of 18s
rRNA and the fold-change of mRNA expression was calculated by 2^-ΔΔCT method. The experiments were
conducted in triplicates and the results were presented as fold-change with respect to normal
control [16]. 

Immuno�uorescence 
The CASMCs were maintained as mentioned above (Control, ISC, and ISC/R) in chamber slides, �xed with
10% formalin for 20 min and immuno�uorescence of 5LPOX, 12LPOX, 15LPOX, COX2, ChemR23,
GPCR18, and GPCR120 were performed [17].  The primary antibodies and �uorochrome-conjugated
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secondary antibodies were diluted 1:400 and 1:500, respectively. The experiments were done in triplicates
as noted previously and the results were represented as Log2 fold-change expression based on VRC.

Capillary Western blot
Capillary Western blot analyses were performed on a ProteinSimple Wes® System according to the
manufacturer’s instructions.  Brie�y, the samples were diluted to 0.5 μg/μl with 0.1x sample buffer
followed by combining four parts of diluted sample with one part of 5x �uorescent master mix and
denatured at 95°C for 5 min. Protein samples, blocking reagent, primary antibodies (GAPDH 1:100 and all
others 1:20), HRP-conjugated secondary antibodies, and chemiluminescent substrate were loaded onto
the cartridge and analysis was performed on 12–230 kDa Separation Module (Jess/Wes Separation
Module, 8x25 capillary cartridges). The separation electrophoresis and immunodetection were done in the
fully automated capillary system using the default program with stacking and separation at 475 V for 30
min, blocking reagent for 5 min, and both primary and secondary antibodies for 30 min followed by
luminol/peroxide chemiluminescence detection for 15 min. The experiments were conducted in
duplicates and band area was calculated from the MFI using ImageJ software using ‘Gels’ mode,
normalized to GAPDH and were represented as Log2 fold-change expression based on VRC.   

RvE1 ELISA
The cell culture supernatants of control, ISC, and ISC/R CASMCs were concentrated using (Amicon Ultra
15) and RvE1 level was detected by ELISA using the commercially available (MBS744335, MyBioSource)
kit following the manufacturer’s guidelines. Brie�y, samples were allowed to bind to RvE1 antibody-coated
wells followed by the incubation of Resolvin E1-HRP conjugate for 1 hour at 37°C. The wells were washed
carefully using the wash buffer provided with the kit and incubated with the HRP substrate under dark
followed by termination of the reaction by adding stopping solution. The absorbance was read at 450 nm
using a plate reader (Perkin Elmer) and the standard curve was employed to calculate the concentration
of RvE1 (pg/ml) released from the CASMCs of the experimental groups [18].   

Statistical analysis
The MFI values for swine (n=3) tissues and cell culture experiments (n=3) were expressed as mean ±
SEM. The nuclei were counted using ImageJ software with ‘Analyze particle’ mode and the MFI values
were normalized to 100 cells. The average MFI/100 cells for each specimen/cell culture experimental
group were calculated from the average MFI of 2-4 images randomly acquired from different microscopic
�elds. The statistical signi�cance of the swine tissue specimen was calculated using One-Way ANOVA
with Tukey’s multiple comparison test using GraphPad prism software. However, due to the increased
variation among swine groups and the limited sample size, statistical signi�cance for the linear trend was
considered for comparison. Hence, the P <0.05  for linear trend was considered signi�cant in tissue
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specimen. The outlier images/specimen that displayed background �uorescence due to tissue folding
were exempted from the analysis. The statistical analysis for qRT-PCR (n=3), and ELISA (n=2) were
determined by One-Way ANOVA in a similar fashion. Additionally, the statistical analysis for western blot
was determined using an unpaired t-test. The level of signi�cance was set at P<0.05 for all experiments.  

Results

CABG and Harvest of LAD Artery
The CABG was successfully performed in four Yucatan microswine and the animals recovered to normal
cage activities within 7-10 days following the procedure. The animals were continued on a high-caloric
diet until sacri�ce and the intact LAD (LAD-CABG) adjacent to the anastomoses was harvested from each
animal. Similarly, LAD arteries from atherosclerotic pigs (LAD-AS) and normal (LAD-C) pigs were
harvested from identical anatomical locations. The harvested tissues were utilized for histomorphometry
and immunostaining. 

Histology
The histomorphometric analysis revealed considerable alterations in the tissue architecture in LAD-CABG
and LAD-AS vessels when compared with the control (Figure 1). The H&E, trichrome, and pentachrome
staining revealed an intact medial layer in the control specimen (blue star); however, LAD-CABG and LAD-
AS tissues displayed a more complex picture: intact medial layer towards adventitia and disorganized
media towards intimal layer (blue star). The control tissues displayed an intact intimal layer (violet star),
whereas the intimal layer was not well de�ned and intimal hyperplasia was evident in LAD-CABG and
LAD-AS (black star). In addition, the trichrome staining revealed the deposition of collagen at the interface
of diffused medial and intimal layers in LAD-CABG and LAD-AS tissues (yellow star), which suggests the
ECM deposition by actively proliferating SMCs. Similarly, the pentachrome staining revealed increased
collagen deposition in LAD-CABG when compared to LAD-AS as evident from intense yellow staining.
Moreover, the mucin deposition (red star) was higher in LAD-AS and in control but proved negligible in
LAD-CABG. In addition, the lipid rich necrotic core and �brous cap were vividly evident in the histological
sections of LAD-CABG and LAD-AS, suggesting the persistence and progression of atherosclerosis.
Altogether, LAD-CABG and LAD-AS displayed similar histopathology.    

Protein expression of PLMs in swine tissues
The protein expression of 5LPOX was signi�cantly increased in LAD-CABG (P=0.0025) and LAD-AS
(P=0.0048) compared to the control (Figures 2A and 5A); however, the increase was statistically not
signi�cant in LAD-CABG vs LAD-AS (P=0.7597) (Figures 2A and 5A). Moreover, the linear trend of the
increase was statistically signi�cant (P=0.0005). The protein expression of 12LPOX revealed a trend of
decreased levels in LAD-CABG (P=0.3155) and LAD-AS (P=0.1881) compared to the control, but this trend
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was not statistically signi�cant. In addition, the 12LPOX level in LAD-CABG was greater than LAD-AS, but
this �nding proved statistically insigni�cant (P=0.9092) (Figures 2B and 5A). The protein level of 15LPOX
was relatively decreased in LAD-CABG and LAD-AS (P=0.7587, P=0.8191, respectively) when compared
with control; however, this �nding was not statistically signi�cant. Additionally, LAD-CABG and LAD-AS
(P=0.9930) exhibited a similar level of 15LPOX expression (Figures 3A and 5A). The protein expression of
GPCR18 was signi�cantly decreased in LAD-CABG (P=0.0319) and LAD-AS (P=0.0012) compared to the
control and signi�cantly decreased in LAD-CABG compared to LAD-AS (P=0.0342) (Figures 3B and 5A).
The expression of COX2 was relatively higher in the control than LAD-CABG and LAD-AS and a decreased
COX2 level was observed for LAD-AS than LAD-CABG; however, this �nding was not statistically
signi�cant (P=0.4135, P=0.1095, P=0.5606, respectively for control vs LAD-CABG, control vs LAD-AS, LAD-
CABG and LAD-AS) (Figures 4A and 5A). However, there was a linear trend for decreased COX2
expression (P=0.0501). The level of ChemR23 receptor was relatively lower in LAD-CABG and LAD-AS
than the control, whereas there was no considerable difference between LAD-CABG and LAD-AS, but the
results were not statistically signi�cant (P=0.9172, P=0.3292, P=0.5128, respectively for control vs LAD-
CABG, control vs LAD-AS, LAD-CABG and LAD-AS) (Figures 4A and 5A). The protein expression of
GPCR120 was decreased in LAD-AS when compared with control, whereas the level of GPCR120 was
decreased in LAD-CABG vs control; however, the differences were not statistically signi�cant
(P=0.9357 and P=0.0801, respectively for control vs LAD-CABG, and control vs LAD-AS). GPCR120 was
signi�cantly increased in LAD-CABG compared with LAD-AS (P=0.0518) and the linear trend for GPCR120
alteration was statistically signi�cant (P=0.0360) (Figures 4B and 5A).  

Protein expression of PLMs in cultured CASMCs
The protein expression of 5LPOX in CASMCs was signi�cantly increased in ISC group (P<0.0001) and
ISC/R group (P=0. 0508) compared with control and signi�cantly decreased in ISC/R group (P=0.0004)
than ISC group. The protein level of 12LPOX was signi�cantly increased in ISC (P=0.0357) and non-
signi�cantly in ISC/R (P=0.2009) groups when compared with the control and was decreased in ISC/R
compared with ISC group; however, the decrease was not statistically signi�cant (P=0.4087). The level of
15LPOX was signi�cantly increased in ISC (P<0.0001) and ISC/R (P=0.0002) group when compared with
the control and was signi�cantly decreased in ISC/R than ISC group (P=0.0003). The protein level of
COX2 was increased in ISC (P=0.1047) and ISC/R (P=0.0095) group when compared with the control;
however, the increase in ISC group was statistically not signi�cant.  Notably, COX2 was lower in ISC group
compared with ISC/R group; however, the decrease was statistically not signi�cant (P=0.1822) in ISC/R
when compared with ISC group. The expression of ChemR23 was signi�cantly higher in ISC/R group
when compared to control (P=0.0009) and ISC groups (P=0.0080), while ChemR23 level was signi�cantly
higher in ISC than control groups (P=0. 0333). ISC (P=0.7571) and ISC/R (P=0.7259) groups exhibited a
slight increase and decrease in GPCR18 respectively with respect to the control, but the difference
between ISC group and ISC/R groups (P=0.3507) was not signi�cant. The protein expression of GPCR120
was signi�cantly higher in ISC (P=0.0072) and ISC/R groups (P=0.0441) compared with the control. ISC
displayed increased GPCR120 compared with ISC/R; however, the increase was not statistically
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signi�cant (P=0.3069). The representative images are displayed in Figure 5B and the respective bar
diagrams with statistical analysis are given in Figure 5C.

mRNA transcription
mRNA transcripts for all the genes, 5LPOX, 12LPOX, 15LPOX, COX2, ChemR23, GPCR18, and
GPCR120 were upregulated in ISC groups when compared with the control SMCs; however, the increase
was not statistically signi�cant with the notable exceptions of 12LPOX (P=0.0190) and
15LPOX (P=0.0531). The mRNA levels of 5LPOX, 12LPOX, 15LPOX, ChemR23, and GPCR18 were
downregulated considerably in ISC/R group than the ISC group; however, this proved statistically
insigni�cant. In addition, similar levels of 12LPOX, 15LPOX, and ChemR23 expression, upregulation of
5LPOX, and downregulation of GPCR18 was observed in reperfused CASMCs relative to the control.
Moreover, COX2 expression was signi�cantly higher in ISC/R group when compared with the control and
while a similar trend was observed for GPCR120 this was statistically insigni�cant. The fold-change
expression relative to the housekeeping gene 18s rRNA is displayed in Figure 5D. 

Western Blot
Western blot analysis revealed the upregulation of 5LPOX and ChemR23 in ISC group when compared
with the control, whereas the reperfusion resulted in further upregulation. However, apart from ChemR23
in ISC/R group (P=0.0008), the increase was not statistically signi�cant. GPCR120 and 15LPOX were
downregulated in both ISC and ISR/R groups compared with the control, whereas the downregulation was
signi�cant for 12LPOX in ISC group (P=0.0192). COX2 was signi�cantly downregulated in ISC
group (P<0.0001) and non-signi�cant upregulation was exhibited in ISC/R group with respect to the
control. GPCR18 was signi�cantly downregulated in ISC/R groups (P=0.0453) and upregulated in ISC
group compared with the control; however, the increased expression was not statistically signi�cant. All
biomarkers except GPCR18 were upregulated upon reperfusion; however, the difference was statistically
not signi�cant. The results were normalized to the expression of the house keeping gene, GAPDH (Figures
6E and 6F).  

 RvE1 ELISA
The level of RvE1 was signi�cantly higher (128.61% increase, P=0.0065) in the cell culture supernatant of
ISC CASMCs and upon reperfusion signi�cantly declined (123.1% decrease, P=0.0422) when compared
with the control. In addition, the RvE1 in ISC/R group was signi�cantly lower (158.3% decrease, P=0.0005)
when compared with ISC CASMCs. Overall, the ISC group displayed an increased RvE1 level and ISC/R
group exhibited a decreased level (Figure 6G). 

Discussion
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An astounding 400,000 CABG surgeries are annually performed in the United States. The persistent
in�ammation and ischemia impede regenerative responses in post-CABG cardiac performance [19], [20].
Similarly, surviving coronary arteries adjacent to anastomoses exhibit a similar in�ammatory status and
sustained ischemic insults due to the pro-atherogenic events, including SMC hyperplasia [10].
Nevertheless, autologous vein grafts have been hailed for the durability that ensures revascularization to
the infarcted myocardium and a large body of evidence is available regarding effective strategies to
prevent vein graft failure. Interestingly, a resolution of in�ammation via the activation of PLM attenuating
the hyperplasia subsequently accelerates the healing response in the vein graft [21]. However, information
regarding the resolution of in�ammation in coronary artery tissue adjacent to the anastomosis site
remains limited. A persistent atherosclerotic plaque and/or coronary occlusion hinders the ability of the
surviving coronary artery to withstand post-CABG ischemic insults and the subsequent resolution of
in�ammatory events greatly in�uence the performance of the vein graft. Hence, we investigated the
status of PLM mediators in the LAD adjacent to the anastomosis site in swine CABG model and to
understand the expression of these mediators in response to ischemia and reperfusion in cultured
CASMCs.

The current study utilized our established swine CABG model created by anastomosing the left internal
mammary artery (LIMA) to LAD using super�cial epigastric vein graft [10]. The histological sections of
LAD-CABG and LAD-AS revealed a growing necrotic core and intimal hyperplasia, the classical features of
atherosclerosis as reported elsewhere [22] [23]. Interestingly, a recent seminal study reported that LAD
adjacent to anastomoses to be the most affected artery in human IHD with the clinical and histological
presentation of severe atherosclerosis [24]. Intimal hyperplasia is the consequence of SMC activation and
phenotype switch resulting in the increased deposition of ECM [25]. In addition, the increased foam cell
formation propagates in�ammation resulting in the formation and maturation of a necrotic core and
subsequent proliferation of SMCs [26]. Moreover, the hypersecretion and hyperactivity of various MMPs
result in increased digestion of ECM components, which in turn induces ECM disorganization [27].
Overall, the pro-atherogenic signals and subsequent vascular ischemia substantially increase the pro-
in�ammatory pool in the post-CABG coronary artery. Therefore, it is logical that the surviving vascular
tissue respond and/or adapt to withstand such ischemic/in�ammatory insults by secreting PLMs.

Previous studied revealed the ability of mammalian systems to synthesize PLMs from ω-3 PUFAs to elicit
potent anti-in�ammatory effects to resolve in�ammation in diverse tissue types. The PUFAs including
EPA and DHA give rise to the PLMs, especially resolvin E (RvE) series and RvD series, respectively [28].
The major lipoxygenase enzymes, including COX2, 5LPOX, 12LPOX, and 15LPOX, metabolize EPA and
DHA and result in the formation of RvE and RvD, which in turn elicit an immunomodulatory function via
GPCR that facilitates the expression of multiple mediators associated with the resolution of in�ammation
including enzymes, chemokines, cytokines, and growth factors [29]. Interestingly, the immunomodulatory
effects of PLMs do not compromise the host immune system to promote tissue resolution. For instance,
the RvD1 interfere with the proin�ammatory function of leukotriene B4 (LTB4) via an unknown
mechanism. In addition, RvD1 lowers 5LPOX activity and LTB4 synthesis, while switching the signaling
�ux favoring the synthesis of RvD [30].
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Four PLM receptors have been characterized and investigated for their therapeutic opportunities to settle
in�ammation in several chronic diseases [1]. However, little is known regarding PLM signaling in IHD,
especially in post-CABG coronary complications. GPCR32, GPCR18, and ChemR23 recognize RvD1, RvD2,
and RvE1 respectively and these receptors were reported to be expressed in immune as well as non-
immune cells [1]. In addition, GPCR120 binds to ω-3 PUFAs, which in turn are the major precursors to
PLMs [31]. Therefore, the level of LPOX (5LPOX, 12LPOX and 15LPOX) mediating PLM synthesis and the
expression status of PLM receptors provide better insight into the extent of pro-resolvin signaling in
in�ammatory tissues. Interestingly, PLM signaling has been recognized in the resolution of sterile
in�ammatory events associated with ischemia/reperfusion injury, alluding to an involvement in IHD [1].
Thus, it is reasonable to speculate that the level of these mediators re�ects the in�ammatory status of
the post-CABG coronary artery.

Our �ndings displayed the upregulation of PLM synthesis enzymes 5LPOX in the LAD-CABG tissues
compared with the normal control. On the other hand, other mediators, including GPCR18, were relatively
decreased in LAD-CABG compared with the control. Notably, the ischemic CASMCs displayed an
increased trend of upregulating all the LPOX enzymes and receptors with respect to control at both
transcript and protein levels. The increased level of ChemR23 following the reperfusion suggests the
resolution of in�ammation triggered by the ischemia-driven signals and warrants further research. In
addition, the expression status of 5LPOX and ChemR23 at protein level were relatively higher in ischemic
groups as con�rmed by western blot. Similarly, 12LPOX, 15LPOX, COX2, and GPCR120 were lower than
the control relative to the house keeping gene expression. Together, 5LPOX and ChemR23 displayed
upregulation at protein and transcript levels in ischemic SMCs and a similar increase was observed at
protein level in LAD-CABG tissue sections. These �ndings suggest that 5LPOX and ChemR23 play a
crucial role in the resolution of vascular in�ammation in the coronary arteries contending with a
pathologic episode of persistent ischemia.

The PUFA-5LPOX-ChemR23 axis has been associated with the synthesis pathway of RvE1, where RvE1
directly activates ChemR23 in mononuclear cells and inhibits the proin�ammatory LTB4 receptor in
neutrophils. Moreover, the ChemR23-RvE1 axis alleviates the TNF-stimulated activation of NF-κB
attenuating the in�ammatory responses [32]. In addition, RvE1 prevents the transendothelial migration of
immune cells and reduces the release of superoxide generation and subsequent oxidative stress in the
vascular system. Furthermore, the ChemR23-RvE1 axis signi�cantly reduced the IL-12 secretion
promoting the resolution of in�ammation as reported elsewhere [33]. However, limited information is
available on the expression status of RvE1 in ischemic CASMCs; expanding our knowledge of the
expression status of RvE1 in ischemic CASMCs possesses immense translational potential, as SMCs
play crucial role in coronary atherosclerosis and post-CABG ischemic insults. The increased levels of
5LPOX and ChemR23 in the LAD-CABG and cultured SMCs, along with the information regarding their
involvement in RvE1 synthesis, led us to determine secreted RvE1 in the SMC culture. Interestingly, our
�nding revealed a signi�cantly higher level of RvE1 in ischemic SMCs than the control, which
considerably decreased following reperfusion suggesting the possible role of RvE1 in anti-in�ammatory
responses for the resolution of coronary pathology in SMC. Additionally, the decreased level of ChemR23
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in ischemic SMCs compared with the reperfused cells suggests that a potentially insu�cient level of
RvE1 and/or the ChemR23-inhibitory effects of ischemia. However, extensive investigations are warranted
to unveil the mechanism of RvE1 induction and ChemR23-inhibitory effects of ischemia and downstream
cytokine signaling in post-CABG-LAD. Overall, our �ndings suggest that the SMCs in the coronary
vasculature withstand the ischemia-triggered proin�ammatory episodes by increasing the secretion of
RvE1.

Overall, in this pilot study we successfully established the involvement of RvE1 and several PLM
mediators in post-CABG coronary survival. The study simulated human atherosclerosis, CABG
procedures, and post-CABG survival in a swine model and established the expression status of PLM
mediators. Importantly, this is the �rst study investigating the association of PLM mediators and
receptors in post-CABG coronary pathology. However, the study warrants further investigation to unveil
the molecular signaling underlying the regulation of the expression of PLMs in vascular tissue, which
would reveal multiple translational avenues for the management of IHD. The major limitations of the
study include: (i) lesser sample population and associated variability, (ii) unavailability of swine speci�c
antibodies for protein detection experiments, (iii) the relative smaller size of LAD which prevented
transcriptional and western blot analyses to examine the protein expression in the tissue, (iv) the normal
control used for comparison was miniswine assuming similar biochemistry and molecular pathology, and
(v) the study focused on RvE1 signaling and the members of E and D series resolvins, and other PLMs,
particularly maresins and protectins, warrant further attention. Nevertheless, the �ndings �rmly
established a pathway for the resolution of in�ammation mediated by 5LPOX-ChemR23-RvE1 axis.

Conclusions
RvE1 synthetic enzyme 5LPOX was increased in LAD-CABG tissues and ischemic CASMCs, whereas
ChemR23 and RvE1 receptor were decreased in LAD-CABG and increased in ischemic CASMCs with a
concomitant upregulation following the reperfusion. The level of RvE1 was increased in ischemic cells
and declined following the reperfusion, suggesting a possible role of ischemia to increase the level of
ChemR23 and facilitate the RvE1-mediated resolution of in�ammation. A more sophisticated
understanding of the underlying mechanisms of RvE1 induction by SMCs under ischemia insults
warrants further investigation, which would open novel translational avenues to improve post-CABG
coronary survival.
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Figures

Figure 1

The histomorphology evaluations H&E, Trichrome and Pentachrome staining: The evaluations were
performed in four vessels LAD-Control, LAD-CABG, and LAD-AS. The blue star signi�es medial layer
orientation, violet star shows intact intimal layer, black star reveals intimal hyperplasia, yellow star, and
yellow staining in pentachrome point collagen deposition, and the red star displays mucin deposition.
The images were acquired in 20x magni�cation.
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Figure 2

Representative images for the immuno�uorescence analysis for the expression of (A) 5LPOX and (B)
12LPOX showing the altered expression in the LAD vessels. Images in the top row are histological
sections of Control (LAD-C), followed by LAD-CABG (second row) and LAD-AS (third row). Images in the
left column show nuclear staining with DAPI; the images in the middle column show expression of
5LPOX/12LPOX while the images in the right column show overlay of 5LPOX/12LPOX staining with
DAPI. Images were acquired at 20x magni�cation.

Figure 3
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Representative images for the immuno�uorescence analysis for the expression of (A) 15LPOX and (B)
GPCR18 showing the altered expression in the LAD vessels. Images in the top row are histological
sections of Control (LAD-C), followed by LAD-CABG (second row) and LAD-AS (third row). Images in the
left column show nuclear staining with DAPI; the images in the middle column show expression of
15LPOX/ GPCR18 while the images in the right column show overlay of 15LPOX/ GPCR18 staining with
DAPI. Images were acquired at 20x magni�cation.

Figure 4

Representative images for the immuno�uorescence analysis for the expression of (A) COX2 and
ChemR23 and (B) GPCR120 showing the altered expression in the LAD vessels. Images in the top row are
histological sections of Control (LAD-C), followed by LAD-CABG (second row) and LAD-AS (third row).
Images in the left column show nuclear staining with DAPI; the images in the middle column show
expression of COX2 and ChemR23 while the images in the right column show overlay of COX2 and
ChemR23/ GPCR120 staining with DAPI. Images were acquired at 20x magni�cation.
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Figure 5

(A) The quanti�cation of protein expression. The mean �uorescence intensity quanti�ed from each
specimen was normalized to 100 cells (MFI/100 cells) which was employed to calculate fold change
based on the variation with respect to control (VRC). The graphs represent fold change values with
standard error. The statistical signi�cance based on One-Way ANOVA is represented in the �gure. (B)
Immuno�uorescence analysis for the protein expression of the mediators of resolvin synthetic pathway
by SMCs cultured under normal, ISC, ISC/R conditions: Images in the �rst column in each panel show
nuclear staining with DAPI; the images in the middle column show the biomarker expression and the third
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column presents the merged images of the biomarkers with DAPI. Images were acquired at 20x
magni�cation using CCD camera attached to the Leica Thunder microscope. (C) The image shows
quanti�cation, and the graphs represent the values of mean fold change with standard error. (D) qRT-PCR
analysis for the mRNA expression of 5LPOX, 12LPOX, 15LPOX, COX2, ChemR23, GPCR18 and GPCR120
on SMCs cultured under ISC and ISC/R with respect to control. The results were expressed as fold change
of expression relative to control. (E) Western Blot analysis for the protein expression of 5LPOX, 12LPOX,
15LPOX, COX2, ChemR23, GPCR18 and GPCR120 revealing the bands corresponding to the expression of
proteins; lane 1 control, lane 2 ISC and lane 3 ISC/R. (F) Quanti�cation of expression represented by fold
change based on the housekeeping gene GAPDH. (G) Quanti�cation of RvE1 level from the cell culture
supernatant of CASMCs cultured under ISC, ISC/R compared to the control. The statistical signi�cance is
represented in the �gure (NS – non-signi�cant, * P<0.05, ** P<0.01***, P<0.001, **** P<0.0001, # –
signi�cance for the test for linear trend, P<0.05).
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