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Purpose: This study aimed to determine the effect of dietary oils (olive, safflower, evening 

primrose, flaxseed, or menhaden) enriched in different mono unsaturated fatty acids or poly-

unsaturated fatty acids on peripheral neuropathies in diet-induced obese Sprague-Dawley rats.

Materials and methods: Rats at 12 weeks of age were fed a high-fat diet (45% kcal) for 

16 weeks. Afterward, the rats were fed diets with 50% of the kilocalories of fat derived from 

lard replaced by the different dietary oils. In addition, a control group fed a standard diet (4% 

kcal fat) and a high fat fed group (45% kcal) were maintained. The treatment period was 32 

weeks. The endpoints evaluated included motor and sensory nerve conduction velocity, thermal 

sensitivity, innervation of sensory nerves in the cornea and skin, and vascular relaxation by 

epineurial arterioles.

Results: Menhaden oil provided the greatest benefit for improving peripheral nerve damage 

caused by dietary obesity. Similar results were obtained when we examined acetylcholine-

mediated vascular relaxation of epineurial arterioles of the sciatic nerve. Enriching the diets 

with fatty acids derived from the other oils provided minimal to partial improvements.

Conclusion: These studies suggest that omega-3 polyunsaturated fatty acids derived from fish 

oil could be an effective treatment for neural and vascular complications associated with obesity.

Keywords: peripheral neuropathy, fish oil, omega-3 polyunsaturated fatty acids, omega-6 

polyunsaturated fatty acids, vascular reactivity, nerve conduction velocity

Introduction
Peripheral neuropathy affects about 50% of patients with diabetes as well as 30% of 

obese patients with insulin resistance.1 This suggests factors other than hyperglycemia 

contribute to peripheral neuropathy. Since symptoms of peripheral neuropathy include 

pain, numbness, paresthesia, and ulcerations in the extremities, finding treatment is 

vital.2 Lipids have been shown to play an important role in complications associated 

with metabolic syndrome and type 2 diabetes.3 However, little information is avail-

able regarding the effect of different classes of fatty acids on peripheral neuropathy. 

Our earlier studies suggest that long-chain omega-3 (n-3) polyunsaturated fatty acids, 

commonly found in fish oils (primarily eicosapentaenoic and docosahexaenoic acids), 

enable effective treatment for vascular complications and peripheral neuropathy associ-

ated with obesity and type 2 diabetes.4–6 Omega-3 fatty acids have been shown to have 

broad health benefits, such as lowering blood triglycerides, improving cardiovascular 

disease, and decreasing the risk of certain types of cancers.7 However, the potential role 

of omega-3 polyunsaturated fatty acids as well as the other classes of monounsaturated 

and polyunsaturated fatty acids on peripheral neuropathy has been understudied. 
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To gain a better understanding of the role of dietary 

lipids in peripheral neuropathy in an animal model of pre-

diabetes, rats were fed a high-fat diet for 16 weeks followed 

by 32 weeks of diet enriched in oleic acid (olive oil; 18:1, 

n-9), linoleic acid (safflower oil; 18:2, n-6), γ-linolenic acid 

(evening primrose oil; 18:3, n-6), α-linolenic acid (flaxseed 

oil; 18:3, n-3), or eicosapentaenoic/docosahexaenoic acids 

(menhaden oil; 20:5 and 22:6, n-3).

Materials and methods
Animals, diets, and experimental design
Male Sprague-Dawley (Harlan Sprague Dawley, Indianapo-

lis, IN, USA) rats 10–11 weeks of age were housed in a cer-

tified animal care facility and food (#7001; Harlan Teklad, 

Madison, WI, USA) and water were provided ad libitum. All 

institutional and National Institutes of Health (NIH) guide-

lines for the use of animals were followed. These studies 

were approved by the University of Iowa Animal Care and 

Use Committee (#5071450). At 12 weeks of age, rats were 

divided into seven groups. One group was designated as the 

control group and remained on standard diet, which contained 

4.25 gm% as fat. The other six groups of rats were placed on 

a high-fat diet (D12451; Research Diets, New Brunswick, 

NJ, USA). The high-fat diet contained 24 gm% fat, 24 gm% 

protein, and 41 gm% carbohydrate. The primary source of 

the increased fat content in the diet was lard. Rats were main-

tained on these diets for 16 weeks. Afterward, five of the six 

groups of rats on the high-fat diet were placed on high-fat 

diets with 50% kcal of fat derived from lard replaced with 

olive oil (D16030902), safflower oil (D16030903), flaxseed 

oil (D16030904), evening primrose oil (D16030905), or 

menhaden oil (D16021504). These diets were prepared by 

Research Diets and maintained for 32 weeks. The fatty acid 

composition of each of these diets is presented in Table S1. 

Two groups designated as control and diet-induced obese 

(DIO) rats were continued on their respective diets until the 

end of the study.

Glucose clearance
Glucose tolerance was determined 1 week before the ter-

minal vascular and nerve studies by injecting rats with a 

saline solution containing 2 g/kg glucose, intraperitoneally, 

after an overnight fast.4 Rats were briefly anesthetized with 

isoflurane and the glucose solution was injected. Immedi-

ately prior to the glucose injection and at 15, 30, 45, 60, 

120, 180, and 240 minutes blood samples (one drop) from 

the tip of the tail were taken to measure circulating glucose 

levels using Aviva Accu-Chek glucose oxidase reagent 

strips (Roche Diabetes Care, Inc., Indianapolis, IN, USA). 

Endpoints related to nerve and vascular 
reactivity
A variety of endpoints related to neural function were deter-

mined employing methodology common to our laboratory 

and detailed information can be found in the references.4,6,8 

These endpoints included thermal nociceptive latency of the 

hindpaws and cornea sensitivity in unanesthetized rats. Motor 

and sensory nerve conduction velocity and density of corneal 

nerves were determined in rats anesthetized with sodium 

pentobarbital (50 mg/kg, intraperitoneally; Abbott Labora-

tories, Abbott Park, IL, USA). Following these procedures, 

the anesthetized rats were euthanized by exsanguination 

and tissue harvested to determine intraepidermal nerve fiber 

density of the hindpaw and vascular reactivity of epineurial 

arterioles of the sciatic nerve to acetylcholine.

Fatty acid composition
Fatty acid composition of the diets, serum, and liver was 

measured after the lipid fraction was extracted using chloro-

form/methanol, followed by transesterification in 14% boron 

trifluoride in methanol and extraction of the fatty acid methyl 

esters into heptane. The fatty acids were then separated by 

gas–liquid chromatography.9 Individual fatty acids peaks as % 

of the total fatty acids present were identified by comparison 

to known fatty acid standards.

Physiological markers
Nonfasting blood glucose was determined with Aviva Accu-

Chek strips. Serum was collected for determining levels of 

free fatty acid, triglyceride, and free cholesterol using com-

mercial kits from Hoffman-La Roche (Basel, Switzerland), 

Sigma-Aldrich Co (St Louis, MO, USA), and BioVision 

(Milpitas, CA, USA), respectively. Serum was also used to 

determine thiobarbituric acid reactive substances (TBARS) 

as previously described.8 

Data analysis
Results are presented as mean±standard error of mean. Com-

parisons between the groups were conducted using one-way 

analysis of variance and Bonferroni posttest comparison 

(Prism software; GraphPad Software Inc, La Jolla, CA, 

USA). Concentration response curves for acetylcholine were 

compared using a two-way repeated measures analysis of 

variance with autoregressive covariance structure using Proc 
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Mixed program of SAS Institute Inc (Cary, NC, USA).4,6,8 A 

p-value <0.05 was considered to be significant.

Results
Weight and blood glucose
At the beginning of the study, all rats weighed the same 

(Table 1). After 16 weeks of the high-fat diet, the high-fat-

fed rats weighed significantly more than the control rats. 

At the end of the study, all rats continued to gain weight 

and supplementing the high-fat diet with oils enriched in 

monounsaturated fatty acid or polyunsaturated fatty acid 

for the final 32 weeks of the 48-week study period did not 

significantly impact the final weight gain. High-fat-fed rats 

and rats fed diets supplemented with oils enriched in mono-

unsaturated fatty or polyunsaturated fatty acid consumed 

about the same amount of food and significantly less than 

control rats. Nonfasting blood glucose was determined with 

Aviva Accu-Chek strips at the end of the study and all rats 

were normoglycemic. Serum lipid and thiobarbituric acid 

substances levels were also determined (Table 1). Serum-free 

fatty acid levels were significantly elevated in high-fat-fed 

rats, and high-fat-fed rats supplemented with olive oil, saf-

flower oil, flaxseed oil, and evening primrose oil compared to 

control rats. Supplementing high-fat-fed rats with menhaden 

oil lowered serum-free fatty acid levels. Serum triglyceride 

levels were significantly increased in high-fat-fed rats sup-

plemented with olive oil or evening primrose oil compared 

to control rats. Serum TBARS were significantly increased 

in high-fat-fed rats compared to control rats. Supplementing 

high-fat-fed rats with olive oil, safflower oil, and flaxseed oil 

lowered TBARS levels. However, supplementing high-fat-

fed rats with evening primrose oil or menhaden oil corrected 

TBARS levels. Figure S1 demonstrates that enriching the 

diet of DIO rats with evening primrose oil or flaxseed oil 

improved glucose utilization. In contrast, enriching their 

diets with olive oil, safflower oil, or menhaden oil was far 

less beneficial.

Fatty acid composition of serum and liver
Tables S2 and S3 present data for the fatty acid composition 

of serum and liver following the dietary intervention of diet-

induced obese rats with oils enriched in oleic acid (olive oil), 

linoleic acid (safflower oil), γ-linolenic acid (evening prim-

rose oil), α-linolenic acid (flaxseed oil), or eicosapentaenoic 

and docosahexaenoic acids (menhaden oil). In serum, the 

primary fatty acid enriched in each of the oils was signifi-

cantly increased compared to control and/or high-fat-fed 

rats. With the exception of olive oil and evening primrose 

oil, the fatty acid(s) enrichment occurring in liver from saf-

flower oil, flaxseed oil, and menhaden oil was those fatty 

acids that were enriched in these oils and were significant 

compared to liver from DIO rats. Rats fed a diet enriched 

with evening primrose oil had significantly higher amounts 

of arachidonic acid in liver compared to high-fat-fed rats. 

In liver, the unsaturation index was significantly increased 

in DIO rats treated with diets enriched in olive oil, flaxseed 

oil, or menhaden oil; however, serum was unchanged (Table 

S4). An increase in the omega-6 to omega-3 fatty acid ratio 

has been linked to increased inflammatory stress in different 

diseases, whereas a decrease in this ratio corresponds with a 

decrease in inflammatory stress.10,11 Data in Table S5 dem-

onstrate that the omega-6 to omega-3 fatty acid ratio in liver 

is increased in DIO rats treated with dietary safflower oil or 

evening primrose oil compared to control and high-fat-fed 

rats and decreased in DIO rats treated with flaxseed oil or 

menhaden oil. The omega-6 to omega-3 fatty acid ratio in 

Table 1 Effect of dietary oils on weight gain, diet consumption, nonfasting blood glucose, and serum-free fatty acid, triglyceride, 
cholesterol, and TBARS in DIO Sprague-Dawley rats

Determination Control
(9)

DIO
(11)

DIO+ 
olive oil
(9)

DIO+ 
safflower oil
(9)

DIO+ 
flaxseed oil
(9)

DIO+evening 
primrose oil
(8)

DIO+
menhaden oil
(9)

Start weight (g) 351±4 336±5 343±5 344±4 341±3 352±4 334±5
Weight at treatment (g) 465±11 530±8* 536±9* 533±10* 544±9* 536±8* 541±9*
End weight (g) 530±18 647±27* 682±21* 693±13* 706±14* 668±12* 645±14*
Diet consumed (g/kg body wt/day) 43±1 28±1* 29±1* 29±1* 30±11 28±1* 29±1*
Blood glucose (mg/dL) 161±12 162±14 162±4 158±7 155±6 169±7 147±7
Free fatty acid (mmol/L) 0.23±0.06 0.48±0.09* 0.42±0.05* 0.55±0.12* 0.60±0.08* 0.53±0.13* 0.32±0.05
Triglyceride (mg/mL) 36±3 48±6 75±8* 48±7 60±8 56±3* 35±6
Cholesterol (mg/mL) 1.7±0.2 2.0±0.1 1.9±0.1 1.8±0.2 2.2±0.4 2.0±0.2 1.2±0.4
TBARS (mg/mL) 0.59±0.09 0.88±0.05* 0.69±0.06 0.69±0.06 0.78±0.06 0.47±0.15 0.57±0.11

Notes: Data are presented as the mean ± standard error of mean. *p<0.05 compared to control. Parentheses indicate the number of experimental animals.
Abbreviations: TBARS, thiobarbituric acid substances; DIO, diet-induced obese; wt, weight.
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serum was also decreased in diet-induced obese rats treated 

with flaxseed oil or menhaden oil.

Neural and vascular endpoints
Chronic obesity has been associated with neural impair-

ment and endothelial dysfunction independent of hyper-

glycemia.12,13 Figure 1 shows that a diet of 45% kcal fat 

derived primarily from lard for 48 weeks results in slowing 

of motor and sensory nerve conduction velocity. Replacing 

50% kcal of the fat derived from lard with olive oil for the 

latter 32 weeks did not improve nerve conduction velocities. 

Replacing 50% kcal of the fat with safflower oil, flaxseed 

oil, or evening primrose oil provided some benefit primarily 

in motor nerve conduction velocity. In contrast, when the 

high-fat diet was enriched with menhaden oil both motor 

and sensory nerve conduction velocities were significantly 

improved. 

Another common neuropathic endpoint is the determi-

nation of intraepidermal nerve fiber density and thermal 

sensitivity. Figure 2 demonstrates that in DIO rats, there is 

a significant decrease in nerve fibers in the skin and latent 

response to a thermal stimulus. Treating DIO rats with olive 

oil, flaxseed oil, or evening primrose oil had no effect on these 

two endpoints. Treatment with safflower oil significantly 

improved intraepidermal nerve fiber density but not thermal 

sensitivity. In contrast, treatment with menhaden oil signifi-

cantly improved both intraepidermal nerve fiber density and 

thermal nociception.

Recently, examination of corneal nerve fiber density 

of the subepithelial layer and cornea sensitivity has been 

promoted as a surrogate marker for progression of diabetic 

neuropathy in human subjects.14 It has also been shown that 

loss of corneal nerves occurs in subjects with impaired glu-

cose tolerance.15 Figure 3 shows that diet-induced obesity 

causes a decrease in corneal nerves and abnormal cornea 

sensitivity. Treating DIO rats with olive oil or safflower oil 

did not correct these abnormalities. Treatment with flaxseed 

oil or evening primrose oil partially improved cornea nerve 

density and function. However, treatment of DIO rats with 

menhaden oil completely restored both cornea nerve density 

and sensitivity.

We have previously demonstrated that the vascular reac-

tivity of epineurial arterioles, blood vessels that provide circu-

lation to the sciatic nerve, to acetylcholine is decreased prior 

to the slowing of nerve conduction velocity in diabetic and 

DIO rats.16,17 Figure 4 confirms that acetylcholine-mediated 

vascular relaxation is impaired in DIO rats. Treating DIO rats 

with olive oil, safflower oil, flaxseed oil, or evening primrose 
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Figure 1 Effect of dietary oils on motor and sensory nerve conduction velocity in DIO Sprague-Dawley rats. 
Notes: Motor and sensory nerve conduction velocities were examined as described in the “Materials and methods” section. Data are presented as the mean±standard error 
of mean in m/s. The number of rats in each group was the same as shown in Table 1. *p<0.05 compared to control rats; +p<0.05 compared to DIO rats.
Abbreviations: MNCV, motor nerve conduction velocity; SNCV, sensory nerve conduction velocity; DIO, diet-induced obese; OO, olive oil; SO, safflower oil; FO, flaxseed 
oil; EPO, evening primrose oil; MO, menhaden oil.
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oil partially improved vascular relaxation to acetylcholine. 

However, treating DIO rats with menhaden oil totally restored 

vascular relaxation to acetylcholine.

Discussion
We have previously reported that obese Zucker rats and 

DIO Sprague-Dawley rats develop vascular and neural 

impairment independent of hyperglycemia.18,19 The source 

of lipid in many high-fat diets used to induce obesity is lard, 

which contains a large amount of saturated fatty acids. It 

is unknown what effect other classes of monounsaturated 

fatty or polyunsaturated fatty acid may have on vascular 

and neural defects in DIO rats. To address this question, 

we fed DIO rats diets for 32 weeks with 50% kcal of fat 

derived from lard replaced with olive oil (enriched in oleic 

acid, 18:1, n-9 monounsaturated fatty acid), safflower oil 

(enriched in linoleic acid, 18:2, n-6 polyunsaturated fatty 

acid), evening primrose oil (enriched in γ-linolenic acid, 

18:3, n-6 polyunsaturated fatty acid), flaxseed oil (enriched 

in α-linolenic acid, 18:3, n-3 polyunsaturated fatty acid), 

or menhaden oil (enriched in eicosapentaenoic and doco-

sahexaenoic fatty acid, 20:5 and 22:6, n-3 polyunsaturated 

fatty acid). It is important to stress that the study design 

was an intervention-like protocol and only 50% kcal of fat 

derived from lard was substituted with the desired oils. Prior 

to treating obese rats with the different classes of mono 

and polyunsaturated fatty acids, Sprague-Dawley rats were 

fed a high-fat diet for 16 weeks. At the time of treatment, 

these rats were obese and had impaired vascular and neural 

function as previously reported.17 

After 48 weeks, rats fed a high-fat diet with fatty acids 

derived primarily from lard had extensive vascular and neu-

ral damage including slowing of motor and sensory nerve 

conduction velocities, loss of nerve fibers in the skin and 

cornea, and decreased thermal sensitivity in the hindpaw 

and mechanical sensitivity of the cornea. In previous stud-

ies, rats fed a high-fat diet for a shorter period of time had 

slowing of sensory nerve conduction velocity but motor 

nerve conduction velocity was not impaired.17,19 Thus, it 

seems that a longer duration of obesity causes a progressive 

loss of neural function. 

When the obese rats were fed a diet enriched with oleic 

acid derived from olive oil, there was minimal to no effect 

on glucose utilization and neural function and a moderate 
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Figure 4 Effect of dietary oils on vascular relaxation by acetylcholine in epineurial arterioles of the sciatic nerve in DIO Sprague-Dawley rats.  
Notes: Pressurized arterioles (40 mm Hg and ranging from 60 to 100 µm luminal diameters) were constricted with phenylephrine (30%–50%) and incremental doses of 
acetylcholine were added to the bathing solution while recording steady state vessel diameter. The number of rats in each group was the same as shown in Table 1. Data are 
presented as the mean of % relaxation±standard error of mean. *p<0.05 compared to control rats; +p<0.05 compared to DIO rats.
Abbreviation: DIO, diet-induced obese.
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but not significant improvement in vascular reactivity of 

epineurial arterioles to acetylcholine. The fatty acid com-

position of serum and liver was mostly unchanged in DIO 

rats treated with olive oil-enriched diet compared to DIO 

rats. Our finding that olive oil provides minimal benefit for 

vascular and neural function in dietary obese rats differs 

from other studies. It has been shown that increased con-

sumption of olive oil improves endothelial function, lowers 

blood pressure, and reduces lipotoxicity associated with 

obesity in animal and human subjects, which is thought 

to be due to a reduction in oxidative and inflammatory 

stress.20–22 The lack of an effect in our studies could be due 

to our starting the diet well after obesity-induced vascular 

and neural dysfunction had developed. The starting point, 

delivery, and duration of treatment also vary greatly in 

published studies.

Treating DIO rats with the omega-6 polyunsaturated 

fatty acid, linoleic acid, derived from safflower oil, like 

olive oil, provided minimal to no benefit in vascular and 

neural function with only sensory nerve conduction veloc-

ity being partially improved. It has been reported that the 

increased dietary level of safflower oil causes a reduc-

tion in glucose disposal in skeletal muscle that is due to 

decreased glycolytic flux and increased free fatty acid/

ketone oxidation.23 

Treating DIO rats with the omega-6 polyunsaturated 

fatty acid, γ-linolenic acid, derived from evening primrose 

oil, or the omega-3 polyunsaturated fatty acid, α-linolenic 

acid, derived from flaxseed oil, was more effective than 

safflower oil in improving glucose clearance, vascular 

reactivity of epineurial arterioles to acetylcholine, cornea 

nerve fiber length and cornea sensitivity, and motor nerve 

conduction velocity. This occurred even though the content 

of γ-linolenic acid in the evening primrose oil-enriched 

diet increased only from 2.3%±0.6% in the high-fat diet 

to 5.4%±0.8%. In contrast, the flaxseed oil-enriched diet 

contained 31.0%±3.3% α-linolenic acid. It has been 

widely reported that γ-linolenic acid improves vascular 

and neural function including endoneurial blood flow of 

the sciatic nerve in diabetic rats.24–26 γ-Linolenic acid has 

been reported to have anti-inflammatory properties and 

improves abnormal lipid and thromboxane metabolism in 

diabetes.27,28 α-Linolenic acid has been reported to improve 

glucose tolerance in obese rats and insulin sensitivity/

glycemic control in human subjects with prediabetes or 

type 2 diabetes.29–31 It has also been reported to prevent 

endothelial dysfunction in type 2 diabetic rats by enhancing 

endothelial nitric oxide synthase activity and reducing 

oxidative/nitrative stress.32 

Increasing the concentration of omega-3 fatty acids 

reduces the omega-6 to omega-3 ratio, thereby reducing 

inflammatory stress.33 However, in obesity and diabe-

tes, the activities of delta 5 and delta 6 desaturases are 

decreased.34–38 Decrease in the activity of these enzymes 

reduces the elongation and desaturation of linolenic fatty 

acids of both omega-6 and omega-3 classes. The omega-3 

polyunsaturated fatty acids, eicosapentaenoic and doco-

sahexaenoic acids, are precursors for E and D classes of 

resolvins that have anti-inflammatory properties.39,40 In our 

study, there was a significant increase in eicosapentaenoic 

acid but no change in docosahexaenoic acid levels in the 

liver of DIO rats treated with flaxseed oil. When DIO 

rats were treated with menhaden oil, there were greater 

increases in both eicosapentaenoic and docosahexaenoic 

acids. Thus, treating obese rats with menhaden oil theo-

retically would bypass the decrease in delta 5 and delta 

6 desaturase activities, thereby potentially increasing the 

availability of eicosapentaenoic and docosahexaenoic 

acids for the production of E and D classes of resolvins, 

respectively. When DIO rats were treated with menhaden 

oil, vascular reactivity to acetylcholine was fully restored, 

motor and sensory nerve conduction velocities were cor-

rected to control values, and sensory nerve density in the 

skin and cornea as well as sensitivity were significantly 

improved. The greater benefit observed in vascular and 

neural function in DIO rats treated with menhaden oil ver-

sus the other classes of fatty acids, including α-linolenic 

acid derived from flaxseed oil, could be due to the greater 

decrease in the omega-6 to omega-3 ratio in the liver and 

serum and increased formation of resolvins.

Conclusion
Our studies have shown that treating DIO rats, after vascu-

lar and nerve pathology have developed, with oils enriched 

in oleic acid and linoleic acid did not improve vascular or 

neural function. We found that treating these rats with either 

γ-linolenic acid or α-linolenic acid, derived from evening 

primrose oil or flaxseed oil, respectively, provided moderate 

benefit. In contrast, treating these rats with menhaden oil 

enriched in eicosapentaenoic and docosahexaenoic acids 

provided significant improvement in vascular and neural 

function. Increasing the dietary intake of fish oils may be a 

potential treatment strategy for vascular and neural complica-

tions associated with obesity and prediabetes.
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Figure S1 Effect of dietary oils on glucose clearance in DIO Sprague-Dawley rats. 
Notes: Rats were fed a standard or high-fat diet for 16 weeks. Afterward, 50% kcal derived from lard in the high-fat diet was replaced with olive oil, safflower oil, flaxseed 
oil, evening primrose oil, or menhaden oil. Rats were maintained on these diets as well as on standard and high-fat diets for an additional 32 weeks. Glucose utilization was 
determined as described in the “Materials and methods” section. Data are presented as the mean±standard error of mean in mg/dL. The area under the curve was significantly 
different (p<0.05) for high-fat-fed rats and high-fat-fed rats treated with olive oil, safflower oil, or menhaden oil versus control. The number of rats in each group was the 
same as shown in Table 1.
Abbreviation: DIO, diet-induced obese.

Table S1 Fatty acid % composition of diets

Diet 16:0 18:0 18:1 18:2 18:3 (n-6) 18:3 (n-3) 20:5 22:6
Control 21±3.0 7.3±1.2 30.4±4.0 31.7±5.1 2.8±0.6 <1 <1 <1
High fat 16.8±2.2 10.8±1.3 41.2±5.6 26.9±2.8 2.3±0.3 <1 <1 <1
Olive oil 14.9±2.4 5.4±0.7 49.7±6.3 21.3±3.0 2.0±0.1 <1 <1 <1
Safflower oil 12.3±0.7* 6.0±0.5 24.9±3.4 54.3±4.3*,+ <1*,+ <1 <1 <1
Flaxseed oil 11.1±1.0*,+ 6.2±1.0 27.0±2.8 23.6±3.4 <1*,+ 31.0±3.3*,+ <1 <1
Evening primrose oil 11.6±1.7*,+ 6.0±0.7 20.7±2.4 52.5±4.0*,+ 5.4±0.8 <1 <1 <1
Menhaden oil 18.7±0.9 7.1±0.6 22.6±2.6 16.0±0.9 <1*,+ 2.0±0.1 9.5±1.0*,+ 6.9±0.4*,+

Notes: Data are presented as the mean of three determinations ± standard error of mean. *p<0.05 compared to control; +p<0.05 compared to high fat.

Table S2 Effect of dietary lipids on fatty acid % composition of serum measured by gas chromatography

Diet 16:0 18:0 18:1 18:2 18:3 (n-6) 18:3 (n-3) 20:4 20:5 22:6
Control (9) 23.1±1.7 17.2±1.2 10.2±0.5 13.8±0.7 0.6±0.5 0.4±0.1 18.9±2.0 0.7±0.2 3.1±0.5
High fat (11) 19.4±0.6 21.5±0.6 8.4±0.5 16.4±0.5 0.3±0.1 0.4±0.1 21.0±0.9 0.4±0.1 3.2±0.3
High fat+olive oil (8) 19.1±0.7* 20.9±0.6 11.1±0.6+ 13.4±1.0 0.1±0.0 0.3±0.0 21.3±1.0 0.5±0.1 4.7±0.7
High fat+safflower oil (9) 18.3±0.5* 22.3±0.7 5.9±0.3*,+ 17.7±0.8* 0.3±0.1 0.8±0.4 21.4±1.1 0.6±0.3 3.0±0.3
High fat+flaxseed oil (8) 19.3±0.5* 20.9±0.9 7.8±1.1 17.3±0.6 0.2±0.1 2.5±0.8*,+ 15.5±0.1+ 1.9±0.1+ 4.9±0.4
High fat+evening primrose oil (7) 17.9±0.7* 22.1±1.2 5.1±0.3*,+ 17.5±0.8 0.7±0.1+ 0.6±0.3 22.3±1.2 0.5±0.1 3.0±0.6
High fat+menhaden oil (8) 22.5±0.7+ 19.9±0.5 6.8±0.4 14.4±0.5 ND 0.4±0.1 11.9±0.4*,+ 4.4±0.4*,+ 7.6±0.6*,+

Notes: Data are presented as the mean±standard error of mean. *p<0.05 compared to control; +p<0.05 compared to high fat. The number of animals in each group is shown 
in parenthesis.
Abbreviation: ND, not detected.
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Table S3 Effect of dietary lipids on fatty acid % composition of liver measured by gas chromatography

Diet 16:0 18:0 18:1 18:2 18:3 (n-6) 18:3 (n-3) 20:4 20:5 22:6
Control (9) 17.1±4.3 15.4±1.9 12.7±2.0 11.9±0.5 0.3±0.1 0.2±0.1 21.6±2.3 0.2±0.1 6.8±0.3
High fat (10) 18.3±0.3 19.0±1.3 12.9±15.0 15.0±0.8 0.4±0.1 0.4±0.1 20.4±1.1 0.3±0.1 5.5±0.4
High fat+olive oil (9) 14.6±2.4 19.5±0.7 14.9±1.6 12.1±1.0 0.3±0.1 0.2±0.1 23.8±0.4 0.2±0.1 6.9±0.5
High fat+safflower oil (9) 15.3±0.7 18.7±0.5 8.9±0.4 19.0±1.3*,+ 0.7±0.2 0.3±0.1 23.3±1.1 0.3±0.1 5.2±0.3
High fat+flaxseed oil (9) 17.8±0.3 16.2±2.0 11.1±0.8 15.0±0.4 0.3±0.1 4.3±0.6*,+ 14.8±1.1*,+ 3.5±0.6*,+ 7.0±0.7
High fat+evening primrose oil (8) 15.8±0.7 20.3±0.7* 7.2±0.4 17.4±1.0* 0.7±0.1 0.5±0.2 26.0±0.7+ 0.4±0.2 4.1±0.2*
High fat+menhaden oil (9) 18.7±0.9 17.4±0.6 8.4±0.6 13.6±0.3 0.3±0.2 0.5±0.1 14.3±0.8*,+ 5.2±0.5*,+ 13.0±0.4*,+

Notes: Data are presented as the mean±standard error of mean. *p<0.05 compared to control; +p<0.05 compared to high fat. The number of animals in each group is shown 
in parenthesis.

Table S4 Fatty acid unsaturation indices of liver and serum measured by gas chromatography

Diet Liver Serum

Control 1.75±0.06 1.51±0.08
High fat 1.71±0.04 1.56±0.04
High fat+olive oil 1.87±0.03+ 1.63±0.05
High fat+safflower oil 1.83±0.03 1.59±0.03
High fat+evening primrose oil 1.85±0.02 1.63±0.04
High fat+flaxseed oil 1.87±0.04+ 1.62±0.04
High fat+menhaden oil 2.16±0.03*,+ 1.65±0.05

Notes: Data are presented as the mean±standard error of mean. *p<0.05 compared to control; +p<0.05 compared to high fat.

Table S5 Ratio of n-6 to n-3 fatty acids of liver and serum measured by gas chromatography

Diet Liver Serum

Control 4.39±0.27 7.02±0.71
High fat 5.07±0.23 8.35±0.74
High fat+olive oil 4.49±0.37 6.27±0.78
High fat+safflower oil 6.80±0.48*,+ 9.49±1.15
High fat+evening primrose oil 8.09±0.45*,+ 9.60±1.38
High fat+flaxseed oil 1.87±0.11*,+ 3.40±0.38*,+

High fat+menhaden oil 1.39±0.10*,+ 1.96±0.11*,+

Notes: Data are presented as the mean±standard error of mean. *p<0.05 compared to control; +p<0.05 compared to high fat. 
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