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Enrichment of alpha-linolenic acid in rodent diet reduced oxidative stress

and inflammation during myocardial infarction

Kin Sum Leung®, Jean-Marie Galano b Camille Oger b Thierry Durand b
Jetty Chung-Yung Lee ™

@ School of Biological Sciences, The University of Hong Kong, Hong Kong, SAR, China
b mstitut des Biomolécules Max Mousseron, UMR 5247 CNRS, ENSCM, Université de Montpellier, France

Myocardial infarction (MI) is an irreversible event caused by cardiac ischemia and may be fatal. Studies reported
that increased intake of n-3 polyunsaturated fatty acids (PUFA) namely, eicosapentaenoic acid and docosahex-
aenoic acid reduce the risk of cardiovascular disease and lower the incidence of MI. Nonetheless, the car-
dioprotective effect of plant n-3-PUFA such as o-linolenic acid (ALA) in the diet is not conclusive. In this study,
Sprague Dawley rats were supplemented with isocaloric diets enriched with ALA rich flaxseed (FS) and flaxseed
oil (FSO), and normal chow (Control) for 4 weeks. MI was induced by isoproterenol (ISO) injection. Results
showed that all ALA-enriched diets displayed cardioprotection against MI. The heart to body weight ratio, plasma
LDH activity and plasma cTnl were reduced compared to ISO and was prominent in FS diet. ALA and EPA were
up-regulated in both tissues and plasma by ALA-diets compared to Control and remained higher than ISO groups.
Notably, LOX-mediated HETEs decreased whereas LOX-mediated HDHAs were elevated in both tissues and
plasma of ALA-enriched diets compared to ISO. In addition, non-enzymatic oxidized products from arachidonic
acid including 15-Fo-IsoP were reduced in both tissues and plasma of MI rats supplemented with ALA-enriched
diets while those from n-3 PUFAs including F4-NeuroPs, PhytoPs and PhytoFs were elevated compared to control.
ALA-enriched diets particularly flaxseed reduced gene expressions of inflammatory cytokines namely IL-1f, IL-6
and TNFa and prevented the down regulation of antioxidant catalase in the heart tissues. In conclusion ALA-
enriched diets potentially exerted cardioprotection through the regulation of anti-inflammatory and anti-

oxidative mediators from n-3 PUFA autooxidation.
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1. Introduction

Myocardial infarction (MI) caused by cardiac ischemia is an irre-
versible process leading to myocardial cells death. Several studies
revealed that increased intake of n-3 polyunsaturated fatty acid (PUFA),
especially from marine-based food source like eicosapentaenoic acid
(EPA) and docosahexaenoic acid (DHA) reduced the risk of cardiovas-
cular disease and lowered the incidence of MI [1,2]. EPA and DHA are
also found to reduce plasma triglyceride levels [3], resting heart rate and
blood pressure [4], thrombotic eicosanoids production [5], inflamma-
tory cytokine production [6], and the risk of arrhythmia by enhancing
myocardial efficiency and oxygen demand for the myocardium [7].

However, the cardioprotective effect of n-3 PUFA from plant food source
namely o-linolenic acid (ALA) is not that profound. Although few studies
reported increased consumption of ALA rich diet is associated with
lower CVD and MI risk, the evidence was not conclusive and the asso-
ciation between ALA and CVD risk reduction was not as strong as those
in EPA and DHA [8,9]. Some researchers suggested that the car-
dioprotective properties of ALA were due to increased conversion of ALA
to EPA and DHA via ALA-rich diet consumption while others suggested
that ALA has its own health benefits and thus, essential to consume all
types of n-3 PUFA in the diet to have a full protection [10].

PUFA undergoes non-enzymatic lipid peroxidation and in the case of
ALA, it generates phytoprostanes (PhytoPs) and phytofurans (PhytoFs).

Abbreviations: AA, Arachidonic acid; ALA, a-linolenic acid; ¢Tn, cardiac troponin; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; IsoP, isoprostane;
MRM, multiple reaction monitoring; MI, myocardial infarction; NeuroF, neurofuran; NeuroP, neuroprostane; NICI, negative ion chemical ionization; PhytoF, phy-

tofuran; PhytoP, phytoprostane; SD rat, Sprague Dawley rat.
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However, their biological functions in in vivo is much less known
compared to F3-IsoPs and F4-NeuroPs from EPA and DHA respectively.
PhytoPs are mainly found in higher plant and an elevation is associated
with increased oxidative stress of plants. However it is suggested that
certain types of PhytoPs are biologically active in plant and protect
against oxidative stress damage. For instance, Aj-and B;-PhytoPs helped
to detoxify xenobiotics and increase gene expressions in plant related to
cytoprotective responses [11,12]. Nonetheless, the effects of PhytoPs
and PhytoFs in mammalian systems is not fully explored. Insofar, it was
only found that oils with high ALA content could increase the level of
PhytoPs in plasma after ingestion [13], suggesting them to be generated
and metabolized in vivo through autooxidation process. In addition, the
effects of PhytoPs has been elucidated in mammalian cell models where
E;-PhytoP had immunomodulatory activity, modulated dendritic cell
functions and stimulated type 2 immune response [14], B;-PhytoPs
protected animal cells against oxidative stress injury through PPAR-y
activation and prevented cell death [15] and recently, it was discovered
that glycerol-bound PhytoPs are responsible in the immediate effector
phase of allergic inflammation [16]. It is evident that PhytoPs are bio-
logically active in both plant and animal systems, therefore we postulate
that PhytoPs and/or PhytoFs may take part in cardioprotection when
ALA-rich foods are regularly consumed.

In this study, cardioprotective effect of ALA was investigated in ro-
dents. Sprague Dawley rats were fed with normal chow diet and ALA-
diets supplemented by either flaxseed (FS) or flaxseed oil (FSO). Both
are known to be rich in ALA but FSO lacks dietary fiber, lignans and
proteins, and some antioxidant phenolic compounds since they are
removed in the defatted flaxseed meal as ‘by-product’ during extraction
[17]. Feeding the rats with either diets can distinguish if pure ALA (FSO)
indeed have cardioproctective effect or ALA with other bioactive com-
ponents e.g. phenolic compounds that have antioxidant property (FS)
contribute to this protection.

Myocardial infarction was induced by using isoproterenol (ISO). It is
a potent p-adrenergic receptor stimulator which increase the heart rate
and contractility, and cause vasodilation resulting in increased cardiac
output and reduction of blood pressure [18]. It is often used in treating
symptomatic bradycardia or heart block, but high dose of ISO can pro-
voke MI like damages in the heart tissues [19]. The aim of this study is to
evaluate the effect of ALA supplementation on lipid profile in liver and
heart tissues, and in circulation, and its potential protective effect
against ML

2. Experimental section
2.1. Standards and reagents

All solvents used in the experiments were either analytical reagent
grade or HPLC grade. All PUFA and oxidized lipid product standards,
and heavy labeled internal standards were purchased from Cayman
Chemical Co. (Ann Arbor, MI, USA) or synthesized by Institut des Bio-
molécules Max Mousseron (IBMM, Montpellier, France).

2.2. Animals

A total of 24 male Sprague Dawley (SD) rats of similar body weight
(350 + 50 g) and age (8 weeks old) were used in this study. All rats were
separated into groups of two in a solid-bottom polycarbonate cage with
autoclaved hardwood bedding and freed to access deionized and
reverse-osmosis-treated water, and sterile rodent chow ad libitum. The
animals were kept in 12-h light and dark cycles and 20-25 °C with
35-70% relative humidity. Body weight, feed intake and signs of ab-
normality were monitored throughout the study. The animal experi-
ments commenced after one week of acclimatization and were complied
with the local institutional ethical guidelines (Committee on the Use of
Live Animals in Teaching and Research No. 3733-15 and 3804-15, The
University of Hong Kong) and license of Department of Health, Hong

Kong SAR Government.
2.3. Experiment design

SD rats were randomly assigned into one of the six treatment groups
(n = 8 per group): control (standard chow diet), flaxseed-enriched diet
(FS, 4.6% ground flaxseed, w/w) and flaxseed oil-enriched diet (FSO,
1.9% flaxseed oil, w/w) groups. At the end of the supplementation
period, half of the rats (n = 4 per group) were induced with MI using
isoproterenol (ISO). The diets used in this study were isocaloric (18%
kcal protein, 65% kcal carbohydrate and 16% kcal fat) and have similar
level of ALA content (10%). All the diets were customized by Research
Diet using Open Standard Diet D11112221 (Research Diets, New
Brunswick, USA) where the composition details are shown in supple-
mentary information, Table S1. The rats were fed with corresponding
diets for 28 days. After 12 h fasting, half of the rats in control, FS and
FSO groups received subcutaneous injection of ISO (100 pg/kg). After
12 h post-injection, blood samples were collected by cardiac puncture
for plasma extraction from the animals under anesthesia. Then, the
animals were sacrificed via cervical dislocation. Liver and heart tissues
were immediately harvested. The whole heart was washed with PBS
containing 0.005% (w/v) BHT and 0.005% (w/v) indomethacin, dried
by paper blot, weighed, and stored at —80 °C.

The dose of ISO used in this study was lower than recent literature
reports [20-22] as the concentration suggested (85 mg/kg, subcutane-
ously injected for two consecutive days after treatments) led to 100%
death rate after applying the first 85 mg/kg ISO injection to the SD rats.
The high death rate in our experiment is likely due to the weight of the
male SD rats after each diet treatments, as it reached approximately 500
g after 4 weeks feeding. According to Balazs et al., the median lethal
dose (LD50) of ISO in male SD rat weighting 300-500 g is 300-600
pg/kg [23]. Therefore, the ISO dose used in our study was reduced to
100 pg/kg according to Balazs et al. study, which is sufficient to induce
MI like damage in heavy male SD rats (SD rat weighting 300-500 g).

2.4. Total phenolic capacity analysis

One gram of grounded FS sample or FSO was extracted with 100 mL
methanol at 25 °C for 6 h with constant agitation using orbital shaker.
Afterwards the mixture was centrifuged at 3000 rpm for 10 min. The
supernatant was collected, and the residue was extracted again with
methanol to increase the yield. The supernatants from the same sample
were combined and dried completely under nitrogen. The dried samples
were weighed and resuspended in methanol in the ratio of 1 g sample:
10 mL solvent [24].

Total phenolic capacity of the samples was measured by Folin-
Ciocalteu Assay according to Ainsworth et al. method with slight
modification [25]. In brief, gallic acid was diluted in different concen-
tration (from 50 pM to 2.5 mM) in 95% methanol and used as standard
for the calibration curve. A volume of 100 pL diluted Folin-Ciocalteu
phenol reagent (1:10, reagent: distilled water) and 800 pL of 700 mM
sodium carbonate solution were added to 200 pL of standards, samples
or blank. The absorbances of the samples was taken at 765 nm after
incubated at room temperature for 2 h. All determinants were carried
out in triplicates.

2.5. Plasma lactate dehydrogenase (LDH) activity measurement by LDH
assay

LDH activity of the plasma samples was estimated by using
commercially available assay kit (ab102526, Abcam. USA). In brief, 50
ul of 100 times diluted plasma samples were added into a 96 well plate
and mixed well with 50 pl of the reaction mix. Sample absorbance was
measured at 450 nm using Multiskan™ GO Microplate Spectropho-
tometer (Thermo Scientific, USA) set to kinetic mode and determined
every 3 min for 60 min at 37 °C in the dark. LDH activity of the samples



were calculated according to the manufacturers’ instructions.

2.6. Plasma cardiac troponin I (cTnl) measurement by indirect ELISA
method

Plasma cTnl level was measured using indirect ELISA method
(Abcam indirect ELISA protocol, USA). In brief, the plasma samples were
diluted 100 times with 100 mM bicarbonate coating buffer, layered in
each well of the 96 well microtiter plate and incubated at 4 °C overnight.
After removing the coating solution and washing the wells with 200 pl
PBS three times, the coated wells were blocked by incubating with 200
pl 5% non-fat dry milk at 4 °C overnight. Diluted rabbit polyclonal (x
1000) cardiac troponin I primary antibody (ab47003, Abcam, USA) was
added to each well and incubated at 4 °C overnight. Thereafter, 100 pl of
5000 times diluted goat anti-rabbit IgG H&L (HRP) secondary antibody
(ab97051, Abcam. USA) was added and incubated in room temperature
for 1-2 h. Finally, horseradish peroxidase (HRP) chromogens was
detected by reacting with 2,2'-azino-di-[3-ethyl-benzothiazoline-6-sul-
fonic acid] diammonium salt (ABTS) and the end products were
measured at 416 nm using Multiskan™ GO Microplate Spectropho-
tometer (Thermo Scientific, USA). Rat cTnl protein (7010, Life Di-
agnostics, WC, USA) was used for the standard curve.

2.7. Lipid extraction of the biological samples

Total lipid was extracted from the biological samples by modified
Folch extraction method [26]. In brief, 0.05 g of solid samples (liver,
heart tissues or FS) or 100 pl of liquid samples (plasma or FSO) were
homogenized in 5 ml cold Folch solution (chloroform:methanol, 2:1,
v/v) with 0.01% BHT (w/v) and 5 ng of each internal standards at 24,
000 rpm in 20 s bursts on ice using a polytron benchtop homogenizer
(T25, Ultra-Turrax, IKA, Germany). The homogenization was performed
twice and the two parts of Folch solution extracts were combined. After
30 min incubation at room temperature on an orbital shaker, 2 ml of
0.9% aqueous sodium chloride was added to allow phase separation.
Afterwards, it was centrifuged at 4 °C, 3000 xg for 10 min and the lower
organic phase was collected in a glass vial. Then, 5 ml of chloroform was
added to the remaining upper phase holding tissue residues for
re-extraction to increase the yield. The collected sample extracts were
dried completely under a stream of nitrogen on 37 °C heating block and
then hydrolyzed by re-dissolving the samples in 1 ml of 1 M methanolic
potassium hydroxide with 0.01% BHT and 1 ml of PBS (pH 7.4). It was
then placed on an orbital shaker and incubated in the dark overnight.
The alkaline hydrolysis was terminated by adding 200 pl 5 N hydro-
chloric acid, 0.5 ml methanol, 2.7 ml 40 mM aqueous formic acid and 4
ml 20 mM aqueous formic acid. The hydrolyzed samples were filtered
with 0.45 pm PTFE syringe to remove impurities. It was then extracted
by solid phase extraction (SPE) using 60 mg MAX columns (Oasis, Wa-
ters, USA) [27]. Accordingly, the samples were cleaned with hexane and
20 mM formic acid, and the final analytes were eluted with 2 ml of
hexane and then 4 ml of hexane/ethanol/acetic acid solution
(70:29.4:0.6, v/v/v), and dried under a stream of nitrogen gas in the
dark until complete dryness. The dried samples were resuspended in
100 pl of acetonitrile. The prepared samples were aliquoted into auto-
sampler vials with insert and immediately analyzed using LC-MS/MS.

2.8. Quantification of PUFAs and oxidized PUFA products by LC-MS/MS

PUFAs and oxidized PUFA products were analyzed according to
previous studies with modifications [28-30]. Briefly, LC-MS/MS was
performed by 1290 Infinity LC system (Agilent Technologies, USA) with
a Kinetex C18 column (150 x 21 mm, 2.6 pm, Phenomenex, USA).
Milli-Q water: formic acid (99.9:0.1, v/v) and acetonitrile: formic acid
(99.9:0.1, v/v) were used as solvent A and B respectively for the mobile
phases in the LC system. The flow rate was 0.3 pl/min and a step-wise
gradient elution was set as follows: first, 20% B was kept for the first

2 min, then a gradual elevation of B to 98% was achieved from 2 to 10
min and 98% B was maintained for 5 min. Finally, the mobile phase was
set back to 20% B from 15 min to 15.1 min and kept until 20 min to
prepare for the next run. The autosampler was operated at 4 °C and the
injection volume of each sample was 10 pl.

For analytes detection, the LC system coupled to a QTrap 3200 triple
quadrupole mass spectrometer (Sciex Applied Biosystem, MA, USA)
with electrospray ionization (ESI) was used. The ESI was set to negative
atmospheric pressure chemical ionization (APCI) mode and the analytes
were detected by MS/MS using multiple reaction monitoring (MRM).
The source temperature was set at 325 °C, the spray voltage was set to
—3000 V, and nitrogen gas was used as curtain gas.

The quantification of each analyte was determined by correlating the
peak area to its corresponding deuterated internal standard peak. For
the analytes without its corresponding deuterated internal standards,
quantitation was done by using deuterated internal standards with
similar structures. In this study, a total of 6 PUFAs (arachidonic acid
(AA), adrenic acid (AdA), ALA, docosapentaenoic acid (n-3 DPA), EPA
and DHA) and 24 oxidized PUFA products were analyzed in the
extracted samples. Detailed multiple reaction monitoring transition ta-
bles of measured PUFAs and oxidized PUFA products are shown in
supplementary information, Table S2.

2.9. RNA extraction and purification

Total RNA was extracted from rat tissues using TRIzol reagent (0.1 g
tissue per 1 ml TRIzol reagent) according to the manufacturer’s proto-
col. The extracted RNA concentration and quality were determined with
Nanodrop UV-Vis spectrophotometer (ND-2000; Thermo Fisher, USA)
and the integrity of the extracted RNA were determined by 1% agarose
gels electrophoresis. Prior to reverse transcription, purification of RNA
samples was performed by using amplification grade deoxyribonuclease
(DNase) I (Invitrogen, USA) according to the manufacturer’s protocol.
The purified samples were kept at —20 °C until further process.

2.10. Reverse transcription and quantitative real-time polymerase chain
reaction (qPCR)

The cDNA was generated from RNA using high capacity RNA-to
cDNA kit (Applied Biosystems, USA) according to manufacturer’s pro-
tocol. Real-time PCR reaction mixture was prepared by adding 1 pl
sample cDNA (~40 ng/pl), 1 pl forward and reverse primer mix (10 pM,
Invitrogen, USA), 3 pl DEPC-water and 5 pl 2X SYBR green PCR master
mix (Applied Biosystem, USA) into a 96 well plate. The reaction was run
by Step-One Plus real-time thermal cycler (Applied Biosystem, CA, USA)
and the PCR conditions were as followed: first, a hot start at 95 °C for 15
min, then denaturation with 40 cycles of 95 °C for 15 s and finally
annealing at 60 °C for 1 min. The primers used in this study (supple-
mentary information, Table S3) were in-house designed and validated.
The experiments were repeated thrice for data confirmation and re-
actions were measured in triplicates. The results obtained were calcu-
lated using AACq method and recorded as fold changes.

2.11. Statistical analysis

All data were analyzed by GraphPad Prism (version 7 for PC,
GraphPad Software, Inc., La Jolla, CA, USA) and reported as mean =+ SD.
Data were analyzed by one-way analysis of variance (ANOVA), followed
by Tukey’s multiple comparison test. P-value of <0.05 was denoted as
statistically significant.



3. Results

3.1. Flaxseed had higher PhytoPs, PhytoFs and total phenolic content
compared to flaxseed oil

ALA, PhytoPs and PhytoFs levels were measured in FS and FSO
(Fig. 1) added to the diet. Concentrations of PhytoPs and PhytoFs in FS
are significantly higher than FSO. Furthermore, the concentrations of
total PhytoPs and PhytoFs in FS and FSO takes up <0.01% and
<0.0001% per gram of ALA respectively. In addition, the total phenolic
capacity of FSO was significantly lower compared to FS (Fig. 2). The
difference indicates potential loss of the phenolic compounds and even
PhytoPs and PhytoFs in the oil extraction process of FSO.

3.2. ALA enriched diets did not affect the weight gain and food intake of
the rodents but reduced the heart to body weight ratio

ALA was supplemented in forms of FS and FSO in the diets. The
bodyweight increased while bodyweight gained decreased throughout
the feeding period for all supplemented groups. In addition, the amount
of diet consumed by the rats was constant throughout the feeding period
(Supplementary material, Fig. S1).

ISO treatment markedly elevated (p < 0.0001) the heart to body
weight ratio of the rats compared to control. Furthermore, the ratio of
FS +ISO and FSO + ISO were significantly higher than control but lower
than ISO. Among the ISO treated groups, the ratio of FS + ISO group was
the lowest compared to ISO (Table 1).

3.3. Cardiac biomarkers in plasma were significantly reduced by ALA-
enriched diets

Rats injected with ISO alone showed significant elevated plasma LDH
activity and cTnl level compared to control, indicating ISO administra-
tion successfully induced MI (Fig. 3). The activity of plasma LDH and
cTnl levels were unaffected by the ALA-diets compared to the control.
However, the elevated plasma LDH and cTnl by ISO was significantly
reduced by the ALA-diets where the lowering effect was particularly
strong by FS (approximately 40-50% for both) than FSO.

Graph showing (A) plasma lactate dehydrogenase (LDH) activity and
(B) plasma concentration of cardiac troponin-1 (cTnl) measured in rat
heart tissues. Plasma LDH activity is expressed as IU/L; 1 Unit (IU) of
LDH will catalyze the conversion of 1 pmole of lactate to pyruvate per
min. Data are presented in mean + S.D. (n = 4). ISO: isoproterenol was
treated to the rats after supplementation period; FS: flaxseed; FSO:
flaxseed oil. **##p < 0.0001 compared to control; **p < 0.01,
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Fig. 1. Phytoprostane (PhytoP) and phytofurans (PhytoF) content per 1 g of
ALA in flaxseed and flaxseed oil. Data are presented in mean + S.D. (n = 4). *p
< 0.05, **p < 0.01 and ***p < 0.001 compared to flaxseed.
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Fig. 2. Total phenolic capacity of flaxseed and flaxseed oil. Data are presented
in mean + S.D. (n = 6). ****p < 0.0001 compared to flaxseed.

Table 1
Heart to body weight ratio in the treated rats supplemented with ALA-diet with
or without ISO treatment.

Groups Body weight (g) Heart weight (g) Heart to body weight ratio
Control 474.38 + 15.32 1.497 + 0.015 3.157 + 0.093

1SO 502.33 + 24.75 2.114 + 0.128 4.206 + 0.056 ****

FS 498.93 + 43.68 1.584 + 0.080 3.183 + 0.132

FS + ISO 525.45 + 16.92 1.923 + 0.057 3.660 + 0.025 *xxx####
FSO 506.25 + 10.12 1.640 + 0.041 3.240 + 0.050

FSO +1SO  495.25 + 19.53 1.867 + 0.117 3.768 + 0.125 **x###

Data are presented in mean + S.D. (n = 4); ISO: isoproterenol; FS: flaxseed; FSO:
flaxseed oil. ***p < 0.001, ****p < 0.0001 compared to control.

###p < 0.001 and.

####%p < 0.0001 compared to ISO.

0.001 and ****p < 0.0001 compared to ISO.

3.4. ALA-diets elevated n-3 PUFA but not DHA, and reduced oxidative
stress inflammatory mediators in the liver

Supplementation of FS and FSO increased the liver levels of n-3
PUFA, namely ALA, EPA and n-3 DPA. Moreover, DHA levels were un-
altered while a reduction of n-6 PUFA including AA and AdA levels were
observed (Fig. 4) in the ALA-diet groups. ISO reduced the PUFA levels
and were lower than those given ALA-diet except for DHA.

ALA-diets reduced enzymatic oxidized products of AA, particularly
12-HETE and PGFy, levels compared to control in the liver. However,
ISO significantly augmented 5-, 8-, 12-, and 15-HETE levels while
decreased the release of enzymatic oxidized products of DHA namely 4-,
7-, 11- and 14-HDHA levels in the control group. Both PGFy, and 17-
HDHA levels were not affected by ISO (Table 2). Notably, in all ALA-
diet groups treated with ISO showed reduced HETEs levels except for
12-HETE in FSO. Notwithstanding, levels of 11- and 14-HDHA in ALA-
diet groups treated with ISO remained higher than control. Also, 7-
HDHA level was higher in FSO group compared to control after ISO
treatment (Table 2).

As shown in Table 3, ALA-diet lowered non-enzymatic oxidation of
AA, in particular 5-Fo-IsoP level by both diets but not 15-Fy-IsoP level
in the liver. As anticipated, ISO treatment induced 5-Fy-IsoP and 15-Fq-
IsoP levels in the control while those fed with ALA-diets resisted this
elevation and remained low.
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Table 2
Levels of enzymatic oxidized PUFA products measured in rat liver tissues (ng/g tissue).

Control FS FSO 1SO FS + ISO FSO + ISO
Engzymatic oxidized lipid products from AA
5-HETE 0.12 + 0.08 0.06 + 0.01 0.17 4+ 0.04 1.19 + 0.12%## 1.69 + 0.55
8-HETE 0.93 + 0.23 0.61 + 0.06* 0.76 + 0.19 2.23 + 0.48%# 1.74 + 0.43%%
12-HETE 2.21 +0.21 1.12 + 0.13%%* 1.49 + 0.32%* 4.96 + 0.58%** 3.54 + 0.79* 4.50 + 1.09
15-HETE 0.09 + 0.02 0.06 + 0.01 0.08 + 0.02 0.44 + 0.08%** 0.22 + 0.05% 0.17 + 0.04%
PGFyq 0.18 + 0.06 0.06 + 0.03* 0.09 + 0.04* 0.18 + 0.04 0.35 + 0.17 0.16 + 0.03
Engymatic oxidized lipid products from DHA
4-HDHA 29.6 + 1.88 3.23 +0.33 4.28 +1.27 0.36 + 0.14* 1.17 + 0.47* 0.26 + 0.14
7-HDHA 0.05 + 0.02 0.09 + 0.02* 0.05 + 0.02 0.15 4 0.04** 0.15 + 0.06 0.23 + 0.02%
11-HDHA 17.78 + 8.21 22.55 + 4.62 6.78 + 3.68 2.30 + 0.80** 7.75 + 4.15% 6.45 + 2.44"
14-HDHA 6.90 + 2.19 12.13 + 1.34%* 10.11 + 3.72 0.34 4+ 0.11%** 3.28 + 1.80% 1.07 + 0.09%###
17-HDHA 44.08 + 23.30 88.40 + 56.23 37.51 + 4.98 31.30 + 9.27 55.81 + 14.74% 7417 + 34.29

Data are presented as mean + S.D. (n = 4). ISO: isoproterenol was treated to the rats after supplementation period; FS: flaxseed; FSO: flaxseed oil. HETE: hydrox-
yeicosatetraenoic acid; HDHA: hydroxy-docosahexaenoic acid. Concentration is shown as ng/g tissue samples. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001
compared to control; #p < 0.05, ##p < 0.01, *##p < 0.001 and *#*##p < 0.0001 compared to ISO.

Table 3
Levels of non-enzymatic oxidized PUFA products measured in rat liver tissues (ng/g tissue).
Control FS FSO 1SO FS + ISO FSO + ISO
Non-enzymatic oxidized lipid products from AA
5-Fy-IsoP 3.93 + 1.80 0.92 + 0.13* 0.45 + 0.35** 22.31 + 5.84%%% 6.17 + 2.54** 4.87 + 1.82%#
15-F-IsoP 12,92 +1.71 11.67 + 1.38 10.50 + 1.30 33.16 + 7.51%* 19.80 + 3.447 15.73 + 2.557%

Non-enzymatic oxidized lipid products from ALA

9-D;-PhytoP 13.05 + 6.80 72.51 + 24.52%* 30.12 + 5.93%* 36.15 + 3.79%* 66.55 + 19.40% 83.44 + 12.85%##
9-F;-PhytoP 8.27 + 3.15 27.16 + 7.46 15.20 + 2.42* N.D.** 12.10 + 5.08%# 19.30 + 2.19####
16-F;-PhytoP 3.88 + 1.91 23.74 + 2.51 15.90 + 3.97** 0.34 + 0.15* 6.79 + 4.23% 4.41 + 2.08%#
9-L;-PhytoP 4.63 + 2.80 29.12 + 9.25%* 9.02 + 3.53% 17.35 + 6.33* 60.96 + 6.68"#*# 41.04 + 14.69%
16-B;-PhytoP 1.42 + 1.68 40.73 + 10.96*** 7.15 + 3.59* 10.76 + 3.74% 3.74 + 1.60%
16(RS)-13-ST-A'*-9-PhytoF 0.71 + 0.16 6.20 + 0.68**** 2.19 + 0.92* 3.96 + 2.01%# 1.46 + 0.69%%
16-(RS)-9-€pi-ST-A'*-10-PhytoF 0.85 + 0.55 2.38 4 0.40%*** 1.91 + 0.40%* 2.24 + 0.87%* 1.17 + 0.14%##
Non-enzgymatic oxidized lipid products from EPA

5-F3,-IsoP 3.41 +0.83 5.54 + 0.78%* 2.32 + 0.53 2.26 + 0.39* 3.15 + 1.77 2.90 + 0.77
8-Fa-IsoP 1.79 + 1.46 1.85 + 0.40 1.61 +1.37 0.35 + 0.17* 5.00 + 1.99%# 4.65 + 0.84%###
Non-enzymatic oxidized lipid products from DHA

4-F4-NeuroP 5.54 + 1.03 9.45 + 4.37 7.57 + 1.52 1.34 + 0.44%%* 8.16 + 3.66"## 7.55 + 1.53%
10-F4-NeuroP 8.88 + 1.12 10.38 + 0.85 8.93 + 2.64 4.84 +1.13** 9.72 + 3.04% 9.22 + 4.83
8-HDHA 6.32 + 2.54 6.70 + 3.14 6.98 + 5.00 4.29 + 1.64 14.44 + 2.48%# 10.12 + 2.42%#

Data are presented as mean + S.D. (n = 4). N.D.: not detected; ISO: isoproterenol was treated to the rats after supplementation period; FS: flaxseed; FSO: flaxseed oil.
HDHA: hydroxy-docosahexaenoic acid; IsoP: isoprostane; PhytoP: phytoprostane; PhytoF: phytofuran; NeuroP: neuroprostane. *p < 0.05, **p < 0.01, ***p < 0.001 and
###%p < 0,0001 compared to control; *p < 0.05, ##p < 0.01, *#*#p < 0.001 and **##p < 0.0001 compared to ISO.

PhytoPs and PhytoFs, which are non-enzymatic oxidized products of
ALA were enhanced by ALA-diets. When the rodents were treated with
ISO, PhytoF (16 (RS)-13-ST-A'*-9-PhytoF and 16-(RS)-9-epi-ST-A1*-10-

and *#*#p < 0.001 compared to ISO.

PhytoF) and 9-F;-PhytoP levels were not found in the liver, whereas 9-
D;¢-PhytoP, 9-L;-PhytoP and 16-B;-PhytoP levels were augmented but
16-F1-PhytoP level decreased, while 16-B;-PhytoP level was not altered
compared to control without ISO treatment. However, ALA-diets resis-
ted to the alteration by ISO, where PhytoP and PhytoF levels remained
high and notably, PhytoF and 9-F;-PhytoP levels were not inhibited
(Table 3).

FS diet induced non-enzymatic oxidized product of EPA, namely 5-
F3¢-IsoP level compared to the control but not in FSO group. Further-
more, levels of 8-Fs-IsoP were not modified by the ALA-diets. Both 5-Fg-
IsoP and 8-F3-IsoP levels were reduced by ISO treatment to control,
moreover, 8-Fg¢-IsoP level remained higher than control in all ALA-diet
groups while 5-Fg-IsoP level was not modified (Table 3).

Of the non-enzymatic oxidized products of DHA, treatment of ISO
decreased 4-F4-NeuroP and 10-F4-NeuroP levels compared to control,
while no change was found for 8-HDHA. ALA-diets resisted to the
oxidative stress by ISO treatment where 4-F4-NeuroP, 10-F4-NeuroP, 8-
HDHA levels were higher than control (Table 3).

ISO: isoproterenol was treated to the rats after supplementation
period; FS: flaxseed; FSO: flaxseed oil. *p < 0.05, **p < 0.01, ***p <
0.001 and ****p < 0.0001 compared to control; *p < 0.05, *#p < 0.01

3.5. ALA-diets elevated n-3 PUFA but not DHA in the heart tissues, and
modulated oxidative stress and inflammatory mediators against MI injury

Supplementation of FS and FSO increased ALA, EPA and n-3 DPA
levels but reduced AA and AdA levels compared to control in the heart
tissues (Fig. 5). DHA levels were unaltered by the ALA-diets. ISO treat-
ment reduced the PUFA levels compared to control without ISO. How-
ever, ISO treatment further reduced AA and AdA levels but not for ALA
and EPA levels. Levels of n-3 DPA and DHA were unaffected by ISO
treatment in the ALA-diet groups.

ALA-diet showed little effect on the levels of enzymatic oxidized
products of PUFA in the heart tissues (Table 4). Levels of 15-HETE were
reduced by all ALA-diets, where FS diet induced 4- and 7-HDHA, and
FSO induced 7-HDHA levels when compared to control. ISO treatment
enhanced all enzymatic oxidized products of AA except for PGFy,, while
it did not modify products of DHA compared to control. Moreover, ALA-
diets reduced 12-HETE levels while no changes were observed for 5-, 8-
and 15-HETE and PGFy, levels. Although ISO treatment to control group
had no effect on HDHAs, ALA-diets elevated all HDHA levels.

As oppose to the liver, all ALA-diets reduced 15-Fo-IsoP levels and 5-
For-IsoP level by FS diet only compared to control in the heart tissues.
Elevated levels of all PhytoPs (9-Di¢-, 9-F1t-, 16-Fq¢-, 9-L1- and 16-B;-
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Fig. 5. Levels of PUFAs measured in rat heart tissues.

ISO: isoproterenol was treated to the rats after supplementation period; FS: flaxseed; FSO: flaxseed oil. Data are presented as mean + S.D. (n = 4). *p < 0.05, **p <
0.01, ***p < 0.001 and ****p < 0.0001 compared to control; *p < 0.05 and *#p < 0.01 compared to ISO.

Table 4
Levels of enzymatic oxidized lipid products measured in rat heart tissues (ng/g tissue).
Control FS FSO 1SO FS + ISO FSO + ISO

Enzymatic oxidized lipid products from AA
5-HETE 0.48 +0.13 0.62 + 0.05 0.34 + 0.08 1.19 + 0.16%** 1.01 +0.21 1.40 + 0.26
8-HETE 1.07 + 0.30 0.82 + 0.10 0.98 + 0.29 2.11 + 0.19%* 1.60 + 0.45 1.83 + 0.45
12-HETE 4.83 +1.32 4.76 + 0.85 6.31 + 3.19 13.13 + 0.93%*** 7.47 + 2.26** 8.31 + 2.07%#
15-HETE 0.52 + 0.08 0.29 + 0.06** 0.21 + 0.09%* 0.77 + 0.13* 0.57 +0.12 0.99 + 0.31
PGFy, 0.10 + 0.05 0.07 + 0.02 0.10 + 0.01 0.15 + 0.03 0.12 + 0.02 0.19 + 0.07
Enzymatic oxidized lipid products from DHA
4-HDHA 0.07 + 0.06 0.34 + 0.16* 0.14 + 0.03 0.13 + 0.06 0.45 + 0.11%# 0.57 + 0.23*#
7-HDHA 0.35 + 0.15 0.67 + 0.08** 0.73 + 0.10** 0.22 + 0.08 1.49 + 0.36%## 1.10 + 0.28%##
11-HDHA 1.25 + 0.91 1.99 + 1.05 1.64 + 0.33 2.70 + 1.80 6.49 + 2.42% 6.72 + 1.83%
14-HDHA 0.44 + 0.07 0.44 +0.18 0.47 + 0.23 1.17 £ 0.67 3.61 + 1.09%# 4.72 + 1.10%*
17-HDHA 6.23 + 0.64 4.10 + 2.35 7.81 + 4.04 11.46 + 7.31 84.24 + 23.77%# 57.92 + 23.51%#

Data are presented as mean =+ S.D. (n = 4). ISO: isoproterenol was treated to the rats after supplementation period; FS: flaxseed; FSO: flaxseed oil. HETE: hydrox-

yeicosatetraenoic acid; HDHA: hydroxy-docosahexaenoic acid. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001 compared to control; *p < 0.05, **p < 0.01 and
###p < 0.001 compared to ISO.



PhytoP) and PhytoFs (16 (RS)-13-ST-A'*-9-PhytoF and 16-(RS)-9-epi-
ST-A'*-10-PhytoF) were observed by all ALA-diets compared to control.
Nonetheless, treatment of ISO only elevated 9-D;¢- and 16-F;-PhytoP
and reduced 9-Fi+-PhytoP levels compared to control. Regardless,
compared to control, all ALA-diets augmented the levels of all PhytoPs
and PhytoFs when treated with ISO (Table 5).

ALA-diets did not affect non-enzymatic oxidized products of EPA
when compared to control in the heart tissues. When treated with ISO,
only 5-F3-IsoP level elevated compared to control. Among the ALA-
diets, only FS diet retained high 5-F3;-IsoP level compared to control
when treated with ISO (Table 5).

As like the liver, treatment of ISO reduced 4-F4-NeuroP, 10-F4-
NeuroP and 8-HDHA compared to control. Surprisingly, all ALA-diet
groups showed induced 4-F4-NeuroP and 8-HDHA levels when treated
with ISO compared to control. No alteration was observed for 10-F4-
NeuroP in ALA-diet groups when treated with ISO (Table 5).

3.6. ALA-diets elevated n-3 PUFA but not DHA, and reduced
inflammatory lipid mediators in the plasma

Supplementation of FS and FSO increased plasma ALA and EPA
levels but reduced AA and AdA levels compared to control. No changes
were observed in the levels of n-3 DPA and DHA (Fig. 6). ISO treatment
did not alter the levels of all PUFAs compared to control. Supplemen-
tation of FS and FSO also increased the levels of ALA and EPA levels but
reduced AA and AdA levels when compared to ISO group.

ALA diets did not show significant alterations in the levels of enzy-
matic oxidized products of PUFA in the plasma compared to control
(Table 6). ISO treatment led to an elevation of LOX-mediated HETEs
including 5-, 8-, 12- and 15-HETE compared to control. However, both
FS and FSO supplementation reduced all LOX-mediated HETEs levels
compared to ISO group. For enzymatic oxidized DHA products, ISO
treatment only reduced 11-HDHA significantly compared to control. FS
diet elevated 4-, 11- and 17-HDHA when compared to ISO group while
FSO diet elevated 17-HDHA only.

As like our observation in the heart tissues, ISO treatment caused a
significant elevation in both 5-Fy-IsoP and 15-Fg¢-IsoP compared to
control in plasma. Furthermore, supplementation of FS and FSO reduced
5-Fo-IsoP and 15-Fy-IsoP in ISO groups (Table 7). Elevated levels of all
PhytoPs (9-Dj¢-, 9-F1t-, 16-F1¢-, 9-L;- and 16-B;-PhytoP) and PhytoFs (16
(RS)-13-ST-A'*-9-PhytoF and 16-(RS)-9-epi-ST-A'*-10-PhytoF) were
observed by ALA diets compared to control in both with and without ISO
treatment.

ISO treatment did not alter the levels of plasma non-enzymatic
oxidized products of EPA compared to control. Moreover both FS and
FSO diets did not alter these levels compared to control and ISO groups.
However, ALA diets showed an effect on the levels of non-enzymatic
oxidized products of DHA in the plasma (Table 7). FS and FSO
elevated the levels of 4-F4-NeuroP and 10-F4-NeuroP in both control
with and without ISO treatment. In addition, FS diet elevated 8-HDHA
significantly compared to control.

3.7. ALA-diets up-regulated catalase and down-regulated IL1j, IL6 and
TNFa gene expressions in the heart tissues injured by MI

As shown in Fig. 7, ALA-diets reduced TNFa gene expressions only
while expression of catalase was augmented compared to control in
heart tissues.

ISO treatment elevated the gene expressions of inflammatory
markers including IL1p, IL6 and TNFa. The inflammatory response by
ISO treatment appeared to be resolved by all ALA-diets where a marked
reduction in IL1f, IL6 and TNFa expressions were observed. ISO treat-
ment also reduced the antioxidant capacity of cardiomyocytes through
catalase. However, a resistance was observed in ALA-diet groups where
it was up-regulated compared to control (Fig. 7).

4. Discussion

In this study, ISO was used to induce MI in the rats. It is a potent
synthetic catecholamines which regulates cardiac muscle contractility
and metabolism. However, excessive amount of ISO causes increased
heart rate, subendocardial myocardial ischemia, hypoxia, car-
diomyocyte necrosis and develop infarct-like lesions in the rat heart
tissues which are similar to pathophysiology of human MI. The physi-
ological changes triggered by ISO in the rat heart is due to excessive
production of free radicals from oxidative metabolism by catechol-
amines [19].

Heart weight to body weight ratio is one of the simplest ways to
assess cardiac injury where an increase also indicates cardiac hyper-
trophy. Development of hypertrophy can be caused by water accumu-
lation in edematous intramuscular spaces of cardiac muscle, increased
protein content in cardiac muscle due to increased gene expression of
proteins related to contractile unit and the activation of hypertrophic
response in cardiac cells due to the influx of cytoplasmic calcium during
MI [31]. In Derbali et al. study, it was found ISO-induced MI that led to
57% elevation of the ratio in rats whereas pretreatment with FSO

1SO FS + 1SO FSO + ISO

16.62 + 6.65
65.25 + 15.07**

20.64 + 5.857*
125.55 + 37.08%

32.46 + 4.23%
96.82 + 36.84%%

44.25 + 5.62%***
179.47 £ 17.17*

Table 5
Levels of non-enzymatic oxidized lipid products measured in rat heart tissues (ng/g tissue).
Control FS

Non-enzymatic oxidized lipid products from AA
5-Fy¢-IsoP 12.77 + 0.98 5.07 £ 3.08**
15-Fo-IsoP 140.07 + 26.67 46.07 + 17.94**
Non-enzymatic oxidized lipid products from ALA
9-D;-PhytoP 0.51 +0.21 3.63 + 1.32*
9-F;-PhytoP 1.10 £ 0.53 1.15 + 0.52*
16-F;-PhytoP 1.59 £ 0.73
9-L;-PhytoP 0.81 +0.41
16-B;-PhytoP 0.32 + 0.09
16(RS)-13-ST-A'*-9-PhytoF 0.72 + 0.39
16-(RS)-9-€pi-ST-A'*-10-PhytoF 0.49 +0.13

Non-enzymatic oxidized lipid products from EPA

5-F3-IsoP 5.86 +£ 1.92 3.85+1.14
8-F3-IsoP 0.65 + 0.36 0.60 + 0.24
Non-enzymatic oxidized lipid products from DHA

4-F4-NeuroP 10.50 + 2.58 11.39 + 3.19
10-F4-NeuroP 14.44 £ 5.10 16.81 + 2.83
8-HDHA 0.94 +0.13 1.02 + 0.42

3.50 + 1.30* 3.25 + 1.10* 7.89 + 1.03%## 6.20 + 0.837%
1.81 =+ 0.45%** 0.86 + 0.29* 2.20 + 0.48%# 2.62 + 0.40%##
453 + 1.51%* 16.26 + 4.51%# 9.67 + 2.83
1.78 + 0.52%* 1.07 + 0.40 3.73 + 0.60%## 3.45 + 0.64" 7
10.43 + 2,95%%* 2.05 + 0.89 14.73 + 3.23%## 16.39 + 2.37*###
0.75 + 0.21 6.83 + 1.43%## 3.93 + 0.89%##
0.92 + 0.26 5.89 + 0.77*### 4.58 + 0.687###
13.16 + 8.14 28.40 + 6.29%* 52.95 + 8.27%# 34.28 + 17.00
0.52 + 0.26 0.78 + 0.23 0.92 +0.17 1.17 £ 0.35
11.68 + 2.24 6.62 + 1.64* 15.36 + 2.63** 14.64 + 3.03%#
16.89 + 2.65 2.94 + 1.64%* 7.32 + 3.57 6.58 + 2.82
1.19 + 0.34 0.54 + 0.21* 1.58 + 0.38%# 1.13 + 0.27%

Data are presented as mean + S.D. (n = 4). ISO: ISO: isoproterenol was treated to the rats after supplementation period; FS: flaxseed; FSO: flaxseed oil. HDHA: hydroxy-

docosahexaenoic acid; IsoP: isoprostane; PhytoP: phytoprostane; PhytoF: phytofuran; NeuroP: neuroprostane. *p < 0.05, **p < 0.01,

#*%p < 0,001 and ****p < 0.0001

compared to control; *p < 0.05, **p < 0.01, **#p < 0.001 and **##p < 0.0001 compared to ISO.



Arachidonic Acid

100 T

—

Concentration (ptg/ml)

##
* ##
504 ‘ ‘ 'I'
0- T T
) . N

& < o &

T
N - O
Q - 0
-o‘\\‘ h @ \)
v $" ‘.‘%\
a-Linolenic acid
15+
10- ol ##

— 3
—

Concentration (pLg/ml)

-
0- T T T
> & O O O ©
& v e ¥ & 3
(@ & *"0
n-3 Docosapentaenoic Acid
15
£
2 |
= 10
s I
g T
£
<9
5
S
0- T T T
-8 ) QO \] \] \J
QO o A A N A
& Ve § & 8
(o < *.-,9

Fig. 6. Levels of PUFAs measured in rat plasma.
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ISO: isoproterenol was treated to the rats after supplementation period; FS: flaxseed; FSO: flaxseed oil. Data are presented as mean + S.D. (n = 4). *p < 0.05, **p <
0.01 and ***p < 0.001 and ****p < 0.0001 compared to control; *p < 0.05, **p < 0.01 and **#p < 0.001 compared to ISO.

reduced the ratio by 27% [32]. Similarly, we showed that the ratio
increased significantly in ISO-induced MI rats by 33% compared to
healthy control rats, indicating that cardiac hypertrophy took place.
Indeed, marked reduction of the ratio with ALA-diets especially FS,
suggest the diet to be anti-hypertrophic and able to protect the heart
against stress.

The cardioprotective effect of ALA-diets were further demonstrated
by plasma cTnl level and LDH activity. Plasma cTn (I or T) is the most
preferred biomarker for cardiac necrosis due to its high sensitivity and
specificity [33] while LDH is the first diagnostic enzyme for myocardial
infarction [34]. It was found that LDH are released to the extracellular
fluid in myocardial injury. Several animal studies reported that Pre-
treatment with ALA-diet including pure ALA [35], flaxseed oil [32] and
chia seed [36] can prevent the elevation of plasma cTnI and LDH in MI
rats. Results in this study showed massive increase in ¢Tnl and LDH
activities in rat plasma after ISO-induced MI. Likewise, FS diet had the
strongest lowering effect of these two cardiac injury markers, indicating

potential cardio-protective effect.

All ALA-diets modified the lipid profiles in the liver and heart tissues,
and plasma. A significant reduction of n-6 PUFA namely AA and AdA,
and elevation of n-3 PUFA, namely ALA and EPA were found in all tis-
sues and plasma of rats fed with ALA-diets. It matched the results in
Poudyal et al. study, where chia seed supplementation increased cardiac
and liver n-3: n-6 PUFA ratio and suggested to be attributed by high
dietary intake of ALA in chia seeds [36]. The elevation of ALA in the
tissues suggest competition with LA for the elongase and desaturase
enzymes for the in vivo synthesis of longer chain and more unsaturated
PUFA in the liver. Our observation suggests ALA enriched diet increased
the conversion of ALA to EPA and DPA and decreased the conversion of
LA to AA and AdA. The unchanged level of DHA confirms the poor
conversion efficacy of ALA to DHA in vivo where typically, only 1%-5%
of ALA is converted to DHA [37]. Sprecher et al. suggested that the low
conversion efficiency of DHA from ALA is due to the need of A® desa-
turase enzyme twice in the metabolic pathway. An increased amount of



Table 6
Levels of enzymatic oxidized PUFA products measured in rat plasma (ng/ml).

Control FS FSO 1SO FS + ISO FSO + ISO
Engzymatic oxidized lipid products from AA
5-HETE 5.20 + 1.33 421 +1.81 5.18 + 2.36 14.30 + 6.73* 4.95 + 0.47* 4.15 + 0.61%
8-HETE 1.14 +0.31 0.89 + 0.50 1.89 + 1.17 5.70 + 2.88* 1.84 + 0.67% 1.64 + 0.36"
12-HETE 5.61 + 0.60 8.08 + 2.40 6.43 + 1.68 14.10 + 5.91* 2.50 + 1.54*% 2.10 + 0.55%#
15-HETE 0.82 + 0.40 0.61 + 0.24 0.66 + 0.16 2.13 + 0.88* 0.53 + 0.33* 0.46 + 0.13%
PGFyq 3.01 + 1.43 2.24 + 0.09 1.98 + 1.37 1.60 + 0.78 2.03 + 1.16 1.86 + 1.67
Engymatic oxidized lipid products from DHA
4-HDHA 11.41 + 4.70 18.56 + 9.55 15.20 + 3.65 14.01 + 4.03 24.91 + 4.74% 23.96 + 9.02
7-HDHA 5.56 + 3.14 7.02 + 2.81 6.17 + 1.87 5.59 + 1.86 3.51 +0.33 2.99 + 1.06
11-HDHA 17.62 + 5.16 24.26 + 10.88 18.92 + 6.44 10.60 + 2.40* 17.29 + 4.48" 16.54 + 7.45
14-HDHA 2.60 + 1.11 4.04 + 2.45 5.39 + 4.66 2.01 + 0.68 3.03 + 0.63 2.40 + 0.84
17-HDHA 3.76 + 1.25 5.60 + 2.43 4.37 + 2.66 2.72 + 1.54 8.64 + 3.00% 8.20 + 2.00%#

Data are presented as mean + S.D. (n = 4). ISO: isoproterenol was treated to the rats after supplementation period; FS: flaxseed; FSO: flaxseed oil. HETE: hydrox-
yeicosatetraenoic acid; HDHA: hydroxy-docosahexaenoic acid. Concentration is shown as ng/g tissue samples. *p < 0.05 compared to control; “p < 0.05 and *#p <

0.01 compared to ISO.

Table 7
Levels of non-enzymatic oxidized PUFA products measured in rat plasma (ng/ml).
Control FS FSO 1SO FS + 1SO FSO + 1SO

Non-enzymatic oxidized lipid products from AA
5-Fy-IsoP 15.84 + 9.51 5.55 + 5.51 6.98 + 0.97 46.39 + 8.96** 11.97 + 6.97%## 13.35 + 3.32%##
15-Fy-IsoP 36.85 + 20.46 9.60 + 5.45 17.86 + 3.22 108.54 + 14.56** 27.22 + 14.76*% 33.71 + 11.22%##
Non-enzymatic oxidized lipid products from ALA
9-D;-PhytoP 9.23 + 4.24 33.44 + 3,12%%%* 30.14 + 6.13%* 5.71 + 3.21 19.34 + 4.73%# 19.61 + 6.36"*
9-F;-PhytoP 8.84 +1.79 32.30 + 7.80%* 10.72 + 3.52 32.81 + 8.04%# 34.68 + 8.11%##
16-F;-PhytoP 6.39 + 2.07 28.47 + 8.58%* 8.60 + 3.27 22.75 + 4.58%% 26.38 + 7.42%%
9-L;-PhytoP 5.60 + 2.37 16.38 + 4.19%* 5.84 + 1.28 22.18 + 3.83%## 22.34 + 4.307%#
16-B,-PhytoP 5.44 4+ 2.23 33.63 + 4.90%*** 24.94 + 7.91%* 1.91 + 0.90 27.79 + 7.68*## 29.23 + 3.85%###
16(RS)-13-ST-A'*-9-PhytoF 0.77 + 0.25 1.48 + 0.12%* 1.45 + 0.28* 0.92 + 0.32 2.54 + 0.43%## 5.37 + 3.55%
16-(RS)-9-€pi-ST-A'*-10-PhytoF 3.64 + 1.34 6.06 + 1.11* 5.55 + 0.65* 2.62 + 1.62 8.24 + 1.40%* 10.60 + 2.307%
Non-enzgymatic oxidized lipid products from EPA
5-F3,-IsoP 413 +3.39 9.20 + 4.64 9.68 + 3.65 5.90 + 2.23 5.27 + 1.94 6.05 + 2.97
8-F3,-IsoP 0.74 + 0.63 3.03 +2.27 1.77 + 1.12 0.81 +0.82 1.32 + 0.72 1.43 +0.63
Non-enzymatic oxidized lipid products from DHA
4-F4-NeuroP 5.84 + 1.12 53.00 + 21.00%* 43.94 £ 11.19%** 4.65 + 1.64 18.79 + 6.14** 17.14 + 9.35%
10-F,4-NeuroP 0.21 + 0.09 2.55 + 1.07%* 1.70 + 1.19* 0.39 + 0.17 5.05 + 3.40% 1.65 + 0.31%##
8-HDHA 12.14 + 1.65 15.03 + 0.38* 13.26 + 5.25 9.41 + 2.51 11.25 + 3.29 10.88 + 2.98

Data are presented as mean + S.D. (n = 4). ISO: isoproterenol was treated to the rats after supplementation period; FS: flaxseed; FSO: flaxseed oil. HDHA: hydroxy-
docosahexaenoic acid; IsoP: isoprostane; PhytoP: phytoprostane; PhytoF: phytofuran; NeuroP: neuroprostane. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001
compared to control; *p < 0.05, **p < 0.01, **#p < 0.001 and **##p < 0.0001 compared to ISO.

ALA from the diet will increase the conversion of ALA to EPA by A®
desaturase, therefore the availability is limited for the conversion of EPA
to DHA [38]. Moreover, Gibson et al. reported DHA level can be
improved by ALA enriched diet, if the diet should consist of low PUFAs
that would take up less than 3% of the total energy intake. Otherwise,
the conversion of EPA to DHA becomes inhibited by high levels of ALA
[39]. Nonetheless, the energy intake from PUFAs is approximately
8-10% for each diet used in this study therefore, it is unlikely the diets
were able to enhance DHA levels in the rats. In addition, a large
reduction of all PUFA were observed in MI rats compared to control. It is
probable that PUFAs are being metabolized to different pathways and by
large, oxidized by the free radical/ROS reactions initiated by ISO.
Putting together, the measurements of oxidized PUFA products and
the inflammatory genes strongly showed ALA-diets aids heart tissues to
maintain homeostasis after MI by resolving inflammation at molecular
level, by down-regulating gene encoding pro-inflammatory cytokine
proteins and through cellular level, by lowering the production of pro-
inflammatory LOX-mediated HETEs from AA and increase the produc-
tion of anti-inflammatory LOX-mediated HDHA from DHA in the cells.
Furthermore, it was noticed that the effect of reduced LOX-mediated
HETEs and elevated LOX-mediated HDHA by the diets were similar; it
is also emphasized that the level of ALA in the diets are alike.
However, it appears that the reduction of IL-1p and IL-6 expressions
were stronger in MI rats fed with FS diets. It is possibly due to the

difference in the nutritional value of FS and FSO. FS is rich in bioactive
phenolic acids. There is 800-1000 mg of phenolic acids in 100 g of
flaxseed [40]. Morever, some phenolic acids including p-coumaric acid,
chlorogenic acid, gallic acid, sinapic acid, protocatechuic acid and
p-hydroxybenzoic acid are found to be remained in defatted flaxseed
meal after flaxseed oil removal [41]. This is probably the reason why in
our Folin-Ciocalteu assay, the total phenolic content of flaxseed oil was
significantly lower compared to flaxseed. Further, defatted flaxseed
meal has high levels of plant lignans (a polyphenol) and dietary fiber
which are missing in flaxseed oil. Plant lignans can scavenge ROS and
act as an antioxidant, and potentially reduce inflammation. Studies
discovered that flax lignans are one of the major contributors for the
atheroprotective effects of flaxseed [42,43]. Animal studies showed that
flax lignans suppressed the progression of atherosclerosis and reduced
blood pressure through anti-oxidative actions [44,45]. A recent human
study investigated the effect of flax lignans on cardiovascular risk factors
and found that only high-lignan flaxseed diet but not low-lignan flaxseed
diet reduced the concentration of plasma oxidized LDL, even though
both flaxseed diet had the same amount of ALA [46]. This may be the
reason for FS diet to have stronger cardioprotective than flaxseed oil diet
in this study.

Lipid products of non-enzymatic oxidation of PUFAs in the liver and
heart tissues, and plasma were also altered by ALA-diets. It was found
that ISO-induced MI increased non-enzymatic oxidized products from
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AA including 5-Fy¢-IsoP and 15-Fo-IsoP in all tissues and plasma due to
oxidative stress by ISO during MI. These products are known as in vivo
oxidative stress biomarkers [47] where both were reduced in MI rats
pretreated with ALA-diets in the liver and heart tissues, and plasma
indicating that FS and FSO are free radical scavenging and thus as
explained, hold antioxidant properties.

The gene expression of CAT, an antioxidant enzyme showed to be
reduced significantly by ISO-induced MI in the heart tissues, indicating
that the antioxidant function was greatly affected by the injury. Yu et al.
reported that ALA intake could arrest the reduction of myocardial
catalase in the heart under myocardial injury [35] which was also
observed in this study where both ALA-diets prevented the reduction of
catalase gene expression in the MI heart tissue. It is noted that ALA-diets
also up-regulated the gene expression of CAT in the heart tissues without
MI induction showing that the antioxidant capacity was indeed boosted
by ALA supplementation.

Notably, ALA-diets elevated PhytoPs and PhtyoFs in both liver and
heart tissues, and plasma. Referring to the levels of PhytoPs and PhytoFs,
we found that total PhytoPs and PhytoFs to be significantly higher in FS
than FSO at same concentration of ALA in the diets; however, these
levels are minute (pg/g of ALA) compared to the concentrations
observed in the tissues (ng/g of tissue) and plasma (ng/ml) in the study.
Hence, we hypothesize that the PhytoPs and PhytoFs levels in the tissues
and plasma are not achievable by the diet given to the rodents and
instead, are released through in vivo autooxidation process of the ALA
consumed.

The role of PhytoPs and PhtyoFs in the liver and heart tissues, and in
circulation is still unclear since no reports are available indicating its
contribution to cardioprotection. Nonetheless, we showed both PhytoPs
and PhytoFs to remain elevated even in MI event. Previous reports
suggest that PhytoPs have potential antioxidative properties [14,15].
Moreover, F4-NeuroPs were inhibited by ISO but pretreatment with
ALA-diets resisted this inhibition, where 4-F4-NeuroP was particularly
elevated in the heart tissues and plasma. Insofar, it is known the acti-
vation of F4-NeuroPs is related to cardioprotection after MI and protect
ischemic injury [48,49]. The purpose of this elevation is unknown, but it

is postulated to mediate HDHA for anti-inflammatory responses. Such
observation was found in the brain of rodents when infused with
4-F4-NeuroP [50]. In the current study, we showed the activation of
HDHA was more prominent in the injured heart tissues than the liver.
Furthermore, the vasoconstrictive property of 15-Fy-IsoP [51] was
potentially reduced by ALA-diets when ISO was introduced to the ro-
dents. and perhaps it was counteracted by the reduction of AA, the
precursor of 15-Fo-IsoP after ALA-diets consumption. Put together, the
increase in F4-NeuroP, PhytoPs and PhytoFs in the heart tissue of rats fed
with ALA-diets potentially modulated reactive oxygen species released
by MI as a mean to prevent the oxidative stress and possibly inflam-
mation [14,15,50]. As a result, PUFA such as DHA did not oxidize to an
extreme to generate toxic aldehydes such as malondialdehyde (MDA),
4-hydroxy-2-hexenal (HHE) and 4-hydroxy-2-nonenal (HNE), that may
have caused even greater damage to the heart tissues [52]. This
persistent action may be a potential hallmark in cardioprotection.

5. Conclusion

Altogether, in this study n-3 PUFA (ALA) from plant-based diets
provided cardiac protection as like those (EPA and DHA) from marine-
based diets. For the first time, we also displayed the mediation of
oxidized PUFA products by ALA-diet, notably 4-F4-NeuroP and HDHA
derived from DHA. Furthermore, PhytoPs and PhytoFs appeared to have
potential regulatory role in cardiac function. However, it is also noted,
plant-based food rich in n-3 PUFA like flaxseed contain high levels of
functional phenolic compounds which may have added to the car-
dioprotective effect.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.freeradbiomed.2020.11.025.
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