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Martin Franklin Overholt,† Gap-Don Kim,†,‡ Dustin Dee Boler,† Brian Jay Kerr,|| and Anna C. Dilger†,2

†Department of Animal Sciences, University of Illinois, Urbana, IL 61801; ‡Institute of Agriculture and Life 
Science, Gyeongsang National University, Jinju 52828, Republic of Korea; ||USDA-ARS National Laboratory for 

Agriculture and the Environment, Ames, IA 50011

ABSTRACT: The objective of  this study was to 
evaluate the effect of  feeding soybean oil (SO) 
with varying levels of  peroxidation on carcass 
traits and shelf  life of  loins. Fifty-six barrows 
were randomly assigned to 1 of  4 diets contain-
ing 10% fresh SO (22.5  °C) or thermally pro-
cessed SO (45 °C for 288 h, 90 °C for 72 h, or 
180 °C for 6 h), each infused with air at a rate 
of  15 liter/min. Individually housed pigs were 
provided ad libitum access to feed for 81 d. At 
82 d, pigs were slaughtered and hot carcass 
weight and liver weights were recorded. Carcass 
characteristics and fresh loin quality were eval-
uated 1 d postmortem. Loin chops from each 
carcass were overwrap-packaged and subjected 
to a 10-d simulated retail display. Daily meas-
urements of  L*, a*, b*, reflectance, and visual 
discoloration were conducted, evaluation of 
cooking loss and Warner–Bratzler shear force 
(WBSF) was conducted on chops stored 0, 
5, and 10 d, and thiobarbituric acid reactive 
substances (TBARS) were evaluated on chops 
stored 0 and 10 d. Shelf  life–related data were 
analyzed as a completely randomized design 
with repeated measures in time, with storage 
location (shelf) as a random effect. Carcasses 
of  90 °C pigs weighed 6.0, 8.6, and 6.9 kg less 

(P < 0.03) than 22.5 °C, 45 °C, and 180 °C car-
casses, respectively. Livers of  90 °C and 180 °C 
pigs were 14.3% and 11.7%, respectively, heav-
ier (P ≤ 0.02) than those from pigs fed 22.5 °C 
SO, with livers of  45  °C being intermediate. 
Livers of  90 °C pigs represented 0.12 percent-
age units less (P = 0.02) of  ending live weight 
than livers of  180  °C pigs, and 180  °C livers 
were 0.12 percentage units less (P  <  0.01) of 
ending live weight than those from pigs fed 
22.5  °C SO, with 45  °C being intermediate. 
There was no difference (P ≥ 0.19) in back fat 
depth, loin muscle area, or estimated carcass 
lean percentage among SO treatments, nor was 
there an effect (P ≥ 0.13) of  SO on any early 
post-mortem loin quality traits or loin com-
position. There was no effect (P > 0.14) of  SO 
on cooking loss, WBSF, L*, a*, b*, hue angle, 
reflectance, discoloration, or TBARS; however, 
there was a tendency (P  =  0.09) for chops of 
45  °C pigs to have greater (P  <  0.04) chroma 
than either 22.5 °C or 180 °C, with 90 °C being 
intermediate. Overall, feeding SO cooked at 
90 °C for 72 h resulted in reduced carcass weight 
and dressing percentage; however, there was no 
evidence that feeding peroxidized SO was detri-
mental to shelf  life of  loin chops.
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INTRODUCTION

Interest in dietary lipid quality has focused on 
the influence of fatty acid profile on carcass and pork 
product quality. However, it has been increasingly 
recognized that the oxidative status of the diet is also 
important and may be of special interest considering 
rendered fats like white or yellow grease, and soybean 
oil (SO) is routinely included in swine diets (Lin et al., 
2013). Feeding peroxidized lipids has been shown to 
reduce lipid digestibility (Liu et al., 2014a; Lindblom 
et al., 2017), growth performance (Rosero et al., 2015), 
and hot carcass weight (HCW) and back fat (BF) 
depth (Boler et al., 2012) in growing-finishing pigs.

Although the negative effects of peroxidized 
lipids on growth and carcass traits have been regu-
larly reported, the influence of feeding peroxidized 
lipid on the quality and shelf life of pork loin chops 
has been inconsistent. Buckley et al. (1989) reported 
feeding corn oil with a peroxide value (PV) of 9 
mEq/kg resulted in greater concentrations of thio-
barbituric acid reactive substances (TBARS) during 
display of loin chops compared with chops from pigs 
fed fresh oil. This is supported in part by Monahan 
et  al. (1992), where there was a tendency for loin 
chops of pigs fed corn oil (PV = 4.5 mEq/kg) to have 
greater TBARS than pigs fed fresh oil. Recent stud-
ies, however, have reported that feeding peroxidized 
corn oil does not affect lipid peroxidation or color 
stability of loin chops during display (Monahan 
et al., 1994; Boler et al., 2012). The inconsistencies in 
these results may be due to inconsistencies in oil pro-
cessing or dosage, which ranged from 4.5 to 9 mEq/
kg, with the most significant response in product sta-
bility observed at the greater dietary PV.

Therefore, the objective of this study was to 
determine the effect of feeding divergently ther-
mally processed SO on carcass characteristics and 
early postmortem loin quality and to determine 
what role, if  any, peroxidized SO in the diet had on 
the shelf  life of pork loin chops, by feeding diets 
with PV of 0.2 to 12.4 mEq/kg.

MATERIALS AND METHODS

All animal care and use procedures for this 
experiment were approved by the Institutional 
Animal Care and Use Committee at Iowa State 
University.

Dietary Treatments and Experimental design

Fifty-six individually housed barrows 
(Geneticporc F25 females × B6.0 sires, Hender-
sonville, TN) were randomly allotted to 1 of 4 diets 

containing 10% fresh SO (22.5 °C) or SO that was 
thermally processed at 45 °C for 288 h, 90 °C for 
72 h, or 180 °C for 6 h throughout a 2-phase, 81-d 
finishing trial. Diets were formulated to meet or 
exceed the nutrient requirements for finishing pigs 
according to the NRC (2012), and no antioxidants 
were added to diets before or during their prepara-
tion. Oil and diet preparation, as well as design of 
the feeding trial, was described previously (Overholt 
et al., 2018).

Slaughter and Carcass Evaluation

At the conclusion of the growth trial, pigs were 
transported approximately 613 km from Ames, IA to 
the University of Illinois Meat Science Laboratory 
in Urbana, IL. One barrow fed the 22.5 °C SO diet 
was deemed unfit for transport and therefore was 
removed from further experiments. Once arriving at 
the University of Illinois Meat Science Laboratory, 
barrows were held overnight (~16 h) with no access 
to feed but ad libitum access to water. Barrows were 
weighed to determine ending live weight (ELW) 
before being immobilized using the head-to-heart 
electrical stunning technique immediately followed 
by exsanguination. Upon evisceration and inspec-
tion of internal organs, livers from each carcass 
were weighed and a section was removed from the 
right lateral lobe and snap-frozen in liquid nitro-
gen for subsequent analysis of oxidative status. 
Hot carcass weight was recorded after each carcass 
had been inspected and deemed wholesome by an 
USDA-FSIS inspector. Carcasses were allowed to 
chill at 4 °C and 24 h after slaughter, the left side 
of each carcass was ribbed between the 10th and 
11th ribs, and carcasses were evaluated fat depth 
at the 10th rib (BF depth) at a point perpendicu-
lar to the skin, 3/4th the length of the LM. Loin 
muscle area (LMA) was traced onto double-mat-
ted acetate paper and the LMA outlines were later 
traced in duplicate with a digitizer pad (Intuos Pro 
Digitizer Tablet and Stylus; Wacom Technology 
Corp., Vancouver, WA), and the mean area of the 
2 tracings was reported as LMA. Estimated car-
cass lean percentage (ECL) was calculated using 
the equation of Burson and Berg (2001): estimated 
carcass lean, % =  [8.588 + (0.465 × HCW, lbs) − 
(21.896 × BF, in) + (3.005 × LMA, in2)/HCW, lbs 
× 100]/HCW, lbs. Adipose tissue cores, measuring 
2.54 cm in diameter and consisting of all 3 adipose 
layers, were collected from the clear plate between 
the scapula and cervical vertebra near the dorsal 
midline of the left side of each carcass. Iodine val-
ues (IVs) of both adipose depots were determined 
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using a Bruker MPA Multi-Purpose FT-NIR 
Analyzer (Bruker Optics Inc., Billerica, MA).

Early Postmortem Loin Quality Evaluation

Ultimate pH, loin color, marbling, and firm-
ness were evaluated 30 min after carcasses had been 
ribbed. Ultimate pH was measured by inserting a 
pH-meter probe fitted with a glass electrode (MPI 
pH-Meter, Topeka, KS; calibrated to pH 4 and 
7) into the ventral surface of  each loin at the poste-
rior termination of  the spinalis dorsi. Instrumental 
color evaluation (L*, a*, b*; CIE, 1978) was con-
ducted with a Minolta CR-400 Chroma-meter 
(Minolta Camera Co., Ltd., Osaka, Japan) using a 
D65 light source and a 2° observer with an 8-mm 
aperture. Calibration of  the instrument was con-
ducted using a white tile. Subjective color, marbling 
(NPPC, 1999), and firmness (NPPC, 1991) were 
determined by a single trained evaluator. After 
early postmortem loin quality evaluation, car-
casses were fabricated to yield Canadian back loins 
[North American Meat Processors Association 
(NAMP) #414]. The anterior portion of  Canadian 
back loins was removed with a cut immediately 
posterior to the spinalis dorsi and, working from 
an anterior to posterior direction, three 2.54-cm 
and two 1.27-cm chops were cut for use in simu-
lated retail display. Additional 2.54-cm and 1.27-
cm chops were removed for analysis of  moisture 
and lipid content using the drying and extraction 
by chloroform: methanol method described by 
Novakofski et  al. (1989) and evaluation of  drip 
loss by the suspension method (Boler et al., 2014), 
respectively.

Loin Chop Display

There were three 2.54-cm and two 1.27-cm 
chops saved for the simulated retail display experi-
ment. One chop of each thickness was designated 
for 0 and 10 d of simulated retail display, with the 
2.54-cm chop used for Warner–Bratzler shear force 
(WBSF) and the 1.27-cm chop to be used for ana-
lysis of lipid oxidation. A single 2.54-cm chop was 
designated for 5 d of display and to also be used for 
WBSF. Pairs of chops designated for 5 and 10 d of 
storage were placed on polystyrene trays and over-
wrapped with polyvinylchloride film (PVC; oxygen 
transmission rate = 1,627.9 cc/m2/d; moisture vapor 
transmission rate  =  170.5  g/m2/d). Packages were 
arranged on wire mesh shelves lined with white 
butcher paper in 2 single-layer rows. Lighting was 
provided by two 122-cm long 32-W fluorescent 

bulbs (Ecolux with Starcoat, 3000  K, General 
Electric, Boston, MA) that were suspended 38 cm 
above each row of packages. Packages were stored 
at 4 °C. Color evaluations were conducted through 
the PVC film on the 1.27-cm chop designated for 
10 d of display following the procedure described 
by Holmer et  al. (2009). Daily evaluations of 
instrumental color (L*, a*, b*, 650/580 ratio) were 
conducted using a Hunter Lab Miniscan XE Plus 
(Model 45/0-L, Hunter Associates Laboratory Inc., 
Reston, VA) using an A  illuminant, 10° observer, 
and a 25-mm aperture. Calibration of the device 
was conducted prior to each daily evaluation using 
a black glass and a white ceramic tile covered with 
the same PVC film used to package the loin chops. 
Daily visual discoloration scores were determined 
by a single trained observer using a 10-cm unstruc-
tured line scale anchored at 0% and 100% surface 
discoloration, with each 1-cm increment equal to 
10% discoloration of the chop surface. On the des-
ignated day of display (0, 5, or 10 d), the chops were 
removed from display once they had been evaluated 
(with the exception of the 0-d chops, which were 
not displayed), and chops were then packaged in 
individual bags and vacuum sealed. The 1.27-cm 
chops, which were designated to for analysis of 
lipid oxidation, were stored at −80  °C until later 
analysis. The 2.54-cm chops, which were designated 
for analysis of WBSF, were stored at −20 °C until 
later analysis.

Warner–Bratzler Shear Force

Vacuum-packaged chops were allowed to 
thaw at 4 °C for 18 h before analysis, trimmed of 
excess fat, and weighed before being cooked on a 
Farberware Open Hearth grill (model 455N; Walter 
Kidde, Bronx, NY). Chops were flipped once at an 
internal temperature of 35  °C and then cooked 
until they reached an internal temperature of 
70 °C. Internal temperatures were monitored using 
copper-constantan thermocouples (Type T; Omega 
Engineering, Stamford, CT) connected to a digital 
scanning thermometer (model 92000-00; Barnant 
Co., Barrington, IL). Cooked chops were cooled 
to 25 °C and weighed before four 1.25-cm-diame-
ter cores were removed parallel to the orientation 
of the muscle fibers. Cores were then sheared once 
through the center using a Texture Analyzer TA.HD 
Plus (Texture Technologies Corp., Scarsdale, NY/
Stable Micro Systems Ltd., Godalming, UK) with 
a blade speed of 3.3 mm/s and a 100-kg load cell. 
Shear force was reported as the average peak force 
of the 4 cores. Cooking loss was calculated as the 
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difference between the pre- and post-cooked chop 
weights divided by the precooked chop weight 
(Boler et al., 2011).

Thiobarbituric Acid Reactive Substances

One 1.27-cm chop representing 0 d of display, 
and another that had been displayed for 10 d, was 
trimmed of external fat, connective tissue, and 
any accessory muscles. Chops were cut into cubes 
and pulverized in a blender (Waring Products, 
Torrington, CT). Duplicate 5 g samples of pulver-
ized loin muscle were combined with 1 mL of 0.2-
mg/mL butylated hydroxytoluene and 45.5 mL of 
10% trichloroacetic acid in 0.2 M phosphoric acid, 
and blended for 30 s (Waring Products, Torrington, 
CT). The homogenate was filtered through 
Whatman No. 1 filter paper and collected in flasks. 
Two 5 mL aliquots of filtrate were transferred from 
flasks into 15-mL conical tubes. To one tube, 5 mL 
of 0.02 M thiobarbituric acid was added, and to the 
other was added 5 mL of deionized water to serve 
as a blank. An additional 2 pulverized loin muscles 
were randomly selected, representing 0 and 10 d of 
display, to serve as spiked samples to estimate per-
cent recovery. The spiked samples were prepared in 
the same way as described previously, except that 
12  mL of 10  μM 1, 1, 3, 3-tetramethoxypropane 
was added in substitution for an equal volume 
for 10% trichloroacetic acid in 0.2 M phosphoric 
acid. A  standard curve was made to represent 0, 
1.25, 2.5, 5, and 7.5 mg malondialdehyde/mL using 
25 μM 1, 1, 3, 3-tetramethoxypropane. An aliquot 
of the 25 μM 1, 1, 3, 3-tetramethoxypropane was 
combined with 5 mL of 0.02 M thiobarbituric acid 
and volumized to 10 mL with 10% trichloroacetic 
acid in 0.2 M phosphoric acid solution. All tubes 
were capped, inverted to mix, and then stored in 
the dark at 23 °C for approximately 16 h to allow 
pigment development. After 16  h, 150  μL from 
each tube was transferred onto 96 well round bot-
tom plates and read at 530  nm with a Beckman 
Du-640 Spectrophotometer (Beckman Coulter 
Inc., Fullerton, CA). TBARS were reported as 
mg-MDA/kg tissue and as mg-MDA/kg-extracta-
ble lipid.

Statistical Analyses

All analyses were conducted with the MIXED 
procedure of SAS (SAS v9.4, SAS Inst. Inc., Cary, 
NC). Because pigs were fed individually, pig carcass 
served as experimental unit. Carcass and liver data 
were analyzed as a completely randomized design 

with the fixed effect of SO treatment, with initial 
body weight (Overholt et  al., 2018) serving as a 
covariate. There were 2 carcasses determined to be 
outliers for carcass traits, one each from 45 °C and 
180  °C; therefore, they were omitted from related 
analyses. Early postmortem loin quality data were 
also analyzed as a completely randomized design, 
but no covariate was used nor were there any outli-
ers in the data.

Simulated retail display data, including color 
stability, TBARS, cooking loss, and WBSF, were 
analyzed as a completely randomized design 
with repeated measures in time. Therefore, fixed 
effects were SO treatment, storage time, and the 
interaction of SO and storage time. Storage loca-
tion (shelf) served as a random effect. Analysis 
of repeated measures was conducted using the 
REPEATED statement of PROC MIXED. 
Multiple covariance structures were compared 
using Akaike’s Information-Corrected Criterion for 
each dependent variable. Based on these compar-
isons, a heterogenous Toeplitz (TYPE = TOEPH) 
covariance structure was used for analyses of L*, 
a*, b*, chroma, hue, reflectance, and discolor-
ation, whereas a heterogeneous compound sym-
metric [TYPE  =  CSH] covariance structure was 
used for analyses of TBARS, cooking loss, and 
WBSF. Least-square means were separated with 
the PDIFF option of the MIXED procedure. Main 
effects and interactions were considered different at 
P ≤ 0.05 and main effects were considered trending 
at 0.05 < P ≤ 0.10.

RESULTS AND DISCUSSION

Characteristics of Soybean Oils

A full characterization of the oxidative status 
and composition of the thermally processed SO 
are presented in Table  1 and detailed elsewhere 
(Overholt et al., 2018). However, certain character-
istics of the oils merit discussion in the context of 
the current study. The 4 thermal processing treat-
ments were chosen because they reflected condi-
tions that fat sources and diets routinely experience 
in the livestock, rendering, and restaurant indus-
tries (Meeker and Hamilton, 2006) and because 
they also represented temperatures evaluated pre-
viously (Boler et al., 2012; Liu et al., 2014b; Rosero 
et al., 2015; Hanson et al., 2016).

Although statistical comparisons were not 
made, there are several numerical differences 
among the SO profiles of  interest. Peroxide value 
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Table 1. Composition and peroxidation analysis of thermally processed soybean oils

Heating temperature, °C 22.5 45 90 180

Time heated, h1 0 288 72 6

Fatty acids, % of total fat2,3

 C8:0, Caprylic ND4 ND ND 0.07

 C16:0, Palmitic 10.69 10.74 11.70 11.21

 C16:1, Palmitoleic 0.09 0.08 0.09 0.08

 C17:0, Margaric 0.10 0.10 0.11 0.10

 C18:0, Stearic 4.19 4.13 4.52 4.42

 C18:1, Oleic 23.46 23.49 25.15 24.26

 C18:2, Linoleic 53.07 52.86 50.79 51.65

 C18:3, Linolenic 7.14 7.15 6.14 6.43

 C19:0, Nonadecanoic 0.26 0.25 0.23 0.35

 C20:0, Arachidic 0.32 0.32 0.35 0.34

 C20:1, Gadoleic 0.18 0.19 0.20 0.30

 C22:0, Behenic 0.35 0.35 0.49 0.41

 C24:0, Lignoceric ND 0.12 ND 0.13

 Other FA 0.15 0.22 0.23 0.27

 UFA:SFA4 5.28 5.23 4.73 4.88

 IV5 131 131 126 127

Free fatty acids, %2 0.10 0.10 0.46 0.14

Free glycerin, %2 1.04 3.72 0.82 0.82

Moisture, % 0.02 0.02 0.04 0.04

Insoluble impurities, % 0.02 0.04 0.04 0.04

Unsaponifiable matter, % 0.51 0.39 0.41 0.47

Oxidized FA, %2 3.0 2.8 2.5 1.9

OSI at 110 C, h2,4 6.65 4.65 2.70 3.65

p-Anisidine value2,6 1.11 1.33 121 165

Peroxide value, mEq/kg2 2.0 17.4 123.6 19.4

Polar compounds, %2 3.61 3.28 20.25 11.58

PTAG4, %

TBA value2,6 0.14 1.14 0.14 0.14

Aldehydes, mg/kg7

 2,4-Decadienal 2.07 1.90 912.15 915.49

 4-Hydroxynonenal 0.66 1.49 170.48 82.80

 Acrolein 6.15 6.06 27.12 44.60

 2-Decenal 0.16 0.19 55.21 81.60

 2,4-Heptadienal 0.47 1.19 268.62 151.65

 2-Heptenal 2.33 1.82 254.48 90.68

 Hexanal 2.01 2.02 33.69 6.28

 2-Octenal 0.40 0.67 212.60 51.96

 Pentanal 5.36 1.05 10.76 2.84

 2,4-Undecadienal 0.06 0.07 43.73 53.34

 2-Undecenal 0.19 0.19 50.29 110.38

 Ratio8 0.12 0.21 0.58 1.14

 Total tocopherols, mg/kg2 1,328 1,331 94 798

 α 98 97 < 10 < 10

 β < 10 < 10 < 10 < 10

 δ 196 209 15 169

 γ 1,034 1,025 79 629

1Thermally processed oils had constant air flow rate at 15 liter/min.
2Analyzed by Barrow-Agee, Memphis, TN.
3No other FA were detected besides those listed.
4ND = not detected; FA = fatty acid; UFA:SFA = unsaturated:saturated fatty acid ratio; TBA = thiobarbituric acid; OSI = oil stability index; PTAG = polymerized 

tryacylglycerides; IV = iodine value.
5Iodine values were calculated using the FA profile data following the equation: IV = (16:1 × 0.95) + (18:1 × 0.86) + (18:2 × 1.732) + (18:3 × 2.616) + (20:1 × 0.795) +  

(20:2 × 1.57) + (20:3 × 2.38) + (20:4 × 3.19) + (20:5 × 4.01) + 22:4 × 2.93) + (22:5 × 3.68) + (22:6 × 4.64); Meadus et al., 2009.
6There are no units for p-anisidine value or TBA value.
7Analyzed by University of Minnesota, St. Paul, MN.
8Ratio of 2-decenal, 2,4-hydroxynonenal, 2,4-undecadienal, and 2-undecenal as a percent of total aldehydes to acrolein, 2,4-heptadienal, and 2-heptenal as a percent 

of total aldehydes; Wang et al., 2016.
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has been a common metric by which the oxidative 
status of  lipids used in swine diets has been char-
acterized and therefore is an important measure-
ment available to draw comparisons between the 
current and previous studies. In these previous 
experiments, PV ranged from 5.7 to 300 mEq/kg in 
the oil and 0.2 to 9 mEq/kg in the diets (Liu et al., 
2014b, 2014c; Rosero et  al., 2015; Dilger et  al., 
2016). Among the thermally processed oils evalu-
ated in the current study, SO heated at 90 °C had 
the greatest PV at 123.6 mEq/kg compared with 2, 
17.4, and 19.4 mEq/kg of  the 22.5 °C, 45 °C, and 
180 °C treatments, respectively. The 10% SO inclu-
sion rate used in the experimental diets represents 
a range of  dietary PV of 0.2 to 12.4 mEq/kg. This 
range fully covers the dietary PV observed in previ-
ous studies investigating the effects of  peroxidized 
lipids on swine growth, digestibility and carcass 
traits, and studies investigating the influence on 
peroxidized lipid feeding on the shelf  life of  pork 
products. Further evidence that the thermal treat-
ments resulted in varying degrees of  peroxidative 
damage was the range in p-anisidine values pres-
ent in the different oils, ranging from 1.11 to 165. 
Previous experiments have evaluated oils subjected 
to varying degrees of  thermal abuse, resulting in 
various oxidative profiles; however, no study to 
date has investigated such an array of  thermal pro-
cessing treatments under the same experimental 
conditions, nor have they evaluated the effect such 
treatments may have on the shelf  life of  pork prod-
ucts. These previous studies have yielded inconsist-
ent results; therefore, it was an underlying objective 
of  the current study to test a wide battery of  ther-
mal processing conditions with the aim of drawing 
more definitive conclusions to the question of  the 

effects of  dietary-peroxidized lipids on pork car-
cass traits and loin shelf  life.

Carcass Characteristics and Early Postmortem Loin 
Quality

Carcasses of pigs evaluated in the present study 
were previously part of a feeding trial in which pigs 
fed 90 °C SO had reduced ADG and G:F as well 
as reduced DE and acid hydrolyzed ether extract 
(AEE) digestibility compared with the other SO 
diets (Overholt et  al., 2018). The poorer perfor-
mance of the pigs fed 90  °C was reflected in the 
relationships among treatments in regard to carcass 
characteristics. ELW of pigs fed 90  °C diets was 
8.9 and 7.6 kg less (P ≤ 0.03) than pigs fed 45 °C 
and 180  °C diets, respectively, with ELW of pigs 
fed 22.5 °C being intermediate (Table 2). This dif-
ference in ELW persisted with HCW, as carcasses 
of pigs fed 90  °C weighed 6.0 to 8.6 kg less than 
(P ≤ 0.03) carcasses of pigs fed any of the other 
SO diets, which did not differ (P ≥ 0.36) in HCW. 
Although the reduced HCW of pigs fed 90 °C diets 
was largely a function of having reduced ELW, it 
was exacerbated by a 1.25, 1.26, and 0.76 percent-
age unit reduction (P ≤ 0.05) in dressing percentage 
compared with pigs fed 22.5 °C, 45 °C, and 180 °C 
SO diets, respectively. This observation was in agree-
ment with results of previous studies, in which the 
reduction in dressing percentage observed in pigs 
fed peroxidized dried distillers grains with solubles 
(Song et al., 2014) and corn oil (Boler et al., 2012) 
was due to reduction in performance and carcass 
fatness. Although the pigs fed 90 °C in the current 
study grew less efficiently and at a slower rate than 
those fed the other SO diets, there was no difference 

Table 2. Carcass characteristics of finishing pigs fed peroxidized soybean oil

 Oil treatment

Item 22.5 °C 45 °C 90 °C 180 °C SEM P-value

No. 13 13 14 13

ELW, kg 127.21ab 130.48a 121.59b 129.15a 2.37 0.05

Lairage loss, % 3.06 3.20 3.27 3.32 0.25 0.90

HCW, kg 101.83a 104.40a 95.79b 102.70a 1.94 0.01

Dressing percentage, % 79.99a 80.00a 78.74b 79.50a 0.28 < 0.01

Liver weight, kg 1.54b 1.66ab 1.76a 1.72a 0.05 0.03

Liver % ELW 1.21c 1.27bc 1.45a 1.33b 0.04 < 0.0001

10th rib BF depth, cm 2.65 2.55 2.29 2.54 0.16 0.44

LMA, cm2 52.46 53.01 48.51 51.38 1.59 0.19

Estimated carcass lean, % 51.06 51.48 52.12 51.29 0.80 0.80

Clear plate IV 95.68ab 96.88a 81.75c 92.99b 1.06 < 0.0001

ELW = ending live weight; HCW = hot carcass weight; BF = back fat; LMA = loin muscle area; clear plate IV = iodine value of clear plate fat 
measured using a Bruker MPA Multi-Purpose FT-NIR Analyzer (Bruker Optics Inc., Billerica, MA).

a-cLS means within a row having different superscripts are statistically different (P ≤ 0.05).
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in BF depth (P = 0.44), LMA (P = 0.19), or ECL 
(P  =  0.80) among SO treatments. Therefore, it is 
unlikely that the reduced dressing percentage of 
pigs fed 90  °C was due to differences in carcass 
composition. The reduction in dressing percent-
age may, in part, be attributable to liver enlarge-
ment, as livers of pigs fed 90  °C and 180  °C SO 
were 14.3% and 11.7%, respectively, larger (P ≤ 
0.02) than livers of pigs fed 22.5 °C SO, with livers 
of pigs fed 45 °C being intermediate. This relation-
ship was even more pronounced when liver weight 
was expressed as a percentage of ELW, as livers of 
pigs fed 90 °C accounted for 0.11 percentage units 
more (P = 0.02) of ELW than did livers of pigs fed 
180 °C. Likewise, livers of pigs fed 180 °C accounted 
for 0.13 percentage units more (P < 0.01) of ELW 
than livers of pigs fed 22.5  °C SO, with the pro-
portional weight of livers of pigs fed 45 °C being 
intermediate. Liver enlargement has been previ-
ously reported in both pigs (Liu et al., 2014c) and 
rats (Eder, 1999) fed peroxidized lipids, and is an 
indication of oxidative stress. Lipid peroxidation 
products, such as 4-hydroxynonenal (HNE), of 
which the 90  °C and 180  °C SO had the greatest 
numerical concentrations in the oil, are the known 
cytotoxins (Esterbauer et al., 1991; Grootveld et al., 
1998). The liver is the primary site of detoxification 
in the body, and upon prolonged intake of toxins, 
the liver responds by increasing synthesis of micro-
somal enzymes (Huang et al., 1988) and increasing 

hepatocyte proliferation (Dibner et  al., 1996), 
resulting in liver hypertrophy. Compounded with 
the previously reported increase in F2-isoprostane 
and TBARS in plasma and urine of pigs fed 90 °C 
SO (Overholt et al., 2018), the observed liver hyper-
trophy is a clear sign that feeding 90 °C SO induced 
oxidative stress to a greater degree than did feeding 
the other SO treatments (Table 3).

IV has become the most accepted metric of 
determining the technological quality of pork fat 
(Seman et al., 2013) and is strongly influenced by 
the qualities of dietary lipids. Thermal process-
ing conditions resulted in divergent IV among SO 
treatments (22.5  °C  =  45  °C > 180  °C ≈ 90  °C), 
and these differences were reflected in the IV of 
clear plate adipose tissue. Clear plate IV of car-
casses from pigs fed 45 °C SO were 3.4 units greater 
(P  <  0.01) than IV of from carcasses of pigs fed 
180 °C SO, with adipose tissue of pigs fed 22.5 °C 
SO being intermediate. Clear plate IV of pigs fed 
90  °C SO drastically reduced compared with the 
other 3 SO treatments, being 13.9, 15.1, and 11.2 
units less than (P < 0.0001) the 22.5 °C, 45 °C, and 
180  °C SO treatments, respectively. It is unlikely 
that the stark reduction in IV observed in the 90 °C 
was due entirely to the relative reduction in SO 
IV. This is in spite of the fact that lipid digestibil-
ity is reduced when peroxidized lipids are included 
in the diet (DeRouchey et al., 2004; Rosero et al., 
2015; Lindblom et al., 2017), and de novo fatty acid 

Table 3. Early postmortem, fresh loin quality characteristics of finishing pigs fed peroxidized soy bean oil

Item

Oil treatment

SEM22.5°C 45°C 90°C 180°C P-value

No. 13 14 14 14

24 h pH 5.46 5.44 5.48 5.43 0.02 0.36

L*1 49.61 49.76 50.60 49.91 0.72 0.78

a*1 7.60 8.48 7.96 7.82 0.42 0.49

b*1 0.35 0.48 0.85 0.80 0.29 0.55

Chroma2 7.65 8.55 8.08 7.92 0.43 0.48

Hue angle, °3 2.23 3.33 5.47 5.19 2.04 0.62

NPPC color4 2.23 2.39 2.11 2.04 0.11 0.13

NPPC marbling4 1.00 1.21 1.14 1.07 0.09 0.33

NPPC firmness5 2.00 2.14 1.79 1.57 0.20 0.20

Drip loss, % 2.70 3.18 2.92 3.55 0.30 0.20

Moisture, % 74.11 74.22 74.11 74.44 0.31 0.84

Extractable lipid, % 3.36 3.20 3.28 2.93 0.26 0.65

1Measurements conducted with a Minolta CR-400 Chroma-meter (Minolta Camera Co., Ltd., Osaka, Japan) using a D65 light source and a 2° 
observer with an 8-mm aperture.

2Chroma =  a b* * .2 2×
3Hue angle, ° = tan-1(b*/a*) × 57.296.
4NPPC (1999).
5NPPC (1991).
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synthesis increases as the amount or digestibility 
of dietary fat is decreased (Kloareg et  al., 2007). 
Furthermore, the chain length and unsaturation of 
dietary fatty acids are determinants of the rate of 
de novo fatty acid synthesis, as palmitic and pal-
mitoleic acids have a greater effect of suppress-
ing de novo fatty acid synthesis than longer chain 
fatty acids, such as linoleic or oleic acid (Smith 
et al., 1996). We previously reported that pigs fed 
90  °C and 180  °C had the lowest digestibility of 
AEE of the SO treatments (Overholt et al., 2018). 
Moreover, the 90 °C SO had, numerically, the great-
est concentration of palmitic acid, which may have 
also contributed to the disproportionate reduction 
in IV of the 90 °C SO fed pigs compared with the 
other 3 SO treatments, and especially the IV of pigs 
fed 180 °C SO.

It is interesting to note that oil composition, 
carcass weights, or liver weights did not necessarily 
display a commensurate change with the increas-
ing SO cooking temperatures. When considering 
this, it is important to note that the SO treatments 
were specific combinations of time and tempera-
ture (selected to represent processing and storage 

conditions of feeds and feedstuffs). In addition to 
being thermally processed at different temperatures, 
the 90 °C and 180 °C treatments were also heated for 
different lengths of time (72 and 6 h, respectively). 
The progression of lipid peroxidation, and the pro-
duction of oxidation products, is dependent on both 
time and temperature (Labuza and Dugan, 1971).

There was no effect (P ≥ 0.13) of SO on any 
early postmortem loin quality traits or loin com-
position, in agreement with the results reported by 
Boler et al. (2012), but in contrast to the study by 
Lu et  al. (2014). The latter experiment compared 
loin quality traits of pigs fed either a diet contain-
ing 5% oxidized SO and 10% PUFA supplement 
(diet PV = 9 mEq/kg) or a standard corn–soy diet, 
and reported that despite there being no difference 
in NPPC color scores among the 2 treatments, loin 
chops of pigs fed oxidized SO were less red (reduced 
a*) than chops from pigs fed a corn–soy diet.

Shelf  Life of Loin Chops

Previous studies investigating the effects of 
diet on pork product shelf  life have focused on 

Figure 1. Effects of feeding peroxidized soybean oil (SO) to finishing pigs on (A) cooking loss and (B) Warner–Bratzler shear force of loin chops 
subjected to 0, 5, or 10 d of simulated retail display.
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either the influence of the fatty acid composition 
of the diet or the supplementation of dietary anti-
oxidants. Few studies have investigated the impact 
of feeding peroxidized ingredients, and most have 
done so as a secondary objective to testing the effi-
cacy of dietary antioxidant interventions. The pres-
ent study was designed with the intent to determine 
whether there was any effect of feeding peroxidized 
SO on the shelf  life of loin chops, without anti-
oxidant interventions as has been investigated in 

previous research. Generally, the loins would have 
been subjected to a “wet-aging” period prior to the 
initiation of display to best simulate industry-typi-
cal conditions. However, it was decided that to best 
determine whether peroxidized oil feeding affected 
the shelf  life of loin chops, it would be necessary 
to observe any changes in color beginning on the 
same day the chops were excised from the carcass (1 
d postmortem). Therefore, no “wet-aging” period 
was employed and chops were packaged, displayed, 

Figure 2. Effects of feeding peroxidized soybean oil (SO) to finishing pigs on (A) lightness (L*), (B) redness (a*), (C) yellowness (b*), (D) 
chroma, and (E) hue angle of loin chops during 10 d of simulated retail display. Daily evaluations of instrumental color (L*, a*, b*, 650/580 ratio) 
were conducted using a Hunter Lab Miniscan XE Plus (Model 45/0-L, Hunter Associates Laboratory Inc., Reston, VA) using an A illuminant, 10° 
observer, and a 25-mm aperture. Calibration of the device was conducted prior to each daily evaluation using a black glass and a white ceramic tile 
covered with the same polyvinylchloride (PVC) film used to package the loin chops. Daily visual discoloration scores were determined by a single 
trained observer using a 10-cm unstructured line scale anchored at 0% and 100% surface discoloration, with each 1-cm increment equal to 10% 
discoloration of the chop surface.
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and baseline color evaluations were recorded 1 d 
postmortem (approximately 4  h after early post-
mortem evaluations were conducted).

In the current study, there were no SO × Day 
interactions (P ≥ 0.09) for any of the shelf life traits. 
During the course of the simulated retail display 
period, there was no effect (P ≥ 0.14) of SO on either 
cooking loss, WBSF (Figure 1), lightness, redness, 
yellowness, hue angle (Figure 2), reflectance, discol-
oration score (Figure 3), or on TBARS calculated 
on a tissue or extractable lipid-basis (Figure  4). 
There was a trend (P = 0.09) for loin chops from 
pigs fed 45 °C SO to have greater (P ≤ 0.09) chroma 
than chops from pigs the other 3 SO treatments. 
Early studies reported that feeding peroxidized 
corn oil to pigs increased the rate of lipid oxidation, 
compared with feeding fresh corn oil, in loin chops 
(Buckley et  al., 1989; Monahan et  al., 1992) and 
ground pork patties (Buckley et al., 1989). A simi-
lar effect was reported both fresh and cooked loin 
chops of pigs fed rancid rice bran (Chae and Lee, 
2002) and peroxidized SO (Murphy et  al., 1991). 
In agreement with the results of the current study, 
both Monahan et al. (1994) and Boler et al. (2012) 

reported that despite having reduced tissue vitamin 
E concentrations, the color stability and lipid oxida-
tion of loin chops of pigs fed peroxidized corn oil 
did not differ from chops of pigs fed fresh oil. The 
penetration of O2 into whole muscle meat is limited 
to the outermost 1 to 2 mm (O’Keeffe and Hood, 
1982), and it is possible that if  these outer-most 
portions of the chops had been evaluated for lipid 
oxidation, differences would have been detected. 
However, no differences were detected among SO 
treatments for any of the color traits, all of which 
were measured on the surface of the chops. Feeding 
peroxidized lipids to broilers has routinely elicited 
a decrease in muscle vitamin E levels and increased 
susceptibility to lipid oxidation of both breast and 
thigh meat (Jensen et al., 1997; Tavárez et al., 2011; 
Zhang et al., 2011). Only one study (Murphy et al., 
1991) reported an analogous result in pork. It is not 
entirely clear why peroxidized lipid feeding results in 
reduced shelf life in poultry meat, but not pork, des-
pite the intake of peroxidized lipids causing measur-
able indications of oxidative stress in plasma, liver, 
and even adipose tissue of both species (Tavárez 
et  al., 2011; Boler et  al., 2012). The differential 

Figure 3. Effects of feeding peroxidized soybean oil (SO) to finishing pigs on (A) reflectance and (B) discoloration of loin chops during 10 d of 
simulated retail display.
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response to diet-induced oxidative stress in muscle 
may be due to the physiological differences that exist 
between the species. In general, porcine muscle has a 
greater proportion of oxidative fibers than chicken 
breast muscle, which is almost entirely composed 
of glycolytic fibers. Oxidative muscle fibers have 
a preference for aerobic metabolism, relying more 
heavily on β-oxidation of fatty acids and the elec-
tron transport chain to produce ATP than glyco-
lytic fibers. Reactive oxygen species (ROS), such as 
superoxide, are produced as a by-product of aerobic 
metabolism and because ROS can damage cellular 
structures, antioxidant enzymes such as superox-
ide dismutase (SOD) and glutathione peroxidases 
(GPx) are synthesized by cells to neutralize ROS 
(Schieber and Chandel, 2014). Activity of catalase 
(CAT), SOD, and GPx were correlated with the rel-
ative number of oxidative fibers in 6 different mus-
cles in rats (Laughlin et al., 1990). This relationship 
was later confirmed in a comparison of antioxidant 
enzyme activity in pork psoas major and longissi-
mus dorsi (Lauridsen et al., 1999). The difference in 
muscle fiber-type composition being a driving force 
to cause the disparity in the oxidative stress/shelf  

life relationship between species is further evidenced 
by the fact that pork has greater concentrations of 
CAT (Rhee et al., 1996; Pradhan et al., 2000) and 
SOD (Avanao et al., 2001; Hernández et al., 2004), 
as well as carnosine (Tian et al., 2007; Mora et al., 
2008), than do chickens, regardless of which mus-
cles are evaluated. Although muscle fiber-type dif-
ferences seem a likely contributor to the differential 
susceptibility of peroxidized lipid intake to cause 
reduced oxidative stability of muscle and meat prod-
ucts, further research must be conducted to establish 
whether a causal link exists.

Lightness, yellowness, hue angle, and discolor-
ation score over storage time increased (P < 0.0001) 
with storage time, whereas redness, chroma, reflec-
tance, and WBSF all decreased (P < 0.0001) with stor-
age time. These results were consistent with previous 
studies documenting color stability and deterioration 
in pork loin (Lindahl et al., 2006; Tikk et al., 2008).

CONCLUSIONS

The extent to which peroxidized SO affected car-
cass characteristics was dependent on the severity 

Figure 4. Effects of feeding peroxidized soybean oil (SO) to finishing pigs on thiobarbituric reactive substances (TBARS) of loin chops sub-
jected to 0 or 10 d of simulated retail display calculated on (A) tissue-basis or (B) extractable lipid content-basis.
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of the thermal processing treatment, with pigs fed 
the 90  °C SO having reduced HCW and dressing 
percentage, and feeding SO processed at 45 °C and 
180  °C having little effect on carcass characteris-
tics compared with pigs fed the 22.5  °C SO diets. 
Despite the peroxidized SO feeding inducing signs 
of oxidative stress, feeding peroxidized SO was not 
detrimental to the color stability or lipid oxidation 
of loin chops. Therefore, peroxidized SO feeding is 
deleterious to carcass value, but appears to be of 
little concern as it applies to the quality and shelf  
life of pork loins.
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