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ABSTRACT

Background: Palmitoleic acid has been shown to regulate adipo-
kine expression and systemic metabolic homeostasis in animal stud-
ies. However, its association with human metabolic diseases
remains controversial.

Objective: We aimed to investigate associations of erythrocyte pal-
mitoleic acid with adipokines, inflammatory markers, and metabolic
syndrome (MetS) in a Chinese population.

Design: Erythrocyte fatty acids were measured in a population-
based sample of 3107 men and women aged 50-70 y, for whom
plasma glucose, insulin, lipid profile, adiponectin, retinol binding
protein 4 (RBP-4), plasminogen activator inhibitor type 1, and high-
sensitivity C-reactive protein (hsCRP) were measured. MetS was
defined according to the updated National Cholesterol Education
Program Adult Treatment Panel III criteria for Asian Americans.
Results: The mean (£SD) erythrocyte palmitoleic acid value was
0.41 £ 0.20% of total fatty acids. Palmitoleic acid was positively
correlated with RBP-4 (r = 0.14, P < 0.001) and inversely corre-
lated with adiponectin (r = —0.15, P < 0.001). After multivariable
adjustment, palmitoleic acid was strongly associated with MetS and
its components. ORs (95% Cls) for comparisons of extreme quar-
tiles of palmitoleic acid were 3.50 (2.66, 4.59) for MetS, 7.88 (5.90,
10.52) for hypertriglyceridemia, 2.13 (1.66, 2.72) for reduced HDL
cholesterol, 1.99 (1.60, 2.48) for central obesity, and 1.86 (1.41,
2.44) for elevated blood pressure (all P < 0.001). Further control
for adipokines and hsCRP abolished the association of palmitoleic
acid with central obesity but not with other MetS components.
Conclusion: Erythrocyte palmitoleic acid is associated with an
adverse profile of adipokines and inflammatory markers and an in-
creased risk of MetS in this Chinese population. Am J Clin Nutr
2012;96:970-6.

INTRODUCTION

Palmitoleic acid (16:1w-7, 16:1n—7) is an MUFA that mainly
originates from de novo lipogenesis in humans. Lipogenesis is
mediated by stearoyl-CoA desaturase (SCD)*, a key enzyme
involved in the biosynthesis of MUFAs from SFAs (1). In the
human body, palmitoleic acid of dietary origin is negligible,
because most is oxidized shortly after absorption (2, 3). In a
recent study using a mouse model with genetic deficiency of
fatty acid binding protein, palmitoleic acid from adipose tissue
was found to promote insulin sensitivity in muscles and to sup-
press not only hepatosteatosis but also the expression of mono-
cyte chemoattractant protein-1 and tumor necrosis factor-a in

adipose tissue (4). Subsequent animal studies also corroborate
the favorable effects of palmitoleic acid on insulin action and
lipid profile (5-8).

In contrast, results from human studies regarding the associ-
ations between this fatty acid and metabolic disorders remain
controversial. Some investigations generated evidence consistent
with the aforementioned animal experiments (9-11), whereas
most other studies reached contradictory findings (11-23). To
date, several studies with small sample sizes have sought to
explicitly evaluate the association between this fatty acid and
metabolic syndrome (MetS) (14-16), although none has been
conducted among Chinese populations, who have an increased
prevalence of MetS because of recent economic development
and related changes in diet (24). Moreover, the role of adipo-
kines and inflammatory markers in the association between
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palmitoleic acid and MetS is largely unknown. In animal ex-
periments, palmitoleic acid reduced the expression of adipokines
and inflammatory markers (4, 25), both of which are closely
associated with the pathogenesis of metabolic disorders (26).

Therefore, we examined the association between erythrocyte
palmitoleic acid and MetS risk among >3000 middle-aged and
older Chinese men and women. With respect to adipokines
and inflammatory markers, we focused on adiponectin, retinol-
binding protein 4 (RBP-4), plasminogen activator inhibitor type
1 (PAI-1), and C-reactive protein, all of which are established
or proposed risk factors for metabolic disorders (27, 28). Of
note, our study used palmitoleic acid in erythrocytes to reflect
its concentration in the human body. Erythrocytes are more
accessible than adipose tissue, and, at the same time, the fatty
acid concentrations in erythrocytes persist longer than those in
plasma or its subfractions (29). In addition, because fatty acids
in various blood compartments and tissues are highly correlated
(20), palmitoleic acid in erythrocytes should reflect its concen-
tration in tissues at the population level.

SUBJECTS AND METHODS

Study population

This study used a population-based sample from the Nutrition
and Health of Aging Population in China study, which in-
vestigated associations of environmental and genetic factors, as
well as their interactions, with aging-related chronic diseases.
From March to June 2005, 3289 participants aged 50-70 y were
recruited from Beijing and Shanghai if they had been residents
in the respective cities for >20 y. Details of the study were
described previously (30). The study protocol was approved by
the Institutional Review Board of the Institute for Nutritional
Sciences, and written informed consent was obtained from all
participants. Participants were excluded if one or both of the
following criteria were met: an insufficient volume of erythro-
cytes for fatty acid measurement (n = 31) or implausibly high
(>4000 kcal/d for men or >3500 kcal/d for women) or low
(<800 kcal/d for men or <500 kcal/d for women) energy intake.
After the exclusions, 3107 participants remained in the current
analysis.

Data collection

During a home interview, data on demographic variables,
health status, health behavior, and physical activities were ob-
tained by trained staff using a standardized questionnaire. Ed-
ucational levels were grouped according to self-reported years in
school (0-6, 7-9, =10 y). Smoking status was defined as cur-
rent, former, or never. Alcohol drinking was categorized as yes
or no. Total physical activity was categorized as low, moderate,
or high based on the Guidelines for Data Processing and
Analysis of the International Physical Activity Questionnaire for
the short-form questionnaire (31, 32). Definitions of family
history of chronic diseases and self-reported chronic diseases
(including coronary heart disease, stroke, hypertension, and di-
abetes) were described elsewhere (30, 33). Dietary data were
collected by using a 74-item food-frequency questionnaire (34).
Dietary variables were adjusted for total energy intake by using
the residual method (35). After they fasted overnight, partici-

pants underwent a physical examination. Body weight, height,
waist circumference, and blood pressure were measured by
trained medical workers following a standard protocol (30).
BMI was calculated as weight in kilograms divided by height
squared in meters.

Laboratory measurements

Venous fasting blood samples were collected by using EDTA
as the anticoagulant. Blood samples were centrifuged at 3000
rpm for 15 min; portioned into aliquots of plasma, buffy coat, and
erythrocytes; and then stored at —80°C before analysis. Plasma
fasting glucose, total cholesterol, HDL cholesterol, LDL cho-
lesterol, and triglycerides were measured by using commercial
reagents (Wako Pure Chemical Industries) on an automatic an-
alyzer (Hitachi 7080) (30). Fasting insulin was measured by
radioimmunoassay (Linco Research) (36). HOMA-IR was cal-
culated as insulin (uU/mL) X glucose (mmol/L)/24. Plasma
high-sensitivity C-reactive protein (hsCRP) concentrations were
measured with a particle-enhanced immunoturbidimetric assay
(Ultrasensitive CRP kit, Orion Diagnostica) (30). Plasma adi-
ponectin and PAI-1 were measured with commercial ELISA
kits, and plasma RBP-4 was measured by a sandwich ELISA kit
developed in-house (30, 36). All samples were consecutively
analyzed in a random sequence. Intraassay and interassay CVs
for these analyses were <8% and <21%, respectively (30, 36).

Erythrocyte fatty acid measurement

Erythrocyte fatty acids were extracted by hexane and iso-
propanol and then incubated with a mixture of methanol and
sulfuric acid to produce fatty acid methyl esters (FAMEs).
FAMEs were separated by gas chromatography (Agilent 6890
GC; SP-2560 capillary column: 100 m X 0.25 mm internal di-
ameter X 0.2 um film; Supelco; nitrogen was used as the carrier
gas). Individual FAMEs were identified by positive chemical
ionization with the use of methane as the reagent gas (Agilent
5975B). Prepared samples were measured under identical con-
ditions by the same technicians in a random sequence. The
relative amount of each fatty acid was quantified, by dividing the
area under each peak by summed areas of all fatty acids, except
the internal standard. The CV for palmitoleic acid was 9.8%.

Definition of MetS

MetS was defined according to the updated National Cho-
lesterol Education Program Adult Treatment Panel III criteria for
Asian Americans (37). Participants with any 3 of the following 5
items were identified as having MetS: waist circumference =90
cm in men or =80 cm in women, triglycerides =1.7 mmol/L,
HDL cholesterol =1.03 mmol/L in men or =1.30 mmol/L in
women, blood pressure =130/85 mm Hg or current use of an-
tihypertensive medications, and fasting plasma glucose =5.6
mmol/L or previously diagnosed type 2 diabetes mellitus or
current use of oral antidiabetic agents or insulin (37).

Statistical analysis

Natural logarithm transformation was performed for contin-
uous variables to minimize the skewness of distribution if nec-
essary. Spearman partial correlation coefficients were calculated
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to examine associations of palmitoleic acid with other erythro-
cyte fatty acids, adipokines, hsCRP, and metabolic traits. A
general linear regression model was applied to compare palmi-
toleic acid concentrations in participants with different numbers
of MetS components. ORs for MetS and its components ac-
cording to palmitoleic acid quartiles were calculated in a multi-
variable logistic regression model. Potential confounding factors
were considered and controlled for in the current analyses,
including established demographic and lifestyle risk factors
(age, sex, smoking status, drinking status, physical activity, self-
reported chronic diseases, and family history of chronic dis-
eases), dietary risk factors (total energy intake, carbohydrate
intake as percentage of total energy intake, dietary fiber intake,
and red meat intake), and BMI. We further controlled for region
and residence, which indicated whether the participants lived in
the north (Beijing) or south (Shanghai) and in an urban or rural
area, respectively. In an exploratory analysis, we also included
adipokines and hsCRP to explore whether these factors mediate
the association between palmitoleic acid and MetS. Interactions
between palmitoleic acid and these biomarkers were examined in
a logistic model using the likelihood ratio test for interaction
terms based on quartiles of both variables at issue. All analyses
were performed with Stata version 9.2 (Stata Corp). Two-sided
P values <0.05 were considered statistically significant.

RESULTS

The mean (*SD) erythrocyte palmitoleic acid value was
relatively low in this Chinese population: 0.41 = 0.20% of total

TABLE 1

ZONG ET AL

fatty acids. Participants with higher erythrocyte palmitoleic acid
values were older and more likely to be female, to live in
southern rural areas, and to have a lower educational level
(Table 1). In terms of dietary factors, elevated palmitoleic acid
was associated with a higher carbohydrate intake but a lower
intake of fat, protein, dietary fiber, and red meat.

Erythrocyte palmitoleic acid was positively correlated with
myristic acid (14:0; r =0.55, P < 0.001), palmitic acid (16:0; r =
0.31, P < 0.001), and MUFAs, including hypogeic acid
(16:1n—9; r=0.49, P < 0.001), oleic acid (18:1n—9; r = 0.43,
P < 0.001), and vaccenic acid (18:1n—7; r = 0.24, P < 0.001),
but inversely correlated with arachidonic acid (20:4n—6) and
DHA (22:6n—3) (Table 2). Palmitoleic acid showed a strong
and positive correlation with triglycerides (r = 0.37, P < 0.001)
but a negative correlation with HDL cholesterol (r = —0.14, P <
0.001). In addition, palmitoleic acid was significantly correlated
with lower plasma adiponectin (r = —0.15, P < 0.001) and el-
evated RBP-4 (r = 0.14, P < 0.001), hsCRP (r = 0.10, P <
0.001), and PAI-1 (r = 0.05, P = 0.004), although these corre-
lations were moderate in magnitude.

Erythrocyte palmitoleic acid increased gradually with the
number of MetS components (Figure 1). The multivariable-
adjusted percentage of palmitoleic acid increased from 0.33% in
participants with no MetS components to 0.54% in those with all
5 components. The OR (95% CI) of MetS was 3.50 (2.66, 4.59)
in the highest quartile of palmitoleic acid compared with the
lowest quartile, after control for lifestyle factors, BMI, family
history of chronic diseases, self-reported chronic diseases,
and dietary factors (Table 3). Palmitoleic acid was also

Characteristics of subjects according to erythrocyte palmitoleic acid quartiles

Quartile of palmitoleic acid

1 (n="1777) 2 (n="1777) 3 (n=1776) 4 (n=1777)

Palmitoleic acid 0.21 + 0.04' 0.32 = 0.03 0.43 = 0.04 0.69 = 0.19
Age (y) 579 £ 5.8 58.9 £ 6.1 58.7 £ 6.1 594 £ 6.0
Female [n (%)] 400 (51.5) 447 (57.5) 459 (59.2) 472 (60.8)
Urban residents [n (%)] 423 (54.4) 410 (52.8) 393 (50.6) 348 (44.8)
Northern residents [n (%)] 446 (57.4) 394 (50.7) 350 (45.1) 325 (41.8)
Education =10 y [n (%)] 223 (28.7) 169 (21.8) 183 (23.6) 151 (19.4)
Current smoking [n (%)] 230 (29.6) 206 (26.5) 196 (25.3) 193 (24.8)
Current drinking [n (%)] 133 (30.0) 132 (29.7) 134 (30.1) 118 (26.6)
BMI (kg/m?) 239 + 34 243 £ 34 245 * 3.6 252 £ 39
Physical activity [n (%)]

Low 39 (5.0) 61 (7.6) 60 (7.7) 73 (9.4)

Moderate 361 (46.5) 326 (42.0) 329 (42.4) 326 (42.0)

High 377 (48.5) 390 (50.2) 387 (49.9) 378 (48.7)
Self-reported chronic diseases [n (%) 238 (30.6) 224 (28.8) 236 (30.4) 236 (30.4)
Family history of chronic diseases [n (%)]° 265 (34.1) 256 (33.0) 258 (33.3) 264 (34.0)
Total energy (kcal/d) 2258 * 639 2219 *= 618 2235 = 614 2209 = 609
Carbohydrate (% of energy) 572 £ 8.9 59.1 £ 8.9 59.6 £ 9.8 614 = 9.8
Fat (% of energy) 305 =179 29.0 = 8.1 28.1 =82 26.7 = 8.2
Protein (% of energy) 132+ 25 128 £ 24 12.7 = 2.7 123 = 2.7
Dietary fiber (g/d) 141 54 133 £53 129 £52 123 £53
Red meat (g/d) 48.6 = 46.5 48.6 = 46.1 452 =453 41.1 = 414
Erythrocyte PUFAs 413 £ 35 40.6 £ 4.0 39.7 £ 4.0 38.9 = 3.8
Erythrocyte SFAs 42.0 = 39 42.1 £ 4.1 423 £ 39 42.0 = 3.5

"Mean * SD (all such values).

2 Includes self-reported coronary heart disease, stroke, hypertension, and diabetes.
Includes coronary heart disease, stroke, hypertension, and diabetes in a parent or a first-degree sibling.
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TABLE 2
Multivariable-adjusted Spearman correlation coefficients of palmitoleic
acid with other erythrocyte fatty acids and metabolic risk factors’

Spearman correlation coefficient P
Erythrocyte fatty acids

14:0 0.55 <0.001
16:0 0.31 <0.001
16:1n—9 0.49 <0.001
18:1n—9 0.43 <0.001
18:1n-7 0.24 <0.001
18:2n—6 —0.00 0.88

20:4n—6 —0.28 <0.001
20:5n—3 0.14 <0.001
22:6n—3 —0.13 <0.001

Metabolic traits

Systolic blood pressure 0.07 <0.001
Diastolic blood pressure 0.06 <0.001
Fasting glucose —0.00 0.35

Fasting insulin 0.08 <0.001
HOMA-IR 0.05 0.05

Total cholesterol 0.08 <0.001
HDL cholesterol —0.14 <0.001
LDL cholesterol 0.02 0.36

Triglycerides 0.37 <0.001
Adiponectin —0.15 <0.001
RBP-4 0.14 <0.001
PAI-1 0.05 0.004
hsCRP 0.10 <0.001

! Spearman correlation coefficients were adjusted by age, sex, region,
residence, and BMI. Missing data: fasting insulin and HOMA-IR (n = 4),
blood pressure (n = 1), adiponectin (n = 91), and PAI-1 (n = 91). hsCRP,
high-sensitivity C-reactive protein; PAI-1, plasminogen activator inhibitor
type 1; RBP-4, retinol binding protein 4.

positively associated with MetS components, including hyper-
triglyceridemia, reduced HDL cholesterol, and elevated blood
pressure. These associations were not materially attenuated by
further adjustment of adipokines and hsCRP. To examine whether
adiponectin, RBP-4, PAI-1, and hsCRP may modify the associ-
ation between palmitoleic acid and MetS, joint classification
analyses were further conducted (see Supplementary Figure 1
under “Supplemental data” in the online issue). A marginally
significant interaction between palmitoleic acid and PAI-1 was
identified (P-interaction = 0.04), but other interactions were not
statistically significant.

DISCUSSION

We found that high erythrocyte palmitoleic acid concentra-
tions were associated with an adverse profile of adipokines and
inflammatory markers and an increased risk of MetS. These
associations were independent of established lifestyle, dietary,
and biological risk factors for MetS.

In mice genetically deficient in fatty acid binding protein,
palmitoleic acid released from adipose tissue was identified as
a “lipokine” that promotes insulin action in muscle and sup-
presses hepatosteatosis and adipocyte cytokine expression (4).
Similarly, palmitoleic acid was also found to increase glucose
utilization and peroxisome proliferator—activated receptor-vy re-
sponse element activity and suppress the toxic effects of SFAs
on 3 cells (6-8). These results from animal studies suggest the

potential benefits of this particular fatty acid on insulin re-
sistance and subsequently on MetS and diabetes. Despite the
findings from animal studies, most human observational studies
showed that high palmitoleic acid concentrations in various
tissues were associated with unfavorable metabolic outcomes.
For example, palmitoleic acid in adipose tissue and serum
cholesterol were associated with insulin resistance in 2 early
investigations from the Uppsala Longitudinal Study of Adult
Men (12, 13). In the same study population, higher serum
cholesterol ester palmitoleic acid was associated with an in-
creased risk of developing MetS after 20 y of follow-up in 706
men (14). Furthermore, palmitoleic acid was correlated with
multiple cardiometabolic risk factors, including higher BMI,
larger waistline, higher blood pressure, plasma total cholesterol,
triglycerides, apolipoprotein A-I, apolipoprotein B, fasting glu-
cose, and endothelial dysfunction (11, 17, 18). Plasma or serum
palmitoleic acid was also associated with a higher risk of di-
abetes, cardiovascular diseases, and all-cause mortality in pre-
vious studies (19-22). In the current study, we found positive
associations of erythrocyte palmitoleic acid with traditional
metabolic traits and risk of MetS and with adverse adipokine
profiles and higher hsCRP concentrations. To our knowledge,
this was the first investigation of an association of palmitoleic
acid with adipokines and inflammatory markers in humans. Our
findings are consistent with those of Pérez de Heredia et al (38),
ie, that adipose tissue palmitoleic acid was inversely associated
with adiponectin expression in a rodent model. Therefore, cur-
rent evidence from epidemiologic studies, including ours, does
not support favorable effects of high palmitoleic acid status on
metabolic disorders in humans.

Although the discrepancies between animal experiments and
human studies remain largely unexplained, it has been suggested
that findings regarding palmitoleic acid from animal models
should not be extrapolated to humans because of the significant
differences in fatty acid metabolism between the 2 species (23).
In addition, human tissue concentrations of palmitoleic acid may
mainly reflect de novo hepatic fatty acid synthesis mediated by
SCD, which is a major source of palmitoleic acid, because the
dietary contribution is minor (11, 23). Existing evidence suggests

0.60
P <0.001 0.54
0.52 T
= 050
2 0.42
G 040 | 037 038
) 0.33 x
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E 030 |
=
o
0.20 1 1 1 1 ]

0(n=327) 1(n=719) 2(n=732) 3(n=704) 4(n=442) 5(n=183)

Metabolic syndrome score

FIGURE 1. Mean (*SE) erythrocyte palmitoleic acid concentrations
according to the number of metabolic syndrome components. P values
were calculated from the multivariable-adjusted general linear regression
model. The covariates adjusted included age, sex, region, residence,
drinking, smoking, educational level, physical activity, BMI, self-reported
chronic diseases, family history of diabetes and cardiovascular diseases, total
energy, carbohydrate intake as a percentage of total energy intake, dietary
fiber intake, and red meat intake.
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TABLE 3

ZONG ET AL

ORs (and 95% CIs) of the metabolic syndrome and its components according to palmitoleic acid quartiles’

Palmitoleic acid quartiles

1 2 3 4 P’

Metabolic syndrome (no. of cases) 233 306 344 446

Model 17 1.00 1.57 (1.26, 1.95) 2.04 (1.64, 2.54) 3.76 (3.01, 4.69) <0.001

Model 2* 1.00 1.58 (1.22, 2.05) 2.02 (1.55, 2.63) 3.50 (2.66, 4.59) <0.001

Model 3° 1.00 1.50 (1.14, 1.98) 1.77 (1.34, 2.35) 2.54 (1.90, 3.41) <0.001
Central obesity 326 362 381 431

Model 1 1.00 1.21 (0.98, 1.50) 1.39 (1.13, 1.72) 1.90 (1.53, 2.35) <0.001

Model 2 1.00 0.93 (0.68, 1.27) 0.92 (0.66, 1.27) 0.95 (0.68, 1.33) 0.76

Model 3 1.00 0.93 (0.67, 1.30) 0.88 (0.63, 1.24) 0.79 (0.55, 1.12) 0.18
Hypertriglyceridemia 83 131 196 346

Model 1 1.00 1.81 (1.34, 2.44) 3.17 (2.38, 4.21) 8.48 (6.42, 11.20) <0.001

Model 2 1.00 1.80 (1.32, 2.44) 3.08 (2.30, 4.14) 7.88 (5.90, 10.52) <0.001

Model 3 1.00 1.74 (1.24, 2.43) 2.97 (2.16, 4.10) 5.95 (4.33, 8.19) <0.001
Reduced HDL cholesterol 237 312 330 437

Model 1 1.00 1.53 (1.23, 1.90) 1.66 (1.34, 2.06) 3.05 (2.45, 3.80) <0.001

Model 2 1.00 1.48 (1.18, 1.87) 1.54 (1.22, 1.93) 2.57 (2.03, 3.24) <0.001

Model 3 1.00 1.40 (1.11, 1.78) 1.41 (1.11, 1.79) 2.13 (1.66, 2.72) <0.001
Elevated blood pressure 463 557 541 589

Model 1 1.00 1.70 (1.37, 2.13) 1.61 (1.29, 2.01) 2.15 (1.71, 2.70) <0.001

Model 2 1.00 1.73 (1.35, 2.21) 1.56 (1.22, 2.00) 1.91 (1.47, 2.47) <0.001

Model 3 1.00 1.75 (1.36, 2.25) 1.56 (1.21, 2.01) 1.86 (1.41, 2.44) <0.001
Hyperglycemia 333 305 304 314

Model 1 1.00 0.92 (0.75, 1.14) 1.00 (0.80, 1.23) 1.10 (0.89, 1.36) 0.30

Model 2 1.00 0.91 (0.73, 1.14) 0.96 (0.77, 1.20) 0.99 (0.79, 1.25) 0.92

Model 3 1.00 0.88 (0.69, 1.11) 0.82 (0.65, 1.05) 0.81 (0.63, 1.05) 0.09

"Metabolic syndrome was defined according to the updated National Cholesterol Education Program Adult Treatment

Panel III criteria for Asian Americans.

2 Calculated by using multivariable logistic regression.

3 Adjusted for age, sex, region, and residence.

4 Adjusted as for model 1 plus physical activity, education, BMI (except when modeling associations for central
obesity), smoking, drinking, family history of cardiovascular diseases and diabetes, self-reported chronic diseases, total
energy, carbohydrate intake as a percentage of total energy intake, dietary fiber, and red meat.

? Adjusted as for model 2 plus adiponectin, retinol binding protein 4, plasminogen activator inhibitor type 1, and high-

sensitivity C-reactive protein.

that the primary products of SCD, such as oleic acid and pal-
mitoleic acid, are necessary components for the synthesis of
triglycerides and cholesterol esters (1, 39). This may explain the
associations of palmitoleic acid with elevated triglycerides and
cholesterols in human studies (11, 17). Excessive accumulation
of triglycerides in adipose tissue will eventually lead to obesity as
well (1, 23, 39). Of note, the mechanism underlying the positive
association of palmitoleic acid with triglycerides is particularly
pertinent to our study population. We also found a positive as-
sociation of palmitoleic acid with both carbohydrate intake and
other endogenously synthesized fatty acids. The Chinese diet is
traditionally characterized by a high carbohydrate intake (24),
which accounted for nearly 60% of total energy in our population.
High carbohydrate intake can promote hepatic de novo lipo-
genesis and lead to triglyceride accumulation (1, 39). This evi-
dence may be important to disease prevention among Chinese
populations. In addition, our findings raise nutritional concerns
regarding the substitution of carbohydrate for fat, as suggested by
current dietary guidelines (40).

Alternate explanations for the contradicting findings from
existing studies warrant discussion as well. For example, the
production and release of palmitoleic acid by human gluteofe-
moral adipose tissue is remarkably high (41). This implies that

lower-body adipose tissue, but not other fatty acid pools, might be
the major source of palmitoleic acid that serves as the “lipokine”
in humans. Another explanation may be related to the different
forms of palmitoleic acid examined in current studies. Palmi-
toleic acid in unesterified form was often used or measured in
animal and human in vitro studies that showed favorable effects
(6-8), whereas palmitoleic acid measured in most other studies
was in esterified form, which may not act as a “lipokine” (11—
14, 17-23, 38). Clearly, more well-designed mechanistic studies
are needed to shed light on the mechanisms underlying the po-
tentially various associations of palmitoleic acid—in different
tissues or in different forms—with metabolic abnormalities.
Our study was conducted in a large representative Chinese
population, with sufficient statistical power to detect weak to
moderate associations. We carefully collected and adjusted de-
mographic, lifestyle, dietary, and biological factors to control for
confounding. Erythrocyte fatty acids were measured to reflect
relatively long-term fatty acid status in humans. On the other
hand, some limitations are worth discussing. First, a causal in-
ference cannot be established because of the cross-sectional study
design. It is possible that insulin resistance among participants
with MetS activates liver SCD activity and leads to palmitoleic
acid accumulation (1). However, no significant association was
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found between palmitoleic acid and HOMA-IR, and further
adjustment of HOMA-IR did not materially change the associ-
ation of palmitoleic acid with MetS and its components (data not
shown). Second, palmitoleic acid was measured with some error
(CV = 9.8%). However, because the measurement errors were
likely to be random, the true association between palmitoleic acid
and MetS should be attenuated toward the null. Finally, we did
not measure unesterified palmitoleic acid and were unable to test
our hypothesis that different forms of palmitoleic acid had
varying effects on metabolic risk factors and MetS.

In conclusion, our cross-sectional study indicates that elevated
erythrocyte palmitoleic acid is associated with an unfavorable
profile of circulating adipokines and inflammatory markers and
elevated risk of metabolic syndrome in middle-aged and elderly
Chinese men and women.
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