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Influence of thermally oxidized vegetable oils and animal fats on growth performance, 
liver gene expression, and liver and serum cholesterol and triglycerides in young pigs1
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ABSTRACT: To evaluate the effect of feeding 
thermally oxidized vegetable oils and animal fats on 
growth performance, liver gene expression, and liver 
and serum fatty acid and cholesterol concentration in 
young pigs, 102 barrows (6.67 ± 0.03 kg BW) were 
divided into 3 groups and randomly assigned to dietary 
treatments in a 4 × 3 factorial arrangement. The main 
factors were lipid source (n = 4; corn oil [CN], canola 
oil [CA], poultry fat [PF], and tallow [TL]) and lipid 
peroxidation level (n = 3; original lipids [OL], slow 
oxidation [SO] through heating at 95°C for 72 h, or 
rapid oxidation [RO] through heating at 185°C for 
7 h). Pigs were provided ad libitum access to diets 
in group pens for 28 d followed by controlled feed 
intake in metabolism crates for 10 d. On d 39, all pigs 
were euthanized for liver samples to determine liver 
weight, lipid profile, and gene expression patterns. 
Lipid oxidation analysis indicated that compared with 
the OL, SO and RO of lipids had a markedly increased 
concentrations of primary and secondary peroxidation 
products, and the increased lipid peroxidation products 
in CN and CA were greater than those in PF and TL. 
After a 28-d ad libitum feeding period, pigs fed RO 

lipids tended to have reduced ADFI (P = 0.09) and ADG 
(P < 0.05) compared with pigs fed OL, and pigs fed CA 
had reduced G:F (P < 0.05) compared with pigs fed all 
other lipids. Pigs fed RO lipids tended to have increased 
relative liver weight (P = 0.09) compared with pigs fed 
OL. Liver triglyceride concentration (LTG) in pigs fed 
OL was greater (P < 0.05) than in pigs fed SO lipids 
and tended to be greater (P < 0.07) than in pigs fed SO. 
The reduced LTG were consistent with increased (P < 
0.05) mRNA expression of PPARα factor target genes 
(acyl-CoA oxidase, carnitine palmitoyltransferase 1, 
and mitochondrial 3-hydroxy-3-methylglutary-CoA 
synthase) in pigs fed SO and RO lipids compared 
with pigs fed OL. Pigs fed CN or CA tended to have 
increased LTG (P = 0.09) compared with pigs fed TL. 
Liver cholesterol concentration in pigs fed CN was less 
(P < 0.05) than in pigs fed PF and tended to be less 
(P = 0.06) than in pigs fed TL, whereas pigs fed CA had 
a reduced (P < 0.05) liver cholesterol compared with 
pigs fed PF or TL. In conclusion, feeding thermally 
oxidized lipids negatively affected growth performance 
and LTG of young pigs, which was associated with an 
upregulation of fatty acid catabolism pathways.
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INTRODUCTION

Lipids are commonly added into swine diets as 
concentrated energy sources to improve feed efficiency 
(Pettigrew and Moser, 1991). In addition, supplement-
ing lipids into swine diets provides advantages of reduc-
ing dust, supplying fat soluble vitamins and essential 
fatty acids, and improving diet palatability. Large quan-
tities of lipids produced from food processing facilities 
or restaurants are rendered and can be used as economi-
cal sources of energy in animal feeds (Canakci, 2007). 
However, these lipids normally are heated for a consid-
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erable length of time at a high temperature (Frankel et 
al., 1984) and may be thermally sensitive and unstable 
and thus susceptible to lipid peroxidation depending on 
their level of unsaturation (Sherwin, 1978; Linfield et al., 
1985). Heating lipids may also generate toxic lipid per-
oxidation products (Lin et al., 1989; Frankel, 1998; Adam 
et al., 2008) and may deplete endogenous antioxidants 
(Seppanen and Csallany, 2002). Kimura et al. (1984) 
reported that feeding oxidized soybean oil not only im-
paired growth performance but induced diarrhea in rats. 
Alexander et al. (1987) and Behniwal et al. (1993) also 
reported that rats fed diets containing oxidized corn or 
peanut oil had impaired growth rate. Similarly in broil-
ers, ingestion of oxidized poultry fat reduced growth 
compared with birds fed unoxidized poultry fat (Cabel 
et al., 1988; Dibner et al., 1996). In pigs, DeRouchey et 
al. (2004) reported that gain decreased as the rancidity of 
choice white grease consumed increased, while Boler et 
al. (2012) reported that feeding oxidized corn oil reduced 
growth performance. Neither of these studies, however, 
evaluated any metabolic effects of consuming oxidized 
lipids in pigs. This study was conducted to investigate the 
effects of feeding thermally oxidized vegetable oils and 
animal fats on growth performance, liver gene expression, 
and liver and serum fatty acid composition in young pigs.

MATERIALS AND METHODS

All animal use procedures were reviewed and ap-
proved by the University of Minnesota Institutional 
Animal Care and Use Committee.

Animals, Experimental Design, and Diets

Three separate groups of 34 weaned barrows (total n 
= 102; initial BW of 6.67 ± 0.03 kg) were housed at the 
Southern Research and Outreach Center (Waseca, MN) 
for this study. Pigs were terminal offspring of Yorkshire 
× Landrace sows (TOPIGS USA, Des Moines, IA) sired 
by Duroc boars (Compart Boar Store, Nicollet, MN). In 
each group, pigs were assigned randomly to 1 of 12 di-
etary treatments, resulting in 2 or 3 pigs/replicate pen 
and 1 replicate pen/treatment for each group.

To generate oxidized lipids, vesicles containing the 
required amount of each of the original lipids (OL) were 
either heated at 95°C for 72 h to produce slow oxidation 
(SO) lipids or heated at 185°C for 7 h to produce rapid 
oxidation (RO) lipids. Using an air pump, both heating 
processes were accompanied with constant flow of com-
pressed air of 12,000 cm3/min and a temperature between 
22 and 24°C. Before feed mixing, the OL and SO and RO 
lipids were stored at –20°C, and no antioxidant was added 
before or during diet preparation. Treatments consisted 
of 12 corn–soybean meal based diets supplemented with 

10% lipids and were arranged in a 4 × 3 factorial design. 
The 2 main factors were lipid source (corn oil [CN; ADM, 
Decatur, IL], canola oil [CA; ConAgra Foods, Omaha, 
NE], poultry fat [PF; American Protein, Inc., Hanceville, 
AL], and tallow [TL; Darling International, Wahoo, NE]) 
and oxidation level (OL and SO and RO lipids).

Experimental diets were formulated based on a 
2-phase program. To compensate for the expected reduc-
tion in feed intake caused by increased caloric density of 
the lipid supplemented diets, a constant nutrient to ME 
ratio was used based on the ME content of CA, which 
had the greatest ME concentration of all the lipid sourc-
es evaluated (8,410 kcal ME/kg; NRC, 1998). Canola oil 
diets were formulated first by adjusting the standardized 
ileal digestible Lys, Met, Thr, Trp, total Ca, and avail-
able P to ME ratio recommended by the NRC (1998). 
Other lipid supplemented diets were then formulated by 
replacing 10% CA with the other lipids. The control diet, 
with no added lipid, was formulated by factoring out the 
lipid supplement and increasing all other ingredients on 
a proportional basis. Phase 1 lipid-supplemented diets 
(Table 1) were formulated based on NRC (1998) recom-
mendations for pigs weighing 7 to 19 kg and were fed 
to pigs from d 1 to 24 postweaning. Due to slower than 
expected growth of pigs during Phase 1, Phase 2 diets 
(Table 1) were formulated based on the NRC (1998) rec-
ommendation for pigs weighing 13 to 20 kg and were 
fed to pigs from d 24 to 39 of the experiment. Diets for 
each phase and for each of the 3 groups were mixed 4 d 
before they were fed initially and stored at 4°C through-
out the feeding period of each phase.

During the first 28 d of each group, 2 or 3 pigs from 
the same dietary treatment were housed in 1 pen in an 
environmentally controlled room (27 to 28°C) and were 
provided ad libitum access to feed and water. Body 
weight and feed consumption of pigs in each pen were 
determined on d 0 and 29 to calculate ADG, ADFI, and 
G:F. From d 29 to 39, pigs were housed individually in 
metabolism crates in an environmentally controlled room 
(25 to 27°C) and fed an amount of diet equivalent to 4% 
of their BW daily (2% at 0700 h and 2% at 1900 h). Pigs 
were allowed ad libitum access to water. After the morn-
ing feeding at 0700 h on d 37, all pigs were fasted for 
24 h and a blood sample was collected at 0700 h of d 
38 to obtain fasted serum. Approximately 8 mL of blood 
was obtained by jugular venipuncture using a 10-mL se-
rum tube (Becton Dickinson, Franklin Lakes, NJ). Blood 
samples were centrifuged at 2,500 × g (Heraeus Biofuge 
22R Centrifuge; ThermoScientific, Hanau, Germany) for 
15 min at 4°C and serum was harvested. Serum samples 
were frozen immediately and stored at –20°C for subse-
quent triglyceride (TG) and cholesterol (CH) analysis. At 
0700 h of d 39, all pigs were euthanized with 1 mL pento-
barbital sodium solution (390 mg/mL; Fatal-Plus Powder; 
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Vortech Pharmaceuticals, Dearborn, MI) per 4.53 kg of 
BW by intracardiac injection. Livers were excised and 
weighed to calculate liver weight as a percentage of BW, 
frozen immediately on dry ice, and stored at –80°C until 
subsequent liver lipid profile and gene analysis was con-
ducted. The chemical and oxidative status of the experi-
mental lipids is described in detail in Liu et al. (2013).

Serum and Liver Cholesterol and Triglycerides

Total lipids from the liver were extracted using the 
modified method of Folch et al. (1957). Briefly, 250 mg of 

frozen liver tissue from the same region of the liver was 
weighed and transferred into a 2-mL flat-bottom centri-
fuge tube containing 0.5 mL methanol. After homogeni-
zation, 0.5 mL of chloroform and 0.4 mL of water were 
added to the liver homogenate and mixed by vortexing. 
The lipid fraction in chloroform was separated from the 
aqueous fraction and liver debris by centrifuging for 10 
min at 14,000 × g at 20˚C and was then transferred to a 
new glass tube. After drying under N2, the lipid fraction 
was reconstituted in n-butanol for further analysis of TG 
and CH. Triglyceride and CH concentrations were deter-
mined enzymatically by conducting colorimetric assays 
(Pointe Scientific, Canton, MI) in a 96-well plate reader 
(SpectraMAX 250, Molecular Devices, Sunnyvale, CA).

Gene Expression Analysis

Total RNA from liver tissue was isolated using 
trizol reagent (Invitrogen Life Technologies, Carlsbad, 
CA) according to the manufacturer’s protocol. The 
concentration and quality of RNA were measured us-
ing a spectrophotometer at 260 and 280 nm (NanoDrop 
2000C; Thermo Fisher Scientific, Wilmington, DE). The 
reverse transcription of 1 μg of total RNA to cDNA was 
conducted using SuperScript II Reverse Transcriptase 
(Invitrogen Life Technologies, Carlsbad, CA). The 
expression levels of targeted genes were measured by 
real-time reverse transcriptase PCR using SYBR Green 
PCR Master Mix in a StepOne Plus system (Applied 
Biosystems, Carlsbad, CA). For determination of mRNA 
concentration, a threshold cycle and amplification effi-
ciency were obtained from each amplification curve us-
ing the StepOne system (Applied Biosystems, Carlsbad, 
CA). Quantification of the relative mRNA concentration 
was calculated using the comparative threshold cycle 
method (Livak and Schmittgen, 2001). The glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH) was used 
as the housekeeping gene due to its relatively stable 
expression (Kerr et al., 2005; Paczkowski et al., 2011). 
The sequences of customized primers used in the re-
verse transcriptase-PCR reactions (Integrated DNA 
Technologies, Coralville, IA) are listed in Table 2.

Statistical Analysis

All data were analyzed using the MIXED procedure 
of SAS (version 9.2; SAS Inst. Inc., Cary, NC). Two-way 
ANOVA was conducted to evaluate the main effects of 
lipid source (CN, CA, PF, and TL), lipid peroxidation 
level (OL and SO and RO lipids), and any 2-way interac-
tions in a 4 × 3 factorial arrangement of treatments. The 
corresponding statistical model included the fixed effects 
of lipid source, peroxidation level, and lipid source × 
peroxidation level interactions. Group was included as 

Table 1. Diet and nutrient composition of Phase 1 and 
Phase 2 diets (as-fed basis)1

 
Ingredients, %

Phase 1 Phase 2
Control Lipid Control Lipid

Corn 48.09 43.30 54.04 48.65
Lipid source – 10.00 – 10.00
Soybean meal (46%) 28.16 25.34 42.42 38.18
Fish meal, menhaden 10.67 9.60 – –
Whey powder 11.11 10.00 – –
Limestone 0.54 0.49 1.08 0.97
Dicalcium phosphate 0.07 0.06 1.54 1.38
NaCl 0.20 0.18 0.19 0.17
l-Lys HCl – – 0.11 0.10
dl-Met 0.04 0.03 0.06 0.05
Premix2 0.56 0.50 0.56 0.50
Mecadox3 0.56 0.50 – –
Total 100.00 100.00 100.00 100.00
Calculated nutrients,4 %

CP 25.00 22.50 24.07 21.66
Total P 0.74 0.66 0.71 0.64
Available P 0.47 0.42 0.39 0.35
Ca 0.97 0.87 0.88 0.79
SID5 Lys 1.40 1.26 1.29 1.16
SID Met 0.80 0.72 0.74 0.66
SID Thr 0.88 0.79 0.81 0.73
SID Trp 0.26 0.23 0.26 0.23

1Phase 1 diets were formulated based on NRC (1998) recommendations 
for pigs weighing 7 to 19 kg and were fed to pigs from d 1 to 24 postweaning. 
Due to slower-than-expected growth of pigs during Phase 1, Phase 2 diets 
were formulated based on the NRC (1998) recommendation for pigs weigh-
ing 13 to 20 kg and were fed to pigs from d 24 to 39 of the experiment. 

2Vitamin and mineral premix provided the following per kilogram of lipid 
supplemented diet: vitamin A, 7,716 IU; vitamin D3, 1,929 IU; vitamin E, 39 
IU; vitamin B12, 0.04 mg; riboflavin, 12 mg; niacin, 58 mg; pantothenic acid, 
31 mg, Cu (oxide), 35 mg; Fe (sulfate), 350 mg; I (CaI), 4 mg; Mn (oxide) 
120 mg; Zn (oxide), 300 mg; and Se (Na2SeO3), 0.3 mg.

3Mecadox is the trade name for carbadox (Phibro Animal Health 
Corporation, Ridgefield Park, NJ).

4Calculated analysis was based on the NRC (1998) recommended values 
for all ingredients. The calculated ME of canola oil, corn oil, poultry fat, and 
tallow supplemented diets of Phase 1 were 3,814, 3,813, 3,791, and 3,741 
kcal/kg, respectively. The calculated ME of canola oil, corn oil, poultry fat, 
and tallow supplemented diets of Phase 2 were 3,702, 3,701, 3,679, and 3,629 
kcal/kg, respectively.

5SID = standardized ileal digestible.
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a random effect. Pen was used as the experimental unit 
in analysis of growth performance responses, while indi-
vidual pig was used as the experimental unit for all other 
responses. Initial BW on d 1 was also used as a covariate 
in analysis of growth performance data. All results are 
reported as least squares means. Mean comparisons were 
achieved by the PDIFF option of SAS with the Tukey-
Kramer adjustment. In addition, relationships between 
measures of lipid peroxidation and various variables 
were evaluated by simple linear correlation (Pearson cor-
relation coefficients) analysis. Treatment effects were 
considered significant if P < 0.05, whereas values of 
0.05 ≤ P ≤ 0.10 were considered statistical trends.

RESULTS

Characterization of Experimental Lipids
The various characteristics of the experimental lipids 

have been described in detail previously (Liu et al., 2013). 
In brief, the concentration of crude fat, moisture, insolubles, 
and unsaponifiables were similar among the 12 experi-
mental lipids. As expected, CN and CA had greater con-
centrations of unsaturated fatty acids than TL, with PF be-
ing intermediate. Averaged among lipid sources, both SO 
and RO of lipids decreased the linoleic acid and linolenic 
acid concentrations compared with the OL, but changes in 
concentration of other major fatty acids were not observed. 
Lipid peroxidation tests indicated that all of the OL were 
relatively unoxidized, but SO and RO of lipids led to a 
marked increase in the production of primary and second-
ary peroxidation products, and the production of these per-
oxidation products caused by SO and RO in CN and CA 
was much greater than that in PF and TL (Liu et al., 2013).

Growth Performance

All the pigs were allowed a 28-d nursery adaptation 
where pigs were provided ad libitum access to feed in a 

pen followed by a 10-d controlled feeding program in 
metabolism crates. During the first 28-d nursery adapta-
tion period, 1 pig from the first group fed original CA 
and 1 pig from the second group fed SO PF died. For 
the growth performance portion of the experiment, there 
were 3 observations per treatment consisting of 3 pens 
with 8 to 9 total pigs. For all other data, there were 8 or 
9 observations per treatment.

During the first 28 d, no lipid source or lipid source × 
peroxidation interactions were observed for ADFI and 
ADG (Table 3). In contrast, peroxidation level affected 
both ADFI (P = 0.09) and ADG (P = 0.04). Compared 
with pigs fed OL, pigs fed RO lipids tended to have re-
duced ADFI (P = 0.09) and reduced ADG (P = 0.03). No 
differences in ADG or ADFI were found between pigs 
fed SO lipids and OL or between pigs fed SO and RO 
lipids. There was no lipid source × peroxidation level 
interaction noted for G:F, but lipid source affected G:F 
(P = 0.02), where pigs fed CA supplemented diets had 
a lower G:F compared with pigs fed the other 3 lipid 
supplemented diets (P < 0.05).

Liver Weight

No lipid source or lipid source × peroxidation level 
interaction was noted for liver weight as a percentage of 
BW (Fig. 1). Liver weight tended to be greater for pigs fed 
RO lipids compared with pigs fed OL (P < 0.09), but no 
other differences due to lipid peroxidation were observed.

Serum and Liver Cholesterol and Lipid Content

No lipid source, peroxidation level, or lipid source × 
peroxidation level interaction effects were noted for TG 
or CH in serum collected from pigs after a 24-h fast 
(Fig. 2). For liver TG, no lipid source × peroxidation 
level interaction was noted, but peroxidation level and 
lipid source affected (P < 0.05) liver TG concentrations. 
Liver TG concentration in pigs fed OL was less than in 

Table 2. Characteristics of the primers used for real-time reverse transcriptase PCR analysis
Gene1 Forward primer (from 5′ to 3′) Reverse primer (from 5′ to 3′) Product length, bp Temperature, °C NCBI2 GenBank
ACO GCTTACACACATCCTGGACGGCA ACCTCGTAACGCTGGCTTCGA 132 59 AF185048
CPT-1 TCGCTGCGGAATGGGTTCGT AGGGCCTTTTGTCCCGTGGT 143 59 AF288789
GAPDH AGCCACAAGGTTCGAGGACTGGT TTCCTCCCCCTCAACCCGCAAT 135 60 AF017079
mHMG-CoA-S ACCCACTGGTGGATGGGAAGCT TCGCTCGATGCCAGCTTGCTT 116 60 U90884
PPARα GCCTGTGAAGGTTGCAAGGGCT GGCCGAGAGGCACTTGTGGAAA 141 59 DQ437887
SCD CGCCATCGTGCTCAATGCCA AGTTGTGGAAGCCCTCACCCACA 137 58 NM_213781
SREBP-1 GCCTTGCACTTTCTGACCCGCT TGCATGGCAACAGGCACCGA 86 60 NM_214157
SREBP-2 AGTGCTCAAGTCAGCCCTCGGT AAAGTGAGCACGCACAGCCG 112 60 DQ020476

1ACO = acyl-CoA oxidase; CPT-1 = carnitine palmitoyltransferase 1; GAPDH = glyceraldehyde 3-phosphate dehydrogenase; mHMG-CoA-S = mitochon-
drial 3-hydroxy-3-methylglutaryl CoA synthase; PPARα = peroxisome proliferator activated receptor α; SCD = stearoyl-CoA desaturase; SREBP-1 and -2 = 
sterol regulatory element-binding protein-1 and -2.

2NCBI = National Center for Biotechnology Information.
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pigs fed RO lipids (P < 0.05) and tended to be less than 
pigs fed SO lipids (P = 0.07). No differences in TG con-
centrations in liver were noted between pigs fed SO and 
RO lipid supplemented diets. Pig fed either CN or CA 
supplemented diets tended to have increased liver TG 
concentrations compared with pigs fed TL supplement-
ed diets (P = 0.09). However, no differences in liver TG 
concentrations were found between pigs fed PF and TL 
diets or between pigs fed CN and CA diets.

No oxidation level or interaction effects were ob-
served for liver CH concentration (Fig. 2). However, a 
lipid source effect was observed for liver CH concentra-
tion (P < 0.01). Pigs fed CN had a lower (P < 0.05) liver 
CH concentration compared with pigs fed PF and tended 
to have reduced (P = 0.06) liver CH concentration com-
pared with pigs fed TL. Pig fed CA had a lower (P < 0.05) 
liver CH concentration compared with pigs fed PF or TL. 
No differences in liver CH concentration were found be-
tween pigs fed CN and CA or between pigs fed PF and TL.

Relative mRNA Levels of Genes in the Liver

Because there were significant changes in hepatic 
TG concentrations as well as liver weight between pigs 
fed OL and thermally oxidized lipids, the mRNA lev-
el of genes encoding enzymes or transcription factors 
involved in fatty acid anabolism and catabolism in the 
liver were analyzed (Table 4). Genes analyzed included 
peroxisome proliferator activated receptor α (PPARα; 
a target gene encoding the enzyme catalyzing the first 
step of fatty acid β-oxidation in peroxisomes), acyl-CoA 
oxidase (ACO; a classical PPARα factor), carnitine pal-
mitoyltransferase 1 (CPT-1; a classical PPARα target 
gene encoding the enzyme essential for transportation 
of fatty acids into the mitochondria for β-oxidation), mi-
tochondrial 3-hydroxy-3-methylglutaryl CoA synthase 
(mHMG-CoA-S; a PPARα target gene encoding the 
enzyme involved in ketogenesis), stearoyl-CoA desatu-
rase (SCD; a key enzyme in fatty acid metabolism that 
catalyzes the formation of oleic acid from steric acid), 

sterol regulatory element-binding protein-1 (SREBP-1; 
a target gene encoding the enzymes that serve as the 
rate-limiting enzymes catalyzing the synthesis of mono-
unsaturated fatty acids and is associated with regulating 
the genes required for de novo lipogenesis), and sterol 
regulatory element-binding protein-2 (SREBP-2; a tran-
scription factor that binds to the sterol regulatory ele-
ment of the DNA sequence and is responsible for regu-
lating the genes required for CH metabolism).

No effect of lipid source or lipid source × peroxi-
dation level interaction was found in mRNA analysis 
of PPARα, ACO, CPT-1, and mHMG-CoA-S (Table 4). 
However, a peroxidation level effect in liver mRNA level 
of these genes was observed (P < 0.10). Pigs fed either 
SO or RO supplemented diets had greater mRNA levels 
of ACO, CPT-1, and mHMG-CoA-S than pigs fed the OL 
supplemented diets (P < 0.05). Oxidation level tended to 
increase the mRNA expression level of PPARα (P = 0.08), 

Table 3. Growth performance of pigs fed vegetable oils and animal fats of differing oxidation status1

Day  
 1–29

Corn oil Canola oil Poultry fat Tallow  
SEM

P-value2

OL SO RO OL SO RO OL SO RO OL SO RO SOU PER SOU × PER
ADFI, g 463 411 391 430 385 339 394 402 343 376 413 336 52 0.51 0.09a 0.94
ADG, g 320 293 246 276 206 209 278 282 215 262 274 226 43 0.21 0.04b 0.86
G:F 0.69 0.71 0.63 0.63 0.53 0.61 0.70 0.68 0.62 0.70 0.66 0.67 0.04 0.02c 0.17 0.34

aPigs fed RO lipids tended to have reduced ADFI (P = 0.09) compared with pigs fed OL lipids.
bPigs fed RO lipids had a reduced ADG (P = 0.03) compared with pigs fed OL lipids.
cPigs fed canola oil supplemented diets had a reduced G:F compared with pigs fed other source of lipids (P = 0.05).
1Data are least square mean of 3 observations per treatment. OL = original lipids (lipids were stored as received without antioxidants or heating); SO = slow 

oxidation (SO lipids were heated for 72 h at 95°C with constant compressed air flow rate at 12 L/min); RO = lipids (RO lipids were heated for 7 h at 185°C with 
constant compressed air flow rate at 12 L/min). Average initial and final BW were 6.67 (SD = 0.03) and 13.87 (SD = 2.01) kg, respectively.

2SOU = lipid source; PER = peroxidation level; SOU × PER = lipid source × oxidation level interaction.

Figure 1. Effect of thermally oxidized vegetable oils and animal fats 
on liver weight as a percent of BW of young pigs. Original lipids (OL) were 
stored at –4°C without heating or antioxidants, slow oxidation (SO) lip-
ids were heated for 72 h at 95°C with constant compressed air flow rate at 
12 L/min, and rapid oxidation (RO) lipids were heated for 7 h at 185°C with 
constant compressed air flow rate at 12 L/min. Each bar represents the mean ± 
SE of 8 pigs. The P-value for lipid source effect = 0.58. The P-value for 
oxidation level effect = 0.09 (pigs fed RO lipids tended to increase the liver 
organ weight compared with those fed the OL).
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Figure 2. Effects of thermally oxidized vegetable oils and animal fats on serum triglycerides (A), serum cholesterol (B), liver triglyceride (C), and liver choles-
terol (D) concentrations of young pigs. Original lipids (OL) were stored at –4°C without heating or antioxidants, slow oxidation (SO) lipids were heated for 72 h at 
95°C with constant compressed air flow rate at 12 L/min, and rapid oxidation (RO) lipids were heated for 7 h at 185°C with constant compressed air flow rate at 12 
L/min. Each bar represents the mean ± SE of 8 pigs. No lipid source, oxidation level, or lipid × oxidation interaction effects were found for serum triglyceride and 
cholesterol. For liver triglyceride concentrations (C), P-value for oxidation level effect = 0.03 (RO decreased [P < 0.05] and SO lipids tended to decrease [P = 0.07] 
the liver triglyceride concentration compared with OL). The P-value for lipid source effect = 0.03 (pigs fed either corn or canola oil tended to have increased liver 
triglyceride concentration compared with those fed tallow [P = 0.09]). For liver cholesterol concentration (D), P-value of lipid source effect < 0.01 (pigs fed corn oil 
had a lower [P < 0.05] liver cholesterol concentration than those fed poultry fat and tended to have a lower concentration [P = 0.06] of liver cholesterol than pigs fed 
tallow; pigs fed canola oil had less [P < 0.05] liver cholesterol than those fed poultry fat or tallow).

Table 4. Expression levels of mRNAs in livers of pigs fed vegetable oils and animal fats1

 
Gene2

Corn oil Canola oil Poultry fat Tallow  
SEM

P-value3

OL SO RO OL SO RO OL SO RO OL SO RO S O S × O
PPARα 1.00 1.27 1.26 1.19 1.51 1.52 1.25 1.55 1.50 1.03 1.23 1.24 0.54 0.19 0.08 0.98
ACO 1.00 1.43 1.45 1.10 1.47 1.52 1.01 1.34 1.32 1.00 1.21 1.19 0.60 0.63 0.04 0.98
CPT-1 1.00 1.65 1.53 1.00 1.75 1.66 1.02 1.46 1.41 1.02 1.29 1.39 0.73 0.70 0.01 0.98
mHMG-CoA-S 1.00 2.04 2.18 1.03 2.22 2.13 1.03 2.03 1.92 1.03 1.85 1.76 0.67 0.66 <0.01 0.98
SREBP-1 1.00 1.14 0.97 0.98 1.17 0.98 0.95 1.02 1.03 0.99 1.06 1.17 0.36 0.92 0.43 0.91
SREBP-2 1.00 1.25 1.24 1.01 1.08 1.07 1.11 1.27 1.30 1.03 1.15 1.13 0.54 0.72 0.46 0.99
SCD 1.00 1.00 1.02 1.10 1.03 1.10 1.11 1.26 1.27 0.97 1.23 1.23 0.40 0.37 0.55 0.94

1Data are least square mean of 8 observations per treatment; OL original lipids (lipids were stored as received without antioxidants or heating); SO = slow 
oxidation (SO lipids were heated for 72 h at 95°C with constant compressed air flow rate at 12 L/min); RO = lipids (RO lipids were heated for 7 h at 185°C with 
constant compressed air flow rate at 12 L/min). Average BW (d 39) was 15.90 kg (SD = 2.39).

2ACO = acyl-CoA oxidase; CPT-1 = carnitine palmitoyltransferase 1; GAPDH = glyceraldehyde 3-phosphate dehydrogenase; mHMG-CoA-S = mitochon-
drial 3-hydroxy-3-methylglutaryl CoA synthase; PPARα = peroxisome proliferator activated receptor α; SCD = stearoyl-CoA desaturase; SREBP-1 and -2 = 
sterol regulatory element-binding protein-1 and -2.

3SOU = lipid source; PER = oxidation level; SOU × PER = lipid source × oxidation level interaction.
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but no differences mRNA abundance of PPARα among 
OL and SO and RO lipids were observed. Lastly, no lipid 
source, peroxidation level, or lipid source × peroxidation 
level interaction effects were found in the mRNA expres-
sion level of SCD, SREBP-1, and SREBP-2.

Correlation Analysis

Because lipids with various levels of peroxidation, 
measured using different peroxidation tests, resulted in 
differences in growth performance, liver weight, liver 
TG concentrations, and expression of certain liver genes 
(PPARα, ACO, CPT-1, and mHMG-CoA-S) of pigs, a cor-
relation analysis between various measures of lipid per-
oxidation and growth performance, liver weight, liver TG 
concentration, and expression of liver genes was conduct-
ed to determine associations between various lipid perox-
ide measures and different biological responses (Table 5). 
Due to the limited number of animals used in the current 
experiment, only correlations where the P-value was 0.20 
or less were considered. For growth performance, only a 
negative correlation (P = 0.09, r = –0.29) between thio-
barbituric acid reactive substances (TBARS) and ADG 
was observed. Except for peroxide value (PV) and oxida-
tive stability index (OSI) tests, negative correlations were 

found between p-anisidine value (AnV) and liver weight 
and (P = 0.06, r = 0.19), between TBARS and liver weight 
(P = 0.11, r = 0.16), between hexanal and liver weight (P 
= 0.17, r = 0.14), between 2,4-decadienal (DDE) and liver 
weight (P = 0.13, r = 0.15), between 4-hydroxynonenal 
(HNE) and liver weight (P = 0.02, r = 0.24), and between 
active oxygen method (AOM) and liver weight (P = 0.03, 
r = 0.22). All measures of lipid oxidation were correlated 
with the gene expression of PPARα, ACO, CPT-1, and 
mHMG-CoA-S as shown in Table 5. No correlation was 
found between TG and any measure of lipid oxidation.

DISCUSSION

Lipid Composition and Oxidation
In the current study, the chemical and oxidative sta-

tus of the experimental lipids varied greatly due to lipid 
source and peroxidation status as described in detail by 
Liu et al. (2013).

Pig Performance

After the 28-d ad libitum feeding, the growth per-
formance results observed in the current study are con-

Table 5. The correlation coefficients between tests of lipid oxidation and various evaluations1

Tests of lipid oxidation2

PV AnV TBARS HEX DDE HNE AOM OSI
Growth performance

ADFI NS NS NS NS NS NS NS NS

ADG NS NS –0.29 NS NS NS NS NS
0.09

Relative organ weight
Liver NS 0.19 0.16 0.14 0.15 0.24 0.22 NS

0.06 0.11 0.17 0.13 0.02 0.03
Gene expression3

PPARα 0.14 0.20 0.16 0.17 0.15 0.14 0.21 –0.24
0.17 0.05 0.13 0.11 0.15 0.18 0.04 0.02

ACO 0.16 0.22 0.20 0.18 0.18 0.19 0.24 –0.23
0.12 0.03 0.05 0.08 0.08 0.06 0.02 0.02

CPT-1 0.23 0.22 0.25 0.23 0.21 0.18 0.28 –0.27
0.03 0.03 0.01 0.02 0.04 0.08 <0.01 0.01

mHMG-CoA-S 0.29 0.42 0.32 0.33 0.29 0.31 0.41 –0.48
<0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.01

Liver lipid concentration
TG4 NS NS NS NS NS NS NS NS

1Top value represents correlation (r value) and bottom value represents significance (P-value). If no value is given, it was not found to be different at P ≤ 0.10 
and listed as NS (nonsignificant).

2PV = peroxide value; AnV = p-anisidine value; TBARS = thiobarbituric acid reactive substances; HEX = hexanal; DDE = 2,4-decadienal; HNE = 4-hy-
droxynonenal; AOM = active oxygen method; OSI = oxidative stability index.

3ACO = acyl-CoA oxidase; CPT-1 = carnitine palmitoyltransferase 1; mHMG-CoA-S = mitochondrial 3-hydroxy-3-methylglutaryl CoA synthase; PPARα = 
peroxisome proliferator activated receptor α.

4TG = triglyceride.
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sistent with those reported in other studies (Alexander 
et al., 1987; Behniwal et al., 1993; Dibner et al., 1996) 
where feeding diets supplemented with heated CN, pea-
nut oil, or PF to rats or poultry reduced ADFI and ADG. 
In the current experiment, pigs fed the RO lipids had a 
lower ADG than those fed OL, but the growth rate of 
pigs fed SO lipids and OL were not different, potentially 
due to our use of only 3 replications per treatment for 
the growth performance portion of this study. Reduced 
growth rate in pigs fed thermally oxidized lipids may 
be caused by several factors. First, reduced growth rate 
could be a result of rancidity of thermally oxidized lipids, 
which can reduce diet palatability and thereby decrease 
feed intake leading to a poor growth rate (DeRouchey 
et al., 2004). Second, impaired growth may be a con-
sequence of the toxic effects of the lipid peroxidation 
products. Secondary lipid peroxidation products, such 
as α,β-unsaturated hydroxyaldehydes, are of particu-
lar interest because some of them are highly toxic and 
readily absorbed (Kanazawa et al., 1985; Grootveld et 
al., 1998; Kim et al., 1999). Reactive secondary lipid per-
oxidation products are capable of modifying proteins in 
vivo by damaging the intestinal brush border membrane 
(Kanazawa et al., 1985; Witz, 1989; Comporti, 1993), 
which may result in poor nutrient absorption and feed 
conversion, leading to growth depression. Weight loss 
and high mortality in experimental animals consum-
ing thermally oxidized oils has been reported by others 
(Crampton et al., 1953; Giani et al., 1985; Chow, 1989). 
In addition, results from the current experiment showed 
that pigs fed CA had the poorest feed efficiency com-
pared with those fed the other 3 lipid sources, which 
may be due to CA having the greatest total secondary 
oxidation products as indicated by the greatest TBARS 
concentration in the present study. Correlation analysis 
of ADG and measures of lipid oxidation indicate that 
TBARS value of the lipid was inversely correlated (P = 
0.09, r = –0.29) with the ADG in pigs. This finding might 
be helpful to predict the differences in ADG when using 
lipids with high TBARS values during diet formulation.

Liver Weight

Liver weight, expressed as a percentage of final BW, 
is important to evaluate general toxicity because the liver 
is an important organ for nutrient metabolism and is a sen-
sitive indicator of toxicity (Amacher et al., 2006; Juberg 
et al., 2006). In the current experiment, after feeding diets 
containing 10% oxidized lipids for 38 d, the toxic effect 
of secondary lipid peroxidation products was observed 
in pigs fed diets containing RO lipids, which was likely 
due to RO lipids having the greatest concentrations of 
HNE and TBARS. Since lipid peroxidation products, es-
pecially α,β-unsaturated hydroxyaldehydes such as HNE, 

are readily absorbed (Kanazawa et al., 1985; Grootveld et 
al., 1998) and are highly reactive, it is likely that this led 
to hepatic oxidative stress. The development of oxidative 
stress by consumption of thermally oxidized fats has been 
reported in previous studies in pigs and other animals in-
cluding guinea pigs, rats, and broilers (Zhang et al., 2011; 
Eder et al., 2004; Keller et al., 2004). In addition, many 
previous studies indicated that animals fed oxidized lip-
ids experience a greater rate of hepatic lipid metabolism 
and stress responses (Liu and Huang, 1995, 1996; Liu et 
al., 2000). Thus, the trend for an increase in relative liver 
weight may be a result of increased secretion of stress 
hormones or greater metabolic activity or may be reflec-
tive of increased expression of mRNA levels for lipid me-
tabolizing enzymes in hepatocytes. Correlation analysis 
of liver organ weight and measures of lipid peroxidation 
showed that positive correlations existed between liver 
weight and AnV (P = 0.06, r = 0.19), between liver weight 
and TBARS (P = 0.11, r = 0.16), between liver weight 
and hexanal (P = 0.17, r = 0.14), between liver weight 
and DDE (P = 0.13, r = 0.15), between liver weight and 
HNE (P = 0.02, r = 0.24), and between liver weight and 
AOM (P = 0.03, r = 0.22). Although there were signifi-
cant positive correlations between liver weight and HNE 
and AOM, they explained only a low percentage of the 
variation in liver weight. Among all of these measures of 
lipid oxidation, HNE concentration provided the most ac-
curate prediction of liver weight, which can be explained 
by the well-known cytotoxic and mutagenic effects of 
HNE (Witz, 1989; Esterbauer et al., 1991).

Serum and Liver Cholesterol and Lipid Content

The effect of feeding highly oxidized vegetable oils, 
fish oil, or mixtures of vegetable oils and animal fats 
on TG metabolism has been extensively studied in rats 
(Hochgraf et al., 1997; Eder, 1999; Chao et al., 2004). 
However, studies conducted to determine the differential 
effect of thermally oxidized oils and animal fats on the 
lipid profiles in pigs are limited. In this study, pigs fed 
both SO or RO lipids had reduced liver TG concentra-
tions compared with pigs fed OL, regardless of the lipid 
source. Subsequent analysis of gene expression levels 
of the enzymes or transcription factors involved in fatty 
acid metabolism in the liver, including ACO, CPT-1, 
and mHMG-CoA-S, suggested that SO and RO of lip-
ids caused activation of PPARα in the liver. Considering 
the central role of PPARα in fatty acid transportation, 
uptake, oxidation, and ketogenesis, it is possible that 
activation of PPARα contributes to reduced liver TG in 
pigs treated with oxidized lipids. Activation of PPARα 
caused by feeding oxidized lipids had been reported 
from studies in both rats and pigs (Chao et al., 2001, 
2005; Luci et al., 2007). The mechanism of activation 



Liu et al.2968

of PPARα is possibly related to the presence of hydroxyl 
and hydroperoxy fatty acids in the thermally oxidized 
fat, which can function as potent activators of PPARα 
(Delerive et al., 2000; Luci et al., 2007). In addition, the 
correlations between gene expression levels and lipid 
oxidation levels suggested that the measurements of 
PV, AnV, TBARS, hexanal, DDE, HNE, AOM, and OSI 
might predict the activities of PPARα pathways. Besides 
the PPARα-mediated fatty acid catabolism pathway, 
fatty acid de novo synthesis was also examined by mea-
suring the expression levels of SREBP-1 and its target 
genes. The effect of feeding oxidized fat on gene expres-
sion of lipogenic enzymes is controversial. Luci et al. 
(2007) reported an upregulation effect of oxidized sun-
flower oil on lipogenic pathways in pigs, while others 
reported a downregulation of lipogenic enzymes in rats 
fed oxidized soybean oil (Eder and Kirchgessner, 1998) 
or a mixture of sunflower oil and lard (Eder et al., 2003). 
Results from our study showed that the hepatic mRNA 
relative expression of SREBP-1 (a transcription factor 
controlling fatty acid synthesis) and its target gene SCD 
(a key enzyme that controls de novo fatty acid synthesis) 
were not influenced by either SO or RO of lipids. The 
exact mechanisms behind these different observations 
are unknown. Overall, the decreased growth perfor-
mance observed in animals fed thermally oxidized lipids 
may be related to the activation of PPARα pathway by 
the thermally oxidized lipids, as the PPARα-mediated 
upregulation of catabolic metabolism, such as fatty acid 
oxidation lead to decreased lipid availability for adipose 
tissue accretion and protein synthesis.

Besides the effect of oxidized lipids, the effects of 
feeding lipids from plant and animal sources were com-
pared in this study. The pigs fed either CN or CA had 
increased liver TG concentrations compared with those 
fed TL, but liver TG concentrations were not different 
between pigs fed PF and TL. Furthermore, there were no 
differences in hepatic mRNA levels of genes involved 
in PPARα pathway and fatty acid de novo synthesis 
(SREBP-1 and SCD) among pigs fed different lipid 
sources. The different fatty acid profiles of the lipids 
evaluated in this study may have contributed to differ-
ences in fatty acid digestibility, which would account for 
the differences in liver TG concentrations.

In the current study, oxidation level of lipids did 
not affect serum or liver CH concentrations regardless 
of lipid source. Similarly, Luci et al. (2007) also re-
ported that liver and serum concentration of CH of pigs 
fed fresh or oxidized lipids were not different, although 
they did report that oxidized lipids could stimulate CH 
synthesis by upregulation of SREBP-2, a transcription 
factor that controls CH synthesis by activating the tran-
scription of genes for CH synthesis. However, the effect 
of oxidized lipids on genes controlling CH synthesis, 

such as SREBP-2, is not clear. In a study by Konig et al. 
(2007), they reported an opposite effect where oxidized 
fat suppressed gene expression of SREBP-2 and its tar-
get genes, leading to reduced CH synthesis in rats. In the 
current experiment, there were no differences in hepatic 
gene expression of SREBP-2 among pigs fed different 
levels of peroxidized lipids.

Pigs fed different sources of lipid tended to have 
different hepatic CH concentrations. Generally, pigs fed 
vegetable oils had relatively lower liver CH concentra-
tions compared with pigs fed PF or TL. Pigs fed CN 
diets had lower liver CH concentration compared with 
pigs fed PF and tended to have lower liver CH than pigs 
fed TL. Pigs fed CA had a lower liver CH concentration 
compared with pigs fed either PF or TL. There were no 
differences in hepatic mRNA levels of SREBP-2 found 
among pigs fed different sources of lipids. Previous 
studies in rats (Smith et al., 1993; Takeuchi et al., 1995) 
and pigs (Eder and Stangl, 2000) demonstrated that 
feeding lipids with high concentrations of mono- or 
polyunsaturated fatty acids increased concentrations of 
plasma triiodothyronine relative to fat sources that con-
tain predominantly saturated fatty acids, such as lard and 
TL. Furthermore, the inverse correlation between the 
circulating concentrations of CH and thyroid hormone 
are well known (Engelken and Eaton, 1981; Aviram et 
al., 1982; Eder and Stangl, 2000). Thus, the reduced 
liver CH concentrations in pigs fed CN and CA diets 
compared with pigs fed PF and TL might be a conse-
quence of increased thyroid hormone, due to the greater 
total amount of unsaturated fatty acids in CN and CA 
compared with those in PF and TL (86 and 89% vs. 64 
and 37%, respectively). Another reason for the greater 
hepatic CH concentrations in animal fat diets may be 
related to the greater CH concentration in PF and TL 
than in CN and CA, which subsequently may have led 
to greater absorption and uptake of CH in the liver.

In conclusion, pigs fed RO lipids had reduced 
growth performance and a trend for increased relative 
liver weight compared with those fed the OL. Measures 
of lipid peroxidation may provide helpful information 
for predicting various biological responses in pigs. In 
addition, both SO and RO of lipids, regardless of lipid 
source, decreased liver TG presumably by the activation 
of the PPARα pathway.

LITERATURE CITED
Adam, S. K., S. Das, I. N. Soelaiman, N. A. Umar, and K. Jaarin. 

2008. Consumption of repeatedly heated soy oil increases the 
serum parameters related to atherosclerosis in ovariectomized 
rats. Tohoku J. Exp. Med. 215:219–226.

Alexander, J. C., V. E. Valli, and B. E. Chanin. 1987. Biological ob-
servations from feeding heated corn oil and heated peanut oil to 
rats. J. Toxicol. Environ. Health 21:295–309.



Thermally oxidized lipids in diets for pigs 2969

Amacher, D. E., S. J. Schomaker, S. E. Boldt, and M. Mirsky. 2006. 
The relationship among microsomal enzyme induction, liver 
weight and histological change in cynomolgus monkey toxicol-
ogy studies. Food Chem. Toxicol. 44:528–537.

Aviram, M., R. Luboshitzky, and J. G. Brook. 1982. Lipid and lipo-
protein pattern in thyroid dysfunction and the effect of therapy. 
Clin. Biochem. 15:62–66.

Behniwal, P. K., G. L. Soni, S. Vadhera, and R. Singh. 1993. In vitro 
absorption of nutrients from small intestine of rats fed peroxi-
dized oil. Indian J. Exp. Biol. 31:658–659.

Boler, D. D., D. M. Fernandez-Duenas, L. W. Kutzler, J. Zhao, R. J. 
Harrell, D. R. Campion, F. K. McKeith, J. Killefer, and A. C. 
Dilger. 2012. Effects of oxidized corn oil and a synthetic antioxi-
dant blend on performance, oxidative status of tissues, and fresh 
meat quality in finishing barrows. J. Anim. Sci. 90:5159–5169.

Cabel, M. C., P. W. Waldroup, W. D. Shermer, and D. F. Calabotta. 
1988. Effects of ethoxyquin feed preservative and peroxide lev-
el on broiler performance. Poult. Sci. 67:1725–1730.

Canakci, M. 2007. The potential of restaurant waste lipids as bio-
diesel feedstocks. Bioresour. Technol. 98:183–190.

Chao, P. M., C. Y. Chao, F. J. Lin, and C. Huang. 2001. Oxidized frying 
oil up-regulates hepatic acyl-CoA oxidase and cytochrome P450 4 
A1 genes in rats and activates PPAR alpha. J. Nutr. 131:3166–3174.

Chao, P. M., S. C. Hsu, F. J. Lin, Y. J. Li, and C. J. Huang. 2004. The 
up-regulation of hepatic acyl-CoA oxidase and cytochrome P450 
4A1 mRNA expression by dietary oxidized frying oil is compa-
rable between male and female rats. Lipids 39:233–238. 

Chao, P. M., M. F. Yang, Y. N. Tseng, K. M. Chang, K. S. Lu, and C. 
J. Huang. 2005. Peroxisome proliferation in liver of rats fed oxi-
dized frying oil. J. Nutr. Sci. Vitaminol. (Tokyo) 51:361–368.

Chow, C. K. 1989. Biological and toxicological properties of fatty ac-
ids and their derivatives. In: R. W. Johnson and E. Fritz, editors, 
Fatty acids in industry. Marcel Dekker, New York. p. 617–658.

Comporti, M. 1993. Lipid peroxidation. Biopathological signifi-
cance. Mol. Aspects Med. 14:199–207.

Crampton, E. W., R. H. Common, F. A. Farmer, A. G. Wells, and D. 
Crawford. 1953. Studies to determine the nature of the damage 
to the nutritive value of some vegetable oils from heat treatment. 
J. Nutr. 60:13–24.

Delerive, P., C. Furman, E. Teissier, J. C. Fruchart, P. Duriez, and 
B. Staels. 2000. Oxidized phospholipids activate PPARα in a 
phospholipase A2-dependant manner. FEBS Lett. 471:34–38.

DeRouchey, J. M., J. D. Hancock, R. H. Hines, C. A. Maloney, D. J. Lee, 
H. Cao, D. W. Dean, and J. S. Park. 2004. Effects of rancidity and 
free fatty acids in choice white grease on growth performance and 
nutrient digestibility in weanling pigs. J. Anim. Sci. 82:2937–2944.

Dibner, J. J., C. A. Atwell, M. L. Kitchell, W. D. Shermer, and F. J. Ivey. 
1996. Feeding of oxidized fats to broilers and swine: Effects on 
enterocyte turnover, hepatocyte proliferation and the gut associ-
ated lymphoid tissue. Anim. Feed Sci. Technol. 62:1–13.

Eder, K. 1999. The effects of a dietary oxidized oil on lipid metabo-
lism in rats. Lipids 34:717–725.

Eder, K., U. Keller, and C. Brandsch. 2004. Effects of a dietary oxi-
dized fat on guinea pigs cholesterol in plasma and lipoproteins 
and the susceptibility of low-density lipoproteins to lipid per-
oxidation in fed diets with different concentrations of vitamins 
E and C. Int. J. Vitam. Nutr. Res. 74:11–20.

Eder, K., and M. Kirchgessner. 1998. The effect of dietary vitamin 
E supply and a moderately oxidized oil on activities of hepatic 
lipogenic enzymes in rats. Lipids 33:277–283.

Eder, K., and G. I. Stangl. 2000. Plasma thyroxine and cholesterol 
concentrations of miniature pigs are influenced by thermally 
oxidized dietary lipids. J. Nutr. 130:116–121.

Eder, K., A. Suelzle, P. Skufca, C. Brandsch, and F. Hirche. 2003. 
Effects of dietary thermoxidized fats on expression and activi-
ties of hepatic lipogenic enzymes in rats. Lipids 38:31–38.

Engelken, S. F., and R. P. Eaton. 1981. The effects of altered thyroid 
status on lipid metabolism in the genetic hyperlipemic Zucker 
rat. Atherosclerosis 38:177–188.

Esterbauer, H., R. J. Schaur, and H. Zollner. 1991. Chemistry and 
biochemistry of 4-hydroxynonenal, malonaldehyde and related 
aldehydes. Free Radic. Biol. Med. 11:81–128.

Folch, J., M. Lees, and G. H. Sloane-Stanley. 1957. A simple method 
for the isolation and purification of total lipides from animal tis-
sues. J. Biol. Chem. 226:497–509.

Frankel, E. N. 1998. Lipid oxidation. The Oily Press Ltd., Dundee, 
Scotland.

Frankel, E. N., L. M. Smith, C. L. Hamblin, R. K. Creveling, and 
A. J. Clifford. 1984. Occurrence of cyclic fatty acid isomers in 
frying fats used for fast foods. J. Am. Oil Chem. Soc. 61:87–90.

Giani, E., I. Masi, and C. Galli. 1985. Heated fat, vitamin E, and 
vascular eicosanoids. Lipids 20:439–448.

Grootveld, M., M. D. Atherton, A. N. Sheerin, J. Hawke, D. R. Blake, 
T. E. Richens, C. J. Silwood, E. Lynch, and A. W. Claxson. 
1998. In vivo absorption, metabolism, and urinary excretion 
of alpha,beta-unsaturated aldehydes in experimental animals. 
Relevance to the development of cardiovascular diseases by the 
dietary ingestion of thermally stressed polyunsaturate-rich culi-
nary oils. J. Clin. Invest. 101:1210–1218.

Hochgraf, E., S. Mokady, and U. Cogan. 1997. Dietary oxidized lin-
oleic acid modifies lipid composition of rat liver microsomes 
and increases their fluidity. J. Nutr. 127:681–686.

Juberg, D. R., D. R. Mudra, G. A. Hazelton, and A. Parkinson. 2006. 
The effect of fenbuconazole on cell proliferation and enzyme 
induction in the liver of female CD1 mice. Toxicol. Appl. 
Pharmacol. 214:178–187.

Kanazawa, K., E. Kanazawa, and M. Natake. 1985. Uptake of secondary 
autoxidation products of linoleic acid by the rat. Lipids 20:412–419.

Keller, U., C. Brandsch, and K. Eder. 2004. The effect of dietary 
oxidized fats on the antioxidant status of erythrocytes and their 
susceptibility to haemolysis in rats and guinea pigs. J. Anim. 
Physiol. Anim. Nutr. 88:59–72.

Kerr, C. A., K. L. Bunter, R. Seymour, B. Shen, and A. Reverter. 
2005. The heritability of the expression of two stress-regulated 
gene fragments in pigs. J. Anim. Sci. 83:1753–1765.

Kim, S. S., D. D. Gallaher, and A. S. Csallany. 1999. Lipophilic alde-
hydes and related carbonyl compounds in rat and human urine. 
Lipids 34:489–496.

Kimura, T., K. Iida, and Y. Takei. 1984. Mechanisms of adverse ef-
fect of air-oxidized, soybean oil-feeding in rats. J. Nutr. Sci. 
Vitaminol. (Tokyo) 30:125–133.

Konig, B., A. Koch, J. Spielmann, C. Hilgenfeld, G. I. Stangl, and 
K. Eder. 2007. Activation of PPARalpha lowers synthesis and 
concentration of cholesterol by reduction of nuclear SREBP-2. 
Biochem. Pharmacol. 73:574–585.

Lin, C. F., A. Asghar, J. I. Gray, D. J. Buckley, A. M. Booren, R. L. 
Crackel, and C. J. Flegal. 1989. Effects of oxidised dietary oil 
and antioxidant supplementation on broiler growth and meat 
stability. Br. Poult. Sci. 30:855–864.

Linfield, W. M., S. Serota, and L. Sivieri. 1985. Lipid-lipase interac-
tions. 2. A new method for the assay of lipase activity. J. Am. 
Oil Chem. Soc. 62:1152–1154.

Liu, J. F., and C. J. Huang. 1995. Tissue alpha-tocopherol retention in 
male rats is compromised by feeding diets containing oxidized 
frying oil. J. Nutr. 125:3071–3080.



Liu et al.2970

Liu, J. F., and C. J. Huang. 1996. Dietary oxidized frying oil en-
hances tissue alpha-tocopherol depletion and radioisotope tracer 
excretion in vitamin E-deficient rats. J. Nutr. 126:2227–2235.

Liu, J. F., Y. W. Lee, and F. C. Chang. 2000. Effect of oxidized frying oil 
and vitamin C levels on the hepatic xenobiotic-metabolizing enzyme 
system of guinea pigs. J. Nutr. Sci. Vitaminol. (Tokyo) 46:137–140.

Liu, P., B. J. Kerr, C. Chen, T. E. Weber, L. J. Johnston, and G. C. 
Shurson. 2013. Technical characteristics of methods used to 
create lipids with variable levels of peroxidation. J. Anim. Sci. 
92:2950–2959.

Livak, K. J., and T. D. Schmittgen. 2001. Analysis of relative gene 
expression data using real-time quantitative PCR and the 2-∆∆CT 
method. Methods 25:402–408.

Luci, S., B. Konig, B. Giemsa, S. Huber, G. Hause, H. Kluge, G. I. 
Stangl, and K. Eder. 2007. Feeding of a deep-fried fat causes 
PPARalpha activation in the liver of pigs as a non-proliferating 
species. Br. J. Nutr. 97:872–882.

NRC. 1998. Nutrient requirements of swine. 10th rev. ed. Natl. Acad. 
Press, Washington, DC.

Paczkowski, M., Y. Yuan, J. Fleming-Waddell, C. A. Bidwell, D. 
Spurlock, and R. L. Krisher. 2011. Alterations in the transcrip-
tome of porcine oocytes derived from prepubertal and cyclic 
females is associated with developmental potential. J. Anim. 
Sci. 89:3561–3571.

Pettigrew, J. E., Jr., and R. L. Moser. 1991. Fat in swine nutrition. 
In: E. R. Miller, D. E. Ullrey, and A. J. Lewis, editors, Swine 
nutrition. Butterworth-Heinemann, Stoneham, UK. p. 133–146.

Seppanen, C. M., and A. S. Csallany. 2002. Formation of 4-hy-
droxynonenal, a toxic aldehyde, in soybean oil at frying tem-
perature. J. Am. Oil Chem. Soc. 79:1033–1038.

Sherwin, E. R. 1978. Oxidation and antioxidants in fat and oil pro-
cessing. J. Am. Oil Chem. Soc. 55:809–814.

Smith, S. M., P. E. Johnson, and H. C. Lukaski. 1993. In vitro hepatic 
thyroid hormone deiodination in iron-deficient rats: Effect of 
dietary fat. Life Sci. 53:603–609.

Takeuchi, H., T. Matsuo, K. Tokuyama, and M. Suzuki. 1995. Serum 
triiodothyronine concentration and Na+,K(+)-ATPase activity 
in liver and skeletal muscle are influenced by dietary fat type in 
rats. J. Nutr. 125:2364–2369.

Witz, G. 1989. Biological interactions of alpha,beta-unsaturated al-
dehydes. Free Radic. Biol. Med. 7:333–349.

Zhang, W., X. Xiao, E. J. Lee, and D. U. Ahn. 2011. Consumption of 
oxidized oil increases oxidative stress in broilers and affects the 
quality of breast meat. J. Agric. Food Chem. 59:969–974.


