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anti-oxidative stress effects, and improving endothelial 
function. A high n-6/n-3 PUFA ratio (20:1) had adverse 
effects. Our results indicated that low n-6/n-3 PUFA ratios 
exerted beneficial cardiovascular effects, suggesting that 
plant oils could be used as a source of n-3 fatty acids to 
prevent CVD. They also suggested that we should be aware 
of possible adverse effects from excessive n-3 PUFA.

Keywords Plant lipid biochemistry · Atherosclerosis · 
Lipid metabolism · Edible oils · n-3 Fatty acids · Lipid 
peroxidation · n-6 Fatty acids · Inflammation

Abbreviations
ALA  α-Linolenic acid (18:3n-3)
ANOVA  Analysis of variance
ApoC3  Apolipoprotein C3
CRP  C-reactive protein
CVD  Cardiovascular disease
DHA  Docosahexaenoic acid (22:6n-3)
ELISA  Enzyme-linked immunosorbent assay
EPA  Eicosapentaenoic acid (20:5n-3)
ES  E-selectin
HDL-C  High-density lipoprotein cholesterol
HOMA-IR  Homeostasis model assessment insulin 

resistance
IL-6  Interleukin-6
8-Iso-PG  8-Iso-prostaglandin
LDL-C  Low-density lipoprotein cholesterol
LPO  Lipid peroxide
MDA  Malondialdehyde
MPO  Myeloperoxidase
MUFA  Monounsaturated fatty acid(s)
NADPH-OX  NADPH oxidase
Ox-LDL  Oxidized low-density lipoprotein
PC  Protein carbonyl

Abstract Lipid metabolism, inflammation, oxidative 
stress and endothelial function play important roles in the 
pathogenesis of cardiovascular disease (CVD), which may 
be affected by an imbalance in the n-6/n-3 polyunsaturated 
fatty acid (PUFA) ratio. This study aimed to investigate the 
effects of the n-6/n-3 PUFA ratio on these cardiovascular 
risk factors in rats fed a high-fat diet using plant oils as the 
main n-3 PUFA source. The 1:1 and 5:1 ratio groups had 
significantly decreased serum levels of total cholesterol, 
low-density lipoprotein cholesterol, and proinflamma-
tory cytokines compared with the 20:1 group (p < 0.05). 
Additionally, the 20:1 group had significantly increased 
serum levels of E-Selectin, von Willebrand factor (vWF), 
and numerous markers of oxidative stress compared with 
the other groups (p < 0.05). The 1:1 group had a signifi-
cantly decreased lipid peroxide level compared with the 
other groups (p < 0.05). Serum levels of malondialdehyde, 
reactive oxygen species and vWF tended to increase with 
n-6/n-3 PUFA ratios increasing from 5:1 to 20:1. We dem-
onstrated that low n-6/n-3 PUFA ratio (1:1 and 5:1) had a 
beneficial effect on cardiovascular risk factors by enhanc-
ing favorable lipid profiles, having anti-inflammatory and 
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PUFA  Polyunsaturated fatty acid(s)
ROS  Reactive oxygen species
SFA  Saturated fatty acid(s)
TAG  Triacylglycerol
TC  Total cholesterol
TNF-α  Tumor necrosis factor α
Vwf  Von Willebrand factor

Introduction

Dietary changes have critical effects on cardiovascular risk 
factors [1]. Dietary modification has led to an imbalance in 
the n-6/n-3 polyunsaturated fatty acid (PUFA) ratio with an 
increase in n-6 fatty acids along with a marked reduction 
in n-3 fatty acids in diets, resulting in a high n-6/n-3 PUFA 
ratio [2]. The n-6/n-3 PUFA ratio of 20–30:1 in today’s typ-
ical Western diets is quite different from the n-6/n-3 PUFA 
ratio of 1:1 that was found in human diets many years ago 
[2, 3]. The n-6 and n-3 PUFA interact with each other in 
biological functions and coordinate to regulate biological 
processes. They also compete with each other sharing the 
same enzymes for conversion [4]. Most of the eicosanoids 
formed from n-3 fatty acids are anti-inflammatory, whereas 
those derived from n-6 fatty acids are pro-inflammatory 
[5]. A balanced n-6/n-3 PUFA ratio may be more important 
than n-3 PUFA intake levels for preventing inflammation-
related diseases, including cardiovascular disease (CVD) 
and other chronic disorders [6]. Thus, the n-6/n-3 PUFA 
ratio should be considerably improved regarding its poten-
tial role in CVD.

Marine animals such as fish were used as sources of 
n-3 PUFA by providing eicosapentaenoic (EPA) and doc-
osahexaenoic (DHA) in most of the previous studies [7]. 
Many studies have indicated that high intakes of EPA and 
DHA (mainly obtained from fish) could provide cardiovas-
cular benefits. In addition to the consumer’s concern about 
contaminants in fish, it may be difficult to increase fish 
consumption for its health benefits because of their scarcity 
and high cost [8]. Some plant seeds have a high content of 
α-linolenic acid (ALA, C18:3n-3) [9]. It would be easier 
to increase n-3 PUFA intake to lower the dietary n-6/n-3 
PUFA ratio because of the abundant plant sources rich in 
ALA than by marine sources [10]. Vegetable oil blends rich 
in ALA have been developed to modulate lipid metabo-
lism by improving the n-6/n-3 PUFA ratio in edible oils 
[11, 12]. Our previous study showed that the n-6/n-3 PUFA 
ratio did not acutely influence postprandial metabolism, the 
inflammatory response, or endothelial function. However, 
a meal in which dietary linseed oil was reduced, resulting 
in a high n-6/n-3 PUFA ratio, strengthened the difference 
between healthy controls and a hypertriglyceridemia group 
[13]. Despite that finding, the effects of the dietary n-6/n-3 

PUFA ratio on risk factors for CVD using plant oils as the 
n-3 PUFA source have not been extensively investigated 
[9].

It is well known that lipid metabolism, inflammation, 
oxidative stress, and endothelial function play important 
roles in the pathogenesis of CVD, which could be affected 
by the dietary n-6/n-3 PUFA ratio. Hence, the present study 
aimed to investigate the effects of the dietary n-6/n-3 PUFA 
ratio on cardiovascular risk factors in rats using plant oils 
as the main n-3 PUFA source.

Materials and Methods

Animals and Diets

Male Sprague–Dawley rats, purchased from Zhejiang 
Medical Experimental Animal Center (Hangzhou, China), 
had an average weight of 140–160 g. The rats were 
caged individually in a temperature-controlled room (at 
22 ± 2 °C) with 50–60 % humidity and a 12-h/12-h light–
dark cycle. Rats were acclimatized for 8 days prior to the 
experiment.

The rats were then randomly divided into four groups, 
with 10 rats in each group, according to the n-6/n-3 PUFA 
ratio (1:1, 5:1, 10:1, 20:1) in their upcoming diets. The diets 
contained 47.1 % carbohydrate, 19.4 % protein, and 33.5 % 
fat (energy % kcal). The food composition of the diets is 
shown in Table 1. Blended Oils differing to meet the con-
ditions of the n-6/n-3 PUFA ratio were obtained by mixing 
appropriate proportions of commercial corn oil, linseed oil, 
olive oil, and butter (Table 2). The compositions of the four 
diets were the same except for the different n-6/n-3 PUFA 

Table 1  Ingredients and compositions of the diets

PUFA polyunsaturated fatty acid(s)

Ingredients of the diet (weight %) n-6/n-3 PUFA ratio

1:1 5:1 10:1 20:1

Casein 21.50 21.50 21.50 21.50

Corn starch 25.80 25.80 25.80 25.80

Sucrose 26.50 26.50 26.50 26.50

Cellulose 5.00 5.00 5.00 5.00

Oil mixture 15.00 15.00 15.00 15.00

Cholesterol 1.50 1.50 1.50 1.50

Cholate 0.20 0.20 0.20 0.20

Mineral mix (AIN-76A) 3.00 3.00 3.00 3.00

Vitamin mix (AIN-76A) 1.00 1.00 1.00 1.00

DL-Methionine 0.30 0.30 0.30 0.30

Choline bitartrate 0.20 0.20 0.20 0.20

Total 100 100 100 100
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ratios while maintaining a PUFA/monounsaturated fatty acid 
(MUFA)/saturated fatty acid (SFA) ratio of approximately 
1:1:1. The fatty acid compositions of the blended oils in the 
diets are summarized in Table 3. All diets had a similar fat 
and energy content (4.02 kcal/g). All diets contained all-rac-
α-tocopheryl acetate 50 IU/kg as a composition of the AIN-
76 vitamin mix. The α-tocopherol content of the four blended 

oils was measured. Commercial α-tocopherol was then added 
to the four blended oils to maintain the all-rac-α-tocopheryl 
acetate level at 200 IU/kg in all diets to prevent fatty acid 
oxidation. The diets were prepared once every 2 weeks and 
stored at 4 °C under nitrogen during the experimental period. 
They were provided fresh to the rats every 2 days.

There was no difference in body weight or serum lipid 
profile among the four groups at baseline. They were given 
the assigned experimental diets and free access to water. 
Body weight was monitored weekly, and food intake was 
recorded every other day.

The experimental protocol was reviewed and approved 
by the Institutional Animal Care and Use Committee of 
Southeast University (approval number: 20130218) on 
February 26, 2013. All animal care and experimental pro-
cedures were carried out in accordance with the principles 
of European Directive 2010/63/EU and the protocol for 
animal study of the Animal Management Committee of 
Jiangsu Province, China.

Table 2  Percentage of four oils in different blended oils

PUFA polyunsaturated fatty acid(s)

Oils (weight %) n-6/n-3 PUFA ratio

1:1 5:1 10:1 20:1

Corn oil 19.22 47.35 53.78 57.46

Linseed oil 29.81 9.2 4.49 1.8

Olive oil 16.44 10.72 9.42 8.67

Butter 34.53 32.73 32.31 32.08

Total 100 100 100 100

Table 3  Fatty acid composition 
of the blended oils in the diets

PUFA polyunsaturated fatty acid(s), SFA saturated fatty acid(s), MUFA monounsaturated fatty acid(s)

Fatty acid (mole %) n-6/n-3 PUFA ratio

1:1 5:1 10:1 20:1

8:0 0.22 0.21 0.21 0.21

10:0 1.07 1.01 1.00 0.99

12:0 2.08 1.97 1.95 1.94

14:0 6.20 5.89 5.81 5.77

14:1 0.38 0.36 0.35 0.35

15:0 0.82 0.78 0.77 0.76

16:0 19.86 21.35 21.68 21.88

16:1 0.61 0.58 0.57 0.57

17:0 0.45 0.42 0.42 0.41

17:1 0.09 0.09 0.09 0.08

18:0 5.15 4.69 4.58 4.52

18:1n-9 30.01 30.77 30.95 31.05

18:2n-6 15.99 26.38 28.76 30.12

18:3n-3 17.21 5.62 2.97 1.46

20:0 0.04 0.04 0.04 0.04

20:1 0.03 0.03 0.03 0.03

20:4n-6 0.01 0.01 0.01 0.01

20:5n-3 0.02 0.02 0.02 0.02

22:6n-3 – – – –

∑SFA 35.88 36.36 36.46 36.52

∑MUFA 31.11 31.82 31.99 32.08

∑PUFA 33.23 32.03 31.76 31.60

SFA:MUFA:PUFA 1.00:0.87:0.93 1.00:0.88:0.88 1.00:0.88:0.87 1.00:0.88:0.87

∑(n-6) fatty acids 16.01 26.39 28.77 30.13

∑(n-3) fatty acids 17.22 5.64 2.99 1.47

n-6/n-3 ratio 0.93:1 4.68:1 9.62:1 20.44:1
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Blood Processing

At the end of week 12, the rats were fasted overnight (about 
12 h, with water ad libitum) to reduce the impact of feed-
ing. All animals were anesthetized with sodium pentothal, 
blood was collected, and the rats were sacrificed by decapi-
tation. Blood samples were put into clean test tubes. The 
serum was separated by centrifugation at 3000g for 10 min 
at 4 °C and then stored at −80 °C until analyzed.

Serum Biochemical Analyses

At the end of the experiment, we measured the serum levels 
of triacylglycerol (TAG), total cholesterol (TC), high-den-
sity lipoprotein cholesterol (HDL-C), low-density lipopro-
tein cholesterol (LDL-C), insulin, glucose, apolipoprotein 
C3 (ApoC3), C-reactive protein (CRP), tumor necrosis fac-
tor α (TNF-α), interleukin 6 (IL-6), lipid peroxide (LPO), 
NADPH oxidase (NADPH-OX), oxidized low-density lipo-
protein (ox-LDL), 8-iso-prostaglandin (8-iso-PG), mye-
loperoxidase (MPO), malondialdehyde (MDA), Protein 
Carbonyl (PC), reactive oxygen species (ROS), E-Selectin 
(ES), and the von Willebrand factor (vWF). Serum TAG, 
TC and LDL-C and HDL-C levels were measured by enzy-
matic assays. The glucose level was determined by the 
glucose oxidase method. Insulin resistance was estimated 
by the homeostasis model assessment of insulin resistance 
(HOMA-IR) score as follows: HOMA-IR = fasting insu-
lin (μU/mL) × fasting glucose (mmol/L)/22.5. The levels 
of TNF-α and IL-6 were measured using enzyme-linked 
immunosorbent assay (ELISA) kits (Science Biotechnol-
ogy, Yantai, China). Levels of ApoC3, CRP, LPO, NADPH, 
ox-LDL, 8-iso-PG, MPO, MDA, PC, ROS, INS, ES and 

vWF were measured using ELISA kits (JRDUN BIO-
TECH, Shanghai, China). All the procedures and condi-
tions were consistent with the instructions of these kits.

Statistical Analyses

Data are given as means ± standard deviations (SD) using 
GraphPad Prism, version 5 (GraphPad software, San 
Diego, CA, USA). The data were analyzed by SPSS 17.0 
statistics software (SPSS, Chicago, IL, USA). Body weight 
was analyzed using a repeated measures two-way analysis 
of variance (ANOVA). All other data were analyzed using 
one-way ANOVA. The Student–Newman–Keuls test was 
used for all post hoc analyses. Statistical significance was 
defined as p < 0.05.

Results

Effects of the Dietary n‑6/n‑3 PUFA Ratio on Growth 
Curves

Food intakes (g) during the 12-week period were similar 
among the four groups. There were no significant differ-
ences in body weight among the four groups (p > 0.05, data 
not shown).

Effects of the Dietary n‑6/n‑3 PUFA Ratio on Serum 
Lipid Metabolism

As shown in Table 4, the serum level of TAG was lower 
in the 1:1 group than in the 10:1 group (p < 0.05). The 1:1 
group had significantly decreased serum levels of TC and 

Table 4  Effects of the dietary 
n-6/n-3 PUFA ratio on the 
serum lipid profile and glycemia

Results are expressed as the means ± SD (n = 10)

PUFA polyunsaturated fatty acid(s)
a, b, c  Values with different letters within a row are significantly different (p < 0.05)

Items n-6/n-3 PUFA ratio

1:1 5:1 10:1 20:1

Lipid profile

 TAG (mmol/L) 0.64 ± 0.09a 0.76 ± 0.22a,b 0.87 ± 0.12b 0.77 ± 0.11a,b

 TC (mmol/L) 1.67 ± 0.27a 1.83 ± 0.25a,b 1.97 ± 0.18b,c 2.11 ± 0.27c

 HDL-C (mmol/L) 0.79 ± 0.10a 1.01 ± 0.15b 1.05 ± 0.13b 1.11 ± 0.13b

 LDL-C (mmol/L) 0.65 ± 0.08a 0.74 ± 0.11a,b 0.83 ± 0.09b,c 0.90 ± 0.13c

 Non-HDL-C (mmol/L) 0.81 ± 0.18a 0.83 ± 0.11a 0.93 ± 0.07a,b 1.00 ± 0.14b

 ApoC3 (μg/mL) 5.44 ± 0.60a 5.96 ± 0.88a,b 6.19 ± 0.88a,b 6.63 ± 0.66b

Glycemia

 Glucose (mmol/L) 7.69 ± 0.64 8.29 ± 0.78 8.41 ± 0.69 8.23 ± 0.57

 INS (μU/mL) 11.56 ± 2.97 11.18 ± 2.65 11.31 ± 2.66 13.31 ± 2.33

 HOMA index 3.6 ± 0.7 4.1 ± 1.3 4.6 ± 1.3 4.8 ± 0.9
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LDL compared with the 10:1 and 20:1 groups (p < 0.05). 
Additionally, the levels of TC and LDL-C were lower in the 
5:1 group than in the 20:1 group (p < 0.05). The 1:1 and 
5:1 groups showed significantly lower non-HDL-C levels 
than the 20:1 group (p < 0.05). In contrast, the 20:1 group 
had a significantly increased ApoC3 level compared with 
the 1:1 group (p < 0.05). Among the four groups, however, 
the serum levels of HDL-C in the 1:1 group were lowest 
(p < 0.05).

Effects of the Dietary n‑6/n‑3 PUFA Ratio on Serum 
Glucose and Insulin Sensitivity

The levels of glucose and insulin were not different among 
the four groups (p > 0.05). There were also no significant 
differences in the HOMA-IR among the groups (p > 0.05) 
(Table 4).

Effects of the Dietary n‑6/n‑3 PUFA Ratio on Serum 
Inflammatory Cytokines

The serum levels of IL-6 were lower in the 1:1 group than 
in the 10:1 and 20:1 groups (p < 0.05) (Fig. 1a). Addition-
ally, the 5:1 group had a significantly decreased IL-6 level 
compared with the 20:1 group (p < 0.05) (Fig. 1a). The 
10:1 and 20:1 groups exhibited significantly higher TNF-α 
levels than the 1:1 and 5:1 groups (p < 0.05) (Fig. 1a). 
Among the four groups, the CRP level was the highest in 
the 20:1 group (p < 0.05) (Fig. 1b).

Effects of the Dietary n‑6/n‑3 PUFA Ratio on Serum 
Oxidative Stress

Among the four groups, the serum LPO level was lowest in 
the 1:1 group (p < 0.05) (Fig. 2a), whereas the 20:1 group 
showed significantly higher serum levels of PC (Fig. 2g), 
MPO (Fig. 2e), MDA (Fig. 2f), NADPH-OX (Fig. 2b) and 
ROS (Fig. 2h) than the other three groups (p < 0.05). The 
serum level of NADPH-OX was lower in the 10:1 group 
than the 1:1 group (p < 0.05) (Fig. 2b). In addition, the 20:1 

group had a significantly increased serum level of ox-LDL 
compared with the 1:1 and 5:1 groups (p < 0.05) (Fig. 2c). 
The 20:1 group also showed significantly higher serum 
8-iso-PG levels than the 1:1 group (p < 0.05) (Fig. 2d). 
Although no significant differences were observed, the 
serum MDA (Fig. 2f) and ROS (Fig. 2h) levels increased 
slightly in the 1:1 group compared with the 5:1 group. The 
serum MDA and ROS levels also tended to increase with 
the increasing n-6/n-3 PUFA ratio, from 5:1 to 20:1.

Effects of the Dietary n‑6/n‑3 PUFA Ratio 
on Endothelial Function

The serum levels of VWF (Fig. 3a) and ES (Fig. 3b) were 
higher in the 20:1 group than in the other groups (p < 0.05). 
Although no significant difference was observed, the serum 
vWF levels increased slightly in the 1:1 group compared 
with the 5:1 group. The serum vWF levels also tended to 
increase with the increasing n-6/n-3 PUFA ratio (from 5:1 
to 20:1) (Fig. 3a).

Discussion

Lipid abnormalities, inflammation, oxidative stress and 
endothelial dysfunction have been considered important 
risk factors in the development of atherosclerosis [14–16]. 
The effects of dietary fat on diseases such as CVD have 
attracted wide attention. Both the amount and profile of 
fatty acids in the diet have been shown to play an important 
role in regard to health benefits [7, 17]. The relatively high 
intake of n-6 PUFA versus n-3 PUFA in typical Western 
diets may increase the risks of CVD. Conversely, reducing 
the intake of n-6 PUFA and/or increasing the intake of n-3 
PUFA have been postulated as being beneficial for prevent-
ing CVD. Although possible health effects of n-3 PUFA are 
well known, there are still some concerns about lipid oxi-
dation of n-3 PUFA, which are highly prone to oxidation 
[18]. Many previous studies used fish oil as their n-3 PUFA 
source, although it is unsuitable for long-term use. Few 

Fig. 1  Effects of the dietary 
n-6/n-3 ratio on serum inflam-
matory cytokines of four groups 
of rats with 10 rats in each 
group. Data are presented as the 
means ± SD. a–c Mean values 
with different letters are signifi-
cantly different (p < 0.05)
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studies, however, have investigated the effects of chang-
ing the dietary n-6/n-3 PUFA ratio on risk factors of CVD 
using plant oils as the n-3 PUFA source.

The present study was carried out to investigate the 
effect of the dietary n-6/n-3 PUFA ratio from plant sources 
on CVD risk factors, such as lipid metabolism, inflamma-
tion, oxidative stress and endothelial dysfunction. The four 
diets fed to the rats contained similar amounts of total fat, 

but the n-6/n-3 PUFA ratios ranged from 1:1 to 20:1. The 
highest ratio (20:1) was chosen because it approximates the 
upper extreme of the n-6/n-3 PUFA ratio found in West-
ern societies and the lowest ratio (1:1) because it is simi-
lar to the n-6/n-3 PUFA ratio in the diet on which humans 
evolved [2, 3]. The 10:1 ratio was chosen to approximate 
the n-6/n-3 PUFA ratio of the average human diet [19, 
20] and the 5:1 ratio because it is close to the commonly 

Fig. 2  Effects of the dietary 
n-6/n-3 ratio on oxidative stress 
of four groups of rats with 10 
rats in each group. Data are 
presented as the means ± SD. 
a–c Mean values with different 
letters are significantly different 
(p < 0.05)
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recommended n-6/n-3 PUFA ratio [20–22]. Four differently 
blended oils were created by changing the percentages of 
corn oil, linseed oil, olive oil and butter in the newly pre-
pared oils. The butter content, which is not a plant oil, was 
similar in the four blended oils. The n-6 and n-3 fatty acids 
are present in butter in trace amounts. Butter contains more 
than 70 % SFA and therefore was used to provide SFA in 
the four high-fat diets.

Large amounts of SFA in diets have an adverse effect 
on cardiovascular health [23]. The four high-fat diets, with 
their high levels of SFA, were similar to the Western-type 
high-fat diet, which could increase cardiovascular risk fac-
tors [24, 25]. We hypothesized that the process could be 
affected by the dietary n-6/n-3 PUFA ratio. The four diets 
in this study had n-6 and n-3 fatty acids provided mainly 
as 18-carbon fatty acids from plant oils, whereas many pre-
vious studies evaluated the effects of 20- to 22-carbon n-3 
fatty acids on CVD risk factors. In regards to the effects of 
SFA, MUFA, and PUFA on health, the SFA:MUFA:PUFA 
ratio was fixed in this study.

The cardioprotective effects of n-3 PUFA could partly 
result from their beneficial effects on the lipid profile. As 
expected, the present study demonstrated that a low n-6/n-3 
PUFA ratio of 1:1 decreased serum TC, non-HDL-C and 
LDL-C levels compared with those on a diet with a high 
n-6/n-3 PUFA ratio (20:1). The 1:1 group had a lower 
serum level of TAG than the 10:1 group. Our results are in 
accordance with an earlier report that blended oil rich in 
ALA oil decreased serum levels of TAG, TC, and LDL-C 
[11]. One previous study had showed that flaxseed and fish 
oil diets both lowered TC and non-HDL compared with 
levels achieved with safflower oil. The fish oil group, how-
ever, had a higher HDL-C level than the flaxseed group 
[26]. Another study demonstrated that a high-oleic rape-
seed oil diet blended with flaxseed oil reduced TC, LDL-C 
and HDL-C compared with a typical Western diet [27]. In 
the present study, the 1:1 group had a significantly lower 
HDL-C level than the other groups. Supporting our results, 
Zhao et al. reported that an ALA diet with an LA: ALA 
ratio of 1.6:1 decreased HDL-C in hypercholesterolemic 

subjects compared with the average American diet with 
an LA: ALA ratio of 9.6:1 [28]. Duan et al. [29] observed 
that n-6/n-3 PUFA ratios of 1:1 and 5:1 exerted beneficial 
effects on lipid metabolism in pigs. In a recent study, Li et 
al. [30] reported that dietary n-6/n-3 PUFA ratios of 1:1 
and 5:1 facilitated the absorption and use of fatty acids. A 
2-year ALA-rich oil supplementation study showed that the 
ALA group had lower HDL-C levels than the LA group in 
a human population at risk for CVD [31]. We speculated 
that a very low n-6/n-3 PUFA ratio using plant oils as the 
n-3 PUFA source could reduce both LDL-C and HDL-C.

Elevated plasma ApoC3 protein has several pro-athero-
genic properties, such as inhibiting the lipolysis of TAG-
rich lipoproteins [32] and increasing the formation of ath-
erogenic small dense LDL [33]. There is also evidence that 
ApoC3 promotes inflammation and endothelial cell dys-
function [34]. Up to now, however, few studies have evalu-
ated ApoC3 levels in serum following administration of 
diets with different n-6/n-3 ratios. In the present study, the 
1:1 group showed lower serum ApoC3 levels than the 20:1 
group. This is consistent with prior findings of reduced 
ApoC3 after ingestion of EPA and DHA [35]. The results 
led us to hypothesize that the serum level of ApoC3 was 
affected by the different n-6/n-3 PUFA ratios.

Inflammation has been shown to play an important role 
in the development of many chronic diseases, including 
atherosclerotic diseases. The proinflammatory cytokines 
TNF-α and IL-6 have been associated with CVD risk. Spe-
cifically, IL-6 stimulates the production of CRP, which has 
been shown to be a stronger predictor of CVD than LDL-C 
[36]. The n-6 and n-3 PUFA have opposing effects on 
inflammation. The n-3 PUFA have strong anti-inflamma-
tory effects, whereas n-6 PUFA tend to be proinflammatory. 
Thus, for regulating the production of proinflammatory and 
anti-inflammatory mediators, it is important to maintain a 
balance between n-6 and n-3 PUFA.

Many previous studies have reported that n-3 PUFA 
decrease the production of these inflammatory cytokines 
[29, 37, 38]. Lin et al. [38] reported that mammary inflam-
mation around the time of parturition appeared to be 

Fig. 3  Effects of the dietary 
n-6/n-3 ratio on endothelial 
function of four groups of rats 
with 10 rats in each group. 
Data are presented as the 
mean ± SD. a, b Mean values 
with different letters are signifi-
cantly different (p < 0.05)
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attenuated by consumption of a diet rich in n-3 PUFA. The 
anti-inflammatory effects of n-3 PUFA may contribute 
their protective actions to avoid atherosclerosis and CVD-
related mortality [37]. Our results indicated that a high 
n-6/n-3 PUFA ratio increased the serum TNF-α and IL-6 
levels compared with a low n-6/n-3 PUFA ratio. High n-6/
n-3 PUFA ratios (10:1 and 20:1) resulted in higher TNF-α 
levels than low n-6/n-3 PUFA ratios (1:1 and 5:1). The 1:1 
group exhibited a lower serum IL-6 level than were seen in 
the 10:1 and 20:1 groups, and the 5:1 group showed lower 
IL-6 levels than the 20:1 group. Our study also showed 
that the serum CRP level was higher in the 20:1 group 
than in the other groups. In accord with our studies, one 
report suggested that a high n-6/n-3 PUFA ratio was associ-
ated with higher serum CRP levels in long-term hemodi-
alysis patients [39]. Another study demonstrated that a diet 
with an LA: ALA ratio of 1.6:1 decreased the CRP level 
in hypercholesterolemic subjects compared with a diet 
with an LA: ALA ratio of 9.6:1 [28]. Papadopoulos et al. 
[40] observed that sow’s lactation feed with a low n-6/n-3 
PUFA ratio administered beginning 8 days before farrow-
ing was associated with a better inflammatory profile dur-
ing the periparturient period. Duan et al. [29] reported that 
the dietary n-6/n-3 PUFA ratios of 1:1 and 5:1 suppressed 
expression of the inflammatory cytokines TNF-α and IL-6. 
Our study indicated that a low n-6/n-3 PUFA ratio using 
plant ALA as the main n-3 PUFA source had the effect of 
inhibiting inflammation compared with a diet with a high 
n-6/n-3 PUFA ratio.

Oxidative stress plays a key role in the development of 
CVD. Despite many known health benefits of n-3 PUFA, 
there is concern that their high degree of unsaturation may 
increase oxidative stress and lipid peroxidation (LPO). 
Given the different effects of SFA, MUFA, and PUFA on 
oxidative stress, the diet in the present study maintained 
a constant SFA:MUFA:PUFA ratio throughout. To our 
knowledge, few studies have evaluated oxidative stress 
in serum following diets with different n-6/n-3 ratios but 
a constant SFA:MUFA:PUFA ratio. In our study, the 1:1 
group had a decreased serum LPO level than the other 
groups. In agreement with our findings, it had also been 
reported that the LPO level was significantly high with sun-
flower oil (n-6 rich) diets and less so with mustard oil (n-3 
rich) diets in rats under stress conditions [41]. The 8-iso-
PG, a reliable marker of oxidative stress [42], is a stable 
isoprostane derived from oxidized arachidonate by ROS 
[43]. In this study, the 20:1 group had an increased serum 
8-iso-PG level compared with the 1:1 group. Our study 
also found that the diet with an n-6/n-3 PUFA ratio of 20:1 
increased the serum protein carbonylation compared with 
that in the other groups. Our results concurred with the 
protective effects of EPA/DHA supplementation on the car-
bonylation of proteins [44].

The serum MPO level is an independent risk factor for 
atherosclerosis [45]. In this study, consumption of the 20:1 
diet led to higher serum MPO levels than that in the other 
groups. MPO-derived oxidants can cause oxidative dam-
age during inflammation [46]. For example, the nitration 
and chlorination of HDL catalyzed by MPO can transform 
it into dysfunctional HDL [47]. In the past, HDL has been 
generally believed to exert protective activity that helps 
avoid atherosclerosis. However, recent studies indicated 
that dysfunctional HDL can lose its beneficial function. 
Inflammation was also associated with dysfunctional HDL 
that has lost its ability to protect against atherosclerosis 
[48]. We speculated that lipid metabolism, inflammation 
and oxidative stress might interact with each other in the 
atherosclerotic process.

LDL lipoproteins are easily oxidized because of their 
high PUFA content. Ox-LDL is considered the key factor in 
the formation and development of atherosclerosis because 
it is involved in endothelial function damage, foam cell for-
mation, and inflammation, among other activities. Further-
more, overproduction of ROS contributes to the pathophys-
iologic process in CVD [14]. In our study, the serum level 
of ox-LDL in the 20:1 group was markedly higher than in 
the 1:1 and 5:1 groups. Our study also showed that the lev-
els of NADPH-OX and ROS were higher in the 20:1 group 
than in the other groups. Furthermore, the 10:1 group had 
an increased NADPH-OX level compared with that in the 
1:1 group. Our results were consistent with the hypothesis 
that activation of NADPH-OX could generate excessive 
ROS which oxidizes LDL. The ox-LDL could then pro-
mote NADPH-OX activation—thus creating a vicious cir-
cle that promotes the development of atherosclerosis [49, 
50]. A previous study showed that a dietary supplement 
with linseed oil lowered the ox-LDL level compared with 
a supplement containing EPA and DHA. This might be 
because of the less unsaturated bonding of ALA than that 
of EPA and DHA, making it less susceptible to oxidative 
attack [51].

MDA is an oxidative end-product of PUFA. High circu-
lating levels of ox-LDL and MDA-LDL are strongly asso-
ciated with atherosclerotic disease. Up to now, few studies 
have studied the effect of different n-6/n-3 PUFA ratios on 
circulating MDA levels. A previous study indicated that 
there was a significant difference in MDA in old dogs given 
5:1 and 25:1 diets [52]. In our study, the diet with an n-6/
n-3 PUFA ratio of 20:1 significantly increased serum MDA 
compared with that in the other groups. Another study sug-
gested that ox-LDL disrupted the growth and survival of 
human coronary artery endothelial cells through an MDA-
dependent pathway [53].

Impaired vascular function contributes to the patho-
genesis of atherosclerosis. There is growing evidence 
that increased generation of ROS and oxidative stress 
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participates in pro-atherogenic mechanisms of vascular 
dysfunction and atherothrombosis [54]. To our knowl-
edge, few studies have reported the effect of different n-6/
n-3 PUFA ratios on the serum vWF level in rats. We also 
assayed soluble E-selectin, another circulating endothelial 
dysfunction biomarker. In the present experiment, both 
vWF and ES were significantly higher in the diet with the 
highest n-6/n-3 ratio (20:1) compared with that in the other 
groups. Supporting our results, a previous study reported 
that dietary intake of n-3 PUFA showed negative associa-
tions with vWF in a population-based sample consuming 
a Western diet [55]. A previous study demonstrated that 
a diet with high-oleic rapeseed oil blended with flaxseed 
oil decreased the E-selectin level compared with a typical 
Western diet [27]. Collectively, a high n-6/n-3 PUFA ratio 
of 20:1 in the diet probably damages endothelial function.

The present study demonstrated that a low n-6/n-3 
PUFA ratio had beneficial effects on serum lipid metab-
olism, inflammation cytokines, oxidative stress, and 
endothelial function. However, further research is neces-
sary to illustrate the underlying metabolic pathways, such 
as the AMPK and ERK signal pathways [56, 57]. In addi-
tion, more research is needed to investigate lipid metabo-
lism in adipose tissue, skeletal muscle, and liver, which 
play important metabolic roles to modulate lipid metabo-
lism and inflammation [58, 59]. It should be pointed out 
that our results were obtained for blood indexes in rats fed 
high-fat diets with the constant PUFA: MUFA: SFA ratio of 
approximately 1:1:1.

It is known that different fatty acids have different health 
effects. Both the amount and the proportion of different 
fatty acids in the diet are important for human health. Fur-
ther studies might determine whether there is an interaction 
between the dietary composition of fatty acids and the n-6/
n-3 PUFA ratio. For example, is the risk of CVD affected 
by the n-6/n-3 PUFA ratio in low-fat diets or in diets with 
low SFA levels?

Conclusion

The results of this study demonstrated that the n-6/n-3 
PUFA ratio could regulate lipid metabolism, inflamma-
tion, oxidative stress, and endothelial function. The optimal 
n-6/n-3 PUFA ratios were 1:1 and 5:1. Our results sup-
port a beneficial effect of a low n-6/n-3 PUFA ratio on risk 
factors for CVD, including favorable lipid profiles, anti-
inflammation activity, actions against anti-oxidative stress, 
and improving endothelial function. On the contrary, the 
high n-6/n-3 PUFA ratio of 20:1 produced adverse effects, 
including dyslipidemia, a proinflammatory state, oxidative 
damage, and endothelial dysfunction. We should be aware 
of the possible adverse effects caused by excessive n-3 

PUFA. These results may offer a way to design diets that 
help to prevent CVD. On the whole, our study suggested 
that plant-derived oil rich in n-3 PUFA was able to reduce 
the n-6/n-3 ratio in the diet. Additionally, blended oils 
resulting in a low n-6/n-3 PUFA ratio resulted in lowering 
the risk of CVD.
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