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ABSTRACT

Background: Previous studies have reported beneficial effects of
a Mediterranean diet rich in monounsaturated fatty acids (MUFAs)
on coronary artery disease (CAD) risk. However, these findings
remain inconsistent because some experimental studies have sug-
gested atherogenic and lipotoxicity effects of long-chain and very-
long-chain MUFAs on cardiomyocytes.

Objective: We examined whether red blood cell (RBC) long-chain
and very-long-chain MUFAs are associated with risk of CAD in the
Physicians’ Health Study.

Design: The ancillary study used a prospective nested case-control
design to select 1000 cases of incident CAD and 1000 control sub-
jects matched for age, year of birth, and time of blood collection.
RBC MUFAs were measured by using gas chromatography, and
CAD was validated by an endpoint committee. Conditional logistic
regression was used to estimate RRs.

Results: The mean (£SD) age was 68.7 = 8.7 y. In a multivariable
model that was controlled for matching factors and established
CAD risk factors and RBC saturated and omega-3 (n—3) fatty
acids, ORs for CAD associated with each SD increase of
20:1n—9 and log 22:1n—9 were 0.89 (95% CI: 0.80, 1.00; P =
0.0441) and 0.83 (95% CI: 0.72, 0.95; P = 0.0086). However, only
the 22:1n—9—CAD relation remained statistically significant after
Bonferroni correction (P < 0.0125). RBC cis 18:1n—9 and
24:1n—9 were not associated with CAD risk.

Conclusion: Our data suggest an inverse association of RBC
22:1n—9 but not 20:1n—9, 18:1n—9, or 24:1n—9 with CAD risk after
Bonferroni correction in the Physicians’ Health Study. Am J
Clin Nutr 2013;98:749-54.

INTRODUCTION

MUFAs may have cardioprotective effects because several
epidemiologic studies reported that olive oil enriched with
MUFAs lowered LDL cholesterol concentrations and coronary
artery disease (CAD)’ risk (1, 2). However, reports from epi-
demiologic studies and meta-analyses have not consistently
supported the hypothesis that MUFA consumption lowers risk of
CAD (3-5). Although previous randomized clinical trials eval-
uated the effect of dietary MUFAs on CAD risk factors such as
LDL cholesterol, little is known about the effects of dietary
MUFAs on CAD risk in a community setting. Furthermore,
some previous studies reported that long-chain MUFAs and
very-long-chain MUFAs may lead to cardiac lipotoxicity and
coronary atherosclerosis (6, 7). These results suggest that long-
chain MUFAs could have unfavorable influence on CAD via

inflammation, apoptosis of myocardium, and dyslipidemia (ie,
LDL particle enrichment with cholesteryl oleate) (7-9). Our
group has previously reported a positive relation of red blood
cell (RBC) cis palmitoleic (16:1n—7) acid with CAD and an
inverse relation of cis vaccenic acid (18:1n-7) with CAD, which
are 2 MUFAs from de novo lipogenesis (10). However, limited
data are available on the association between other individual
long-chain MUFAs and CAD risk. Therefore, we examined
whether individual RBC long-chain and very-long-chain MUFAs
are each associated with risk of CAD in participants in the Phy-
sicians’ Health Study (PHS).

SUBJECTS AND METHODS

Study population

The PHS I was a randomized, double-blind, placebo-con-
trolled trial designed to test the effects of low-dose aspirin and
carotene on cardiovascular disease (CVD) and cancer in 22,071
US male physicians. The PHS II was a randomized trial de-
signed to test benefits and risks of vitamins E and C, 8 carotene,
and multivitamins in the prevention of cancer, CVD, age-related
eye diseases, and cognitive function in 14,642 US male physi-
cians aged =50 y at baseline. A detailed description of both
studies has been published previously (11, 12). Both PHS I and
II trials were registered at clinicaltrials.gov as NCT00000500
and NCT00270647, respectively.
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With the use of a prospective nested case-control design, we
randomly selected 1000 incident CAD cases who provided blood
samples between 1995 and 2001 in the PHS I and PHS 1I for this
ancillary study. For each case, we used a density sampling
technique to randomly select one control subject who was alive
and free of confirmed CAD at the time of the index case diagnosis
and matched for age at blood collection (=1 y), year of birth
(=2 y), and time of blood collection (=3 mo).

Each case was eligible to serve as a control before CAD di-
agnosis. Similarly, each control was eligible to later become a
CAD case to ensure that controls were representative of a total
population that gave rise to the CAD cases (13). This study was
conducted according to the guidelines in the Declaration of
Helsinki. Each participant gave written informed consent, and the
Brigham and Women’s Hospital Institutional Review Board
approved the study protocol (LD has full access to the data sets
used for the current analyses; with a proper institutional review
board approval and data-distribution agreement, these data sets
can be obtained by external investigators).

Blood collection and storage

For the current project, blood was collected between 1995 and
2001. A detailed description of methods of blood collection and
storage has been published previously (14).

Measurement of red blood fatty acid profiles

Baseline RBC samples from all cases and controls were
handled identically throughout the sample collection, long-term
storage, sample retrieval, and assays. All laboratory personnel
were blinded to the case-control status of participants to mini-
mize the ascertainment bias. Deidentified samples were mixed
before shipment to the laboratory, and each test tube only con-
tained a study identification number. The fatty acid content of
RBC membranes was determined as follows: after osmotic he-
molysis, RBC membranes were washed thrice with sodium
chloride, an internal standard (heptadecanoate) was added to the
cell pellet, and total lipids were extracted according to Folch’s
method (15) and followed by saponification and methylation
(16). The resultant fatty acid methyl esters were dried down
under nitrogen, resuspended in 100 uL hexane, transferred into
amber gas chromatography vials, and stored at —20°C until the
time of analysis (17, 18). RBC fatty acid methyl esters were
analyzed by using an Autosystem XL gas chromatograph (Per-
kin Elmer) equipped with a 100-m X 0.2-mm inside diameter
(film thickness: 0.25 um) capillary column (SP-2560, Supelco).
Injector and flame ionization detector temperatures were 250°C
and 260°C, respectively. Helium was used as the carrier gas (2.5
mL/min), and the split ratio was 2:1. The oven temperature was
programmed at 80°C, held for 16 min, and increased to 190°C at
a rate of 5°C/min. After 10 min, the temperature was increased
to 210°C at a rate of 0.5°C/min and held for 4 min. The final
temperature was 250°C and held for 2 min. Peaks of interest
were identified by comparison with authentic fatty acid stan-
dards (Nu-Chek Prep Inc) and expressed as molar percentage
proportions of fatty acids relative to the internal standard. We
focused on fatty acid measurements, and a total 33 fatty acids
were ascertained by gas chromatography. See Supplemental
Figures 1 and 2 under “Supplemental data” in the online for a

MATSUMOTO ET AL

depiction of chromatograms of the fatty acid standard mixture
and RBC fatty acid profile of a de-identified PHS subject, re-
spectively. Interassay CVs were 3.46% for cis 18:1n-9, 3.84%
for 20:1n-9, 9.05% for 22:1n-9, and 5.29% for 24:1n-9.

Ascertainment of incidents of CAD

We obtained information on the occurrence of major diseases
including CAD through annual follow-up questionnaires. CAD
was defined as a nonfatal myocardial infarction, fatal myocardial
infarction, percutaneous transluminal coronary angioplasty,
coronary artery bypass graft, coronary death, and sudden death.
All cardiovascular events in the PHS have been adjudicated by an
endpoint committee (12). The diagnosis of myocardial infarction
was confirmed by using WHO criteria (19). Revascularization
procedures were confirmed by hospital records.

Other variables

Information on age, height, body weight, BMI, cigarette
smoking, exercise, parental history of myocardial infarction,

TABLE 1
Characteristics of 2000 participants according to cases and controls’
Controls Cases

Baseline characteristics (n = 1000) (n = 1000) P
Age (y) 68.7 £ 8.7 68.7 = 8.7 0.999
BMI (kg/m?) 256 + 3.3 263 +3.6  <0.001
RBC cis 18:1-9 (%) 1422 £ 1.63 1439 = 1.73 0.030
RBC 20:1-9 (%) 0.23 *= 0.06 0.22 = 0.05 0.206
RBC 22:1-9 (%) 0.07 £ 0.03 0.06 = 0.03 0.074
RBC 24:1-9 (%) 1.02 = 0.30 1.01 = 0.30 0.526
RBC omega-3 fatty acids (%) 6.10 = 1.95 5.94 = 1.95 0.064
RBC SFAs (%) 4299 = 3.69 43.00 = 3.56 0.965
Smoking status (%) 0.004

Current 2.2 4.6

Past 46 48.2
Exercise (%) 0.127

Rarely/never 349 39.7

1-3/mo 2.5 29

1-4/wk 46.1 41.8
Alcohol intake (%) 0.030

<1 time/wk 24.0 28.0

1-4 times/wk 20.3 22.9

5-7 times/wk 21.2 19.3
Total energy intake (kcal) 1713 = 518 1659 = 514 0.033
Energy from carbohydrate (%) 50.2 £ 9.9 50.3 £ 9.8 0.791
Energy from protein (%) 182 £33 18.6 = 3.4 0.012
Energy from SFA (%) 10.0 = 3.0 10.2 = 29 0.103
Energy from MUFA (%) 104 = 3.1 10.6 = 3.0 0.316
Energy from PUFA (%) 45+ 13 45+ 12 0.687
Parental history of MI (%) 7.2 13.2 <0.001
Hypertension (%) 334 33.6 0.925
Hypercholesterolemia (%) 27.7 33.8 0.003
Diabetes (%) 6.0 11.6 <0.001

" All values are means + SDs for continuous variables and percentages
for categorical variables. Cases were men with coronary artery disease de-
fined as nonfatal MI, fatal MI, percutaneous transluminal coronary angio-
plasty, coronary artery bypass graft, coronary death, and sudden death. There
were 22 subjects with missing data for exercise level and 325 subjects with
missing data for dietary variables. P values were determined across cases and
controls. The # test was used for continuous variables, and the x 2 test was used
for categorical variables. MI, myocardial infarction; RBC, red blood cell.
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history of hypertension, diabetes, and hypercholesterolemia was
collected at baseline through annual questionnaires. A validated
food-frequency questionnaire that consisted of 127 items was
used to collect data on total energy intake and nutrients between
1997 and 2001 (20).

Statistics

The distributions of each RBC long-chain and very-long-chain
MUFA, except 20:1n—9, was skewed to the right. Thus, for non-
Gausian distributed biomarkers, we used the In to normalize
their distributions. The correlation in RBC MUFAs was evalu-
ated by using Spearman’s correlations. Baseline CAD risk fac-
tors were compared between cases or controls by using the ¢ test
for means and chi-square tests for proportions (the significance
level was set at 0.05). We performed conditional logistic re-
gression to examine the association between each RBC MUFA
and CAD. ORs associated with each SD higher RBC MUFA
were assessed. The initial model only controlled for matching
factors (the year of birth, date of blood collection, and age at
blood test; model 1), and the second model controlled for
matching factors, BMI, smoking status (never, current, and past
smokers), exercise (rarely or never, 1-3 times/mo, 14 times/wk,
and 5-7 times/wk), and alcohol consumption (<1, 1-4, 5-7, and
>7 times/wk), parental history of myocardial infarction (before
age 50 y), treatment of hypertension, diabetes, and hypercho-
lesterolemia (model 2). The final multivariate model was ad-
justed for all covariates in the second model and for RBC
omega-3 fatty acids and SFAs (model 3). In addition, we per-
formed conditional logistic regression adjusted for covariates in
model 3 plus 16:1n-7 and 18:1n-7 to evaluate whether the as-
sociation between long-chain MUFAs and risk of CAD was
independent of MUFAs in de novo lipogenesis (16:1n—7 and
18:1n-7). We used Bonferroni correction for a final multivariate
regression model to correct for inflation and used a P value of
0.0125 (0.05 =+ 4) to indicate statistical significance. Similarly,
to achieve simultaneous 95% Cls, we constructed 98.75% Cls
for the point estimate of each individual long-chain MUFA. All

analyses were completed with SAS software (version 9.2; SAS
Institute). All P values were 2 sided.

To explore the shape of the association, we fitted restricted
cubic splines with 4 knots at the 10th, 36.7th, 63.4th, and 90th
percentiles by using each MUFA’s 1st percentile value (0.10 for
Ist percentile of 20:1n-9 and -3.91 for Ith percentile of
log 22:1n-9) as the reference. The restricted cubic splines were
completed with the use of STATA/MP version 12.

RESULTS

The mean (=SD) age of participants was 68.7 £ 8.7 y.
Baseline characteristics of participants by case and control of
each RBC long-chain MUFA are summarized in Table 1. RBC
cis 18:1n—9, BMI, current smoking, history of hypercholester-
olemia, diabetes, and parental history of myocardial infarction
were higher in cases than controls. Spearman’s correlation
showed a weak to modest correlation (—0.05 to 0.36) across
individual MUFAs (all P < 0.05; Figure 1).

The RBC log 22:1n—9 showed significant inverse associations
with CAD. The OR (95% CI) for CAD per 1-SD higher log
22:1n—9 was 0.84 (0.71, 1.00; P = 0.0125) in the multivariate
model adjusted for matching factors and lifestyle risk factors
(Table 2, model 2).

The inverse association of log 22:1n—9 with CAD did not
change after being additionally adjusted for RBC omega-3 fatty
acids and SFA (Table 2, model 3). In this multivariate model,
20:1n—9 also showed significant association with CAD at the
a = 0.05 level. The OR (95% CI) for CAD per 1-SD higher
20:1n—9 was 0.89 (0.80, 1.00; P = 0.0441). Furthermore, ad-
ditional adjustment for 16:1n—7 and 18:1n-7 did not alter the
results (data not shown).

Cubic splines also revealed inverse associations of 20:1n—9
and log 22:1n—9 with CAD (Figure 2). However, after Bon-
ferroni correction (P < 0.0125), only log 22:1n—9 showed
a significant association with CAD [per 1-SD higher log
22:1n—9: OR (98.75% CI) of 0.83 (0.70, 0.99); P = 0.0086]
(Table 2, model 3). In contrast, we did not observe significant
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FIGURE 1. Association of each MUFA shown by scatter plots with a table of Spearman’s correlation. *P << 0.05 for Spearman correlation.
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TABLE 2

ORs (98.75% Cls) for coronary artery disease according to RBC long-chain MUFAs in the PHS’

Per SD higher Model 1 P Model 2 P Model 3 P
Log cis 18:1n—9 1.11 (0.99, 1.25) 0.0219 1.08 (0.95, 1.22) 0.1399 1.08 (0.94, 1.24) 0.1887
20:1n—9 0.93 (0.81, 1.06) 0.1444 0.90 (0.78, 1.03) 0.0539 0.89 (0.77, 1.03) 0.0441
Log 22:1n—9 0.83 (0.71, 0.98) 0.0043 0.84 (0.71, 1.00) 0.0125 0.83 (0.70, 0.99) 0.0086
Log 24:1n—9 0.96 (0.83, 1.12) 0.4906 0.97 (0.83, 1.13) 0.5968 0.96 (0.81, 1.14) 0.5856

"Model 1 was a conditional logistic regression matched for matching factors of year of birth, date of blood collection, and age at blood test. Coronary
artery disease was defined as nonfatal myocardial infarction, fatal myocardial infarction, percutaneous transluminal coronary angioplasty, coronary artery
bypass graft, coronary death, and sudden death. Model 2 was adjusted as for model 1 and for BMI, smoking status, exercise level, alcohol consumption,
parental history of myocardial infarction, treatment of diabetes, treatment of hypertension, and treatment of hypercholesterolemia. Model 3 was adjusted as for

model 2 and for RBC omega-3 fatty acids and RBC SFAs. PHS, Physicians’ Health Study; RBC, red blood cell.

associations between other RBC MUFAs (cis 18:1n—9 and
24:1n—9) and CAD risk after adjustment for confounding fac-
tors (all P > 0.05; Table 2). cis 18:1n—9 showed a significant
positive association with CAD in the minimally adjusted model
at the @ = 0.05 level [OR (95% CI): 1.11 (1.02, 1.22); P =
0.0219; Table 2, model 1], but this result became nonsignificant
after Bonferroni correction.

DISCUSSION

In this prospective, nested case-control study, we showed
inverse associations of RBC 22:1n—9 but not other MUFAs with
CAD risk in US male physicians after Bonferroni correction for
multiple testing.

RBC 20:1n—9 (gondoic acid), 22:1n—9 (erucic acid), and
CAD risk

Our study showed 17% lower risk of CAD per 1-SD higher
RBC 22:1n—9 (erucic acid) after adjustment for multiple co-
variates and Bonferroni correction (Table 2, model 3). To the
best of our knowledge, this is the first study to evaluate the
association of RBC 22:1n—9 with CAD risk. One epidemiologic
study from India reported inverse association between CAD risk
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and the use of mustard oil (oil that is rich in MUFAs, especially
in erucic acid) (21). However, mustard oil is also enriched with
PUFAs. Therefore, it is not clear whether erucic acid con-
sumption has protective effects on CAD. Although higher con-
centrations of erucic acid might lead to cardiolipotoxity, current
data available in the literature are inadequate to confirm the role
of erucid acid on CAD and elucidate underlying biologic path-
ways. Additional investigations are needed to evaluate cardio-
protective effects of RBC erucic acid.

RBC 20:1n—9 (gondoic acid) showed significant inverse as-
sociation with CAD before, but not after, Bonferroni correction.
One study reported that the consumption of macadamia nuts
(which are rich in oleic and palmitoleic acids) raised plasma
concentrations of palmitoleic, oleic, and gondoic acids and fa-
vorably influenced oxidative stress, thrombosis, and inflamma-
tion (22). Hence, it is possible that a high concentration of RBC
gondoic acid could confer cardioprotection. However, the study
did not perform correction for multiple comparisons. The metab-
olism of gondoic acid has not been completely elucidated, which
underscores the need for additional investigations of gondoic acid.

Although the clinical significance of the observed inverse
relation of erucic acid with CAD was not obvious at this time, if
replicated, our findings could provide novel pharmaceutical
targets for the use of erucic acid in CAD prevention.
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FIGURE 2. Restricted cubic spline for coronary artery disease by 20:1n—9 and log 22:1n—9. Solid dark lines represents ORs, and dotted lines represent
98.75% Cls. Models were adjusted for matching factors and BMI, smoking status (never, current, and past smokers), exercise (rarely or never, 1-3 times/mo,
1-4 times/wk, and 5-7 times/wk), alcohol consumption (<1, 1-4, 5-7, and >7 times/wk), parental history of myocardial infarction (before age 50 y),
treatment of hypertension, diabetes, hypercholesterolemia, and RBC omega-3 fatty acids and SFAs. Spline knots were placed at 10th, 36.7th, 63.4th, and 90th
percentiles of each of the long-chain MUFAs, and the lowest 1st percentile (0.10 for 1st percentile of 20:1n-9 and —3.91 for Ist percentile of log 22:1n-9)
served as the reference. The lowest 1% and the highest 99% of each long-chain MUFA were cut from the graphs. Coronary artery disease was defined as
nonfatal myocardial infarction, fatal myocardial infarction, percutaneous transluminal coronary angioplasty, coronary artery bypass graft, coronary death, and
sudden death.
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RBC cis 18:1n—9 (oleic acid), 24:1n—9 (nervonic acid),
and CAD

Several studies have reported inconsistent associations be-
tween plasma cis 18:1n—9 (oleic acid) concentrations and CAD
(4, 23). Our findings of a nonsignificant association between
RBC oleic acid and CAD risk are consistent with a lack of oleic-
CHD relation in the Atherosclerosis Risk in Communities study
(23). In contrast, a Swedish cohort reported a positive associa-
tion between serum cholesteryl ester oleic acid and CVD mor-
tality, with 18% higher risk of CVD death per 1-SD higher
serum oleic acid [HR (95% CI): 1.18 (1.07, 1.30)], after ad-
justment for total cholesterol, BMI, smoking, physical activity,
and hypertension (4). However, correction for multiple com-
parisons was not performed in the study. Also, the primary
outcome of the study was not CAD but CVD mortality, and
differences in methodology could partially explain these in-
consistencies.

Our results also did not suggest an association between RBC
24:1n—9 (nervonic acid) and CAD. Nervonic acid is a compo-
nent of membrane sphingolipids and phosphatidylethanol-
amines. One small cross-sectional study from Japan reported an
inverse association between plasma nervonic acid and leptin
(24). Additional data are needed to elucidate the role of nervonic
acid on CAD risk.

Several studies suggested that the dietary replacement of SFA
with MUFA (ie, oleic acid) reduces plasma LDL cholesterol
without a reduction of HDL cholesterol (2), and this effect is
regarded as one of the major reasons for the cardioprotective
effect of MUFAs. However, a meta-analysis by Mensink et al (25)
showed that the replacement of SFA with MUFA led to lower
HDL cholesterol. Moreover, several epidemiologic studies
reported no significant association between MUFAs and risk of
CAD (5, 24). In the absence of large randomized clinical trials
that evaluated effects of MUFA consumption on CAD prevention,
the interpretation of observational data remains difficult.

Of note is that plasma or tissue MUFAs may not be the best
estimate of dietary MUFA intake in general. Long-chain MUFAs
such as erucic acid and gondoic acid are minor fatty acids mostly
synthesized in vivo. The RBC content of MUFAs can be influ-
enced by dietary and lifestyle factors (26). For instance, a low-fat
diet might increase oleic acid in the blood lipid proportion (27),
and exercise might be associated with higher concentrations of
oleic acid of tissues (28).

Strengths and limitations

The current study had some limitations. First, we had only one
measurement of RBC long-chain and very-long-chain MUFAs.
Thus, we were not able to account for changes in RBC MUFAs
over time during the follow-up period. Second, we could not
exclude residual and unmeasured confounding as a partial ex-
planation of our findings. Third, our sample consisted of only
highly educated male physicians, which limited the generaliz-
ability of our findings to other socioeconomic or ethnic groups
and women. Nevertheless, our study had several strengths, in-
cluding a large sample size, matching on key confounders to
minimize confounding, prospective study design, validation of
incident CAD, and the use of reproducible biomarkers to quantify
MUFA.

In conclusion, our data suggest an inverse association of RBC
22:1n—9 with CAD after adjustment for multiple comparisons.
However, RBC cis 18:1n—9, 20:1n—9, and 24:1n—9 were not
associated with CAD risk in this cohort of US male physicians.
If our findings are replicated in other populations, erucic acid
might provide novel drug targets for CAD prevention.
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