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The biological effects of fatty acids differ by their structure. Saturated fatty acids and trans-fatty acids are recognized as promoters
of coronary artery disease (CAD), while monounsaturated and omega-3 fatty acids may have salutary effects. Since cellular stress is
recognized as a fundamental driver of CAD, the effect of these fatty acids on endoplasmic reticulum (ER) stress in human coronary
artery endothelial cells (HCAECs) was measured using the ER stress-responsive alkaline phosphatase (ES-TRAP) assay.
Docosahexaenoic acid (DHA), eicosapentaenoic acid (EPA), and eicosapentaenoic acid ethyl ester (EPA-EE) suppressed ER stress
induced with pharmacologic (tunicamycin) and physiologic (high-dextrose concentration) ER stress inducers. In tunicamycin-
treated cells, DHA reduced the expression of unfolded protein response (UPR) markers such as phosphorylation of inositol
requiring enzyme la (IREla) and protein kinase R-like endoplasmic reticulum kinase (PERK) and increased activating tran-
scription factor 6 (ATF6) and glucose regulated protein 78 (GRP78) expression. Similarly, treatment with both oleic acid and
arachidonic acid, but not elaidic acid (a trans-fatty acid), suppressed both tunicamycin and high-dextrose-induced ER stress while
treatment with saturated fatty acids (C14:0, C16:0, and C18:0) enhanced both tunicamycin and high-dextrose-induced ER
stress. The latter fatty acids at higher concentrations caused cytotoxicity. These results indicate that omega-3 fatty acids as well as

select unsaturated fatty acids and arachidonic acid suppress ER stress in HCAEC.

1. Introduction

Elevated blood unesterified fatty acids (FAs) are common in
people with diabetes and metabolic syndrome [1, 2] and can
cause cellular dysfunction, particularly in pancreatic S-cells
[3-5] as well as vascular endothelial cells [6, 7]. In endo-
thelial cells, both excess glucose and selected FAs increase
superoxide (SO) production [8], while high concentrations
of glucose can also cause endoplasmic reticulum (ER) stress
in human coronary artery endothelial cells (HCAEC:) [6, 7].
In human umbilical vein endothelial cells (HUVECs),
treatment with myristic acid (C14: 0), palmitic acid (C16: 0),
and stearic acid (C18:0) increases SO generation [8]. Similar
results were observed with unsaturated fatty acids as well as
two of the three trans-FAs tested [8]. Though high glucose
(27.5 mM) has been shown to increase SO generation and ER

stress in HCAEC [6, 7], no studies have examined the effects
of various classes of FAs on ER stress in this particular cell
type [9].

The ER stress is mediated by three unfolded protein
response (UPR) mediators [10-13]. Inositol requiring en-
zyme la (IREla), protein kinase RNA-like endoplasmic
reticulum kinase (PERK), and activating transcription factor
6 (ATF6) are all localized to the ER membrane and associate
with glucose regulated protein 78 (GRP78), an ER-resident
molecular chaperone [10]. The accumulation of unfolded
proteins in the ER induces the release of GRP78 from IRE1a«,
PERK, and ATF6, stimulating their activity. After the release
of GRP78, IREle and PERK form homodimers, and after
undergoing autophosphorylation, both IREla and PERK
phosphorylate unique sets of substrates. Once activated,
IRElw also possesses RNA splicing activity and is essential


https://orcid.org/0000-0003-0291-7026
https://orcid.org/0000-0002-5789-5306
mailto:michael.haas@jax.ufl.edu
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2023/7300030

for the activation of the transcription factor X-box binding
protein-1 (XBP-1) [11]. The conversion of XBP-1 mRNA
from the long (XBP-1L) to XBP-1 short (XBP-1S) by IREla-
mediated splicing promotes ribosome association with the
XBP-1 mRNA and translation of the transcription factor
[11]. The XBP-1 translocates to the nucleus where it regu-
lates the expression of XBP-1-dependent genes [11]. When
detached from GRP78, ATF6 translocates to the Golgi where
it is released from the organelle by two site-specific proteases
[12]. Once released from the Golgi, ATF6 translocates to the
nucleus where it also regulates various genes coding for ER-
resident molecular chaperones as well as other ER-resident
enzymes involved in enhancing protein synthesis [10].
However, if the stress is too severe or sustained for an ex-
cessive length of time, the UPR induces a mitochondria-
dependent apoptotic response via changes in C/EBP ho-
mologous protein (CHOP) expression and c-jun N-terminal
kinase-1 (JNK-1) activation [14].

The UPR activation has been shown to play important
roles in diabetes and cardiovascular disease [15, 16], while
ER stress inhibition may prove beneficial in ameliorating
both conditions [16]. To examine the effects of various types
of FAs on ER stress in HCAEC, we performed a systematic
analysis of the effects of the three omega-3 FAs, docosa-
hexaenoic acid (DHA), eicosapentaenoic acid (EPA), and
eicosapentaenoic acid ethyl ester (EPA-EE), on ER stress.
We also examined the effect of three saturated FAs (C14:0,
C16:0, and C18:0), a monounsaturated FA (oleic acid),
a trans-FA (elaidic acid), and a polyunsaturated FA (ara-
chidonic acid) on tunicamycin and high-dextrose-induced
ER stress. This is the first report examining the effects of
omega-3 FAs on ER stress in HCAEC. Likewise, the effects of
long-chain saturated fatty acids, trans-FAs, mono-
unsaturated FAs, and arachidonic on ER stress in HCAEC
have not been reported previously.

2. Materials and Methods

2.1. Materials. Antibodies to ATF6 (MA1-25358), phospho-
IREla (PA1-16927), IREla (PA1-46027), phospho-PERK
(PA5-40294), PERK (PA5-38811), GRP78 (PA5-22967), and
HALT protease/phosphatase inhibitor cocktail were pur-
chased from Thermo Scientific (Pittsburg, PA). Tunicamy-
cin, C18:0, C16:0, and Cl14:0 were purchased from
Cayman Chemical (Ann Arbor, MI). Immobilon-P was
purchased from Millipore Sigma (Burlington, MA). An
antibody to tubulin (CP06) was purchased from Calbiochem
(San Diego, CA). Horseradish peroxidase conjugated goat-
anti-rabbit (4010-05) and goat-anti-mouse (1030-05) sec-
ondary antibodies, conjugated to horseradish peroxidase
(HRP), were purchased from Southern Biotech (Birming-
ham, AL). Plasmid DNA purification reagents were pur-
chased from Qiagen (Hiden, Germany). DHA, EPA, EPA-
EE, and  3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide (MTT) were purchased from Sigma-
Aldrich (Saint Louis, MO). Newborn calf serum (NCS)
was purchased from Hyclone (Logan, UT). Lipofectamine
was purchased from Invitrogen (Waltham, MA), and the
plasmid pSEAP2.control (expressing secreted alkaline
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phosphatase (SAP)) and the chemiluminescent SAP sub-
strate disodium 3-(4-methoxyspiro {1,2-dioxetane-3,2'-(5'-
chloro)tricyclo [3.3.1.13,7]decan}-4-yl)phenyl phosphate
(CSPD) were purchased from Clone Tech (Palo Alto, CA).
All the other reagents were purchased from either Thermo
Fisher Scientific or Sigma-Aldrich.

2.2. HCAEC Culture. HCAECs were purchased from
American Type Culture Collection (Manassas, VA) and
maintained in a endothelial cell growth medium containing
2% fetal bovine serum, 5ng/ml recombinant epidermal
growth factor, 10 ug/ml ascorbic acid, 1 ug/ml hydrocorti-
sone hemisuccinate, 0.75units/ml heparin sulfate, 0.2%
bovine brain extract, 10 mM glutamine, 10 units/ml peni-
cillin, and 10 pug/ml streptomycin. The cells were maintained
in a dedicated humidified cell culture incubator at 37°C and
5% CO,. Cells between passages 2 and 7 were used in all
experiments.

2.3. Measurement of ER Stress Using the Endoplasmic Re-
ticulum Stress-Responsive Alkaline Phosphatase (ES-TRAP)
Assay. ER stress was measured using the ES-TRAP assay [17].
HCAECs were transfected with 1ug of the plasmid
PSEAP2.control, and 24 hours later, the cells were treated as
described in Figure 1. All FAs were dissolved in FA-free bovine
serum albumin (BSA) dissolved in Hank’s balanced salt so-
lution (HBSS), and control cells were treated with an equivalent
amount of BSA in HBSS, with or without tunicamycin (dis-
solved in DMSO), 5.5 mM (100 mg/dl) dextrose, or 27.5mM
(500 mg/dl) dextrose. Twenty-four hours later, the conditioned
medium was collected and SAP activity was measured using the
chemiluminescent substrate CSPD and cell viability was
measured in the remaining cells using the MTT assay.

2.4. The MTT Assay. Cell viability was measured using the
MTT assay [18]. Cells were treated as described in each
figure, and MTT (5mg/ml in phosphate buffered saline
(PBS) (137 mM NaCl, 2.7 mM KCl, 10 mM Na,HPO,-2H,0,
2mM KH,PO,, and pH 7.4) was added to a final concen-
tration of 0.5 yug/ml and incubated for 2 hours at 37°C. The
media was aspirated, and the formazan crystals were dis-
solved in 500 ul of 0.1M HCI, 10% Triton X-100 in iso-
propanol. After 15 minutes, the absorbance was measured at
570 nm with background correction at 690 nm, with a Bio-
Tek ELx800 microplate spectrophotometer (Winooski, VT).

2.5. Western Blotting. After each treatment, HCAECs were
washed in HBSS three times and then lysed in 200 ul of
electrophoresis sample buffer (50 mM tris-(hydroxymethyl)-
aminomethane-hydrochloride (Tris-Cl) (pH 7.4), 1% so-
dium dodecylsulfate (SDS), 1 mM ethylenediaminetetra-
acetic acid (EDTA), and HALT protease/phosphatase
inhibitor cocktail). The bicinchoninic acid (BCA) assay [19]
was used to measure protein content in each sample, and
50 ug of protein was fractionated by electrophoresis on
a 10% SDS-polyacrylamide gel. After transfer to Immobilon-
P transfer membrane and blocking with Tris-buffered saline-
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FiGure 1: The effect of DHA on UPR marker expression and activation. HCAECs were treated with the solvent DMSO, 1.0 yuM tunicamycin
(TM), 1.0 uM DHA, or tunicamycin plus DHA (1.0 uM each) (TM/DHA) for 24 hours and protein extracts were prepared. Representative
blots are shown in panel A and quantified in panel B through H phospho-IREl« (b), IREl« (c), phospho-PERK (d), PERK (e), ATF6 (f),
GRP78 (g), and tubulin (h) expression were measured by Western blot. TM increased phospho-IREla and phospho-PERK levels and
increased ATF6 and GRP78 expression, while treatment with DHA had no effect. In cells treated with TM and DHA, phospho-IREl« and
phospho-PERK levels decreased and ATF6 and GRP78 expression decreased relative to TM-treated cells. IREla, PERK, and tubulin
expression did not change with any treatment. (a) Phospho-IREla. N=6; * p <0.0001 and p < 0.007, respectively, relative to control cells;
Tp<0.0001 and p < 0.01, respectively, relative to TM-treated cells. (b) IREla; N = 6. (c) Phospho-PERK; N=6; * p < 0.0002 and p < 0.0001,
respectively, relative to control cells. Tp <0.05 relative to TM-treated cells. (d) PERK; N=6. (e) ATF6; N=6; *p <0.0002 and p <0.03,
respectively, relative to control cells. ¥ P <0.0003 and p < 0.0004, respectively, relative to TM-treated cells. (f) GRP78; N=6; * p < 0.0001 and
P <0.0005, respectively, relative to control cells. "p <0.05 relative to TM-treated cells. (g) Tubulin; N=6.

Tween 20 (50 mM Tris-Cl (pH 8.0), 150 mM NaCl, and 0.1%  gov/). After removing the primary/secondary antibodies, the

Tween 20) (TBST) containing 10% NCS (TBST/NCS), the
membranes were incubated with antibodies to phospho-
IREle, IREla, phospho-PERK, PERK, ATF6, and GRP78
(all diluted 1:1,000 in TBST/NCS) overnight at 4°C. After
antibody exposure, the membranes were washed with TBST
four times, five minutes each wash, and then incubated with
a secondary antibody diluted 1:4,000 in TBST/NCS. After
45 minutes, membranes were washed four times with TBST,
twice with Tris-buffered saline (TBS), five minutes each, and
binding was detected with enhanced chemiluminescence
(ECL) on a Protein Simple Fluor Chem E imaging system
(Biotechne, San Jose, CA). Images were analyzed using
Alpha View software (Biotechne, San Jose, CA) and
quantified by densitometry using Image]J (https://imagej.nih.

stripped blots blocked with TBST/NCS and incubated with
an antibody to measure tubulin expression.

2.6. Data Analysis and Statistics. The data are presented as
the mean +standard deviation. Statistical significance
was assessed by analysis of variance (ANOVA) and
Student’s t-test for independent variables using Microsoft
Excel. The Neuman-Keuls procedure for subgroup
analysis and a Bonferroni correction for post hoc analysis
were performed with Statistica for Windows (Statsoft
Inc., Tulsa, OK). ECs, values were calculated with
GraphPad Prism 10 (San Diego, CA). A p<0.05 was
considered significant.


https://imagej.nih.gov/
https://imagej.nih.gov/

3. Results

3.1. The Effect of DHA, EPA, and EPA-EE on Tunicamycin- and
High-Dextrose-Induced ER Stress in HCAEC. HCAECs were
transfected with 1 ug of pSEAP2.control and 24 hours later
treated with either 5.5mM (normal dextrose), 27.5 mM
dextrose (high-dextrose), or 1.0 uM tunicamycin, with 0.001,
0.01, 0.1, 1.0, and 10 uM of DHA, EPA, or EPA-EE. After
24 hours, the conditioned medium was collected and the
SAP activity was measured. Cell viability in the remaining
cells was measured using the MTT assay. Tunicamycin
suppressed the SAP activity by 35.2+7.3% (p <0.0004)
relative to control cells (Table 1). HCAEC treatment with
0.001, 0.01, 0.1, 1.0, and 10 uM DHA increased SAP activity
by 1.7+8.5%, 15.3+5.0%, 21.7+6.6%, 35.6+4.1%, and
36.7+5.7%, respectively (NS, p<0.007, p<0.005,
P <0.0003, and p < 0.0007, respectively).

In cells treated with 27.5mM (high) dextrose, the SAP
activity decreased by 27.7 £ 5.5% (p < 0.002 relative to control
cells) (Table 1). The addition of 0.001, 0.01, 0.1, 1.0, and 10 yM
DHA to cells exposed to 27.5mM dextrose increased SAP
activity in a dose-dependent manner (-3.8+2.5%,
-2.8+51%, 10.3+2.1%, 28.5+5.8%, and 28.4+3.5%, re-
spectively, in cells treated with DHA) (NS, NSp <0.003,
p<0.001, p<0.001, and p <0.0003, respectively, relative to
cells exposed to 27.5mM dextrose alone) (Table 1).

Treatment with 0.001, 0.01, 0.1, 1.0, and 10uM EPA
increased the SAP activity by —2.6+10.3%, 2.5+ 10.8%,
13.5+5.0%, 25.0 £ 3.2%, and 31.2 +7.5%, respectively, rel-
ative to cells treated with tunicamycin (NS, NS, p<0.02,
p<0.001, and p<0.003, respectively, relative to
tunicamycin-treated cells).

In HCAEC exposed to 27.5mM dextrose, the SAP ac-
tivity decreased by 34.2+4.8% (p <0.0006 relative to cells
exposed to 5.5 mM dextrose) (Table 1). In cells exposed to
27.5mM dextrose and 0.001, 0.01, 0.1, 1.0, and 10 uM EPA,
the SAP activity increased by 2.7+5.3%, 1.0+5.3%,
15.0 +4.4%, 22.6 +2.5%, and 25.8 + 3.9% (NS, NS, p <0.007,
Pp<0.0006, and p<0.0008, respectively, relative to cells
exposed to 27.5 mM dextrose).

As observed with DHA and EPA, EPA-EE increased the
SAP activity in tunicamycin-treated cells in a dose-
dependent manner (Table 1). In cells treated with tunica-
mycin, the SAP activity increased by —3.7 + 5.4%, 0.9 + 5.0%,
16.4 +£4.5%, 24.3+3.9%, 24.5+2.9%, respectively, in cells
treated with 0.001, 0.01, 0.1, 1.0, and 10 uM EPA-EE (NS, NS,
P <0.002, p<0.0005, and p < 0.0002, respectively, relative to
tunicamycin-treated cells). Similarly, in cells exposed to
27.5mM dextrose, EPA-EE increased the SAP activity by
-3.2+3.8%, -22+2.7%, 8.7+2.8%, 25.5+3.1%, and
231+2.7%, respectively (NS, NS, NS,p<0.0003, and
P <0.0004, respectively, relative to cells exposed to 27.5 mM
dextrose) (Table 1). In the absence of tunicamycin or high-
dextrose concentrations, DHA, EPA, or EPA-EE had no
effect on SAP activity (all NS relative to control cells)
(Table 1). There were no changes in cell viability in any of
these experiments (data not shown).
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3.2. The Effect of DHA and Tunicamycin on UPR.
HCAECs were treated with 1.0 ug/ml tunicamycin and
1.0uM DHA for 24 hours, and protein extracts were pre-
pared. Representative Western blots are shown in
Figure 1(a) and quantified in Figures 1(b) to 1(h). Treatment
with tunicamycin increased IREla phosphorylation
(Figure 1(b)) and PERK phosphorylation (Figure 1(d))
119.5+2.1% and 113.4+3.0%, respectively (p <0.0001 and
P <0.0001, respectively, relative to control cells) but had no
effect on total IRE1a and PERK levels (Figures 1(c) and 1(e)).
DHA treatment alone had no effect on IREla and PERK
phosphorylation. However, DHA inhibited tunicamycin-
induced phospho-IREla and phospho-PERK levels (86.9%
and 115.7%, respectively, relative to tunicamycin-treated
cells) (p<0.0001 and p<0.0001, respectively, relative to
tunicamycin-treated cells).

In HCAEC treated with tunicamycin, ATF6 and GRP78
levels (Figures 1(f) and 1(g), respectively) increased
106.3+3.7% and 113.9 + 2.6%, respectively (p < 0.0002 and
p <0.0001, respectively, relative to control cells). DHA
treatment alone had no effect on ATF6 levels and GRP78
expression. DHA treatment, however, decreased ATF6
levels by 91.2% and GRP78 expression by 80.3% in
tunicamycin-treated cells (p <0.0004 and p < 0.0005, re-
spectively, relative to tunicamycin-treated cells). These
results as well as those described above suggest that DHA
inhibits ER stress by suppressing the activities of key UPR
mediators. There were no changes in tubulin expression
(Figure 1(h)).

3.3. The Effect of Other Select Fatty Acids on SAP Activity in
HCAEC. Since omega-3 FAs had such a favorable effect on
ER stress initiated by tunicamycin and high dextrose, we
examined the effects of other FAs on ER stress using the
ES-TRAP assay. Cell viability was measured using the MTT
assay. HCAECs were treated with 1.0 uM tunicamycin and
27.5 mM dextrose, with and without 15.6, 31.3, 62.5, 125, and
250uM Cl14:0, C16:0, and C18:0 (all saturated FAs),
elaidic acid (a trans-FA), oleic acid (a monounsaturated FA),
or arachidonic acid (a polyunsaturated FA), and the SAP
activity and MTT activity were measured 24 hours later. At
higher concentrations, all three saturated FAs suppressed
SAP activity (Table 2). In cells treated with C14:0, cell vi-
ability was unaffected (data not shown). In cells treated with
C16:0 with and without tunicamycin, cell toxicity was
evident; however, there were no changes in cell viability in
cells treated with C16: 0 and high dextrose (data not shown).
Cell viability also decreased in cells exposed to elevated C18:
0 concentrations (data not shown). Elaidic acid suppressed
the SAP activity as well as cell viability at higher concen-
trations similar to the saturated fatty acids (Table 3 and data
not shown). In contrast, oleic acid and arachidonic acid
(Table 3) both increased the SAP activity but did so only at
the higher concentrations. There was no toxicity associated
with either oleic acid or arachidonic acid treatment (data not
shown).
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TaBLE 1: The effect of omega-3 fatty acids on secreted alkaline phosphatase (SAP) activity in human coronary artery endothelial cells
(HCAEC:) treated with tunicamycin (TM), normal dextrose (5.5 mM), or high dextrose (27.5 mM).

SAP activity

SAP activity SAP activity SAP activity

Lipid treatment Concentration (uM) (%) control (%) T™ (%) dextrose (%) dextrose
(1.0 uM) (5.5 mM) (27.5 mM)
0 100.0+3.3 64.8+7.3* 100+5.3 72.3+5.5"
0.001 101.9+2.7 66.5+8.5* 101.8 + 3.6 68.5+2.5"
DHA 0.01 101.0+£2.2 80.1 £5.0* 101.2+2.8 69.5+51"
0.1 99.8+2.7 86.5+6.6* 101.0 £ 3.0 82.6+2.1"
1.0 102.6 +4.6 1004 +4.1 99.9+5.1 100.8 £5.8
10 98.7+4.6 101.5+5.7 97.7+4.3 100.7 + 3.5
0 100.0 +4.2 68.0+4.0* 100.0+5.0 65.8+4.8"
0.001 100.9+2.8 65.4+10.3* 98.6+5.0 68.5+5.3"
EPA 0.01 98.7+1.4 70.5+10.8* 98.6 £3.0 66.8 + 5.3:
0.1 100.0+3.7 81.5+5.0* 98.9+3.9 80.8+4.4
1.0 100.4+3.4 93.0+3.2 95.1+5.1 88.4+2.5"
10 101.1+2.4 99.2+7.5 97.0+£6.3 91.6 £3.9
0 100.0+2.5 74.5+2.6* 100.0+3.4 76.3+3.2"
0.001 100.2 +2.1 70.8 £5.4* 100.5+2.5 731+3.8"
EPA-EE 0.01 101.0+1.4 754 +5.0* 100.3+4.0 741+2.7"
0.1 99.3+2.0 90.9+4.5 99.2+39 85.0+2.8
1.0 100.1 £2.5 98.7+3.9 99.9+1.5 101.8 £3.1
10 101.6+1.8 99.0+2.9 99.9+1.9 99.4+2.7

HCAECs were treated with 1.0 uM tunicamycin, 5.5 mM dextrose (normal dextrose), or 27.5mM dextrose (high dextrose) with and without the indicated
fatty acids for 24 hours, and secreted alkaline phosphatase (SAP) activity and cell viability were measured after 24 hours using the endoplasmic reticulum
stress-responsive alkaline phosphatase (ES-TRAP assay) and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, respectively. The
mean SAP activity for the control and each treatment group and % change was calculated. Statistical significance was calculated from the mean SAP activity by
ANOVA followed by Student’s t-test for independent variables as described in the methods section. DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid;
EPA-EE, eicosapentaenoic acid ethyl ester. N=6; * p < 0.05 relative to control cells; "p < 0.05 relative to cells exposed to 5.5mM dextrose.

4. Discussion

Previously published studies in HUVEC suggested that both
saturated FAs (C18:0, C16:0, and C14:0) and trans-FAs
(elaidic acid, linoelaidic acid, and linolenelaidic acid) aug-
ment the effects of high dextrose on reactive oxygen species
formation [8]. Others have shown that C16: 0 (palmitic acid)
and C18:0 (stearic acid) promote both ER stress and
programmed cell death by apoptosis in a number of cell
types [9, 20-22]. Due to recent observations that endothelial
cells derived from various organs have unique tissue-specific
properties [23, 24], we chose the HCAEC to examine the
effect of select FA classes on ER stress, an essential com-
ponent of the integrated stress response [25].

In the absence of ER stress, DHA, EPA, and EPA-EE
treatment had no effect on SAP activity in HCAEC. How-
ever, in cells treated with tunicamycin or exposed to
27.5mM dextrose, all three omega-3 FAs suppressed ER
stress in a dose-dependent manner (Table 1). The ECs,
values for DHA in HCAEC treated with tunicamycin and
high dextrose were 33.3 uM and 12.5 yM, respectively. The
ECs values for EPA in HCAEC treated with tunicamycin
and high dextrose were 58.3 yM and 66.2 uM, respectively.
The ECs, values for EPA-EE in HCAEC treated with
tunicamycin and high dextrose were 53.2 uM and 61.9 uM,
respectively. Importantly, none of these FAs impacted cell
viability. Furthermore, DHA not only suppressed SAP ac-
tivity but also lowered phospho-IREl« and phospho-PERK
levels and decreased ATF6 and GRP78 expression in
tunicamycin-treated cells (Figure 1). In contrast, C18:0,

C16:0, and C14:0 all suppressed SAP activity at high
concentrations, though some of the observed effects with the
saturated FAs in this study could have been exaggerated due
to cytotoxicity (Table 2). Of note, oleic acid and arachidonic
acid both increased SAP activity at the highest concentra-
tions examined (Table 3). The ECs, values for oleic acid in
tunicamycin- and high-dextrose-treated cells were 107 uM
and 127 uM, respectively, while the ECs, values for ara-
chidonic acid in tunicamycin- and high dextrose-treated
cells were 870 uM and 720 uM, respectively.

Five of the FAs tested (DHA, EPA, EPA-EE, arachidonic
acid, and oleic acid) suppressed ER stress in HCAECs treated
with both tunicamycin and high dextrose (measured using
the ES-TRAP assay). Furthermore, treatment with DHA
normalized activities and expression of several UPR-related
markers (Figure 1). The ECs, values for these FAs indicate
that the omega-3 fatty acids, DHA, EPA, and EPA-EE, are
quite potent ER stress inhibitors, while oleic acid and ara-
chidonic acid are less so. This may be due to the fact that the
omega-3 FAs tested can be metabolized (oxidized) by certain
cytochrome P450 monooxygenases [26, 27] generating
several metabolites that are also ER stress inhibitors [28].
The effects of saturated FAs as well as elaidic acid on the SAP
activity required substantially higher concentrations, and
calculating meaningful ICs, values for these compounds was
not possible since there was also cell toxicity associated with
exposure to these FAs.

Omega-3 fatty FAs have been shown in multiple studies
to reverse cellular dysfunction due to high glucose and
hyperlipidemia [29, 30]. In HUVEC, treatment with DHA
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TaBLE 2: The effect of saturated fatty acids on secreted alkaline phosphatase (SAP) activity in human coronary artery endothelial cells
(HCAEC:) treated with tunicamycin (TM), normal dextrose (5.5 mM), or high dextrose (27.5 mM).

SAP activity SAP activity SAP activity SAP activity

Lipid treatment Concentration (uM) (%) control (%) T™ (%) dextrose (%) dextrose
(1.0 uM) (5.5 mM) (27.5 mM)
0 100.0+7.2 45.7+7.3" 100.0 £ 3.5 70.3+6.0
15.6 99.5+4.8 52.2+7.2% 99.5+1.9 69.7+2.6
Cl14:0 31.3 99.6 £5.0 52.6 +7.3* 100.8 +4.1 70.6i4.3:
62.5 99.4+6.8 52.5+4.7* 99.4+3.0 69.2+4.5
125 100.6 +5.3 50.4+4.1* 100.5+2.0 69.7+5.7"
250 84.3+6.4" 41.6 +5.8* 93.6+1.7 62.8+4.3"
0 100.0£2.2 51.7 + 8.4* 100.0£6.7 69.6+5.9"
15.6 100.6 £2.0 59.0+9.0* 96.7 +5.6 71.0+7.8"
C16:0 313 99.7+2.8 451+6.7* 96.4+5.1 71.6i3.4:
62.5 78.7 £6.0" 29.2+10.0* 96.6 + 3.6 69.0+2.7
125 49.6 +9.5* 29.8+5.6* 96.9+4.0 69.4+7.5"
250 345+ 11.1* 221+15.1* 81.4+1.9" 581+6.7"
0 100.0+2.7 45,9 +6.8* 100.0 3.2 60.7 +4.5"
15.6 1009+1.7 43.6 +9.5* 103.1+5.6 613+25"
C18:0 31.3 100.6 +£3.5 46.1 +9.4* 97.8+4.1 63.1 i3.7:
62.5 78.7+7.0* 39.6+5.7* 101.8 +4.0 58.6+3.2
125 68.1 +2.1% 25.4+8.6* 100.7 £ 4.2 4414297
250 60.0 +4.3* 24.1+6.5* 98.1+2.7 41.4+3.5"

HCAECs were treated with 1.0 uM tunicamycin, 5.5 mM dextrose (normal dextrose), or 27.5 mM dextrose (high dextrose) with or without the indicated fatty
acids for 24 hours, and secreted alkaline phosphatase (SAP) activity and cell viability were measured using the endoplasmic reticulum stress-responsive
alkaline phosphatase (ES-TRAP assay) and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, respectively. The mean SAP activity
for the control and each treatment group and % change was calculated. Statistical significance was calculated from the mean SAP activity by ANOVA followed
by Student’s ¢-test for independent variables as described in the methods section. N=6; * p < 0.05 relative to control cells; "p < 0.05 relative to cells exposed to
5.5mM dextrose.

TaBLE 3: The effect of arachidonic acid, elaidic acid, and oleic acid on secreted alkaline phosphatase (SAP) activity in human coronary artery
endothelial cells (HCAEC) treated with tunicamycin (TM), normal dextrose (5.5 mM), or high dextrose (27.5 mM).

SAP activity SAP activity SAP activity SAP activity

Lipid treatment Concentration (uM) (%) control (%) T™ (%) dextrose (%) dextrose
(1.0 uM) (5.5 mM) (27.5 mM)
0 100.0 +£4.0 63.5+4.8* 100.0+3.3 72.8+5.7"
15.6 100.8+3.6 61.6 +5.4* 103.6 +3.2 713+617
Arachidonic acid 31.3 102.4+34 59.7+7.0* 103.3+3.6 711+ 5.7:
62.5 102.1 £3.6 61.1+4.6" 103.6+3.3 69.6+8.1
125 101.0+3.3 69.6 +5.4* 1029+2.4 78.1+4.9"
250 102.6 + 3.1 75.6 +£6.2% 102.9+3.1 82.2+3.8"
0 100.0+3.7 46.6 +7.1* 100.0+3.5 71.5+ 4.0
15.6 99.7+34 49.8+5.1* 99.0+2.6 69.2+4.9"
Elaidic acid 31.3 101.4+3.3 48.1 +£4.7* 101.5+3.2 69.5+ 3.9:
62.5 88.3+7.9 42.7+11.5* 931+54 66.3+4.7
125 78.3+3.7* 35.7 +6.0* 85.5+5.0" 59.5+5.8"
250 75.5+2.6* 342+46.7* 82.6+4.6" 55.1+5.0"
0 100.0+3.8 56.8+7.1% 100.0+3.5 71.2+56"
15.6 100.3+4.2 59.6 +7.0* 99.6+2.4 70.4+3.7"
Oleic acid 31.3 99.4+3.7 58.9 +6.4* 98.7+1.7 72.8 + 4.4:
62.5 99.5+3.7 60.6 +6.5* 92.7+10.6 73.6 6.7
125 100.3+3.9 70.8 £4.0* 97.2+1.9 86.3+4.5"
250 101.5+5.1 73.1+3.3* 99.4+3.3 88.8+2.6"

HCAECs were treated with 1.0 uM tunicamycin, 5.5 mM dextrose (normal dextrose), or 27.5 mM dextrose (high dextrose) with or without the indicated fatty
acids for 24 hours, and secreted alkaline phosphatase (SAP) activity and cell viability were measured using the endoplasmic reticulum stress-responsive
alkaline phosphatase (ES-TRAP assay) and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, respectively. The mean SAP activity
for the control and each treatment group and % change was calculated. Statistical significance was calculated from the mean SAP activity by ANOVA followed
by Student’s ¢-test for independent variables as described in the methods section. N=6; * p < 0.05 relative to control cells; "p < 0.05 relative to cells exposed to
5.5mM dextrose.
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and insulin suppressed C16:0-induced intracellular lipid
accumulation as well as apoptosis [29]. DHA and insulin
treatment also suppressed tumor necrosis factor «, in-
terleukin 6, and nuclear factor-xB expression, as well as
atherosclerosis-related gene expression [29]. In car-
diomyocytes, DHA treatment suppressed hypoxia-induced
apoptosis, in part by inducing microRNA-210-39 levels,
inhibiting caspase-8-associated protein 2 gene expression
[30]. DHA, EPA, and EPA-EE have been shown in a few
clinical trials to prevent cardiovascular disease. A recent
meta-analysis of the effects of DHA and EPA on various
cardiovascular risk factors concluded that DHA and EPA
reduce low-density lipoprotein-cholesterol and plasma
glucose and insulin levels [31]. A second meta-analysis
examined 17 randomized clinical trials of the effects of
EPA, EPA plus DHA, mineral oil placebo, corn oil placebo,
olive oil placebo and no oil placebo on cardiovascular death,
myocardial infarction, and stroke [32]. All three of these
outcomes were lower in those receiving EPA relative to those
receiving mineral oil, but there were no differences with
those receiving the other oils as well as the no oil controls
[32]. Revascularization rates were significantly lower in
those receiving EPA than in those treated with EPA plus
DHA and all the controls [32]. Other studies with mixed
EPA/DHA formulations have not proven to be beneficial
[33, 34]. EPA-EE received Food and Drug Administration
approval after the REDUCE-IT trial [35]. In this trial, the
administration of 4mg/day icosapent ethyl (EPA-EE) re-
duced triglyceride levels and lowered the incidence of car-
diovascular events by 25% in high- and very high-risk
patients already on statin therapy. However, the comparator
in this trial, a mineral oil-based placebo, may have been
problematic. Nevertheless, a recent analysis of commonly
used placebos casts doubt on the latter hypothesis [36]. A
recent head-to-head trial comparing EPA — EE to EPA/DHA
plus free fatty acid (FFA) (EPA + DHA - FFA) demonstrated
that the latter treatment elevated plasma EPA and DHA
levels more than EPA — EE, likely due to greater intestinal
absorption [37]. EPA + DHA — FFA reduced triglyceride and
high-sensitivity C-reactive protein levels [37].

The cells used were primary human coronary artery
endothelial cells that play a critical role in the progression of
atherosclerosis. The results provide important evidence that
omega-3 FA-mediated ER stress inhibition may be an im-
portant factor in preventing atherosclerosis and cardio-
vascular disease, in part by inhibiting ER stress.

5. Conclusion

Omega-3 FAs reduce ER stress in coronary artery endo-
thelial cells, and as such, they may reduce the risk of pre-
mature CAD. The polyunsaturated fatty acids such as oleic
acid and arachidonic acid also suppress ER stress, although
at much higher concentrations than omega-3 FAs. In
contrast, saturated FAs as well as the trans-FA elaidic acid
aggravate ER stress, decreasing endothelial cell survival. This
latter observation suggests that high plasma saturated FA
levels, either due to disease or dietary factors, may promote
endothelial cell dysfunction via prolonged ER stress and

apoptosis. In contrast, the three omega-3 fatty acids ex-
amined here have beneficial effects, reversing both tunica-
mycin- and high dextrose-induced ER stress, promoting
endothelial cell homeostasis. These novel findings imply that
diets rich in omega-3 FAs or certain fish oil supplements or
pharmaceuticals may prove useful in preventing CAD.
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