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INTRODUCTION

More than 85% of U.S. ethanol plants extract 
corn oil before manufacturing corn distiller’s dried 
grains with solubles (DDGS), which results in 
large availability of distiller’s corn oil (DCO; RFA, 
2014). Corn oil and DCO are high in PUFA that are 
highly susceptible to peroxidation (NRC, 2012). 
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ABSTRACT: This experiment evaluated the effect of 
antioxidants, oil content in distiller’s dried grains with 
solubles (DDGS), quality of distiller’s corn oil, and 
storage time on lipid peroxidation. A source of low-oil 
DDGS (LO-DDGS; 5.0% ether extract [EE], as-fed 
basis), high-oil DDGS (HO-DDGS; 13.0% EE, as-
fed basis), and 2 sources of distiller’s corn oil (DCO; 
1.20, 0.08, and 0.48% moisture, insoluble impurities, 
and unsaponifiables [MIU], respectively [DCO-1], and 
1.20, 0.01, and 0.10% MIU, respectively [DCO-2]) 
were obtained. Each of the 4 ingredients was divided 
into 18 representative subsamples (approximately 908 
g for DDGS or 2 kg of DCO). Six subsamples of each 
ingredient were mixed with either no supplemental 
antioxidants (CON), Rendox-CQ (REN; 1,000 mg/kg 
EE; Kemin, Industries, Des Moines, IA), or Santoquin-
Q4T (SAN; 1,500 mg/kg EE; Novus International, St. 
Louis, MO). Each mixture (n = 72) was split into thirds, 
and 1 portion was immediately frozen at –20°C (d 0). 
Two portions were stored under hot (38.6 ± 0.1°C) and 
humid conditions (94.0 ± 0.3% relative humidity) for 
14 or 28 d. The MIXED procedure of SAS was used to 
evaluate the effects of ingredient, antioxidant, storage 
time, and interactions, with d-0 values used as a covari-

ate. From d 14 to 28, peroxide value (PV), p-anisidine 
value (AnV), and thiobarbituric acid reactive substances 
(TBARS) of DCO and DDGS increased by 3- to 4-fold 
(P < 0.05). Over the entire storage period, PV of DCO-
1 and HO-DDGS (12.3 ± 0.3 and 12.6 ± 0.3 mEq O2/
kg oil, respectively) exceeded (P < 0.05) that of DCO-2 
and LO-DDGS (9.6 ± 0.3 and 9.3 ± 0.3 mEq O2/kg oil, 
respectively). Adding REN or SAN (P < 0.05) reduced 
TBARS and AnV relative to CON (TBARS = 11.0 ± 
0.2 mg malondialdehyde Eq/kg oil and AnV = 6.5 ± 0.2) 
over the entire period (mean of d 14 and 28), but TBARS 
and AnV did not differ (P > 0.05) between antioxidants 
(TBARS = 6.1 ± 0.2 and 5.9 ± 0.2 mg malondialde-
hyde Eq/kg oil, respectively, and AnV = 1.9 ± 0.2 and 
1.8 ± 0.2 for REN and SAN, respectively). The PV on 
d 14 and 28 and overall was less (P < 0.05) when either 
antioxidant was added relative to CON (16.0 mEq O2/
kg) and was greater for ingredients treated with SAN 
(P < 0.05) compared with REN (8.8 ± 0.2 and 8.0 ± 
0.2 mEq O2/kg oil for SAN and REN, respectively). In 
summary, antioxidants reduced peroxidation of DDGS 
and DCO by approximately 50% during 28 d of storage 
at 38.6°C and 94.0% relative humidity, but neither anti-
oxidant completely stabilized the ingredients.
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Susceptibility to peroxidation varies depending on 
the fatty acid composition of the lipid source and the 
presence of natural antioxidants. Lipid peroxidation 
is accelerated by exposure to heat, air, moisture, and 
pro-oxidant metals, which may be introduced during 
processing and storage (Belitz et al., 2009). Therefore, 
lipid-rich ingredients may be peroxidized to varying 
extents depending on storage and processing condi-
tions (Dibner et al., 2011; Song and Shurson, 2013).

Lipids extracted from corn germ oil and thin still-
age were peroxidized at greater rates than oil extracted 
from DDGS during 14 d of storage at 40°C (Winkler-
Moser and Breyer, 2011). The reduced rate of peroxi-
dation of oil in DDGS may be due to protection pro-
vided by antioxidants indigenous to corn, which are 
concentrated in DDGS (Winkler-Moser and Breyer, 
2011). Addition of synthetic antioxidants is an effec-
tive method to prevent peroxidation of lipids that are 
contained in fats and oils (Valenzuela et al., 2002; 
Chen et al., 2014). The most common synthetic anti-
oxidants are t-butyl-4-hydroxyanisole (BHA), 2,6-di-
t-butylhydroxytoluene (BHT), t-butylhydroquinone 
(TBHQ), ethoxyquin, and 2,6-di-ter-butyl1-4-hy-
droxymethyl-phenol (Guo et al., 2006). However, little 
is known about the effects of these antioxidants and 
their combinations on lipid peroxidation in DCO and 
DDGS stored under high temperature and humidity. 
Therefore, the objective of this experiment was to in-
vestigate the amount of lipid peroxidation that can oc-
cur in DDGS and DCO, with or without the addition of 
synthetic antioxidants, when stored under temperature 
and humidity conditions typical of international trade.

MATERIALS AND METHODS

Low-oil DDGS (LO-DDGS; 5.0 ± 0.15% ether ex-
tract [EE], as-fed basis) and DCO (Voila; 1.2, 0.08, and 
0.48% moisture, insoluble impurities, and unsaponifi-
ables [MIU], respectively [DCO-1]; 99.5% EE; POET 

Nutrition, Sioux Falls, SD) were obtained from the 
same ethanol plant (POET, Lake Crystal, MN). High-
oil DDGS (HO-DDGS; 13.0 ± 0.19% EE, as-fed basis) 
was obtained from CHS Inc. (Inver Grove Heights, MN) 
and was produced by Highwater Ethanol (Lamberton, 
MN). Distiller’s corn oil from a second source (1.20, 
0.01, and 0.10% MIU, respectively [DCO-2]; 99.5% 
EE) was obtained from POET Nutrition. The DCO-2 
was manufactured using an alternative propriety meth-
od to compare with the process used to produce DCO-
1. Consequently, MIU content of DCO-1 was greater 
than DCO-2 (MIU = 1.76 [1.20, 0.08, and 0.48% MIU, 
respectively] and 1.31% [1.20, 0.01, and 0.10% MIU, 
respectively] for DCO-1 and DCO-2, respectively).

Each of the 4 ingredients was divided into 18 rep-
resentative subsamples (approximately 908 g for each 
DDGS source or 2 kg for each DCO source). For each 
ingredient, 6 subsamples were mixed with either no 
supplemental antioxidants (CON; n = 6/ingredient), 
Rendox-CQ (REN; n = 6/ingredient; TBHQ as ac-
tive ingredient; Kemin Industries, Des Moines, IA), or 
Santoquin-Q4T (SAN; n = 6/ingredient; active ingre-
dient: ethoxyquin and TBHQ; Novus International, St. 
Louis, MO) using a stationary food mixer (Kitchen Aid, 
Benton Harbor, MI) on the lowest setting for at least 3 
min (n = 72 batches). Batches were formulated to con-
tain 0 (CON) or 1,000 mg REN/kg crude fat or 1,500 
mg SAN/kg crude fat according to the maximum level 
recommended by the manufacturer, but analyzed values 
varied slightly (Table 1). No mold inhibitors were add-
ed to any samples, and mold inhibitors are not added to 
DDGS during manufacturing, transport, or storage.

Each batch was divided into 3 equal samples (to-
tal = 216 samples) of approximately 300 g of DDGS or 
600 mL of DCO to achieve similar volumes of material 
in each container, assuming a bulk density of 0.4896 g/
mL for DDGS (Letsche et al., 2009). Within each batch, 
2 samples were placed in 2 plastic containers and the 
third sample was placed in screw-top plastic bottles. 

Table 1. Initial concentration of antioxidant in high-oil distiller’s dried grains with solubles (HO-DDGS), low-oil 
distiller’s dried grains with solubles (LO-DDGS), and distiller’s corn oil (DCO) before storage at 38°C and 94% 
relative humidity1,2,3,4

Item HO-DDGS LO-DDGS DCO-15 DCO-26 PSEM7 P-value
Rendox-CQ, mg/kg crude fat 977a 946b 1,004c 962ab 4 <0.01
Santoquin-Q4T, mg/kg crude fat 1,463a 1,455a 1,486b 1,476ab 6 <0.01

a–cMeans with different superscripts differ (P < 0.05).
1Rendox-CQ (active ingredient is t-butylhydroquinone [TBHQ]; Kemin Industries, Des Moines, IA) was added at 1,000 mg/kg of lipid.
2Santoquin-Q4T (active ingredients are ethoxyquin and TBHQ; Novus International, St. Louis, MO) was added at 1,500 mg/kg of lipid.
3Control batches (without added antioxidants) were analyzed for Rendox-CQ and Santoquin-Q4T and contained undetectable levels.
4Means represent 6 batches per ingredient.
5DCO-1 = 1.20, 0.08, and 0.48% moisture, insoluble impurities, and unsaponifiables, respectively.
6DCO-2 = 1.20, 0.01, and 0.10% moisture, insoluble impurities, and unsaponifiables, respectively.
7PSEM = pooled SEM.
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The headspace of each bottle was purged with N gas, 
and bottles were frozen (–20°C) until later analysis 
to determine initial (d-0) peroxidation measurements. 
Plastic containers (n = 144) were covered with synthet-
ic cheesecloth material, secured by a rubber band, and 
placed in an environmentally controlled chamber (mod-
el z-32; Cincinnati Sub Zero, Cincinnati, OH). Samples 
were blocked across the chamber to account for poten-
tial environmental gradients in temperature and rela-
tive humidity (RH), and samples representing the same 
batch were placed adjacent to each other. The cham-
ber was set to maintain 38°C and 90% RH, but actual 
temperature and RH varied slightly from these settings. 
Temperature and humidity were monitored at 5-min 
intervals using a ThermaData Logger (Thermoworks, 
Lindon, UT). Light inside the environmental chamber 
was turned off except during sample collection, and the 
window on the unit was covered to prevent exposure 
to external light. One randomly selected sample from 
each batch was removed from the chamber on d 14 (n = 
6/treatment), and the remaining sample in each batch 
was removed at d 28 (n = 6/treatment). Upon remov-
al, selected samples were placed in screw-top plastic 
bottles. The headspace of each bottle was purged with 
N gas, and samples were frozen (–20°C) until analysis.

Laboratory Analyses

Samples of DDGS were ground, and lipids were 
extracted as described by Folch et al. (1957). Distiller’s 
corn oil samples and DDGS oil extracts from d 0 were 
analyzed for ethoxyquin and TBHQ via gas chroma-
tography–mass spectroscopy as described by Guo et al. 
(2006). Levels of REN and SAN were then calculated 
based on the analyzed antioxidant concentration of 
these proprietary products. All samples were analyzed 
for fatty acid profile (methods Ce 2-66 [AOCS, 2013] 
and 996.06 [AOAC, 2012]), thiobarbituric acid reactive 
substances (TBARS), peroxide value (PV) using chlo-
roform (method Cd 8-53; AOCS, 2013), and p-anisi-
dine value (AnV; method Cd 18-90; AOCS, 2013). The 
TBARS assay was a modified version of the American 
Oil Chemists’ Society procedure (Cd 19-90; AOCS, 
2013) using malonaldehyde as a standard (Pegg, 2001). 
Initial samples of DCO were analyzed for moisture 
(method Ca 2c-25; AOCS, 2013), insolubles (method 
Ca 3a-46; AOCS, 2013), unsaponifiables (method Ca 
6a-40; AOCS, 2013), and free fatty acids in crude and 
refined fats and oils (method Ca 5a-40; AOCS, 2013). 
All assays were conducted at the University of Missouri 
Agricultural Experiment Station Chemical Laboratories 
(Columbia, MO) unless noted otherwise.

Mold was observed in all containers containing 
DDGS and none containing DCO after 14 or 28 d of 

storage. Upon removal from the chamber, the moldy 
fraction was separated from the fraction that did not 
appear moldy, and each portion was weighed to cal-
culate apparent mold content. Apparent mold content 
(%) was calculated using the following equation:

apparent mold = [moldy weight/(moldy weight 
+ nonmoldy weight)] × 100.

Moldy and nonmoldy fractions were homogenized 
for all chemical analyses. Samples were submitted for 
total mold count using the plate dilution technique de-
scribed by Tournas et al. (2001) at Minnesota Valley 
Testing Laboratories, Inc. (New Ulm, MN).

Statistical Analysis

Data were analyzed using the MIXED procedure 
of SAS (version 9.3; SAS Inst. Inc., Cary, NC) with re-
peated measures to evaluate the fixed effects of ingredi-
ent (HO-DDGS, LO-DDGS, DCO-1, and DCO-2), an-
tioxidant addition (CON, REN, and SAN), time (d 14 or 
28), and all interactions in a 4 × 3 × 2 factorial arrange-
ment. Specifically, the model included the fixed effects 
of ingredient, antioxidant, time, ingredient × antioxidant, 
ingredient × time, antioxidant × time, and ingredient × 
antioxidant × time using the heterogeneous compound 
symmetry covariance structure. Initial (d-0) values were 
used as covariates for each variable, and apparent mold 
concentration was used as a covariate in the analysis of 
all variables except total mold count. Covariates were 
included as described, regardless of significance. Initial 
values (d 0) were analyzed using a similar model includ-
ing the fixed effects of ingredient, antioxidant, and in-
gredient × antioxidant. Block was included as a random 
effect in all models. Batch (n = 72) was the experimen-
tal unit. Results are reported as least squares means. To 
facilitate mean separation, the PLM procedure of SAS 
(version 9.3; SAS Inst. Inc.) was used with the Tukey 
adjustment. Correlations between nutrient content and 
the concentration of PV, TBARS, and AnV among in-
gredients were determined using PROC CORR of SAS. 
Significance was declared at P < 0.05, whereas values of 
0.05 ≥ P ≤ 0.10 were considered statistical trends.

RESULTS AND DISCUSSION

The high concentration of PUFA in corn oil causes 
it to be more susceptible to peroxidation compared 
with lipid sources containing high concentrations of 
MUFA or SFA (Belitz et al., 2009). Linoleic and lin-
olenic acid are peroxidized at rates 12 and 25 times 
faster than oleic acid (Belitz et al., 2009). Furthermore, 
heat, oxygen, moisture, and pro-oxidant metals may 
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be introduced during processing and storage of ingre-
dients and complete feeds, which accelerate the per-
oxidation process. Antioxidants impede or reduce the 
rate of peroxidation, but antioxidants cannot reverse 
peroxidation once it has occurred (Belitz et al., 2009).

Researchers have reported that lipids in DDGS 
(Song and Shurson, 2013) and concentrated lipid sources 
such as corn oil (Dibner et al., 2011) are highly variable 
in amount of peroxidation. Recently, the ethanol industry 
has adopted oil extraction, which contributes to variable 
EE content in DDGS, ranging from 4.88 to 13.23% crude 
fat on a DM basis (Kerr et al., 2013). However, connec-
tions between EE content of DDGS and its susceptibil-
ity to peroxidation have not been established. Song and 
Shurson (2013) reported that PV and TBARS of DDGS 
varied from 4.2 to 84.1 mEq O2/kg oil and 1.0 to 5.2 mg 
malondialdehyde Eq/kg of oil, respectively. In the cur-
rent study, relatively low initial values (d 0) of PV (1.42 ± 
0.01, 1.23 ± 0.01, 1.30 ± 0.01, and 1.13 ± 0.01 mEq O2/
kg), TBARS (1.99 ± 0.01, 1.97 ± 0.01, 1.98 ± 0.01, and 
1.99 ± 0.01 mg malondialdehyde Eq/kg of oil), and AnV 
(0.17 ± 0.003, 0.17 ± 0.003, 0.17 ± 0.003, and 0.17 ± 
0.003) were observed for HO-DDGS, LO-DDGS, DCO-
1, and DCO-2, respectively, which suggests that the in-
gredient sources used herein were not excessively per-
oxidized before conducting the study (Table 2).

The environmentally controlled chamber used in 
this study provided excellent control of desired stor-
age conditions because the actual temperature (38.6 ± 
0.1°C) and RH (94.0 ± 0.3%) varied very little during 
the 28-d storage period. These conditions reflect a “typi-
cal” scenario for ingredients shipped internationally and 
stored in hot, humid climatic conditions (e.g., Southeast 
Asia). No other studies have been published to measure 
the extent of lipid peroxidation in DCO or DDGS dur-
ing storage under these conditions. The initial level of 
peroxidation varied (P < 0.05) among treatments on d 
0 (Table 2). Therefore, initial values were used as co-
variates. The PV, TBARS, and AnV of DDGS and DCO 
increased from d 14 to 28 (P < 0.05) of storage (Table 
2). Similarly, other researchers have reported that PV 
(Naz et al., 2005; Winkler-Moser and Breyer, 2011) and 
AnV (Naz et al., 2005) increase in corn oil during stor-
age at ≤40°C. Peroxide value and TBARS of canola oil 
increased after heating (65°C) for 17 d (Wanasundara 
and Shahidi, 1994). Similarly, PV, TBARS, and AnV in-
creased in sunflower oil heated at 60°C for 21 d (Chen et 
al., 2014). However, peroxidation is a dynamic process 
resulting in the production and subsequent degradation 
of numerous compounds. Lipid hydroperoxides are pri-
mary products of lipid peroxidation, which subsequent-
ly react to form numerous compounds including alde-
hydes, ketones, acids, esters, hydrocarbons, epoxides, 
polymers, lactones, furans, and aromatic compounds, 

which also degrade in subsequent reactions (Belitz et al., 
2009). The rate of degradation of peroxides depends on 
thermal conditions (Liu et al., 2014). Consequently, PV 
followed a bell-shaped curve of production and degra-
dation in lipids exposed to extreme temperatures (80 to 
150°C; DeRouchey et al., 2004; Danowska-Oziewicz 
and Karpińska-Tymoszczyk, 2005). Similarly, TBARS 
concentration followed a bell-shaped curve in corn 
oil, canola oil, tallow, or poultry fat during heating at 
185°C for 12 h (Liu et al., 2014). Therefore, low values 
of TBARS and PV may be misleading in lipids exposed 
to extreme (≥80°C) temperatures because they may in-
dicate late stages of the peroxidation process. However, 
our results suggest that PV, TBARS, and AnV are ac-
ceptable indicators of peroxidation in DCO and DDGS 
exposed to storage conditions with relatively lower tem-
peratures (≤65°C) because at 28 d, peroxidation prod-
ucts were still on the increasing portion of the curve. 
Unfortunately, historical conditions of lipid production 
and handling are often unknown when selecting the 
most appropriate peroxidation measures to use when 
evaluating various feed ingredients containing lipids. 
Furthermore, various additional procedures can be used 
to assess the extent of peroxidation, and these methods 
recently have been reviewed by others (Liu et al., 2014).

There were significant 3-way interactions among 
ingredients, antioxidants, and storage time. The PV, 
TBARS, and AnV on d 14 and 28 and overall declined 
(P < 0.05) for all ingredients treated with either REN or 
SAN relative to CON (Table 3). However, there were no 
differences (P > 0.05) between the antioxidants within 
each ingredient. The PV of DCO-1 and HO-DDGS was 
greater (P < 0.05) than DCO-2 and LO-DDGS on d 14 
and 28 and overall. Similarly, the TBARS concentra-
tion of DCO-2 was less (P < 0.05) than DCO-1 and 
less (P < 0.05) for LO-DDGS than HO-DDGS on d 
28 and overall. Despite the fact that DCO-1 and LO-
DDGS were manufactured at the same ethanol plant, 
the PV was 25% lower (P < 0.05) in LO-DDGS than in 
DCO-1 after 28 d of storage. This finding suggests that 
extracted DCO is more easily peroxidized than intact 
oil remaining in LO-DDGS. Extracted oils are more 
digestible than intact oil in grain and grain coproducts 
by pigs, which may be due to oil remaining in grains 
being embedded within the fiber matrices making it 
less accessible to lipases (Adams and Jensen, 1984; Kil 
et al., 2010; Kim et al., 2013). However, whether fiber 
provides similar protection against lipid peroxidation is 
unknown. The AnV value was 25% lower (P < 0.05) 
in DCO-1 compared with the other ingredients, but the 
explanation for this is unclear. The decreased PV and 
TBARS for DCO-2 relative to DCO-1 suggest that the 
concentration of MIU affects the peroxidation status of 
DCO during storage. The MIU concentration of DCO-2 
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Table 2. Main effects of ingredient, antioxidant, and day of storage on characteristics of high-oil distiller’s dried 
grains with solubles (HO-DDGS), low-oil distiller’s dried grains with solubles (LO-DDGS), and distiller’s corn 
oil (DCO) stored at 38°C and 94% relative humidity1

 
 
Item

Ingredient2  
 

PSEM3

Antioxidant4  
 

PSEM

P-value5

HO- 
DDGS

LO- 
DDGS

 
DCO-1

 
DCO-2

 
CON

 
REN

 
SAN

 
EI

 
EA

 
EI × d

 
EA × d

Peroxide value, mEq/kg lipid6

d 0 1.42a 1.23b 1.30c 1.13d 0.01 1.24a 1.28ab 1.29b 0.01
d 14 4.63a 3.33b 4.42a 3.42b 0.11 5.80a 2.87b 3.18c 0.09
d 28 20.55a 15.26b 20.24a 15.79b 0.43 26.29a 13.12b 14.47c 0.32
Mean7 12.59a 9.30b 12.33a 9.60b 0.26 16.04a 8.00b 8.82c 0.17 <0.01 <0.01 <0.01 <0.01

TBARS, mg MDA Eq/kg lipid6,8

d 0 1.99 1.97 1.98 1.99 0.01 1.98 1.99 1.99 0.01
d 14 3.46a 2.82bc 3.27ab 2.77c 0.14 4.45a 2.49b 2.30b 0.13
d 28 13.19 11.80 12.97 11.32 0.49 17.66a 9.76b 9.55b 0.32
Mean 8.32a 7.31bc 8.12ab 7.05c 0.27 11.05a 6.12b 5.92b 0.16 <0.01 <0.01 0.06 <0.01

p-Anisidine value6

d 0 0.17 0.17 0.17 0.17 <0.01 0.11a 0.22b 0.18b <0.01
d 14 1.98a 1.79ab 1.46b 1.71ab 0.10 3.78a 0.61b 0.82b 0.12
d 28 5.14ab 6.23a 4.08b 5.02ab 0.37 9.30a 3.24b 2.81b 0.24
Mean 3.56a 4.01a 2.77b 3.37a 0.18 6.54a 1.92b 1.82b 0.15 <0.01 <0.01 <0.01 <0.01

Linoleic acid, % of lipid6

d 0 52.92a 53.21b 53.08ab 51.96c 0.06 52.78 52.73 52.88 0.05
d 14 53.05a 52.66b 53.28a 52.26b 0.07 52.75 52.86 52.83 0.06
d 28 53.53a 52.9bc 53.2ab 52.33c 0.11 52.98 52.94 53.04 0.06
Mean 53.29a 52.78b 53.24a 52.29b 0.08 52.86 52.90 52.94 0.03 <0.01 0.37 <0.01 0.21

Linolenic acid, % of lipid6

d 0 1.68a 1.71b 1.30c 1.34d <0.01 1.51 1.51 1.51 <0.01
d 14 1.65a 1.71b 1.33c 1.37d 0.03 1.51 1.52 1.52 0.01
d 28 1.6a 1.72b 1.33c 1.37d 0.03 1.50 1.49 1.52 0.01
Mean 1.62a 1.71b 1.33c 1.37d 0.03 1.50 1.51 1.52 <0.01 <0.01 0.16 <0.01 0.04

SFA, % of lipid6

d 0 17.69a 18.60b 16.45c 16.65d 0.03 17.38a 17.40a 17.26b 0.02
d 14 17.44a 18.85b 16.29c 16.38c 0.10 17.27 17.22 17.23 0.03
d 28 16.75a 18.44b 16.34a 16.42a 0.12 17.01 16.98 16.97 0.03
Mean 17.10a 18.64b 16.31c 16.40c 0.11 17.14 17.10 17.10 0.02 <0.01 0.31 <0.01 0.89

MUFA, % of lipid6

d 0 27.35a 26.10b 28.56c 29.37d 0.03 27.87 27.88 27.79 0.03
d 14 27.65 26.41 28.47 29.27 0.12 27.96 27.93 27.95 0.03
d 28 27.83 26.61 28.55 29.27 0.14 28.07 28.08 28.04 0.05
Mean 27.74a 26.51b 28.51c 29.27d 0.13 28.02 28.01 28.00 0.03 <0.01 0.86 0.33 0.69

PUFA, % of lipid6

d 0 54.60a 54.93b 54.39a 53.30c 0.07 54.28 54.24 54.39 0.06
d 14 54.72a 54.39b 54.58ab 53.61c 0.08 54.26 54.37 54.34 0.06
d 28 55.15a 54.64bc 54.50bc 53.67d 0.12 54.48 54.44 54.56 0.06
Mean 54.93a 54.52b 54.54b 53.64c 0.09 54.37 54.41 54.45 0.04 <0.01 0.29 <0.01 0.17
a–dWithin a row, means without a common superscript differ (P < 0.05).
1Data were covariate adjusted for baseline (d 0) values and apparent mold concentration {[apparently moldy fraction/(apparently moldy 

fraction + apparently fresh fraction)] × 100}.
2DCO-1 = 1.20, 0.08, and 0.48% moisture, insoluble impurities, and unsaponifiables, respectively; DCO-2 = 1.20, 0.01, and 0.10% 

moisture, insoluble impurities, and unsaponifiables, respectively.
3PSEM = pooled SEM.
4CON = no supplemental antioxidants; REN = Rendox-CQ (active ingredient is t-butylhydroquinone [TBHQ]; Kemin Industries, Des 

Moines, IA) at 1,000 mg/kg of lipid; SAN = Santoquin-Q4T (active ingredients are ethoxyquin and TBHQ; Novus International, St. Louis, 
MO) at 1,500 mg/kg of lipid.

5EI = effect of ingredient; EA = effect of antioxidant.
6Effect of time (d 14 vs. 28, P < 0.05).
7Main effect mean of ingredient or antioxidant, regardless of day.
8TBARS = thiobarbituric acid reactive substances; MDA = malondialdehyde.
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was 26% less than DCO-1, with the main differences 
being for insoluble impurities (87.5% less) and unsa-
ponifiables (80% less). Contaminants and metals such 
as Fe, Cu, and Mn increase the rate of peroxidation of 
unsaturated fats (Flider and Orthoefer, 1981). However, 

peroxidation is also influenced by the degree of unsatu-
ration of the fatty acids in the oils. Concentrations of 
linoleic acid and total PUFA, as a percentage of lipid, 
were lower (P < 0.05) in DCO-2 and LO-DDGS com-
pared with DCO-1 or HO-DDGS, but these differences 

Table 3. Interactive effects of ingredient, antioxidant, and sampling day on characteristics of high-oil distiller’s 
dried grains with solubles (HO-DDGS), low-oil distiller’s dried grains with solubles (LO-DDGS), and distiller’s 
corn oil (DCO) stored at 38°C and 90% relative humidity1,2,3

 
 
 
Item

Ingredient
 
 
 

PSEM4

HO-DDGS RO-DDGS DCO-1 DCO-2
Antioxidant Antioxidant Antioxidant Antioxidant

CON REN SAN CON REN SAN CON REN SAN CON REN SAN
Peroxide value, mEq/kg lipid5,6

d 14 7.13a 3.12bc 3.63b 4.49d 2.68c 2.83c 6.86a 2.99bc 3.40bc 4.73d 2.68c 2.84bc 0.37
d 28 31.37a 13.93bc 16.35b 20.50d 11.73bc 13.55bc 31.02a 14.57bc 15.14bc 22.26d 12.26c 12.83c 0.37
Mean7 19.25a 8.52cde 9.99c 12.49b 7.21e 8.19de 18.94a 8.78cde 9.27cd 13.50b 7.47e 7.84de 0.21

TBARS, mg MDA Eq/kg lipid5,6,8

d 14 5.05a 2.90cd 2.41d 3.75bc 2.37d 2.34d 4.83a 2.61cd 2.39d 4.16ab 2.08d 2.06d 0.20
d 28 21.06a 9.53b 8.99b 14.26d 11.00bc 10.13bc 21.24a 8.41b 9.27b 14.08cd 10.08b 9.81b 0.69
Mean 13.05a 6.22b 5.70b 9.00c 6.69b 6.24b 13.04a 5.51b 5.83b 9.12c 6.08b 5.93b 0.37

p-Anisidine value5,6

d 14 3.94a 0.96b 1.04b 3.76a 0.65b 0.97b 3.79a 0.18b 0.40b 3.62a 0.64b 0.87b 0.17
d 28 9.10a 3.43bc 2.88bc 9.48a 4.96b 4.26b 9.69a 1.22c 1.33c 8.95a 3.35bc 2.77bc 0.48
Mean 6.52a 2.19b 1.96bcd 6.62a 2.80b 2.61b 6.74a 0.70d 0.87cd 6.29a 2.00bc 1.82bcd 0.29

Linoleic acid, % of lipid5

d 14 53.02 53.14 52.99 52.74 52.63 52.61 52.99 53.40 53.44 52.24 52.27 52.27 0.11
d 28 53.59 53.56 53.45 53.03 52.85 52.83 53.07 53.13 53.39 52.23 52.23 52.51 0.14
Mean 53.31a 53.35a 53.22ab 52.88abc 52.74bc 52.72bc 53.03ab 53.26ab 53.41a 52.24c 52.25c 52.39c 0.10

Linolenic acid, % of lipid
d 14 1.65 1.65 1.63 1.70 1.71 1.71 1.32 1.34 1.34 1.36 1.37 1.38 0.03
d 28 1.6 1.58 1.62 1.72 1.70 1.73 1.31 1.33 1.34 1.36 1.36 1.38 0.03
Mean 1.63 1.62 1.63 1.71 1.70 1.72 1.31 1.34 1.34 1.36 1.37 1.38 0.03

SFA, % of lipid5

d 14 17.47 17.4 17.47 18.79 18.87 18.88 16.42 16.22 16.22 16.39 16.4 16.35 0.13
d 28 16.76 16.71 16.78 18.4 18.4 18.53 16.38 16.36 16.29 16.5 16.47 16.29 0.14
Mean 17.12a 17.05a 17.12a 18.59b 18.63b 18.70b 16.4c 16.29c 16.26c 16.45c 16.44c 16.32c 0.11

MUFA, % of lipid
d 14 27.57 27.65 27.72 26.44 26.39 26.41 28.52 28.46 28.43 29.32 29.24 29.25 0.13
d 28 27.77 27.88 27.84 26.62 26.56 26.66 28.65 28.57 28.44 29.26 29.31 29.24 0.16
Mean 27.67 27.76 27.78 26.53 26.47 26.54 28.58 28.52 28.43 29.29 29.27 29.25 0.13

PUFA, % of lipid5

d 14 54.7 54.81 54.64 54.47 54.36 54.35 54.28 54.72 54.75 53.58 53.62 53.63 0.12
d 28 55.21 55.16 55.08 54.77 54.57 54.58 54.36 54.43 54.71 53.57 53.57 53.87 0.15
Mean 54.96a 54.99a 54.86ab 54.62abc 54.47bc 54.46bcd 54.32cd 54.57abc 54.73ab 53.58e 53.59e 53.75de 0.11

a–eWithin a row, means without a common superscript differ (P < 0.05).
1DCO-1 = 1.20, 0.08, and 0.48% moisture, insoluble impurities, and unsaponifiables, respectively; DCO-2 = 1.20, 0.01, and 0.10% moisture, insoluble 

impurities, and unsaponifiables, respectively.
2CON = no supplemental antioxidants; REN = Rendox-CQ (active ingredient is t-butylhydroquinone [TBHQ]; Kemin Industries, Des Moines, IA) at 

1,000 mg/kg of lipid; SAN = Santoquin-Q4T (active ingredients are ethoxyquin and TBHQ; Novus International, St. Louis, MO) at 1,500 mg/kg of lipid.
3Data were covariate adjusted for baseline (d 0) values and apparent mold concentration {[apparently moldy fraction/(apparently moldy fraction + ap-

parently fresh fraction)] × 100}.
4PSEM = pooled SEM.
5Ingredient × antioxidant (P < 0.05).
6Ingredient × antioxidant × day (P < 0.05).
7Main effect mean of ingredient × antioxidant, regardless of day.
8TBARS = thiobarbituric acid reactive substances; MDA = malondialdehyde.
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were relatively small in magnitude (<2.5%) compared 
with the overall change during the 28 d of storage. The 
factors contributing to the difference in fatty acid pro-
files of DCO-1 and LO-DDGS are unclear, but they are 
likely related to oil extraction procedures and relative 
extraction rate of each fatty acid. However, little re-
search has been conducted to elucidate those associa-
tions. Ultimately, DCO-2 and LO-DDGS may have had 
less peroxidation because they had less concentration 
of linoleic acid and PUFA. Linoleic acid is the pre-
dominant PUFA present in corn oil (NRC, 2012), and 
PUFA are highly susceptible to peroxidation relative to 
SFA (Belitz et al., 2009). The concentration of linoleic 
acid, linolenic acid, SFA, and MUFA did not differ (P > 
0.05) across antioxidant treatments within each ingredi-
ent (Table 3). The PUFA concentration of HO-DDGS, 
LO-DDGS, and DCO-2 was not affected (P > 0.05) by 
antioxidant treatment, but PUFA content increased (P 
< 0.05) for DCO-1 treated with SAN relative to CON. 
However, the magnitude of this response was minor 
(approximately 0.7% relative difference).

Antioxidants such as TBHQ and ethoxyquin retard 
peroxidation (Wanasundara and Shahidi, 1994, 2005; 
Chen et al., 2014). However, the dietary addition of anti-
oxidants to foods and animal feeds is regulated by the U.S. 
Food and Drug Administration. Specifically, BHT, BHA, 
TBHQ, or propyl gallate can be added at a maximum level 
of 0.02% of lipid, and ethoxyquin is limited to 0.015% 
of the diet (AAFCO, 2013). In the current experiment, 
REN and SAN inhibited peroxidation of lipids in DCO 
and DDGS through d 14 and 28. Adding either REN or 
SAN to all ingredients slowed peroxidation of fatty acid 
on d 14 and 28 compared with CON. However, ingredi-
ents treated with REN had a PV that was about 10% less 
(P < 0.05) than ingredients treated with SAN. Although 
the difference was relatively small in magnitude, other re-
searchers have reported that TBHQ is more effective than 
ethoxyquin for stabilizing fish (Sanhueza et al., 2000) and 
soybean oil (Valenzuela et al., 2002). On d 14 and 28, the 
concentration of TBARS and AnV declined (P < 0.05) 
relative to CON by adding either REN or SAN, but there 
was no difference between the 2 antioxidants (P > 0.05).

Table 4. Main effects of ingredient, antioxidant, and day of storage on characteristics of high-oil distiller’s dried 
grains with solubles (HO-DDGS) and low-oil distiller’s dried grains with solubles (LO-DDGS) stored at 38°C 
and 94% relative humidity

 
Item

Ingredient  
PSEM3

Antioxidant1  
PSEM

P-value2

HO-DDGS LO-DDGS CON REN SAN EI EA EI ×d EA ×d
Ether extract, % as-fed5

d 0 13.02a 5.01b 0.08 9.24a 9.20a 8.63b 0.11
d 14 11.45a 2.86b 0.53 7.08 7.14 7.24 0.53
d 28 8.98a 2.74b 0.53 5.98 5.86 5.75 0.55
Mean6 10.21a 2.8b 0.51 6.53 6.50 6.50 0.09 <0.01 0.96 <0.01 0.05

Apparent mold, % fed as-fed5

d 14 13.46a 24.2b 2.1 19.4 17.5 19.58 2.20
d 28 46.08a 70.12b 3.2 56.33 57.81 60.17 3.60
Mean6 29.77a 47.16b 2.3 37.86 37.66 39.88 2.50 <0.01 0.60 <0.01 0.68

Total mold count, cfu5 × 106/g
d 14 2.47 2.08 0.55 2.73 1.65 2.44 0.64
d 28 11.36a 1.72b 0.62 6.93 7.45 5.25 0.71
Mean6 6.91a 1.90b 0.42 4.83x 4.55xy 3.85y 0.47 <0.01 0.11 <0.01 0.12

Moisture, %5

d 0 9.90a 10.39b 0.02 9.97a 9.96a 10.52b 0.03
d 14 21.33a 19.66b 0.31 20.44 20.35 20.70 0.33
d 28 23.05a 21.25b 0.32 22.02 22.04 22.38 0.35
Mean6 22.19a 20.45b 0.23 21.23 21.19 21.54 0.26 <0.01 0.05 <0.01 0.66

a,bWithin a row, means without a common superscript differ (P < 0.05).
x,yWithin a row, means without a common superscript differ (P < 0.05).
1CON = no supplemental antioxidants; REN = Rendox-CQ (active ingredient: t-butylhydroquinone [TBHQ]; Kemin Industries, Des Moines, IA) at 

1,000 mg/kg of lipid; SAN = Santoquin-Q4T (active ingredient: ethoxyquin and TBHQ; Novus International, St. Louis, MO) at 1,500 mg/kg of lipid.
2EI = effect of ingredient; EA = effect of antioxidant.
3PSEM = pooled SEM.
4Data were covariate adjusted for baseline (d 0) values and apparent mold concentration {[apparently moldy fraction/(apparently moldy fraction + ap-

parently fresh fraction)] × 100}.
5Effect of time (d 14 vs. 28, P < 0.05).
6Main effect mean of ingredient or antioxidant, regardless of day.



Antioxidants affect peroxidation of lipids 4077

The EE content of LO-DDGS (5.0%) was substan-
tially less than HO-DDGS (13.0%), as intended by the 
experimental design (Table 4). Ether extract concentra-
tion on d 14 was greater (P < 0.05) for HO-DDGS treat-
ed with SAN compared with CON (data not shown), 
but there were no other effects of antioxidant on EE 
concentration within each ingredient. The EE concen-
tration of both DDGS sources decreased (P < 0.05), 
with a 22% decrease in HO-DDGS and a 5.2% de-
crease in LO-DDGS, from d 14 to 28 (Table 4). The EE 
concentration negatively correlated (P < 0.01) with PV, 
TBARS, and AnV for both HO-DDGS (r = –0.74, r = 
–0.72, and r = –0.58, respectively) and LO-DDGS (r = 
–0.80, r = –0.78, and r = –0.68, respectively), suggest-
ing that the lipid was being peroxidized. Additionally, 
the decrease in lipid concentration during storage may 
have been due to the visible mold growth that devel-
oped on all DDGS samples after 14 and 28 d of storage 
in the hot and humid environment. Reed et al. (2007) 
showed that the EE content of corn declined after ex-
perimental infection with mold and 8 wk of storage, 
indicating that mold metabolizes lipids. However, con-
nections between mold growth and lipid peroxidation 
have not been elucidated. The total mold count was less 
(P < 0.05) for HO-DDGS treated with SAN relative to 
CON (data not shown), but the practical implications of 
this finding are unclear because there was no effect (P > 
0.05) of antioxidant on apparent mold growth for HO-
DDGS. In the current experiment, the apparent concen-
tration of mold increased (P < 0.05) from d 14 to 28, 
and the apparent concentration of mold was greater (P < 
0.05) on d 14 and 28 in LO-DDGS compared with HO-
DDGS. However, the mechanisms underlying these dif-
ferences are not clear. Elevated moisture content and 
temperature conditions promote mold growth (Milton 
and Pawsey, 1988). In the current study, moisture con-
tent of DDGS increased (P < 0.05) over time, but the 
moisture content of HO-DDGS exceeded (P < 0.05) 
that of LO-DDGS on d 14 and 28. Therefore, these 
findings are contrary to the positive correlation be-
tween moisture content and mold growth because HO-
DDGS had greater moisture content (22.2%) but less 
apparent mold growth than lower moisture LO-DDGS 
(20.4%) averaged across d 14 and 28, respectively. It is 
likely that the combination of high RH and exposure to 
heat contributed to the development of mold growth in 
DDGS during storage. However, the total mold count 
was less (P < 0.05) on d 14 and 28 in LO-DDGS com-
pared with HO-DDGS, which suggest that the mold 
fraction of LO-DDGS had reduced ability to generate 
new colonies compared with mold in HO-DDGS.

In conclusion, these data indicate that lipid peroxida-
tion occurs when DCO and DDGS are exposed to 38.6°C 
and 94.0% RH during 14- and 28-d storage periods. 

These findings have important implications for storage, 
handling, and transportation of these ingredients under 
conditions of high temperature and RH. Lipids in HO-
DDGS were more susceptible to peroxidation than LO-
DDGS after 28 d of storage, and a small increase in MIU 
content of DCO appears to elicit significant increases in 
lipid peroxidation. Finally, the commercial antioxidants 
evaluated in this experiment had similar effectiveness in 
reducing lipid peroxidation in DDGS and DCO but did 
not completely prevent lipid peroxidation.

LITERATURE CITED
Adams, K. L., and A. H. Jensen. 1984. Comparative utilization of 

in-seed fats and the respective extracted fats by the young pig. 
J. Anim. Sci. 59:1557–1566.

American Oil Chemists’ Society (AOCS). 2013. Official methods 
and practices of the AOCS. 6th ed. AOCS, Champaign, IL.

AOAC. 2012. Official methods of analysis. 19th ed. AOAC Int., 
Gaithersburg, MD.

Association of American Feed Control Officials (AAFCO). 2013. 
2013 official publication. AAFCO, Atlanta, GA.

Belitz, H. D., W. Grosch, and P. Schieberle. 2009. Lipids. In: H. D. 
Belitz, W. Grosch, and P. Schieberle, editors, Food chemistry. 
Springer, Berlin, Germany. p. 158–247.

Chen, X., Y. Zhang, Y. Zu, L. Yang, Q. Lu, and W. Wang. 2014. 
Antioxidant effects of rosemary extracts on sunflower oil 
compared with synthetic antioxidants. Int. J. Food Sci. 
Technol. 49:385–391. doi:10.1111/ijfs.12311.

Danowska-Oziewicz, M., and M. Karpińska-Tymoszczyk. 2005. 
Quality changes in selected frying fats during heating in a 
model system. J. Food Lipids 12:159–168. doi:10.1111/
j.1745-4522.2005.00014.x.

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

Dibner, J., M. Vazquez-Anon, and C. Knight. 2011. Understanding 
oxidative balance and its impact on animal performance. In: Proc. 
2011 Cornell Nutr. Conf. Feed Manuf., East Syracuse, NY. p. 1-7.

Flider, F., and F. Orthoefer. 1981. Metals in soybean oil. J. Am. Oil 
Chem. Soc. 58:270–272. doi:10.1007/BF02582354.

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

Guo, L., M.-Y. Xie, A.-P. Yan, Y.-Q. Wan, and Y.-M. Wu. 2006. 
Simultaneous determination of five synthetic antioxidants 
in edible vegetable oil by GC–MS. Anal. Bioanal. Chem. 
386:1881–1887. doi:10.1007/s00216-006-0738-1.

Kerr, B. J., W. A. Dozier, and G. C. Shurson. 2013. Effects of reduced-
oil corn distillers dried grains with solubles composition on di-
gestible and metabolizable energy value and prediction in grow-
ing pigs. J. Anim. Sci. 91:3231–3243. doi:10.2527/jas.2013-6252.

Kil, D. Y., T. E. Sauber, D. B. Jones, and H. H. Stein. 2010. Effect 
of the form of dietary fat and the concentration of dietary neu-
tral detergent fiber on ileal and total tract endogenous losses 
and apparent and true digestibility of fat by growing pigs. J. 
Anim. Sci. 88:2959–2967. doi:10.2527/jas.2009-2216.



Hanson et al.4078

Kim, B. G., D. Y. Kil, and H. H. Stein. 2013. In growing pigs, 
the true ileal and total tract digestibility of acid hydrolyzed 
ether extract in extracted corn oil is greater than in intact 
sources of corn oil or soybean oil. J. Anim. Sci. 91:755–763. 
doi:10.2527/jas.2011-4777.

Letsche, N., P. J. Lammers, and M. S. Honeyman. 2009. Bulk 
density of bio-fuel byproducts. Iowa State University Animal 
Industry Report. Iowa State Univeristy, Ames, IA.

Liu, P., B. J. Kerr, C. Chen, T. E. Weber, L. J. Johnston, and G. C. 
Shurson. 2014. Methods to create thermally oxidized lipids and 
comparison of analytical procedures to characterize peroxida-
tion. J. Anim. Sci. 92:2950–2959. doi:10.2527/jas.2012-5708.

Milton, R. F., and R. K. Pawsey. 1988. Spoilage relating to the 
storage and transport of cereals and oil seeds. Int. J. Food 
Microbiol. 7:211–217. doi:10.1016/0168-1605(88)90040-2.

Naz, S., R. Siddiqi, H. Sheikh, and S. A. Sayeed. 2005. 
Deterioration of olive, corn and soybean oils due to air, 
light, heat and deep-frying. Food Res. Int. 38:127–134. 
doi:10.1016/j.foodres.2004.08.002.

NRC. 2012. Nutrient requirements of swine. 11th rev. ed. Natl. 
Acad. Press, Washington, DC.

Pegg, R. B. 2001. Spectrophotometric measurement of secondary 
lipid oxidation products, unit D2.4. Alternate protocol 2. In: 
R. E. Wrolstad, editor, Current protocols in food analytical 
chemistry. John Wiley & Sons, Hoboken, NJ.

Reed, C., S. Doyungan, B. Ioerger, and A. Getchell. 2007. 
Response of storage molds to different initial moisture con-
tents of maize (corn) stored at 25°C, and effect on respiration 
rate and nutrient composition. J. Stored Prod. Res. 43:443–
458. doi:10.1016/j.jspr.2006.12.006.

Renewable Fuels Association (RFA). 2014. Weekly U.S. fuel etha-
nol/livestock feed production. http://ethanolrfa.org/pages/
weekly-ethanol-feed-production. (Accessed 6 February 2014.)

Sanhueza, J., S. Nieto, and A. Valenzuela. 2000. Thermal stability 
of some commercial synthetic antioxidants. J. Am. Oil Chem. 
Soc. 77:933–936. doi:10.1007/s11746-000-0147-9.

Song, R., and G. C. Shurson. 2013. Evaluation of lipid peroxida-
tion level in corn dried distillers grains with solubles. J. Anim. 
Sci. 91:4383–4388. doi:10.2527/jas.2013-6319.

Tournas, V., M. E. Stack, P. B. Mislivec, H. A. Koch, and R. Bandler. 
2001. Yeasts, molds and mycotoxins. In: T. Hammack, editor, 
Bacteriological analytical manual. http://www.fda.gov/Food/
FoodScienceResearch/LaboratoryMethods/ucm071435.htm 
U.S. Food and Drug Administration, Washington, DC.

Valenzuela, A., J. Sanhueza, and S. Nieto. 2002. Effect of synthet-
ic antioxidants on cholesterol stability during the thermal-
induced oxidation of a polyunsaturated vegetable oil. J. Am. 
Oil Chem. Soc. 79:325-328.

Wanasundara, P. K. J. P. D., and F. Shahidi. 2005. Antioxidants: Science, 
technology, and applications. In: F. Shahidi, editor, Bailey’s indus-
trial oil and fat products. Wiley, Hoboken, NJ. p. 431–489.

Wanasundara, U. N., and F. Shahidi. 1994. Canola extract as an al-
ternative natural antioxidant for canola oil. J. Am. Oil Chem. 
Soc. 71:817–822. doi:10.1007/BF02540455.

Winkler-Moser, J. K., and L. Breyer. 2011. Composition and oxi-
dative stability of crude oil extracts of corn germ and distill-
ers grains. Ind. Crops Prod. 33:572–578. doi:10.1016/j.ind-
crop.2010.12.013.


