
OR I G I N A L R E S E A R C H

Serum Levels of Free Fatty Acids in Obese Mice
and Their Associations with Routine Lipid Profiles
Shun Yu Sun1, Wei Yi Yang2, Zhuo Tan2, Xing Yu Zhang1, Yi Lin Shen1, Qi Wei Guo1, Guo Ming Su1,
Xu Chen1, Jia Lin1, Ding Zhi Fang1

1Department of Biochemistry and Molecular Biology, West China School of Basic Medical Sciences & Forensic Medicine, Sichuan University, Chengdu,
610041, People’s Republic of China; 2Department of Preventive Medicine, West China School of Public health, Sichuan University, Chengdu, 610041,
People’s Republic of China

Correspondence: Ding Zhi Fang, Department of Biochemistry and Molecular Biology, West China School of Basic Medical Sciences & Forensic
Medicine, Sichuan University, Chengdu, 610041, People’s Republic of China, Tel +86 28 85503410, Fax +86 28 85503204, Email dzfang@scu.edu.cn

Purpose: To investigate serum levels of free fatty acids (FFAs) and their associations with routine serum lipids in diet-induced
obese mice, which have been scantily reported before.
Methods: Male C57BL/6 J mice were fed high-fat diets for 12 weeks to induce obesity. Levels of serum FFAs were measured by
ultra-performance liquid chromatography-electrospray ionization-tandem mass spectrometry.
Results: Obese mice had higher serum levels of total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C) and low-density
lipoprotein cholesterol (LDL-C), but lower triglycerides (TG) than control mice. A total of 30 FFAs were found, and 3 saturated fatty
acids (SFAs), all 8 monounsaturated fatty acids (MUFAs) and 7 polyunsaturated fatty acids (PUFAs) decreased in obese mice, but one
SFA (C4:0) increased. Differences in the relative levels of individual FFAs to total FFAs, SFAs, MUFAs or PUFAs between obese and
control mice were different from each other and from those evaluated by concrete levels except C4:0, C16:1, C19:1 and C18:4. Only
the concrete levels of C4:0, C22:3 and C18:4 were associated with routine serum lipids, including C22:3 negatively with TG in control
mice, and C4:0 and C18:4 positively with LDL-C in obese mice, although the relative levels of C4:0 to total MUFAs negatively with
TC, and C23:3 to total SFAs or MUFAs negatively with TG in control mice. Different relative levels of the remaining FFAs were
differently associated with different routine serum lipids in obese and/or control mice.
Conclusion: Obesity may influence serum FFAs profiles. The relationship of individual FFAs and their relative levels to other FFAs
with routine serum lipids in obese and control mice suggests that individual FFAs may interact with others and obesity on levels of
routine serum lipids. Once confirmed, the interactions may be novel perspectives when fatty acids are used to improve hyperlipidemia
in the subjects with obesity.
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Introduction
Cardiovascular disease (CVD) is the leading cause of death across the world. According to the results from 2013 to 2016
reported by the National Health andNutrition Examination Survey, the prevalence of CVD in adults ≥20 years of age was 48.0%
overall.1 Meanwhile, CVD is expected to account for >22.2 million deaths by 2030. Although risk factors such as obesity and
hyperlipidemia have been established to be associated with CVD,2 the mechanism of CVD has not been fully elucidated yet.

Obesity has been recognized as a modern global epidemic disease3–5 and a strong independent risk factor for a broad
spectrum of CVD including coronary artery disease.6,7 The linkage between obesity and CVD is mediated by direct
effects, such as adipokine effects on inflammation and vascular homeostasis as well as indirect effects of concomitant
CVD risk factors including dyslipidemia.8–11 Nevertheless, higher body mass index (BMI) was observed to be associated
with lower mortality in cases of coronary artery disease, heart failure, and diabetes.12 Potentially protective effects of
obesity were revealed by retrospective and prospective epidemiologic studies when it coexisted with CVD.8,13,14 The
“obesity paradox” suggest more complex relationships and mechanisms of obesity with CVD.
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Dyslipidemia represents another strong independent risk factor for CVD,1 which includes increased levels of serum
triglycerides (TG) and total cholesterol (TC), decreased levels of serum high-density lipoprotein cholesterol (HDL-C)
and especially increased levels of low-density lipoprotein cholesterol (LDL-C).15 The level of serum LDL-C is generally
recognized as the primary target to prevent and treat CVD, especially coronary artery disease.16 Interestingly, serum
levels of LDL-C are elevated, and HDL-C is lowered in most obese subjects,17 which is attributed to the development of
CVD in the patients.

Some free fatty acids (FFAs), especially polyunsaturated fatty acids (PUFAs), were demonstrated to have cardiopro-
tective roles.18,19 It was firstly reported in 1971 that there was a low incidence of CVD in Greenland’s Inuit population
who had high consumption of fish rich in PUFAs.20 Decades later, eicosapentaenoic acid (EPA) and docosahexaenoic
acid (DHA) were found to have the ability to inhibit the atherosclerotic plaque formation and the proliferation and
migration of smooth muscle cells, suggesting a strong role for CVD prevention.18 In fact, different dietary FFAs are
metabolically related, and function differently or even oppositely not only on CVD but also on routine serum lipid
profiles (TG, TC, HDL-C and LDL-C), especially on the serum levels of TC and LDL-C.21,22 However, limited efforts
have been made to investigate the effects of serum FFAs on routine serum lipid profiles in obesity or even the
relationship between serum FFAs and routine serum lipid profiles.

To explore the effects of serum FFAs on routine serum lipid profiles in obesity and further explanations for the
“obesity paradox”, we hypothesized that obesity might change the profile of serum FFAs, which interacted among
individual serum FFAs themselves and with obesity in routine serum lipid profiles. To test the hypothesis in the present
study, serum levels of individual FFAs were examined, and their associations were analyzed with serum levels of TG,
TC, HDL-C and LDL-C in obese mice developed from high-fat diets and control mice.

Materials and Methods
Mice
All of the procedures involving mice were approved by the Medical Ethics Committee of Sichuan University, Chengdu,
China, which were performed in strict accordance with the recommendations in the Ethical Guidelines by the
International Council for Laboratory Animal Science. Male C57BL/6 J mice at the age of 5 weeks were purchased
from the Laboratory Animal Center of Sichuan University, Chengdu, China and housed in a facility with controlled
temperature of 23 ± 3°C, controlled humidity of 40%–70%, a 12-h dark/light cycle and free access to water and diets.
After arriving, all the mice were fed a control diet (Research Diet INC, Rodent Diet, Product Number, D12450J, USA)
containing 10% fat, 20% protein and 70% carbohydrate of the total calories for 7 days. Then, the mice were randomly
divided into two groups. The control mice were still fed the control diet for 12 weeks. The model mice received a high-
fat diet (Research Diet INC, Rodent Diet, Product Number, D12492, USA) containing 60% fat, 20% protein and 20%
carbohydrate of the total calories for 12 weeks.

Sample Collection
The mice were sacrificed for sampling at the end of the feeding period after fasting for 12 h. Chloral hydrate was utilized
by an i.p. injection at a dose of 400 mg/kg to induce anesthesia because of limited availability of pentobarbital sodium.
Serum was obtained by allowing the blood sample to clot naturally and removing the clot using centrifugation.

Measurements of Routine Serum Lipid Profiles
The levels of TG, TC, HDL-C and LDL-C were measured enzymatically using Biochemical Assay kits (Code No. E-BC-
K261-M for TG, Code No. E-BC-K109-M for TC, Code No. E-BC-K221-M for HDL-C and Code No. E-BC-K205-M
for LDL-C measurements), which were commercially available from Elabscience Biotechnology Co. Ltd (Wuhan,
China). All the measurements were carried out according to the protocols provided by the manufacturer.
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Measurements of Serum FFA Levels
The levels of serum FFAs were measured by an Ultra Performance Liquid Chromatography-electrospray ionization-
tandem mass spectrometry (UPLC-ESI-MS/MS) system (UPLC, Shim-pack UFLC SHIMADZU CBM30A system; MS,
Applied Biosystems 6500 QTRAP). A volume of 50 μL of serum sample was used to extract the total lipids. The
extracted lipids were purified and reconstituted in acetonitrile with 0.04% acetic acid. Chromatographic separation of
FFAs was performed by an UPLC with a binary solvent delivery system and a standard auto-sampler, using a Waters
ACQUITY UPLC HSS T3 C18 column (2.1 × 100 mm, 1.8 μm) with a flow rate of 400 μL/min and column temperature
maintained at 40°C. The effluent was alternatively connected to an electrospray ionization (ESI)-triple QTRAP-MS. Each
FFA was identified by comparing the accurate precursor ions, product ion values, and the retention time based on
a database MWDB (Metware Biotechnology Co., Ltd. Wuhan, China). Its level was evaluated by the peak area.

Desaturase activities were estimated by product-to-precursor ratios of individual FFAs as follows: stearoyl-CoA
desaturase-1 (SCD1)-16 by 16:1/16:0, SCD1-18 by 18:1/18:0, de novo lipogenesis index by 16:0/18:2, elongase by 18:0/
16:0, δ-6 desaturase (D6D)-1 by 18:3/18:2 and D6D-2 by 18:4/18:3.

Data Analysis and Representation
Data are presented as mean ± standard deviation (SD). All peak areas were normalized by log transformation for
statistical analyses. Differences between the obese and control mice were analyzed by independent samples t-tests.
Multiple linear regression analyses were used to estimate the predictors of levels of routine serum lipids. The significance
threshold was set at p ≤ 0.05.

Results
Characteristics of the Obese and the Control Mice
As presented in Figure 1, the obese mice had higher levels of body weight, Lee’s index, TC, HDL-C and LDL-C, but
lower levels of TG than the control mice.

The Levels of Free Fatty Acids of the Obese and the Control Mice
As shown in Figure 2A–C, 30 FFAs were found in the obese and control mice. When the serum levels of the 30 FFAs
were analyzed between the obese and the control mice, 3 saturated fatty acids (SFAs, C14:0, C16:0, and C24:0), all the 8
monounsaturated fatty acids (MUFAs, C14:1, C16:1, C17:1, C18:1, C19:1, C20:1, C22:1, and C24:1) and 7 PUFAs
(C16:2, C18:2, C18:3, C22:3, C18:4, C22:6 and C24:6) were observed to be decreased in the obese mice when compared
to those in the control mice, but one SFAs (C4:0) increased. No differences between the other FFAs were observed
between the obese and control mice. When compared to saturation groups (Figure 2D), the obese mice had lower levels
of SFAs, unsaturated fatty acids (USFAs), MUFAs, PUFAs, and therefore lower total FFAs than the control mice.

The Relative Levels of FFAs of the Obese and the Control Mice
Since different FFAs have been found to be metabolically related, relative serum levels of 30 FFAs were tested between
the obese and control mice in the present study (Figure 3). The obese mice were observed to have a higher proportion of
C4:0, C5:0, C12:0, C15:0, C16:0, C17:0 or C18:0, but a lower proportion of C14:0, to the total FFAs than the control
mice (Figure 3A). The proportion of MUFA C16:1, C19:1, C20:1 or C22:1 to total FFAs was decreased in the obese mice
when compared to those in the control mice (Figure 3B). Moreover, the relative level of PUFA C20:2, C20:4, C20:5,
C22:6 or C24:6 to total FFAs was higher, but C16:2, C18:3 or C18:4 lower, in the obese mice (Figure 3C). On the other
hand, when the relative serum level to total SFAs was compared, the proportion of C4:0, C12:0 or C18:0 was higher, but
C14:0 lower, in the obese mice (Figure 3D). However, the proportion of MUFA C16:1, C17:1, C18:1, C19:1, C20:1,
C22:1 or C24:1 to total SFAs in the obese mice was decreased (Figure 3E). PUFA C16:2, C18:2, C18:3, C22:3, C18:4 or
C22:6 proportion to total SFAs was lower, but C20:5 higher, in the obese (Figure 3F). Likewise, the obese mice had
higher proportion of SFA C4:0, C5:0, C12:0, C13:0, C15:0, C16:0, C17:0, C18:0, C24:0, MUFA C14:1, C18:1, PUFA
C18:2, C20:2, C20:4, C24:4, C20:5, C22:6 or C24:6, while lower MUFA C16:1, C19:1 or PUFA C18:4 to total MUFAs

Diabetes, Metabolic Syndrome and Obesity: Targets and Therapy 2022:15 https://doi.org/10.2147/DMSO.S348800

DovePress
333

Dovepress Sun et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


than the control mice (Figure 3G–I). The higher relative level of SFA C4:0, C5:0, C12:0, C15:0, C16:0, C17:0, C18:0,
PUFA C20:2, C20:4, C20:5, C22:6 or C24:6, but lower SFA C14:0, MUFA C16:1, C19:1, C20:1, C22:1, PUFA C16:2,
C18:3, C22:3 or C18:4 to total PUFAs was revealed in the obese mice (Figure 3J–L).

Indices by Serum FFAs in the Obese and the Control Mice
To explore the possible mechanisms resulting in the changes of serum FFA levels, indices of the related enzyme activities
were investigated between the obese and control mice, which included the activities of SCD1 (SCD1-16 and SCD1-18
indices), elongase, de novo lipogenesis, and D6D (D6D-1 and D6D-2) (Figure 4). The results indicated that the
desaturase activities (SCD1-16, SCD1-18, D6D-1 and D6D-2) in the obese mice were lower than those in the control
mice, but the activities of elongase and de novo lipogenesis were higher.

Figure 1 Characteristics of the obese and the control mice. (A), weight; (B), Lee’s index and (C), routine serum lipids. Obese mice, n = 5 and control mice, n = 5. *p < 0.05,
**p < 0.01 and ***p < 0.001 when compared between the obese and control mice.

https://doi.org/10.2147/DMSO.S348800

DovePress

Diabetes, Metabolic Syndrome and Obesity: Targets and Therapy 2022:15334

Sun et al Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Relationships of Serum FFA Levels with the Concentrations of Routine Serum Lipids in
the Obese and the Control Mice
Table 1 demonstrates the multivariate estimate results of TG, TC, HDL-C, LDL-C in 5 models using different levels of FFAs
as independent variables in the obese and the control mice. When the concrete levels of serum FFAs were used as
independent variables in Model 1, C22:3 was negatively associated with TG only in the control mice, but not in the obese
mice. In addition, C18:2 was negatively related to LDL-C in the control mice while C4:0 and C18:4 were positive predictors
of LDL-C in the obese mice. However, no FFAs were found to be associated with TC and HDL-C. When the relative level of
each FFA to total FFAs was adopted as independent variables in Model 2, C16:0/Total FFAs was positively and C22:3/Total
FFAs was negatively related to TG, while C20:2/Total FFAs was positively correlated with TC in the control mice. In
addition, C12:0/Total FFAs was negatively and C20:5/Total FFAs was positively related with TC in the obese mice, while
C16:2/Total FFAs was negatively with HDL-C in the control mice, but C20:5/Total FFAs was positively with HDL-C in the
obese mice. Moreover, C5:0/Total FFAs and C24:4/Total FFAs were positively related with LDL-C in the control mice, while
C19:1/Total FFAs was negatively with LDL-C in the obese mice. When the relative level of each FFA to total SFAs was
employed as independent variables in Model 3, C22:3/Total SFAs was observed to be negatively associated with TG in the

Figure 2 Serum levels of FFAs in obese and control mice. (A), SFAs; (B), MUFAs; (C), PUFAs; (D), FFAs by saturation groups. Obese mice, n = 5 and control mice, n = 5.
*p < 0.05, **p < 0.01 and ***p < 0.001 when compared between the obese and control mice.

Diabetes, Metabolic Syndrome and Obesity: Targets and Therapy 2022:15 https://doi.org/10.2147/DMSO.S348800

DovePress
335

Dovepress Sun et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Figure 3 The relative levels of FFAs of the obese and control mice. (A), relative levels of SFAs to total FFAs; (B), relative levels of MUFAs to total FFAs; (C), relative levels of
PUFAs to total FFAs; (D), relative levels of SFAs to total SFAs; (E), relative levels of MUFAs to total SFAs; (F), relative levels of PUFAs to total SFAs; (G), relative levels of
SFAs to total MUFAs; (H), relative levels of MUFAs to total MUFAs; (I), relative levels of PUFAs to total MUFAs; (J), relative levels of SFAs to total PUFAs; (K), relative levels
of MUFAs to total PUFAs and (L), relative levels of PUFAs to total PUFAs. Obese mice, n = 5 and control mice, n = 5. *p < 0.05, **p < 0.01 and ***p < 0.001 when compared
between the obese and control mice.
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control mice. Besides, C14:0/Total SFAs was negatively associated, while C18:3/Total SFAs and C20:5/Total SFAs were
positively associated with TC in the obese mice. In the control mice, C16:0/Total SFAs was positively associated, but C5:0/
Total SFAs and C16:2/Total SFAs were negatively associated with HDL-C. C18:2/Total SFAs was found to be negatively
related with LDL-C in the control mice, but C14:1/Total SFAs negatively with LDL-C in the obese mice. When the relative
level of each FFA to total MUFAs was applied as independent variables in Model 4, C17:1/Total MUFAs was positively and
C16:2/Total MUFAs was found to negatively account for TG in the control mice. Additionally, C20:1/Total MUFAs
negatively accounted for TG in the obese mice, while C17:0/Total MUFAs and C20:2/Total MUFAs were positively but
C4:0/Total MUFAs was negatively for TC in the control mice. In the obese mice, C20:5/Total MUFAs positively and C12:0/
Total MUFAs negatively accounted for TC. C18:3/Total MUFAs negatively accounted for HDL-C in the control mice, and
C20:5/Total MUFAs positively for HDL-C in the obese mice. Furthermore, C24:4/Total MUFAs positively accounted for
LDL-C in the control mice, while C17:0/total MUFAs and C20:5/Total MUFAs positively and C18:3/Total MUFAs
negatively for LDL-C in the obese mice. When the relative level of each FFA to total PUFAs was conducted as independent
variables in Model 5, C22:6/Total PUFAs was positively and C20:1/Total PUFAs was negatively attributed for variances of
TG in the control mice. In addition, C14:1/Total PUFAs was positively and C24:1/Total PUFAs, as well as C22:6/Total
PUFAs were negatively attributed to variances of TG in the obese mice. C19:1/Total PUFAs, C20:1/Total PUFAs and C24:4/
Total PUFAs were positively attributed to variances of TC in the control mice, but C20:5/Total PUFAs was positively and
C12:0/Total PUFAs was negatively for TC in the obese mice. In the control mice, C16:2/Total PUFAs was negatively
attributed, while in the obese mice C20:5/Total PUFAs positively for variances HDL-C. C24:4/Total PUFAs was positively
attributed to variances of LDL-C in the control mice. Meanwhile, C13:0/Total PUFAs, C14:0/Total PUFAs and C19:1/Total
PUFAs were negatively attributed to variances of LDL-C in the obese mice.

Figure 4 Indices by serum FFAs in the obese and the control mice. Obese mice, n = 5 and control mice, n = 5. *p < 0.05, **p < 0.01 and ***p < 0.001 when compared
between the obese and control mice. SCD1-16 and SCD1-18, the indices of stearoyl-CoA desaturase 1 activities evaluated by the ratio of C16:1/C16:0 and C18:1/C18:0,
respectively; Elongase, the index of elongase activities evaluated by the ratio of C18:1/C16:1; DNL, the index of de novo lipogenesis evaluated by the ratio of C16:0/C18:2;
D6D-1and D6D-2, the indices of δ-6 desaturase activities evaluated by the ratio of C18:3/C18:2 and C18:4/C18:3, respectively.
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Table 1 Relationships of Serum FFA Levels with the Concentrations of Routine Serum Lipids in the Obese and Control Mice

Model Independent Variable TG TC HDL-C LDL-C

Control Obese Control Obese Control Obese Control Obese

Model 1 C4:0 1.685**

C18:2 −0.951*
C22:3 −0.997***
C18:4 0.870*

R2 0.992 0.874 0.984

F value 469.8*** 28.66* 123.1**
Model 2 C5:0/Total FFAs 0.409**

C12:0/Total FFAs −0.258*
C16:0/Total FFAs 0.379*
C19:1/Total FFAs −0.938*
C16:2/Total FFAs −0.973**
C20:2/Total FFAs 0.957*
C22:3/Total FFAs −1.287**
C24:4/Total FFAs 1.068**

C20:5/Total FFAs 1.054** 0.987**
R2 0.998 0.888 0.989 0.929 0.966 0.994 0.840

F value 826.7** 32.71* 188.4** 53.05** 115.4** 360.8** 21.98*

Model 3 C5:0/ Total SFAs −0.198*
C14:0/ Total SFAs −0.682**
C16:0/ Total SFAs 0.291*

C14:1/ Total SFAs −0.963**
C16:2/ Total SFAs −0.769*
C18:2/ Total SFAs −0.897*
C18:3/ Total SFAs 0.206**
C22:3/ Total SFAs −0.997***
C20:5/ Total SFAs 0.685**

R2 0.991 1.000 1.000 0.740 0.904
F value 465.9*** 619414** 28914** 12.41* 38.53**

Model 4 C4:0/ Total MUFAs −0.544**
C12:0/ Total MUFAs −0.566*
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C17:0/ Total MUFAs 0.039* 0.184**

C17:1/ Total MUFAs 1.188***
C20:1/ Total MUFAs −0.931*
C16:2/ Total MUFAs −0.358**
C20:2/ Total MUFAs 1.236**
C18:3/ Total MUFAs −0.960* −0.351**
C24:4/ Total MUFAs 0.958*
C20:5/ Total MUFAs 1.308** 0.949* 0.660**

R2 0.999 0.823 1.000 0.978 0.894 0.868 0.891 1.000

F value 2240*** 19.55* 194514** 88.89* 34.83* 27.34* 33.68* 3466146***
Model 5 C12:0/ Total PUFAs −0.317*

C13:0/ Total PUFAs −0.013*
C14:0/ Total PUFAs −0.347***
C14:1/ Total PUFAs 0.084*

C19:1/ Total PUFAs 0.330* −0.766***
C20:1/ Total PUFAs −0.238* 0.133*
C24:1/ Total PUFAs −0.414*
C16:2/ Total PUFAs −0.980**
C24:4/ Total PUFAs 1.164** 0.954*
C20:5/ Total PUFAs 1.037** 0.979**

C22:6/ Total PUFAs 1.108** −0.804**
R2 0.995 1.000 1.000 0.996 0.947 0.945 0.880 1.000
F value 416.2** 9909** 8750** 506.3** 72.61** 70.30** 30.24* 12645437***

Notes: Model 1, concrete levels of serum FFAs were used as independent variables; Model 2, relative levels of serum FFAs to total FFAs were used as independent variables; Model 3, relative levels of serum FFAs to total SFAs were used
as independent variables; Model 4, relative levels of serum FFAs to total MUFAs were used as independent variables; and Model 5, relative levels of serum FFAs to total PUFAs were used as independent variables. Obese mice, n = 5 and
Control mice, n = 5. *p < 0.05, **p < 0.01 and ***p < 0.001 when compared between the obese and control mice.
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Discussion
Dietary fatty acids have been demonstrated to influence levels of routine serum lipids. As described by several meta-
analyses, SFAs elevated TC and LDL-C, with a slight-raising effect on HDL-C. Substitutions of SFAs with MUFA oleic
acid decreased TC and LDL-C, with inconsistent effects on HDL-C.23,24 Prospective cohort studies illustrated the roles of
n-3 PUFAs for primary prevention of atherosclerotic cardiovascular disease with an effect on TG.25,26 Replacing SFAs
with n-6 PUFAs lowered TC and the ratio TC to HDL-C. In addition to their effects on the prevention of CVD, the intake
of PUFAs and MUFAs has become a cornerstone of dietary recommendations.27,28 However, neutral findings have been
frequently revealed in randomized controlled trials for these PUFA effects.29–31

On the other side, the relationship of serum FFAs levels, especially the serum levels of individual FFAs in the obese
subjects, with the levels of routine serum lipid profiles has been limitedly investigated. In fact, serum levels of FFAs may
more directly reflect roles of FFAs than dietary FFAs in the regulation of routine serum lipid profiles. Moreover, different
FFAs have different roles even when they are in the same major fatty acid family. About 3-fold differences have been
observed of the effects to elevate LDL-C levels by the common saturated fatty acids.22 Also, dietary medium chain SFAs
and long-chain SFAs differently influence obesity-induced metabolic dysfunction and plasma lipidomic signatures in
mice.32 Increases of the n-6 PUFA intake without simultaneous increases in the n-3 PUFA intake elevated rather than
lowered the risk of coronary heart disease.33,34 A diet with a low n-6: n-3 PUFAs ratio was found to significantly
decrease TG and LDL-C.35 These findings suggest that levels of individual FFAs and their interactions with other FFAs
need to be taken into account when their roles are tested. Although plasma levels of FFAs had been generally believed to
be increased in obesity,36 different results were documented recently. Kaikkonen et al37 found 20 serum FFAs in a cross-
sectional population of 2200 subjects and a 10-year prospective population of 1414 participants from the Young Finns
Study. They detected individual FFAs as its percentage of total fatty acids and disclosed that total SFAs, C14:0, C16:0,
total MUFAs, C16:1, C18:1, C18:3, C20:3 and C20:4 were positively, while C22:1, total PUFAs, C18:2, C20:4, C22:5,
C22:6 and PUFA:SFAs ratios were negatively linked to obesity in the cross-sectional population. These results were
mainly confirmed by the data from the prospective population. Gowda et al38 reported 9 plasma FFAs and 6 of them were
significantly lowered in high-fat diet-induced obese rats when compared to the rats under a normal diet, but the other
FFAs did not significantly change. However, no efforts have been made to analyze the associations of serum FFAs levels
with routine plasma lipid profiles.

In the present study, 30 FFAs were found in the serum of high-fat diet-induced obese mice and the mice under
a control diet. Among the 30 FFAs, 3 SFAs, all the 8 MUFAs and 7 PUFAs were lowered in the obese mice when
compared their concrete levels to those in the control mice, but one SFA (C4:0) elevated (Figure 2), together with
increased serum levels of TC, HDL-C and LDL-C, and decreased levels of TG (Figure 1). Meanwhile, the activities of
desaturases including SCD1-16, SCD1-18, D6D-1 and D6D-2 were lowered in obese mice, although the activities of
elongase and de novo lipogenesis were elevated (Figure 4), suggesting that the decreases of serum FFAs, especially the
USFAs may be resulted, at least partially, from the suppression of the desaturases in the obese mice.

C4:0 was the only FFA increased in the obese mice (Figure 2A). Moreover, all the relative levels of C4:0 to total
FFAs, SFAs, MUFAs and PUFAs were increased constantly (Figure 3). When their associations were tested with routine
serum lipid profiles, its relative level to MUFAs was inversely associated with TC in the control mice, but its concrete
level positively associated with LDL-C in the obese mice (Table 1). These results imply that C4:0 can decrease LDL-C
dependence on MUFAs under normal conditions but increase LDL-C independent of other FFAs under obesity status.
C15:0, C18:0, C24:0, C16:1, C18:1, C22:1, C20:4, C24:5 and C24:6 were the FFAs that their concrete or relative serum
levels were or were not different between the obese and the control mice (Figures 2 and 3), but they had no significant
associations with serum routine lipid profiles (Table 1). These results suggest that these FFAs have no effects to influence
the routine serum lipid profiles. Although the concrete or relative serum levels of C16:0, C17:0, C17:1, C20:2, C24:4 and
C20:5 were or were not different between the obese and the control mice (Figures 2 and 3), and the concrete levels were
not associated with any levels of routine serum lipids (Table 1), some of the relative levels were positively associated
with some routine serum lipids constantly, including C16:0/Total FFAs with TG and C16:0/Total SFAs with HDL-C in
the control mice, C17:0/Total MUFAs with TC in the control mice and LDL-C in the obese mice, C17:1/Total MUFAs
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with TG in the control mice, C20:2/Total FFAs and C20:2/Total MUFAs with TC in the control mice, C24:4/Total PUFAs
with TC and LDL-C, and C24:4/Total FFAs and C24:4/Total MUFAs with LDL-C in the control mice, and C20:5/Total
FFAs, C20:5/Total SFAs, C20:5/Total MUFAs and C20:5/Total PUFAs with TC, C20:5/Total FFAs, C20:5/Total MUFAs
and C20:5/Total PUFAs with HDL-C and C20:5/Total MUFAs with LDL-C in the obese mice (Table 1). The results
propose that these FFAs can elevate serum levels of some routine lipids dependent on other FFAs. The concrete or
relative serum levels of C12:0, C14:0, C24:1, C16:2, C18:2 and C22:3 were or were not different between the obese and
the control mice (Figures 2 and 3), but some of their concrete or relative levels were negatively associated with some of
routine serum lipids steadily, including C12:0/Total FFAs, C12:0/Total MUFAs and C12:0/Total PUFAs with TC in the
obese mice, C14:0/Total SFAs with TC and C14:0/Total PUFAs with LDL-C in the obese mice, C24:1/Total PUFAs with
TG in the obese mic, C16:2/Total MUFAs with TG and C16:2/Total FFAs, C16:2/Total SFAs and C16:2/Total PUFAs
with HDL-C in the control mice, C18:2 and C18:2/Total SFAs with LDL-C in the control mice, C22:3, C22:3/Total FFAs
and C22:3/Total SFAs with TG in the control mice (Table 1). These findings hint that these FFAs can lower the serum
levels of some routine lipids independently or dependent on some other FFAs.

Taken all above together, there might be some interactions among obesity and individual serum FFAs on the levels
of routine serum lipids. Among the 30 FFAs identified in the present study, 18 FFAs were decreased and only C4:0
increased in the obese mice although their relative levels to total FFAs, MUFAs and PUFAs were altered except C4:0,
C16:1, C19:1 and C18:4. C14:0 could lower TC and LDL-C dependent on total SFAs and PUFAs, respectively, C19:1
lower LDL-C dependent on total FFAs or PUFAs, C20:1 lower TG dependent on total MUFAs, C24:1 and C22:6 lower
TG dependent on total PUFAs, but C4:0 and C18:4 elevate LDL-C independent of other FFAs in the obese mice. On the
other side in the control mice, C4:0 could decrease TC dependent on total MUFAs, C16:0 increase TG and HDL-C
dependent on total FFAs and total SFAs, respectively, C17:1 increase TG dependent on total MUFAs, C19:1 increase
TC dependent on PUFAs, C20:1 decrease TG, but increase TC, dependent on total PUFAs, C16:2 decease TG
dependent on total MUFAs and HDL-C dependent on total FFAs, SFAs or PUFAs, C18:2 decrease LDL-C indepen-
dently or dependent on total SFAs, C18:3 decrease HDL-C dependent on total MUFAs, C22:3 decrease TG indepen-
dently or dependent on total FFAs or SFAs, and C22:6 increase TG dependent on total PUFAs. Once confirmed, these
interactions can be novel perspectives when using fatty acids to improve dyslipidemia in the subjects with or without
obesity.

There are some limitations in the present study. First, the results were found in the mice only and have not yet been
confirmed in human subjects. Secondly, the changes in desaturases were only demonstrated by the indices of serum fatty
acids. The levels of mRNAs, proteins and activities of the desaturases were not tested yet. These limitations need to be
taken into account when the results are explained and the findings are used.
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