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Abstract

SCOPE: Palmitoleic acid (palmitoleate; C16:1 n-7), an omega-7 monounsaturated fatty acid 

(MUFA) found in plants and marine sources, has been shown to favorably modulate lipid and 

glucose metabolism. Its impact, however, on atherosclerosis has not been examined in detail.

METHODS AND RESULTS: LDL receptor knock-out (LDLR-KO) mice were fed a Western 

diet supplemented with 5% (w/w) palmitoleate concentrate, oleic-rich olive oil, or none (control) 

for 12 weeks. Dietary palmitoleate increased hepatic C16:1 levels, improved plasma and hepatic 

lipid/lipoprotein profiles (~40% decrease in triglycerides), and reduced the atherosclerotic plaque 

area by ~45% compared with control or olive oil group (p<0.05). These favorable changes were 

accompanied by the down-regulation of key genes, such as Srebp1c, Scd1, Il-1β, and Tnfα. ApoB-

depleted plasma from mice fed palmitoleate had increased cholesterol efflux capacity by 20% 

from ABCA1-expressing cells (p<0.05). We further observed a beneficial effect of palmitoleate on 

glucose metabolism (54% decreased in HOMA-IR, p<0.05).

CONCLUSIONS: Dietary supplemented palmitoleate reduces atherosclerosis development in 

LDLR-KO mice, and was associated with improvement of lipid and glucose metabolism and 

favorable changes in regulatory genes involved in lipogenesis and inflammation. These findings 

imply the potential role of dietary palmitoleate in the prevention of cardiovascular disease and 

diet-induced metabolic disorders.

Graphical Abstract

Dietary supplemented palmitoleate (C16:1 n-7) reduces atherosclerosis development in LDLR-KO 

mice, which was associated with improvement of lipid and glucose metabolism and favorable 

changes in regulatory genes involved in lipogenesis and inflammation.
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1. Introduction

Atherosclerosis is a key underlying pathological process that leads to cardiovascular disease 

(CVD), with dyslipidemia and inflammation as the two major drivers [1]. Dietary nutrients 

have a major effect in both promoting and combating atherosclerotic processes, by 

modulating lipid metabolism and inflammation. Dietary fat is an essential macronutrient, 

and there is growing evidence on the importance of the quality of fat in atherogenesis 

development. Compared with pro-atherogenic saturated fatty acids, numerous studies have 

demonstrated the beneficial effect of monounsaturated fatty acid (MUFA) consumption on 

lipid metabolism, inflammation, and cell membrane function [2]. The most abundant MUFA 

in the diet is oleic acid (oleate; C18:1 n-9), and to date it has been the most common type of 

MUFA studied in various nutritional studies on CVD. As a consequence, it is largely 

unknown whether MUFA with different chain length have beneficial or perhaps even 

adverse effects on metabolism and CVD risk factors.

Palmitoleic acid (palmitoleate; C16:1 n-7) is an omega-7 MUFA that is produced by de novo 
lipogenesis pathway and is found in naturally occurring sources. The natural sources of 

palmitoleate include fatty fish, fish oil and some nuts and seeds and their oils such as 

macadamia and sea buckthorn [3,4]. Palmitoleate has been recently proposed as a novel 

adipose tissue-derived lipokine that regulates lipogenesis, insulin action, and coordinates 

hemostasis [5]. In further support of this hypothesis, several studies have shown a beneficial 

effect of palmitoleate on CVD risk factors. For example, in vitro studies have shown that 

palmitoleate suppresses inflammation in macrophages and human endothelial cells through 

inhibiting inflammasome pathways, and prevents the beta-cell apoptosis induced by glucose 

or saturated fatty acids [6,7]. In animals, our previous study showed that orally administered 
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palmitoleate improved insulin sensitivity and suppressed hepatosteatosis and inflammation 

in type II diabetic mice, partly through regulating lipogenic and inflammatory genes [8]. The 

positive effect of palmitoleate in restoring metabolic function was also reported in various 

other animal models [9,10]. Furthermore, data from a recent clinical study demonstrated that 

purified palmitoleate supplementation for 30 days had beneficial effect in improving serum 

lipoprotein profile and systemic inflammation in adults with dyslipidemia [11]. Other 

nutritional intervention trials, using macadamia nut, also showed a more favorable lipid 

profile among the subjects with high-palmitoleate diet compared with high-saturated fatty 

acid diet or typical American diet [12,13].

In the present study, we examined the effect of dietary palmitoleate purified from fish oil on 

atherosclerosis development in LDL receptor knock-out (LDLR-KO) mice fed with high-fat 

Western diet. Compared to olive oil enriched in oleate, which was used as a MUFA control, 

we observed several potentially beneficial changes in lipid and glucose metabolism from 

palmitoleate supplementation and an overall reduction of atherosclerosis in our mouse 

model.

2. Materials and methods

2.1 Ethical Statement

Animal handling and experiments were performed in accordance with guidelines provided 

by the NIH Guide for the Care and Use of Laboratory Animals. All procedures were 

approved by the Animal Care and Use Committee in the National Heart, Lung and Blood 

Institute (protocol # H0050).

2.2 Animals and experimental design

Eight-week old LDLR-KO female mice on a C57Bl/6J background were purchased from 

Jackson Lab (Bar Harbor, ME). Mice were housed in a room with controlled temperature 

(24°C ± 1°C) and a 12:12-hour light-dark cycle. Oleate-rich olive oil and palmitoleate 

concentrate oil (AlaskOmega® Omega7-700) were provided by Organic Technologies 

(Coshocton, OH), with respective fatty acid composition shown in Table 1. After consuming 

standard mouse chow for 1 week, retro-orbital bleeds were performed on mice 5-hour after 

fasting and baseline plasma total cholesterol (TC) was measured. Forty-five mice were 

divided into 3 groups (n = 15/group) with similar mean plasma TC concentrations and body 

weight, and were fed with one of the following diets for 12 weeks: (I) control diet: Western 

diet TD.88137 Adjusted Calories Diet (Harlan Teklad/Envigo, Madison, WI), (II) control 

diet supplemented with 5% (wt/wt) palmitoleate concentrate or (III) control diet 

supplemented with 5% (wt/wt) olive oil. The experimental diet compositions are 

summarized in Table 2. During the experiment, fasting blood samples collection and body 

weight record were performed at 3-week intervals. Glucose tolerance test and body 

composition analysis was performed at Week 10, and the study of mouse metabolism (n=4/

group) were performed at Week 11 using a Comprehensive Lab Animal Monitor System 

(CLAMS; Columbus Instruments, Columbus, OH). At week 12, mice were terminated and 

aortas were isolated for atherosclerosis analysis, and a portion of liver and white adipose 

tissues were kept in tissue preparation medium (RNAlater, Ambion, Austin, TX) for RNA 
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isolation or stored at −80°C for lipid analysis. In two additional separate experiments, eight-

week female C57Bl/6J (n=7) and LDLR-KO mice (n=10) on a C57Bl/6J background 

(Jackson Lab) were fed a chow diet (NIH-31 Open Formula Mouse/Rat Sterilizable Diet; 

Harlan Teklad/Envigo) for 12 weeks. The plasma lipid levels at baseline and week 12 were 

measured as described above. The aortas of LDLR-KO mice on chow diet were isolated at 

week 12 for atherosclerosis analysis.

2.3 Dosage Information

Currently, there is no recommended human daily intake of palmitoleate. Five percent (w/w) 

of palmitoleate concentrate oil (70% of purity) was supplemented in diet, which is 

equivalent to approximately 6 g/kg BW/day. Overall, the diet contained 7% total energy as 

palmitoleate, and this dose is comparable with previous human study using palmitoleate-

supplemented food [14]. Furthermore, the majority of health organizations suggest between 

10–20% of our total energy intake should be derived from MUFAs [15]. Palmitoleate 

supplementation was calculated according to a metabolic body weight formula [16] to 

produce a human (70 kg) equivalent dose of 13 g/day of palmitoleate. From the NHANES 

study, the average daily consumption of the most common MUFA in natural source, oleic 

acid, in the US is nearly 30 grams per day[17]; therefore, the dose is achievable in a daily 

diet, although it is relatively high.

2.4 Plasma metabolites and lipoprotein analysis

Fasting plasma were analyzed for triglycerides (TG), TC, free cholesterol (FC), and 

phospholipids (PL), using commercial enzymatic methods (Wako Chemicals USA, Inc., 

Richmond, VA). Plasma glucose concentration were measured using a commercially 

available kit (Crystal Chem, Inc., IL), and plasma insulin concentration were analyzed using 

ELISA method, with Ultra Sensitive Mouse Insulin ELISA Kits (Crystal Chem. Inc.). 

Homeostasis model assessment of insulin resistance (HOMA-IR) was calculated as glucose 

concentration (mmol/L) × insulin concentration (mU/L)/22.5 [18]. Plasma lipoprotein 

profiles from pooled plasma (n= 3/group) were analyzed after separation by fast protein 

liquid chromatography (FPLC).

2.5 Atherosclerotic lesion analysis

At the end of the 12-week feeding period, mouse aortas were prepared and analyzed en face 
for atherosclerosis [19]. Briefly, aortas were dissected free from adipose tissue, cut open 

along the longitudinal axis. Lipids were stained with Sudan IV solution, following fixation 

with 10% neutral buffered formalin and wash with phosphate-buffered saline (PBS). After 

de-staining with 80% ethanol solution, aortas were mounted on glass slides and images were 

recorded with an Olympus digital camera mounted on an Olympus dissecting microscope. 

Image analysis was performed with Image-Pro software (Media Cybernetics, Silver Spring, 

MD). The extent of atherosclerosis was expressed as the percentage of lesion area to the 

total aortic area.
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2.6 Hepatic lipid and fatty acid composition analysis

Total lipids from frozen liver tissue samples (100 mg) were extracted overnight using 

chloroform/methanol (2:1, v/v) with Folch method. The separated organic layers were 

collected, and the solvent was evaporated at room temperature under a nitrogen stream. A 

portion of the extract was used to determine fatty acid profiles by gas chromatography (GC). 

In brief, the dry residue was redissolved in 1 mL of 0.5 mol/L KOH-methanol in a sealed 

vial in a 60°C bath under a nitrogen stream for 10 min. Next, 1.5 mL of 13% methanolic 

BF3 was added, and the mixture was incubated at 60°C for 30 min. Fatty acid methyl esters 

were extracted with hexane and the fatty acid composition was analyzed on a Shimadzu 

GC2010 system using a capillary GC column. Another portion of the lipid extract was 

redissolved in hexane/2-propaonol (3:2 vol/vol) to measure TC, FC, PL and TG using 

enzymatic Wako assay kits.

2.7 In vitro cholesterol efflux assay

To estimate HDL function, pooled apoB-depleted plasma from each diet group (n = 5/group) 

were used to measure cholesterol efflux capacity at 37°C in BHK cells stably transfected 

with ABCA1, ABCG1, or not (MOCK) as described previously [19]. In brief, cells in 24-

well plates were incubated with DMEM containing 1 μCi of [3H] cholesterol per ml and for 

24 h, followed by efflux (4 h), using 1% (vol/vol) apoB-depleted plasma prepared in DMEM 

containing 0.1% BSA as the cholesterol receptor. The cholesterol efflux rate was expressed 

as the % of [3H]-cholesterol transferred from cells to medium over time, and values were 

normalized to untreated control cells.

2.8 Glucose Tolerance Test

Mice were fasted for 6hr and injected i.p. with a 1.5 mg/g lean body mass glucose solution. 

Blood glucose was then measured at 0, 15, 30, 60, 90 and 120 min post injection, using 

whole blood drawn from the tail and analyzed using an AlphaTrak glucometer (Zoetis, 

Parsippany, New Jersey). Dose was determined by lean body mass that was measured by 

nuclear magnetic resonance (NMR) body composition analysis.

2.9 Body Composition Analysis

Whole-body composition of LDLR-KO mice on different diets for 10 weeks was analyzed 

by NMR. The EchoMRI™ (EchoMRI LLC, Houston, TX) was used to scan un-anesthetized 

mice, to estimate the mass of lean and fat tissue. Two scans were performed per mouse and 

the results were averaged. The fat and lean mass percentages were calculated based on fat 

and lean mass and body weight.

2.10 Indirect Calorimetry

Changes in whole-body energy expenditure and ambulatory activity of LDLR-KO mice in 

response to the different diets were assessed by indirect calorimetry. The food intake, 

activity and metabolic parameters were measured within the CLAMS container. The mice 

(n=4/group) were placed in individual chambers with 12hr light/dark phase cycles and 

standard animal room temperature was maintained throughout the 5-day study and water and 

food were provided ad libitum.
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2.11 RT-qPCR analysis

Total RNA was extracted from liver and white adipose tissue, using Trizol reagent (Qiagen 

Inc., CA, USA). First strand cDNA was synthesized from total RNA (100 ng), using the 

PrimeScript II 1st strand cDNA Synthesis kit (TaKaRa Bio, Otsu, Japan). The products of 

reverse transcription were used for reverse transcription quantitative polymerase chain 

reaction (RT-qPCR) to evaluate gene expression. TaqMan® Gene Expression Assays were 

used on a 7900HT Fast Real Time PCR system (Applied Biosystems). Probes and primer 

sets of the following genes were purchased from Applied Biosystems (Foster City, CA): 

Sterol regulatory element-binding protein 1c (Srebp1c), Stearoyl-CoA desaturase-1 (Scd1), 

Fatty acid synthase (Fasn), Sterol regulatory element-binding protein 2 (Srebp2), Cholesterol 
7α-Hydroxylase (Cyp7a1), Interleukin 1-β (Il-1β), Tumor necrosis factor alpha (Tnfα), 

Peroxisome proliferator-activated receptor alpha (Pparα), and Peroxisome proliferator-
activated receptor gamma (Pparγ). mRNA quantification was assayed, using the ddCT 

method, and gene expression was normalized to the expression of the beta-actin gene.

2.12 Statistical analysis

GraphPad Prism statistical software (GraphPad Software Inc. version 6.00, La Jolla, CA) 

was used for all statistical analyses. Statistical analysis was completed using one-way 

analysis of variance (ANOVA) followed by Bonferroni post hoc test where appropriate for 

multiple comparisons. Differences were considered significant at p ≤ 0.05. Data are 

presented in text, figures, and tables as means ± standard error of the mean (SEM).

3. Results

3.1. Effect of dietary palmitoleate on body weight and food intake

All of the diets were well tolerated. No significant differences were observed in food intake 

or body weight (Supplemental Fig. 1A,B) among three dietary groups of mice throughout 

the 12-week feeding period.

3.2. Effect of dietary palmitoleate on hepatic fatty acid composition

As shown in Table 3, olive oil- and palmitoleate-rich diets significantly (p<0.05) increased 

hepatic total MUFA composition by greater than 35% compared with control, but the 

compositions of total saturated fatty acids (SFA), n-6 and n-3 polyunsaturated fatty acids 

(PUFA) were similar among the three diet groups. Palmitoleate-rich diet resulted in a 

significant (p<0.05) increase in hepatic palmitoleate by 4.8- and 10.6-fold compared with 

control and olive oil group, respectively. Similarly, olive oil-rich diet significant (p<0.05) 

increased oleic acid (C18:1 n-9) compared with control and palmitoleate group.

3.3. Effect of dietary palmitoleate on lipid and lipoprotein profiles

LDLR-KO mice developed hyperlipidemia after 12 weeks on the Western diet, with plasma 

lipid levels (TC, FC, PL and TG) significantly (p<0.05) increased by ~ 3-fold and ~9-fold 

compared with chow diet-fed LDLR-KO mice and wild-type mice, respectively 

(Supplemental Fig. 2). In the diet-induced hyperlipidemic LDLR-KO mice, palmitoleate-

rich diet lowered by less than 10% plasma levels of cholesterol and phospholipid, and had a 
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more profound effect (>30%) in lowering TG compared with control and olive oil group at 

most of the time points during the 12-week feeding study (Fig. 1A–E). The further analysis 

of Area Under the Curve (AUC) revealed that the plasma lipid AUC results were in 

agreement with the results of the overall lipid lowering-effects of palmitoleate. Compared 

with control or olive oil group, the AUC for FC, PL and TG in palmitoleate group was 

significantly (p<0.05) lowered by approximately 10%, 9%, and 33%, respectively. Dietary 

palmitoleate also lowered hepatic lipid levels. Compared with control or olive oil-rich diet, 

palmitoleate-rich diet significantly (p<0.05) decreased hepatic PL and TG by approximately 

20% and 45%, respectively (Fig. 1F). Analysis of lipoproteins by FPLC analysis showed 

that diet enriched in palmitoleate also favorably altered the plasma lipoprotein profile, 

particularly VLDL and HDL fractions (Fig. 2). TC, PL and TG in VLDL fraction were 

significantly (p<0.05) decreased in palmitoleate group compared with control and olive oil 

group. In contrast, dietary palmitoleate, but not olive oil, increased (p<0.05) cholesterol and 

PL in HDL fraction compared with control (Fig. 2D–F).

3.4. Effect of dietary palmitoleate on atherosclerosis lesion development

En face Sudan IV staining confirmed that the Western diet induced atherosclerosis in LDLR-

KO mice. Atherosclerotic plaque area in LDLR-KO mice fed a Western diet was 22-fold 

higher (p<0.001) than that in LDLR-KO mice on the chow diet (Supplemental Fig.3). This 

result is in line with previous studies that have demonstrated that chow diet-fed LDLR-KO 

mice show moderate lipid levels and develop no or minor atherosclerosis, in contrast to 

dramatically elevated lipid levels and prominent aorta lesions on the high-fat, high-cholate 

diet [20]. When the mice were fed a Western diet supplemented with palmitoleate, the total 

atherosclerotic lesions were suppressed significantly (p<0.05) by 37 % and 51% compared 

to the control and olive oil groups, respectively (Fig. 3). There was no difference in plaque 

areas between the control and olive oil group. Most of the atherosclerotic lesions were 

restricted to the arch of the aorta for all 3 diet groups.

3.5. Effect of dietary palmitoleate on cholesterol efflux capability

As a measure of HDL function, the effect of palmitoleate-rich diet on plasma cholesterol 

efflux capacity from BHK cells stably transfected with either ABCA1 (BHK-ABCA1), 

ABCG1 (BHK-ABCG1) or none (BHK-MOCK) was examined. As shown in Fig. 4A, apoB-

depleted plasma from palmitoleate group significantly (p<0.05) increased [3]-H cholesterol 

release by 20% in BHK-ABCA1 cells compared with those from control or olive oil group. 

There was no difference in cholesterol efflux capacity in BHK-ABCA1 cells between the 

control and olive oil group. No differences were detected in cholesterol efflux capacity 

among the three groups when BHK-ABCG1 cells (Fig. 4B) and BHK-MOCK cells (Fig. 4C) 

were used as the donor cells.

3.6. Effect of dietary palmitoleate on glucose metabolism

Glucose tolerance test showed that glucose levels were lower in palmitoleate group than in 

control during the time post glucose load, and they decreased significantly (p<0.05) by 17% 

at 30 min after glucose administration, although there was no difference between the control 

and olive oil group (Fig. 5A). The mice fed palmitoleate-rich diet, but not olive oil-rich diet, 

had significantly lower (p<0.05) plasma glucose levels by 14% at 12 weeks compared with 
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mice fed control diet (Fig. 5B). Furthermore, palmitoleate-rich diet significantly (p<0.05) 

lowered plasma insulin levels by 47% compared with control, and no difference was 

detected between the control and olive oil group (Fig. 5C). When the HOMA index was 

calculated the mice fed palmitoleate-rich diet had 54% lower score than control diet 

(p<0.05), consistent with improved glucose tolerance on this diet (Fig. 5D). Olive oil-rich 

diet also decreased HOMA-IR by 36% compared with control (p<0.05).

3.7. Effect of dietary palmitoleate on body composition and metabolism

We next investigated whether body composition and whole-body energy expenditure and 

ambulatory activity were affected by dietary palmitoleate. There were no differences in fat 

and lean mass percentages among the three diet groups (Supplemental Fig. 1C, D). In the 

course of the dark-phase, palmitoleate-rich diet significantly (p<0.05) increased both oxygen 

consumption (VO2) by approximately 17% (Supplemental Fig. 4A, C) and carbon dioxide 

produced (VCO2) (Supplemental Fig. 4B, D) by approximately 15% compared with control 

and olive oil group, and there were no differences in VO2 and VCO2 among the three diet 

groups during the light phase. Nevertheless, no differences were detected in respiratory 

Exchange Ratio (RER) (Supplemental Fig. 4E) and heat generation (Supplemental Fig. 4F) 

among the three diet groups, although palmitoleate diet tended to increase overall motor 

activity compared with control or olive oil diet in dark phases (p=0.054) (Supplemental Fig. 

4G, H).

3.8. RT-qPCR analysis

To explore the potential molecular mechanisms underlying the beneficial metabolic effects 

of palmitoleate on diet-induced atherosclerosis in LDLR-KO mice, mRNA levels of 

candidate genes in livers and white adipose tissue from the control, olive oil and 

palmitoleate groups were measured by RT-qPCR. Gene expressions relevant to lipid/

cholesterol metabolism and inflammation were measured. SREBP1c, FASN and SCD1 play 

major roles in de novo synthesis of fatty acids, and liver mRNA expression levels of Srebp1c 

and Scd1 were found to be significantly (p<0.05) decreased in the palmitoleate group 

compared to the control and olive oil group (Fig 6A). There were no differences in the 

expression of Pparα and Fasn among the three diet groups. For genes involved in cholesterol 

metabolism, palmitoleate- and olive oil-rich diet upregulated (p<0.05) liver mRNA of the 

key bile acid synthase gene Cyp7a1 compared with control, although there was no difference 

in Pparα and Srebp2 mRNA expression (Fig.6A). Furthermore, dietary palmitoleate, but not 

olive oil, downregulated (p<0.05) mRNA expression of the pro-inflammatory Il-1β and 

Tnfα genes compared with control in both liver (Fig. 6B) and adipose tissues (Fig. 6C). No 

difference was detected in Pparγ gene expression among the three groups in adipose tissue 

(Fig. 6C).

4. Discussion

Numerous studies have demonstrated that foods containing unsaturated fatty acids reduce 

the risk of developing CVD, and thus current dietary guidelines recommend replacing 

dietary saturated fatty acids with unsaturated fatty acids including MUFAs such as oleic 

acid. Recent discoveries related to omega-7 MUFA palmitoleate as acting as a lipokine 
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suggest that other types of MUFAs may also have health benefits [5]. The main finding of 

this study is that palmitoleate may have beneficial effects in reducing cardiometabolic risk 

factors and in reducing atherosclerosis.

In the present study, we first confirmed that the Western diet induced hyperlipidemia and 

atherosclerosis in LDLR-KO mice, which agrees well with previous studies [20]. We then 

supplemented the Western diet with two types of MUFA (i.e., oleate and palmitoleate), and 

investigated the effect of palmitoleate on atherosclerosis development and related CVD risk 

factors. Despite the equal energy intake and whole-body composition among the three diet 

groups, our data showed that palmitoleate-rich diet reduced atherosclerotic plaque areas and 

hyperlipidemia in LDLR-KO mice, although such effect was not observed in mice fed 

oleate-rich diet. Mice fed palmitoleate-rich diet also had increased oxygen consumption and 

carbon dioxide production compared with those fed control or oleic-rich diet, which was 

consistent with overall increased motor activity tendency. A recent study from Çimen et al., 
also reported the anti-atherogenic effect of oral gavaged palmitoleate in ApoE-KO mice, 

through suppressing inflammasome activation and endoplasmic reticulum stress [21]. 

Compared with ApoE-KO mice, LDL-KO mice used in the present study exhibits less 

elevated plasma lipid levels, and may be a better model for human dyslipidemia, particularly 

for patients with Familial Hypercholesterolemia with a defective LDL receptor [20]. The 

dose of palmitoleate used in the current study (~6 g/kg BW/day) is comparable with that 

used in atherosclerotic ApoE-KO mice by Çimen et al (1.4 g/kg BW/day) [16]. It is higher 

than that used in our previous study in type II diabetic mice orally gavaged with 0.3 g/kg/day 

of palmitoleate [8], due to the differences in mouse type and absorption efficacy rate from 

different routes of administration.

In terms of the major plasma lipids, palmitoleate supplementation had its greatest effect on 

TG. Growing evidence suggests that an elevated TG level is an independent risk factor for 

coronary heart disease, and that TG play and important role in the pathogenesis of 

atherosclerosis [22]. The TG-reducing effect of palmitoleate observed in LDLR-KO mice 

was consistent with previous studies in diabetic mice and obese sheep [8,10]. Several species 

of TG-rich lipoproteins, such as VLDL, VLDL remnants, and chylomicron remnants, appear 

to promote atherogenesis independently of LDL [23]. VLDL stimulates multiple processes 

that are involved in atherosclerosis, including activation of monocytes to produce 

inflammatory mediators, such as TNFα and IL-1β, and activation of insulin resistance 

pathways in endothelial cells reducing their production of nitric oxide causing vascular 

dysfunction [24]. Our data show that dietary palmitoleate, but not olive oil, decreased 

hepatic contents of lipids, particularly TG, and down-regulated expression of Srebp1c and 

Scd1. These data are in agreement of our previous findings from animal studies [8]. Western 

diet used in the current study is enriched in fat and carbohydrate, and is known to stimulate 

de novo lipogenesis, a process that occurs via the transcriptional activation of lipogenic 

transcription factors, such as SREBP and carbohydrate response-element binding protein 

[25]. The upregulation of SREBP-1c is known to induce SCD1, a rate-limiting enzyme that 

converts saturated fatty acids 16:0 and 18:0 into the corresponding MUFA palmitoleate and 

oleate, respectively [26]. SCD1-deficient mice are known to be protected from insulin 

resistance, hypertriglyceridemia, hepatic steatosis, and diet-induced obesity [27]. Our data, 

therefore, suggested that a decrease in steatosis of liver by down-regulating lipogenic genes 
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could potentially explain the decrease in the plasma levels of TG and VLDL observed in 

mice fed palmitoleate-rich diet.

In terms of cholesterol metabolism, dietary palmitoleate did not decrease plasma and hepatic 

total cholesterol, as well as cholesterol in LDL, although cholesterol in VLDL fraction is 

lower than that in control, suggesting a minor role of palmitoleate in modulating LDL 

cholesterol levels. Although palmitoleate did not alter hepatic expression of Srebp2, a major 

regulator for cholesterol biosynthesis, it markedly upregulated Cyp7a1, which encodes the 

rate-limiting enzyme in the classic pathway of bile acid biosynthesis and has been shown to 

reduce atherosclerosis when overexpressed in mice [28]. Future studies are needed for 

estimating fecal bile acid excretion to confirm the effect of palmitoleate on bile acid 

metabolism. Another potential mechanism for reduced atherosclerosis in the palmitoleate 

supplemented mice may be related to the changes observed in HDL. At least in animals, 

numerous studies have demonstrated that HDL exerts a protective effect on the development 

of atherosclerosis through a wide range of mechanisms, such as reverse cholesterol transport 

(RCT) and anti-inflammatory properties [29]. Our in vitro cholesterol efflux assay revealed 

that dietary palmitoleate, but not olive oil, improved cholesterol efflux capacity by ABCA1, 

an ATP-binding cassette transporter that promotes cellular phospholipid and cholesterol 

efflux [30]. Furthermore, the favorable impact of dietary palmitoleate on HDL observed in 

the present study is in agreement with previous studies in rodents and human subjects 

[31,11]

Besides alterations in lipoprotein metabolism, inflammation also contributes to the 

pathogenesis of atherosclerosis. In particular, infiltrating monocytes and macrophages into 

plaques play a major role in the production of pro-inflammatory cytokines, such as IL-1β 
and TNFα [32]. Proinflammatory cytokines were previously shown to be upregulated in 

LDLR-KO mice fed high-fat diet [33], and our RT-PCR results showed that dietary 

palmitoleate down-regulated Il-1β and Tnfα expressions. Increased energy intake promotes 

adipocyte hypertrophy in adipose tissue, an endocrine organ that secretes various 

proinflammatory adipokines. In vitro studies in human adipocytes showed that palmitoleate 

treatment led to increased activity of PPARγ that promotes the differentiation of fat cells 

[34]. However, palmitoleate diet in the present study did not change fat mass or expression 

of PPAR such as Pparα and Pparγ, suggesting a minor effect of palmitoleate on PPAR in the 

present mouse model.

A strong association between atherosclerosis and insulin resistance commonly linked to 

proatherogenic lipid phenotype has been demonstrated [35]. Our results showed that dietary 

palmitoleate improved glucose metabolism and insulin sensitivity in a mouse model of 

atherosclerosis. Prior in vitro studies have revealed that palmitoleate can influence 

pancreatic β-cell survival, insulin secretion, and skeletal muscle insulin response [7,36] and 

improve glucose control in animal studies [8,10]. Collectively, these data suggest that 

another beneficial effect of palmitoleate supplementation may relate to glucose homeostasis 

and warrants further investigation. Limitations of the present study include that only one 

gender of mice, females, and only a single dose of palmitoleate were used in the present 

study. More studies in the future are needed in both male and female LDLR-KO mice to 

explore whether there is any sexual dimorphism in response to the diet and to establish the 
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minimum effective dose of palmitoleic acid needed to induce the beneficial changes 

observed in the present study. Furthermore, the mechanism underlying triglyceride-lowering 

effect of palmitoleate is not fully understood, and further studies are needed to address this 

issue.

In summary, we have shown for the first time that aortic atherosclerosis plaques, as well as 

impaired lipid and glucose metabolism, were improved in LDLR-KO mice fed Western diet 

supplemented with palmitoleate compared to those fed Western diet or oleate-rich olive oil-

supplemented diet. These positive findings have led us to initiate a clinical trial comparing 

oleic acid to palmitoleic acid supplementation on various cardiometabolic parameters 

(ClinicalTrials.gov Identifier: NCT03372733).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Effects of dietary palmitoleate on plasma and hepatic lipid profiles in LDLR-KO mice. Mice 

(n=15/group) were fed a Western diet supplemented with 5% olive oil, palmitoleate 

concentrate (C16:1), or none (control) for 12 weeks. Time course of plasma concentrations 

of (A) TC, (B) FC, (C) PL, and (D) TG. (E) Area under the curve (AUC) for plasma TC, FC, 

PL, and TG. (F) Hepatic contents of TC, PL, and TG. Values represent the mean ± SEM. 

Labled means without a common letter differ (p<0.05).
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Figure 2. 
Effects of dietary palmitoleate on FPLC elution profile in LDLR-KO mice. Mice (n=15/

group) were fed a Western diet supplemented with 5% olive oil, palmitoleate concentrate 

(C16:1), or none (control) for 12 weeks. FPLC analysis of plasma (A) TC, (B) PL, and (C) 

TG. Area under the curve (AUC) for plasma (D) TC, (E) PL, and (F) TG in VLDL, LDL, 

and HDL fractions. Values represent the mean ± SEM. Labled means without a common 

letter differ (p<0.05).
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Figure 3. 
Effects of dietary palmitoleate on progression of atherosclerosis in LDLR-KO mice. Mice 

(n=15/group) were fed a Western diet supplemented with 5% olive oil, palmitoleate 

concentrate (C16:1), or none (control) for 12 weeks. Representative en face Sudan IV 

staining of aorta (upper panel), and quantitative analysis of Sudan IV-positive area of aorta 

(lower panel). Values represent the mean ± SEM. Labled means without a common letter 

differ (p<0.05).
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Figure 4. 
Effects of dietary palmitoleate on cholesterol efflux capacity in LDLR-KO mice. Mice 

(n=15/group) were fed a Western diet supplemented with 5% olive oil, palmitoleate 

concentrate (C16:1), or not (control) for 12 weeks. Cholesterol efflux rate from (A) BHK-

ABCA1 cells, (B) BHK-ABCG1 cells, and (C) BHK-MOCK cells. Values represent the 

mean ± SEM. Labled means without a common letter differ (p<0.05).
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Figure 5. 
Effects of dietary palmitoleate on glucose metabolism in LDLR-KO mice. Mice (n=15/

group) were fed a Western diet supplemented with 5% olive oil, palmitoleate concentrate 

(C16:1), or none (control) for 12 weeks. (A) Time course of plasma glucose concentrations 

in glucose tolerance test in mice. (B) Plasma glucose levels. (C) Plasma insulin levels. (D) 

Calculated HOMA-IR score. Values represent the mean ± SEM. Labled means without a 

common letter differ (p<0.05).
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Figure 6. 
Effects of dietary palmitoleate on gene expression in LDLR-KO mice. Mice (n=15/group) 

were fed a Western diet supplemented with 5% olive oil, palmitoleate concentrate (C16:1), 

or none (control) for 12 weeks. (A) Liver mRNA expression of genes involved in lipogenesis 

and cholesterol metabolism. (B) mRNA expression of genes related to inflammation in liver 

(left panel) and white adipose tissue (right panel). Values represent the mean ± SEM. Labled 

means without a common letter differ (p<0.05).
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Table 1

Major fatty acid composition of dietary oils

FA (%) Olive oil Palmitoleate concentrate

C14:0 0.1 ND

C16:0 12 8.2

C16:1(n-7) 0.8 71.2

C16:2(n-6) ND 8.4

C16:3(n-3) ND 1.2

C18:0 3.6 ND

C18:1(n-9) 74 ND

C18:2(n-6) 7.5 ND

C18:3(n-3) 0.7 ND

Total SFA 15.7 8.2

Total MUFA 74.8 71.2

Total n-3 PUFA 0.8 1.2

Total n-6 PUFA 7.5 8.4

FA: fatty acid; MUFA: monounsaturated fatty acids; ND: not detected; PUFA: polyunsaturated fatty acid; SFA: saturated fatty acid.
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Table 2

Diet compositions for LDLR-KO mice fed Western diet-based diet

Ingredient (g/kg) Western diet (control) Olive oil-supplemented Western diet 
(Olive oil group)

Palmitoleate-supplemented Western 
diet (C16:1 group)

Casein 195 195 195

DL-methionine 3 3 3

Sucrose 341 341 341

Corn starch 150 150 150

Cholesterol 1.5 1.5 1.5

Cellulose 50 50 50

Mineral mix 35 35 35

Calcium carbonate 4 4 4

Vitamin mix 10 10 10

Ethoxyquin 0.04 0.04 0.04

Milk fat 210 160 160

Olive oil 0 50 0

Palmitoleate concentrate 0 0 50

Nutritional values

Energy content, Kcal/g 4.5 4.5 4.5

Protein, % of energy 15.2 15.4 15.3

Carbohydrate, % of energy 42.7 42.9 42.8

Fat, % of energy 42 42.1 41.9
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Table 3

Hepatic major fatty acid composition (%) of mice from different diet groups after 12 weeks of feeding

FA (%) Control Olive oil Palmitoleate concentrate

C14:0 0.4 ± 0.06 0.3 ± 0.06 0.5 ± 0.02

C16:0 20 ± 0.7 18.8 ± 0.6 20.4 ± 0.4

C16:1n-7 0.6 ± 0.09a 0.3 ± 0.1b 3.5 ± 0.01c

C18:0 17.6 ± 0.7a 15.9 ± 0.7b 15.8 ± 0.3b

C18:1n-9 6.3 ± 0.4a 9.4 ± 0.3b 5.9 ± 0.8a

C18:1n-7 1.7 ± 0.07 1.6 ± 0.1 1.7 ± 0.04

C18:2n-6 19.6 ± 0.80 20.5 ± 0.4 19.1 ± 1.5

C18:3n-6 0.3 ± 0.01 0.2 ± 0.01 0.3 ± 0.01

C18:3n-3 0.5 ± 0.04 0.6 ± 0.03 0.6 ± 0.1

C20:0 ND 0.2 ± 0.04 0.1 ± 0.01

C20:1n-9 0.1 ± 0.06 0.2 ± 0.05 0.1 ± 0.02

C20:2n-6 0.2 ± 0.06 0.4 ± 0.01 0.2 ± 0.05

C20:3n-6 0.6 ± 0.2 0.6 ± 0.4 0.6 ± 0.2

C20:4n-6 20.9 ± 1.3 20.5 ± 1.8 21.3 ± 1.8

C20:5n-3 1 ± 0.3 0.9 ± 0.1 0.6 ± 0.5

C22:0 0.4 ± 0.03 0.4 ± 0.01 0.4 ± 0.05

C22:4n-6 0.4 ± 0.03 0.4 ± 0.1 0.4 ± 0.01

C22:5n-3 0.6 ± 0.03 0.5 ± 0.04 0.6 ± 0.02

C24:0 1.2 ± 0.1 1.1 ± 0.01 1 ± 0.05

C22:6n-3 4.9 ± 0.3 4.5 ± 0.03 4.3 ± 0.2

Total SFA 39.6 ± 0.7 38.2 ± 1.1 36.6 ± 1.2

Total MUFA 7 ± 1.8a 9.5 ± 2.1b 9.9 ± 1.5b

Total n-6 PUFA 42 ± 0.5 41.9 ± 0.6 42.5 ± 0.4

Total n-3 PUFA 7.1 ± 0.3 6.1 ± 1.1 6.4 ± 0.6

Data are expressed as mean ± SEM (n = 12). Labled means in a row without a common superscript letter differ, p< 0.05. FA: fatty acid; MUFA: 
monounsaturated fatty acid; ND: not detected; PUFA: polyunsaturated fatty acid; SFA: saturated fatty acid.
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