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ABSTRACT
Background: Dairy consumption is linked to a lower risk of type 2
diabetes, but constituents responsible for this relation are not estab-
lished. Emerging evidence suggests that trans-palmitoleate (trans
16:1n–7), a fatty acid in dairy and also partially hydrogenated oils,
may be associated with a more favorable metabolic profile and less
incident diabetes.
Objective:We investigated the association of trans-palmitoleate with
metabolic risk and incident diabetes in a multiethnic US cohort.
Design: Phospholipid fatty acids and metabolic risk factors were
measured in 2000–2002 among 2617 adults in the Multi-Ethnic
Study of Atherosclerosis (MESA), a cohort of white, black, His-
panic, and Chinese Americans. In 2281 participants free of baseline
diabetes, we also prospectively assessed the risk of new-onset di-
abetes (205 cases) from baseline to 2005–2007.
Results: trans-Palmitoleate concentrations correlated positively
with self-reported consumption of whole-fat dairy, butter, marga-
rine, and baked desserts and with other circulating biomarkers of
both dairy fat and partially hydrogenated oil consumption, which
suggested mixed dietary sources. After multivariable adjustment,
trans-palmitoleate concentrations were associated with higher LDL cho-
lesterol (quintile 5 compared with quintile 1: +6.4%; P-trend = 0.005),
lower triglycerides (219.1%; P-trend , 0.001), lower fasting insulin
(29.1%; P-trend = 0.002), and lower systolic blood pressure (22.4 mm
Hg; P-trend = 0.01). In prospective analyses, trans-palmitoleate was
independently associated with lower incident diabetes (P-trend =
0.02), including a 48% lower risk in quintile 5 compared with quintile
1 (HR: 0.52; 95% CI: 0.32, 0.85). All findings were similar between
men and women and between different race-ethnic subgroups.
Conclusions: Circulating trans-palmitoleate is associated with
higher LDL cholesterol but also with lower triglycerides, fasting
insulin, blood pressure, and incident diabetes in a multiethnic US cohort.
Our findings support the need for further experimental and dietary in-
tervention studies that target circulating trans-palmitoleate. The MESA
trial was registered at clinicaltrials.gov as NCT00005487. Am J
Clin Nutr 2013;97:854–61.

INTRODUCTION

Dairy consumption has been linked to less metabolic dys-
function and lower incidence of type 2 diabetes in observational
studies (1), but potential mechanisms for such benefits remain
poorly understood. Some studies suggest that a lower diabetes
risk may be more closely linked to consumption of yogurt and
low-fat milk, rather than whole-fat dairy, but results have been

conflicting (2–4), and no studies have evaluated dairy fat per se.
Most studies have also relied on self-reported dietary estimates,
which may be biased by measurement errors due to participants’
imperfect recall, selective reporting, or misreporting of different
types of dairy foods.

We recently reported that plasma phospholipid trans-palmitoleic
acid (trans 16:1n–7), an objective circulating fatty acid bio-
marker contained in both dairy fat and partially hydrogenated
oils, was cross-sectionally associated with an improved metabolic
profile and prospectively associated with a substantially lower inci-
dence of type 2 diabetes in a cohort of older US adults (5). Com-
pared with the lowest quintile, individuals in the highest quintile
of plasma phospholipid trans-palmitoleic acid had a more than
2-fold lower risk of incident diabetes (5). In addition to its di-
etary sources, this fatty acid is also interesting given its isomeric
similarity to its sister fatty acid, cis-palmitoleic acid (cis 16:1n–7),
which in animal models and in in vitro experiments improves
peripheral insulin resistance, reduces metabolic dysregulation,
and inhibits hepatic de novo lipogenesis (6–10).

These findings suggested that dairy fat consumption, and
possibly trans-palmitoleate specifically, could play a role in the
observed metabolic benefits of dairy consumption, with pathways
potentially related to modulation of insulin resistance and regu-
lation of hepatic fat synthesis. In our original report, we replicated
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cross-sectional associations of higher trans-palmitoleate with
less atherogenic dyslipidemia and better glucose-insulin homeosta-
sis among women in a second independent cohort, but case numbers
were too small to evaluate findings for incident diabetes (5).

Given the unexplained inverse associations of dairy foods
with diabetes risk and the robust inverse association of trans-
palmitoleate with incident diabetes in one prior study, we in-
vestigated whether phospholipid trans-palmitoleate as well as
other dairy fat biomarkers were prospectively associated with a
lower incidence of diabetes in the Multi-Ethnic Study of Ath-
erosclerosis (MESA)4, a cohort that included diverse race-ethnic
and dietary variation (11).

SUBJECTS AND METHODS

Design and population

The MESA is a prospective cohort study designed to in-
vestigate risk factors associated with subclinical cardiovascular
disease in US adults across a range of races and ethnicities. The
study design has been described in detail (12). Briefly, 6814
adults aged 45–84 y and free of clinical cardiovascular disease at
baseline were recruited in 2000–2002 from 6 US communities:
Baltimore City and County, MD; Chicago, IL; Forsyth County,
NC; New York, NY; Los Angeles County, CA; and St Paul, MN.
Cohort examinations were conducted in 2000–2002 (baseline/
exam 1), 2002–2003 (exam 2), 2004–2005 (exam 3), and 2005–
2007 (exam 4). Protocols were approved by local institutional
review boards, and all participants provided written informed
consent. An ancillary study measured plasma phospholipid fatty
acids in a random sample of 2855 MESA participants equally
distributed across each race-ethnic group. After excluding 218
participants whose dietary data did not meet quality-control
checks (13) and 20 with missing covariate data, 2617 partici-
pants were included in the present analysis.

Measurement of fatty acids

At baseline, fasting blood was collected, processed, and stored
at 2708C by using standardized protocols (12, 14). Plasma
phospholipid fatty acids were measured in these stored samples
by using thin-layer chromatography separation and gas chro-
matography quantification (15) (see Supplementary Materials
under “Supplemental data” in the online issue for details). These
methods quantified the concentrations of 27 individual fatty
acids as percentages of total fatty acids. For this analysis, our
primary exposure of interest was trans 16:1n–7. To elucidate
whether findings were specific for trans-palmitoleate, which
could feasibly be bioactive, or were related to dairy fat in
general, we also evaluated 14:0 and 15:0, SFA biomarkers of
dairy consumption (16–18), for their independent and mutually
adjusted associations with incident diabetes. We recognized that
14:0 can also by synthesized by de novo lipogenesis, potentially
confounding its associations. The MESA did not measure 17:0,
another potential dairy biomarker. For each fatty acid, the auto-
mated (computer software) limit of detection was 0.03%. All peaks
,0.03% were manually reviewed and quantified, with a manual
limit of detection of 0.01%. Laboratory CVs across a range of

control sample concentrations (very low to high) were 29.5% for
trans 16:1n–7, 11.6% for 14:0, and 14.5% for 15:0. Laboratory
CVs excluding the lowest (#0.05%) control sample concentrations
were 10.9% for trans 16:1n–7, 5.2% for 14:0, and 7.7% for 15:0.

Anthropometric measurements, metabolic risk markers,
and diet

At each study examination, a combination of self-administered
and interviewer-administered questionnaires assessed demographic
characteristics, education, medication use, smoking history, physical
activity, and dietary habits. Concentrations of total and HDL
cholesterol, triglycerides, insulin, and glucose were centrally
measured (Collaborative Studies Clinical Laboratory, Fairview-
University Medical Center, Minneapolis, MN) by using stan-
dardized methods (Roche Diagnostics reagents), and LDL
cholesterol was calculated from the Friedewald equation, ex-
cluding those subjects with triglycerides $400 mg/dL (n = 41)
(19). Resting seated blood pressure was measured 3 times (Di-
namap Model Pro 100 automated oscillometer; Critikon); we
used the average of the last 2 measures. Weight, height, and waist
circumference were measured by trained personnel by using
standardized instruments, and BMI was calculated as weight (to
the nearest 0.45 kg) divided by height (to the nearest 0.1 cm)
squared. Medications were assessed by both self-report and
medication inventory. At baseline, usual dietary intake over the
past year was assessed by using a 120-item food-frequency
questionnaire (13, 20). The questionnaire was developed in the
validated Block format and was patterned after the questionnaire
used in the Insulin Resistance Atherosclerosis Study and validated
in non-Hispanic whites, African Americans, and Hispanics; it was
further modified to include specific Chinese foods and culinary
practices (13, 20).

Diagnosis of incident diabetes

Fasting serum glucose was measured at each examination by
rate reflectance spectrophotometry by using thin-film adaptation
of the glucose oxidase method (Vitros analyzer; Johnson &
Johnson Clinical Diagnostics). For longitudinal analysis of
incident diabetes, we excluded 336 individuals with prevalent
diabetes at baseline. Incident diabetes was diagnosed on the basis
of new fasting glucose $126 mg/dL or the new use of insulin or
oral hypoglycemic medications, each assessed at study clinic
examinations approximately every 2 y during follow-up.

Statistical analysis

Intercorrelations between plasma phospholipid fatty acids and
between fatty acids and foods were evaluated by using Spear-
man’s correlation (r). Potential independent determinants of
trans-palmitoleate concentrations were evaluated by using
multivariable-adjusted linear regression with trans-palmitoleate
as the dependent variable. To assess associations with metabolic
risk factors and incident diabetes, trans-palmitoleate concen-
trations were evaluated as independent indicator variables in
quintiles and continuously per SD. We used linear regression
with robust variance estimators to assess associations of trans-
palmitoleate with metabolic risk factors. For longitudinal analyses,
Cox proportional hazards estimated the HR of incident diabetes,
with time at-risk until first diagnosis, death, or administrative

4Abbreviations used: CHS, Cardiovascular Health Study; MESA, Multi-
Ethnic Study of Atherosclerosis; NHS, Nurses’ Health Study.
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censoring at the latest date of adjudicated follow-up (2005–
2007). The proportional-hazards assumption was not rejected on
the basis of Schoenfeld residuals. To minimize potential con-
founding, covariates were selected on the basis of biological
interest, being well-established risk factors for metabolic risk, or
associations with exposures in the current cohort. We determined
the potential for effect modification by age, race-ethnicity, adi-
posity, sex, and alcohol use by evaluating the significance of
multiplicative interaction terms with the use of likelihood ratio
tests. To obtain the most robust estimates of association with
incident diabetes, we pooled the present MESA findings with
our prior results from the Cardiovascular Health Study (CHS)
(5) by using cohort-specific indicator quintiles as well as con-
tinuously using inverse-variance fixed-effects meta-analysis
(21), and we tested dose-response across all quintiles in both
cohorts by using generalized least-squares trend estimation (22).
Analyses were performed by using SAS, version 9.2 (SAS In-
stitute) and Stata12.1 (StataCorp) (2-tailed a = 0.05).

RESULTS

At baseline, the average (mean 6 SD) age was 61.7 6 10.2 y,
53.3% of subjects were female, and race-ethnicity was fairly
evenly divided among white (n = 674), black (n = 607), Hispanic
(n = 640), and Chinese (n = 696) participants (Table 1). Con-
sistent with our previously observed findings in the CHS (5),
trans-palmitoleate concentrations in the MESA represented
,1% of total fatty acids (mean 6 SD: 0.06 6 0.03%; range:
0.01–0.24%). Unadjusted trans-palmitoleate concentrations were
higher among white, black, and Hispanic participants (means

ranged from 0.06% to 0.07%) than among Chinese participants
(mean: 0.04%), which is consistent with a higher average con-
sumption of whole-fat dairy foods in the former groups (means:
5.8–6.2 servings/wk) compared with the latter group (mean: 2.8
servings/wk).

trans-Palmitoleate concentrations correlated with 15:0
(Spearman’s r = 0.33, P , 0.001), a biomarker of dairy fat
consumption, but not with 14:0 (r = 0.02, P = 0.63), a biomarker
of dairy fat and endogenous synthesis; and they correlated with
total trans18:1 (sum of n–6 through n–9trans18:1 isomers) (r =
0.70, P , 0.001), which are trans fats present in both dairy fats
and partially hydrogenated oils (23). Consistent with these
biomarker findings, trans-palmitoleate concentrations also cor-
related positively with the following: self-reported intakes of
sources of dairy fat, such as whole-fat dairy and butter; partially
hydrogenated oils, such as margarine, french fries, and fried
snacks; and either dairy fat or partially hydrogenated oils, such
as cakes, cookies, and pies (Table 2). Concentrations of trans18:1
similarly correlated positively with sources of both partially hy-
drogenated oils and dairy fat (not shown). Concentrations of 14:0
and 15:0 correlated with intakes of both whole-fat and low-fat
dairy products. trans-Palmitoleate concentrations also inversely
correlated with alcohol consumption (partial r = 20.13, P ,
0.001), a stimulant of hepatic de novo lipogenesis and hepatic cis-
palmitoleate production (24).

In multivariable-adjusted analyses, trans-palmitoleate con-
centrations were significantly associated with several metabolic
risk factors, including higher LDL cholesterol but also lower
triglycerides, lower fasting insulin, and lower blood pressure
(Table 3). trans-Palmitoleate was not significantly associated

TABLE 1

Baseline characteristics of 2617 participants in the MESA, 2000–20021

Whites

(n = 674)

Blacks

(n = 607)

Hispanics

(n = 640)

Chinese

(n = 696)

All

(n = 2617)

Phospholipid trans-palmitoleate (% of total fatty acids) 0.07 6 0.032 0.07 6 0.03 0.06 6 0.02 0.04 6 0.02 0.06 6 0.03

Phospholipid 14:0 (% of total fatty acids) 0.29 6 0.08 0.23 6 0.08 0.29 6 0.08 0.23 6 0.07 0.26 6 0.08

Phospholipid 15:0 (% of total fatty acids) 0.20 6 0.06 0.15 6 0.04 0.18 6 0.05 0.14 6 0.03 0.17 6 0.05

Age (y) 61.5 6 10.5 61.7 6 9.9 61.2 6 10.1 62.3 6 10.3 61.7 6 10.2

Sex (% male) 46.4 45.6 46.4 48.0 46.7

Education .high school (%) 95.7 87.0 54.2 76.0 78.3

Current smoking (%) 14.8 19.0 13.6 5.2 12.9

BMI (kg/m2) 27.8 6 5.2 30 6 5.6 29.5 6 5 24 6 3.3 27.7 6 5.4

Waist circumference (cm) 97.6 6 14.9 100.7 6 14.1 100.5 6 12.8 87.1 6 9.9 96.3 6 14.2

Prevalent diabetes (%) 5.9 16.5 16.9 12.6 12.8

Leisure-time activity (MET-min/wk) 2685 6 3028 2808 6 3352 2031 6 2471 1718 6 1939 2296 6 2767

Total energy (kcal/d) 1564 6 689 1608 6 926 1607 6 876 1167 6 570 1479 6 793

Total fat (% of energy) 32.4 6 7.6 32.7 6 7.2 30.0 6 6.6 27.6 6 5.5 30.6 6 7.1

Saturated fat (% of energy) 10.9 6 3.4 10.3 6 3 10.3 6 3.1 7.9 6 2.3 9.8 6 3.2

Monounsaturated fat (% of energy) 12.4 6 3.1 12.8 6 3.1 11.6 6 2.8 10.7 6 2.3 11.8 6 2.9

Polyunsaturated fat (% of energy) 6.4 6 1.9 6.7 6 1.9 5.5 6 1.7 6.3 6 1.6 6.2 6 1.8

Carbohydrate (% of energy) 50.4 6 9.7 52.5 6 9.4 54.7 6 8.5 55.6 6 7.7 53.3 6 9.1

Protein (% of energy) 15.7 6 3.4 15.5 6 3.3 16.0 6 3.2 17.9 6 3.2 16.3 6 3.4

Whole-fat dairy (servings/wk)3 6.7 6 9.4 6.0 6 7.6 6.4 6 7.7 2.8 6 5.7 5.5 6 7.9

Low-fat dairy (servings/wk)3 7.8 6 10.7 4.2 6 7.2 7.0 6 10.5 4.3 6 7.3 5.9 6 9.2

Red meat (servings/wk) 3.9 6 3.5 4.2 6 4.3 3.8 6 4.2 3.6 6 2.8 3.9 6 3.7

Alcohol (drinks/wk) 4.1 6 6.8 1.6 6 3.5 1.5 6 4.1 0.6 6 2.5 1.9 6 4.7

1MESA, Multi-Ethnic Study of Atherosclerosis; MET, metabolic equivalent.
2Mean 6 SD (all such values).
3Whole-fat dairy included whole milk, regular cheese, cottage or ricotta cheese, whole-fat yogurt, and ice cream. Low-fat dairy included 2% milk, 1% or

skim milk, and low-fat yogurt.
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with HDL cholesterol, total to HDL-cholesterol ratio, or fasting
glucose. All results appeared to be similar in each race-ethnic
group (not shown). trans-Palmitoleate concentrations were not
cross-sectionally associated with concentrations of C-reactive
protein, IL-6, or homocysteine (not shown). Findings were not

appreciably altered by additional adjustment for other dietary
factors, including consumption of fruit, vegetables, and whole
grains, or for use of lipid-lowering and antihypertensive medi-
cation (not shown). The exception was the association with LDL
cholesterol, which was attenuated by adjustment for medication
use (mean 6 SE concentrations across quintiles: 113.2 6 1.3,
118.2 6 1.1, 119.0 6 1.6, 118.2 6 1.4, and 118.2 6 1.7 mg/dL;
P-trend = 0.051).

During up to 7 y of follow-up, 205 new cases of incident
diabetes were diagnosed. Incidence rates per 10,000 person-years
were 153 in whites, 223 in blacks, 246 in Hispanics, and 148 in
Chinese participants. After adjustment for potential confounders
including age, sex, race-ethnicity, field center, education, smoking,
alcohol, physical activity, BMI, and waist circumference, higher
trans-palmitoleate concentrations were associated with a lower
risk of new-onset diabetes (P-trend = 0.02), with a 2-fold lower
risk in the highest quintile (HR: 0.52; 95% CI: 0.32, 0.84)
(Table 4). Further adjustment for dietary factors including
consumption of whole-fat dairy, low-fat dairy, red meat, and
total energy did not appreciably alter these results. Further ad-
justment for other covariates, such as consumption of margarine,
butter, cakes, cookies, pies, salty snacks, fried potatoes, fruit,
vegetables, or whole grains also did not alter these results (not
shown).

When evaluated continuously per SD (0.03 percentage points
of total fatty acids), each higher SD of trans-palmitoleate was
associated with a 20% lower risk of diabetes (HR: 0.80; 95% CI:
0.66, 0.96; P = 0.02; covariates as in model 2, Table 4). Lower
risk appeared to be generally similar by race-ethnicity, although
CIs were broader due to limited statistical power in each sub-
group: the multivariable-adjusted HR (95% CI) per each higher
SD was 0.82 (0.55, 1.23) in whites, 0.79 (0.55, 1.12) in blacks,
0.73 (0.51, 1.05) in Hispanics, and 0.88 (0.53, 1.45) in Chinese.
HRs were also similar when analyzed separately in men [0.88
(0.67, 1.15)] or women [0.75 (0.58, 0.98)]. There was little

TABLE 2

Multivariable-adjusted correlations of self-reported dietary habits with

plasma phospholipid trans-palmitoleate, 14:0, and 15:0 in the MESA,

2000–20021

trans-Palmitoleate 14:0 15:0

Whole-fat dairy 0.15 0.10 0.15

Cottage or ricotta cheese2 0.11 0.12 0.15

Other cheese2 0.17 0.13 0.21

Whole milk — — 0.07

Whole-fat yogurt — — —

Ice cream 0.12 0.06 0.10

Low-fat dairy — 0.09 0.14

2% milk — — —

1%/skim milk — 0.07 0.07

Low-fat yogurt 0.07 0.05 0.06

Butter 0.14 0.07 0.13

Cakes, cookies, or pies 0.18 0.06 0.09

Margarine 0.22 — —

French fries 0.20 — —

Fried snacks3 0.07 — 20.04

1Values are partial correlation coefficients, adjusted for age, sex, race-

ethnicity, field center, and energy intake. Only correlations with P, 0.05 are

shown. We evaluated major potential food sources of dairy fat and partially

hydrogenated oils. All correlations were evaluated for the total population,

including persons not consuming these foods. MESA, Multi-Ethnic Study of

Atherosclerosis.
2Although both whole-fat and low-fat versions of many cheeses are

sold, even low-fat cheeses generally contain more dairy fat than either whole

milk or whole-fat yogurt. Thus, all cheeses were included in the category of

whole-fat dairy.
3 Includes potato, corn, or tortilla chips; crackers; pretzels; and popcorn.

TABLE 3

Multivariable-adjusted cross-sectional relations of plasma phospholipid trans-palmitoleic acid with metabolic risk factors among 2617 US adults

in the MESA1

Quintile of trans-palmitoleic acid

n2 1 2 3 4 5 P-trend3

trans-Palmitoleic acid (% of fatty acids)4 — 0.03 (0.01–0.03) 0.04 (0.04) 0.05 (0.05) 0.07 (0.06–0.07) 0.10 (0.08–0.24)

LDL cholesterol (mg/dL) 2575 112.3 6 1.35 116.8 6 1.7 119.3 6 1.6 118.7 6 1.3 119.2 6 1.4 0.005

HDL cholesterol (mg/dL) 2616 50.7 6 0.5 52.0 6 0.7 50.5 6 0.6 50.5 6 0.5 50.1 6 0.6 0.18

Triglycerides (mg/dL) 2616 148.5 6 3.5 138.5 6 4.1 135.0 6 4.2 132.3 6 3.2 120.1 6 3.0 ,0.0001

Total:HDL-cholesterol ratio 2616 4.05 6 0.05 4.05 6 0.06 4.18 6 0.06 4.13 6 0.05 4.11 6 0.05 0.45

Fasting glucose (mg/dL) 2617 95.1 6 0.9 98.5 6 0.9 98.2 6 1.0 99.8 6 1.0 97.3 6 1.2 0.39

Fasting insulin (mmol/L) 2614 7.21 6 0.24 7.41 6 0.23 6.91 6 0.22 6.97 6 0.20 6.55 6 0.18 0.02

Systolic blood pressure (mm Hg) 2617 127.3 6 0.8 127.9 6 1.0 125.9 6 1.0 125.0 6 0.8 124.3 6 0.8 0.01

Diastolic blood pressure (mm Hg) 2617 72.9 6 0.4 72.8 6 0.5 71.6 6 0.5 71.3 6 0.4 70.8 6 0.4 0.0003

1Mean6 SE values were determined by using linear regression with robust variance estimators and adjusted for age (y), sex, race-ethnicity (white, black,

Hispanic, Chinese), education (,high school, high school, some college, college graduate), field center (6 sites), smoking status (never, former, current),

prevalent diabetes (yes, no), alcohol use (drinks/wk), physical activity (metabolic equivalent min/wk), BMI (kg/m2), and waist circumference (cm). To convert

LDL cholesterol and HDL cholesterol from mg/dL to mmol/L, divide by 38.67. To convert triglycerides from mg/dL to mmol/L, divide by 88.57. To convert

glucose from mg/dL to mmol/L, divide by 18.0. MESA, Multi-Ethnic Study of Atherosclerosis.
2The numbers of participants with available measures for each biomarker are shown.
3Tests for trend (monotonic dose-response) across quintiles were performed by assigning each participant the median fatty acid value in his or her

quintile and modeling this variable as a continuous term.
4Values are medians; ranges in parentheses.
5Mean 6 SD (all such values).
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evidence for effect modification by race-ethnicity, sex, BMI,
waist circumference, or alcohol use (P-interaction .0.20 for
each).

In multivariable-adjusted analyses (covariates as in model 2,
Table 4), concentrations of 15:0 were associated with a non-
significant trend toward a lower risk of diabetes (quintile 5—HR:
0.70; 95% CI: 0.42, 1.15; P-trend = 0.09). In similarly multi-
variable-adjusted analyses, 14:0 was not associated with in-
cident diabetes (quintile 5—HR: 0.98; 95% CI: 0.63, 1.53;
P-trend = 0.80). When 14:0, 15:0, and trans-palmitoleate were
each mutually adjusted in the same multivariable model, their
associations were not substantially altered: HRs (95% CI) in the
highest compared with lowest quintile were 1.08 for 14:0 (0.67,

1.74), 0.75 for 15:0 (0.42, 1.32), and 0.58 for trans-palmitoleate
(0.35, 0.95).

In a meta-analysis combining the present results from the
MESA with our prior findings from CHS (5), we found a strong
inverse relation between trans-palmitoleate concentrations and
incidence of diabetes (Table 5). Because the quintile concen-
trations of trans-palmitoleate differed between the CHS and the
MESA, we also performed dose-response meta-analyses on the
basis of 1) continuous analyses of trans-palmitoleate in each
cohort and 2) generalized least squares for trend estimation. Each
of these methods accounts for differences in concentrations of
trans-palmitoleate across cohorts. Evaluated continuously, each
0.05 percentage point of higher trans-palmitoleate in the MESA

TABLE 4

Incidence of type 2 diabetes according to plasma phospholipid trans-palmitoleic acid among 2281 US adults in the MESA1

Quintile of trans-palmitoleic acid

1 2 3 4 5 P-trend2

trans-Palmitoleic acid (% of fatty acids)3 0.03 (0.01–0.03) 0.04 (0.4) 0.05 (0.5) 0.07 (0.06–0.07) 0.10 (0.08–0.24)

No. of participants4 592 317 343 546 495

Person-years of follow-up 2794 1492 1645 2575 2370

No. of incident cases 54 26 27 64 34

Multivariable-adjusted HR (95% CI)

Model 15 1.0 (reference) 0.76 (0.47, 1.24) 0.66 (0.40, 1.09) 0.89 (0.59, 1.36) 0.52 (0.32, 0.84) 0.02

Model 26 1.0 (reference) 0.77 (0.47, 1.25) 0.66 (0.40, 1.10) 0.89 (0.58, 1.35) 0.52 (0.32, 0.85) 0.02

1MESA, Multi-Ethnic Study of Atherosclerosis.
2Tests for trend (monotonic dose-response) across quintiles were performed by assigning each participant the median fatty acid value in his or her

quintile and modeling this variable as a continuous term.
3Values are medians; ranges in parentheses.
4On the basis of the distribution of trans-palmitoleic acid concentrations, the numbers of participants in each quintile modestly varied.
5Adjusted for age (y), sex, race-ethnicity (white, black, Hispanic, Chinese), education (,high school, high school, some college, college graduate), field

center (6 sites), smoking status (never, former, current), alcohol use (drinks/wk), physical activity (metabolic equivalent min/wk), BMI (kg/m2), and waist

circumference (cm).
6 Further adjusted for dietary consumption of whole-fat dairy foods (servings/wk), low-fat dairy foods (servings/wk), red meat (servings/wk), and total

energy (kcal/d).

TABLE 5

Meta-analysis of phospholipid trans-palmitoleic acid and incident diabetes mellitus among 5266 US adults in the MESA and the CHS1

Cohort-specific quintiles of trans-palmitoleic acid

P-trend21 2 3 4 5

Person-years of follow-up 8389 6927 7201 8386 7839

No. of incident cases 147 94 86 110 72

Multivariable-adjusted HR (95% CI)3 1.0 (reference) 0.78 (0.58, 1.05) 0.79 (0.58, 1.09) 0.62 (0.46, 0.84) 0.44 (0.31, 0.63) ,0.001

1Risk estimates in each quintile were combined by using inverse-variance weighted meta-analysis with fixed effects. The I2 values for the pooled

estimates in quintiles 2–5 were 0%, 0%, 84%, and 0%, respectively. The evidence for heterogeneity in the pooled analysis for quintile 4 (P-heterogeneity =

0.01) was consistent with the HR of 0.41 (95% CI: 0.26, 0.64) in the CHS and 0.89 (95% CI: 0.58, 1.35) in the MESA. As shown in the table, pooling of these

study-specific findings resulted in a clear monotonic relation between trans-palmitoleic acid and incident diabetes. Findings using random-effects models were

very similar. CHS, Cardiovascular Health Study; GLST, generalized least-squares models for trend; MESA, Multi-Ethnic Study of Atherosclerosis.
2Assessed by using GLST, which uses the multiple data points across quintiles in both cohorts simultaneously to assess dose-response, accounting for the

HRs, CIs, and absolute differences in exposure levels across quintiles in each cohort. GLST meta-analysis resulted in a pooled multivariable-adjusted HR of

0.66 (95% CI: 0.56, 0.77) for each 0.05 percentage point of higher trans-palmitoleate concentrations.
3HRs in the MESAwere adjusted for age (y), sex, race-ethnicity (white, black, Hispanic, Chinese), education (,high school, high school, some college,

college graduate), field center (6 sites), smoking status (never, former, current), alcohol use (drinks/wk), physical activity (metabolic equivalent min/wk), BMI

(kg/m2), waist circumference (cm), and dietary consumption of whole-fat dairy foods (servings/wk), low-fat dairy foods (servings/wk), red meat (servings/

wk), and total energy (kcal/d). HRs in the CHS were adjusted for age (y), sex, race (white, nonwhite), education (,high school, high school, some college,

college graduate), field center (4 sites), smoking status (never, former, current), BMI (kg/m2), waist circumference (cm), coronary heart disease (yes, no),

physical activity (kcal/wk), alcohol use (6 categories), and dietary consumption of carbohydrate (% of energy), protein (% of energy), red meat (servings/wk),

whole-fat dairy foods (6 categories), low-fat dairy foods (5 categories), and total energy (kcal/d).
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was associated with a 32% lower risk of diabetes (multivariable-
adjusted HR: 0.68; 95% CI: 0.50, 0.93). In the CHS, each 0.05
higher percentage point was associated with a 28% lower risk
(multivariable-adjusted HR: 0.72; 95% CI: 0.61, 0.86). Pooling
these results, each 0.05 percentage point of higher trans-
palmitoleate was associated with a 29% lower incidence of di-
abetes (pooled HR: 0.71; 95% CI: 0.61, 0.83; P , 0.001), with
no evidence for heterogeneity between cohorts (I2 = 0%). By
using generalized least squares for trend estimation across
quintiles in both cohorts, each 0.05 higher percentage point was
associated with a 34% lower risk of incident diabetes (pooled
HR: 0.66; 95% CI: 0.56, 0.77; P , 0.001).

DISCUSSION

In this large, multiethnic cohort, higher circulating trans-
palmitoleate concentrations were associated with several me-
tabolic risk factors including higher LDL but also lower
triglycerides, lower fasting insulin, and lower blood pressure. In
prospective analyses, trans-palmitoleate was associated with
substantially lower incident diabetes, including a 2-fold lower
risk in the highest quintile. All of these relations were similar in
men and women and across different race-ethnic subgroups.

These findings are generally consistent with our prior obser-
vations in the CHS and the separate Nurses’ Health Study (NHS)
(5). In the CHS, circulating trans-palmitoleate concentrations
were associated with lower triglycerides, fasting insulin, and
incident diabetes, with an w2-fold lower risk in the highest
quintile. In the NHS, plasma trans-palmitoleate was associated
with higher HDL, a lower total to HDL-cholesterol ratio, and
lower glycated hemoglobin (but not lower triglycerides, al-
though most NHS samples were nonfasting) (5). The present
results build on and extend these prior findings by confirming
significant inverse associations between trans-palmitoleate and
triglycerides, fasting insulin, and incident diabetes in another
independent cohort. Some differences are evident: for example,
trans-palmitoleate was associated with higher LDL and lower
blood pressure in the MESA but not in the CHS or the NHS.
Reasons for these differences are unclear. Yet, the other simi-
larities are notable, given the many differences between partic-
ipants in these cohorts. The CHS comprised largely older white
men and women with a mean age of 75 y at baseline; the NHS
comprised highly educated white women aged 60 y at baseline,
and the MESA included a broad mix of races and ethnicities,
with a mean age of 62 y at baseline.

Whether observed lowermetabolic risk relates to trans-palmitoleate
itself or other components of dairy fat remains unclear. Self-
reported dairy intake was not significantly associated with in-
cident diabetes in MESA (11) and was weakly associated in the
CHS (5). The stronger findings for trans-palmitoleate could
relate to its objective measurement as a circulating biomarker,
compared with self-reported dairy intake. Yet, 15:0 and 14:0,
other biomarkers of dairy consumption, were weakly associated
or not associated with incident diabetes, suggesting that the
association might be more specific to trans-palmitoleate.

In animal models, upregulation of adipose-derived cis-
palmitoleate, the sister (isomeric) fatty acid of trans-palmitoleate,
directly improves hepatic and peripheral insulin resistance and
suppresses hepatic de novo lipogenesis (6). We previously hy-
pothesized that circulating palmitoleate derived from nonhepatic

sources might provide counterregulatory feedback against he-
patic fat synthesis and improve peripheral insulin resistance, and
that, in this light, trans-palmitoleate may mimic a putative coun-
terregulatory role of cis-palmitoleate produced outside the liver (5).
Recently, gluteofemoral adipose tissue was found to synthesize and
release more cis-palmitoleate than abdominal adipose tissue,
and circulating nonesterified cis-palmitoleate (which would be
largely derived from adipose tissue) positively correlated with
insulin sensitivity (25). These findings support the concept of
a potentially protective metabolic role of nonhepatic cis-palmitoleate,
and our present results are consistent with our hypothesis that
trans-palmitoleate derived from the diet might share some of these
features.

trans-Palmitoleate concentrations in the present analysis
(median values: 0.03–0.10 percent of total fatty acids across
quintiles) were lower than in the CHS (median values: 0.12–
0.26). The consumption of whole-fat dairy, a source of trans-
palmitoleate, was also lower in the MESA (mean: 5.5 servings/
wk) than in the CHS (7.1 servings/wk). Laboratory techniques
for fatty acid measures were also not identical in these cohorts
(see Supplementary Materials under “Supplemental data” in
the online issue), which could lead to some relative differences
in fatty acid concentrations, especially trace fatty acids such as
this one. Yet, even with these differences, as well as substantial
other differences between participants in these cohorts, the dose-
responses were consistent. For instance, each 0.05% higher trans-
palmitoleate concentration was associated with a 32% lower risk
of diabetes in the MESA and a 28% lower risk in the CHS.

In both the present study and the CHS, trans-palmitoleate
correlated with reported whole-fat dairy consumption as well as
with other circulating biomarkers of dairy fat. In comparison,
the correlation between trans-palmitoleate and t18:1 was
stronger in the MESA (r = 0.70) than in the CHS (r = 0.15).
Both of these fatty acids can be consumed from either natural
(predominantly dairy) sources or partially hydrogenated oils. In
the CHS, fatty acid concentrations were measured w10 y earlier
(1992–1993) than in the MESA (2000–2002). During this time,
product reformulations were undertaken in the United States to
reduce trans fat, so that when fatty acids were measured in the
MESA, there may have been relatively less exposure to partially
hydrogenated oils. Consistent with this, circulating concentra-
tions of trans 18:1 were lower in the MESA (1.3%) than in the
CHS (2.0%). With less trans18:1 coming from partially hydro-
genated oils, a relatively greater proportion would come from
natural (ie, dairy) sources. In support of this, consumption of
dairy foods correlated with trans 18:1 in MESA (r = 0.24, P ,
0.001) but not in the CHS (P. 0.05) (23). In combination, these
findings suggest a greater proportion of trans 18:1 exposure
from dairy foods in the MESA compared with the CHS, re-
sulting in a greater degree of common exposure to both trans-
palmitoleate and trans 18:1 due to dairy intake.

Few prior studies have evaluated trans-palmitoleate or other
dairy fatty acid biomarkers and incident diabetes. In a nested
case-control study in Sweden, higher erythrocyte 15:0 and 17:0,
but not 14:0, was associated with lower diabetes risk (26). Yet,
results were minimally adjusted for potential confounding factors,
and trans-palmitoleate was not assessed. In a German cohort with
more extensive multivariate adjustment, higher erythrocyte 14:0,
15:0, 17:0, and trans-palmitoleate each tended toward lower
diabetes risk (highest-quintile HRs: 0.74–0.89), but none were
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statistically significant (P-trend . 0.10 each) (27). In an English
cohort, phospholipid and erythrocyte 17:0, but not 14:0 or 15:0,
was associated with lower diabetes risk; phospholipid 14:0,
which can also be formed from de novo lipogenesis, was linked
to a higher risk (28). This pilot study contained relatively few
cases (n = 199), and trans-palmitoleate (trans 16:1n–7) was not
assessed. If future intervention studies confirm that trans-
palmitoleate reduces diabetes, then various potential strategies
could be envisioned, such as enrichment of milk and other dairy
products with this fatty acid, or development and testing of
supplement sources. The present findings suggest that this fatty
acid is a robust observational biomarker of diabetes risk and
support the need for further investigation of the potential cau-
sality of this association.

Our analysis has several strengths. Information on fatty acids,
metabolic risk factors, covariates, and diabetes incidence was
prospectively collected in a well-established multicenter study
with close follow-up. Biomarker measures provided an objective
assessment of exposure. The diverse racial-ethnic mix of the
cohort and similar findings by sex and across race-ethnic groups
increase confidence in the validity and generalizability of the
findings. We adjusted for a number of demographic, lifestyle, and
dietary covariates, minimizing residual confounding.

Potential limitations should be considered. Associations with
metabolic risk factors were cross-sectional, which limited the
assessment of temporality. However, prospective analyses of di-
abetes incidence were consistent with the cross-sectional findings.
Measurement error and biological variability were present in
covariates, which could bias results in unpredictable directions,
including causing residual confounding. However, the observed
magnitude of the findings, including a 2-fold lower risk of diabetes,
makes it unlikely that residual confounding fully accounts for these
relations. In addition, the observed associations were independent
of estimated dairy food consumption and of other dairy fatty acid
biomarkers. trans-Palmitoleate was measured with laboratory and
biological (ie, temporal) imprecision. Laboratory imprecision was
largest at low concentrations (eg, quintiles 1 and 2), but this
would not appreciably affect discrimination of participants across
extreme (lowest compared with highest) quintiles. Also, in pro-
spective analyses, laboratory misclassification would improbably
relate to future incidence of diabetes. Thus, these errors would
attenuate findings, leading to underestimation of true relations.
Such effects would be largest in the midquintiles (2–4), so ob-
served relations in quintile 5 compared with quintile 1 might be
most reliable. trans-Palmitoleate concentrations were not nor-
mally distributed, but findings were consistent in direction and
magnitude in categorical and continuous analyses.

In summary, our findings suggest that higher circulating trans-
palmitoleate is a biomarker of lower diabetes risk in a multi-
ethnic cohort of US adults. These results support the need for
detailed experimental and clinical investigations to determine
whether this observed relation is causal and if altering the
circulating concentrations of this fatty acid—for example, by
means of dietary interventions—will reduce the risk of diabetes.
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