Impact of storage conditions on protein oxidation of rendered by-product meals'
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ABSTRACT: Rendered products used in animal
feed and pet food undergo extreme temperatures
during manufacturing and may be stored up to 2 yr.
No information is available on protein oxidation
in these products. The objective of this study was
to determine the extent to which typical antioxi-
dant inclusion at different storage conditions may
limit protein oxidation in typical rendered pro-
tein meals. Two experiments were conducted on
14 rendered products stored at either 45 °C for 7
or 14 d, or at 20 °C for 3 or 6 mo to determine

the extent to which time, temperature, and anti-
oxidants affect protein oxidation. Results from
this study show that fish meal and chicken blood
meal are susceptible to protein oxidation during
storage at 45 °C (P = 0.05; 0.03) as well as during
storage at 20 °C (P = 0.01; 0.04). Natural anti-
oxidants were effective at limiting carbonyl for-
mation in fish meal during short-term storage at
45 °C, whereas ethoxyquin was effective at lim-
iting the extent of protein oxidation in fish meal
stored long term at 20 °C.
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INTRODUCTION

It is essential to understand how protein oxi-
dation can impact the quality of rendered protein
meals used for livestock and companion animal
feeds. Consumption of oxidized proteins may lead
to oxidative stress of various tissues throughout
the body (Estévez and Xiong, 2019). From a per-
formance standpoint in livestock species, con-
sumption of oxidized lipids can negatively impact
the production efficiency of livestock species
(Dibner et al., 1996; Takahashi and Akiba, 1999;
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DeRouchey et al., 2004; Tavarez et al., 2011).
Consumption of oxidized protein resulted in de-
creases in daily weight gain and feed intake (Wu
et al., 2014; Chen et al., 2015). In other species,
where longevity is the overall goal (such as com-
panion animals or humans), oxidative stress may
lead to specific health issues. For example, in hu-
mans, it is hypothesized that protein oxidation
plays a part in certain age-related diseases such
as Alzheimer’s, Parkinson’s, inflammatory bowel
disease, muscular dystrophy, and even diabetes
(Estévez and Luna, 2017).

The rendering process is a vital step in
nearly all meat processing facilities to ensure
feed safety, sustainability, and economic rea-
sons. Rendering transforms unusable tissues
into valuable feed ingredients (Meeker and
Meisinger, 2015). This process separates lipids,
protein, and moisture, as well as increases the
shelf life and safety by destroying spoilage
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organisms and pathogens through the use of high
heat. Additionally, this step eliminates potential
spoilage and putrefaction bacteria that could de-
crease product quality. Without this step, these
products would be unusable and would result in
waste that would fill landfills within the United
States in 4 yr (Hamilton et al., 2006). It is ren-
dering that allows the meat and animal feed in-
dustries to be sustainable. In the production of
rendered protein meals, raw materials are cooked,
pressed, ground, and finally dried. Typically dur-
ing the cooking process, products are exposed to
temperatures of 115-145 °C for 40-90 minutes
(Anderson, 2006).

Within the rendering industry, there can be a
wide variation in the quality of products produced.
Renderers and their customers measure many
quality traits. One of these traits is lipid oxidation.
Lipid oxidation can cause quality deterioration,
including nutritional quality loss and consumer
acceptance decline. Consumer acceptance is espe-
cially important in the pet food industry because
of its association with distinct objectionable odors
and flavors. The industry recognizes that the lipid
content of these protein meals is susceptible to
oxidation. Thus antioxidants (synthetic and nat-
ural) are used to control lipid oxidation.

Because of greater perceived stability, oxidative
deterioration of the protein fraction of the meals
receives less attention. In most protein meals, tests
are only performed to ensure the product matches
the legal definition for composition. These tests gen-
erally include a minimum or maximum values for
protein, moisture, or fat. Whereas studies examining
dietary oxidized protein in broilers and rodents have
shown decreased organ and immune function, the
risks to livestock or companion animals that con-
sume oxidized lipids and proteins are not well de-
fined (Wu et al., 2014; Li et al., 2016; Ding et al.,
2017; Estévez and Luna, 2017; Yang et al., 2017).

Currently, there is no information on the ex-
tent of protein oxidation present in rendered
products. Just as importantly, the rate and extent
of further oxidation in proteins in these products
during storage is unknown. Heat induces protein
oxidation in soy protein isolate (Tang et al., 2012;
Zhang et al., 2017). Cooking lamb loins will in-
crease the amount of protein oxidation (Roldan
et al., 2014). It is also recognized that when lipids
become oxidized, free radicals that are gener-
ated can initiate protein oxidation (Nielsen et al.,
1985). In beef patties, greater lipid content was
associated with more protein oxidation (Utrera
et al., 2014). Rendered products from the meat

industry are highly susceptible to lipid oxidation
and thus have the capacity to be susceptible to
protein oxidation. There are steps during the ren-
dering process that can lead to oxidation of both
lipids and proteins. However, it is unclear how
stable the product is, especially the protein com-
ponent, during storage post-production. While
antioxidants are added to control lipid oxidation,
it is not known how well these antioxidants pro-
tect from the oxidation of proteins.

A variety of rendered meals are used in animal
diets. These products are used for various nutri-
tional purposes due to differences in composition
(Table 1). For example, blood meals are used as they
contain the highest levels of lysine among natural
feed ingredients. The high calcium in meat and bone
meal is appealing to egg-laying operations (Meeker
and Hamilton, 2006). A variety of methods are em-
ployed to make these products. Greater amounts
of heat and time are needed to produce blood meal
to drive off the added moisture. Specific processes
allow manufacturers to reduce the amount of inor-
ganic material as in the case for chicken by-product
compared to low ash chicken by-product meal. As a
result, this increases the concentration of other nu-
trients. These differences in composition and pro-
duction practices may all impact the extent and rate
of oxidation in both lipids and proteins and make
it difficult to compare between products. It could be
expected that different catalysts of oxidation could
have different impacts depending on the product.

Rendered protein sources are widely used in
both the livestock and companion animal feeds
due to their high protein content and relatively
low cost. Through the rendering process as well as
post-production transportation and storage, many

Table 1. Composition of rendered meals as % dry
matter

Product” DM, % Ash, % Protein, % Lipid, %
Beef
Spray dried plasma 99.4 8.1 86.7 0.5
Blood meal 97.2 1.2 98.1 0.7
Meat and bone meal 94.2 332 52.7 11.0
Poultry
Blood meal 96.5 2.0 99.5 0.8
Chicken by-product 97.3 13.2 70.3 10.3
Low ash chicken 98.9 8.2 74.0 13.4
by-product meal
Fish
Fish meal 96.9 19.9 71.4 8.3

DM, dry matter.

“Proteins were sourced from commercial renderers and did not con-
tain antioxidants.
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factors may induce protein oxidation. Considering
these products are not thermally controlled during
storage, these products could reach 45 °C for shorter
periods. The expected shelf life of rendered prod-
ucts is 1-2 yr. The average storage temperature for
extended periods would be around 20 °C. These
conditions generate an environment that promotes
protein oxidation. The use of antioxidants should
limit protein oxidation. Understanding the extent to
which protein meals may be oxidized is critical as it
may impact health (Estévez and Xiong, 2019) and
performance (Wu et al., 2014; Chen et al., 2015) in
animal species. This study aimed to determine the
extent to which typical antioxidant inclusion at dif-
ferent storage conditions may limit protein oxidation
in common rendered protein meals. This information
is vital to understand if protein oxidation should be
considered in quality measures of rendered meals.

MATERIALS AND METHODS

Materials Used

Beef, poultry, and fish protein meal sources
were used to give a general overview of common
rendered products. All products were obtained
from commercial renderers. Products containing
antioxidants were treated at the manufacturer
using currently employed application methods.
Fish meal containing synthetic antioxidant was
stabilized with ethoxyquin. The synthetic antioxi-
dants used in bovine meat and bone meal, chicken
by-product, and low ash chicken by-product meal
was a commercial mixture containing butylated
hydroxyanisole (BHA) and butylated hydroxy-
toluene (BHT). Fish meal, chicken by-product
meal, and low ash chicken by-product meal that
contained natural antioxidants utilized mixed to-
copherols in a total commercial product. The
manufacturer added antioxidants under industry
protocols, and the target levels were as appropriate
for the antioxidant used. In addition to these prod-
ucts, blood meals from poultry and beef, as well as
bovine spray-dried plasma were analyzed. These
ingredients do not typically contain antioxidants
as the lipid content is 0.5%, 0.7%, and 0.8% for
spray-dried plasma, beef blood meal, and poultry
blood meal, respectively (Table 1).

Experimental Design

Samples of spray-dried bovine plasma, bo-
vine blood meal, bovine meat and bone meal

with and without synthetic antioxidants, chicken
by-product with synthetic, natural, and no anti-
oxidants, low ash chicken by-product meal with
synthetic, natural, and no antioxidants, and fish
meal with synthetic, natural, and no antioxidants
were utilized. Each product was equally split into
25 samples that were randomly assigned to 1 of
5 storage conditions (control, 45 °C for 7 or 14
d, or 20 °C for 3 or 6 mo), resulting in 5 repli-
cates per storage condition (n = 5). To imitate
different storage conditions, this study was split
into two experiments. In experiment 1, products
were held at 45 °C for 7 or 14 d to simulate max-
imum feasible storage temperatures that would
last for shorter periods. Experiment 2 was de-
signed to keep products at 20 °C for 3 or 6 mo to
mimic normal storage temperatures for extended
periods.

Material Handling

Products were obtained from each respective
facility by collecting samples during loadout at
10-min intervals during processing and pooling
samples together. For each product type containing
antioxidants, the antioxidants were added dur-
ing the production process immediately prior to
storage or loadout. Upon delivery to the lowa State
University Companion Animal Nutrition Lab,
products were vacuum sealed and stored at —20 °C
until the start of each experiment (beef prod-
ucts—9 mo, poultry-2 mo, fish-2 d). Each product
was divided into 25 samples containing 200 g and
randomly assigned to 1 of 5 treatments. Control
samples were immediately vacuum packaged and
stored at —20 °C. Samples in the remaining treat-
ments were placed in rectangular aluminum pans
(14 X 12 X 5 cm) and placed in an incubator for
assigned time and temperature. In experiment 1,
samples were held at 45 °C for either 7 or 14 d and
were rotated within the incubator daily. In experi-
ment 2, samples were held at 20 °C for 3 or 6 mo
and were rotated within the incubator each week.
Each sample was removed from the incubator after
the assigned time and immediately vacuum pack-
aged and stored at —20 °C until completion of all
incubation periods (6 mo).

Chemical Analysis

Control products were analyzed in duplicate for
dry matter (AOAC 930.01), ash (AOAC 942.05),
crude protein by using a LECO Nitrogen Analyzer
(AOAC 992.15), and lipid by ether extract (AOAC
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2003.06). All samples were analyzed for carbonyls
following a modified protocol (Levine et al., 1990).
Protein meal (2 g) was dissolved in 50 mL of 5%
w/v sodium dodecyl sulfate (SDS), vortexed, and
placed in a water bath for 1 h at 100 °C (Soglia et al.,
2016). Samples were removed and immediately put
on ice and vortexed, followed by centrifugation
for 10 min at 3,000 x g at 4 °C to remove any re-
maining insoluble particles. This solution was then
corrected to 15 mg of protein/mL and was used for
carbonyl analysis as an indication of protein oxida-
tion (Levine et al., 1990). Protein concentration was
determined after the completion of the assay using
biuret method (Robson et al., 1968), and values of
carbonyls were calculated as nmol carbonyl per mg
protein using the following equation.

Carbonyl concentration (nmol/mL)

C ted carbonyl 1 = .
orrected carbonyl (nmol /me) Protein concentration (mg,/mL)

Statistical Analysis

In samples that did not have antioxidants
(bovine spray-dried plasma, bovine blood meal,
chicken blood meal), products were analyzed for
the effect of storage time only within each ex-
periment. Products that contained only synthetic
antioxidants (beef meat and bone meal) were
analyzed with a 3 X 2 factorial design with the
effects of time and antioxidants within each ex-
periment. Products that contained natural, syn-
thetic, and no antioxidants (chicken by-product,
low ash chicken by-product meal, Alaska Pollock
fish meal) were analyzed with a 3 x 3 factorial
design with the effects of time and antioxidant
within each experiment. Five samples were ana-
lyzed in triplicate for protein oxidation at each
time point for each level of antioxidant resulting
in n = 5. Due to the substantial difference in
composition of products, results were analyzed
by each product for each experiment using the
following model.

Yijk :,u—i—T,-—l—Aj—i— (A X T)ij+5ijk-

In the above model, 7 is the observed value; i
represents the overall mean; T is the i level for the
fixed effect of time (if a product contained variation
in antioxidant), A is the j* level of the fixed effect
of antioxidant, and &;, represents the random error
associated with ~;; assuming that~ N (0,102).
P-values < 0.05 were considered significantly dif-
ferent, with P-value of 0.05 < P < 0.10 considered
trends. Data were analyzed as a completely random

design using Proc MIXED procedure of SAS
(version 9.4; SAS) with means reported using
LSMEANS. Additionally, the day of carbonyl ana-
lysis was used as a random effect, and the Tukey
post hoc test was utilized.

RESULTS AND DISCUSSION

Impact of Storage Time on Protein Meals

Rendered products are commonly expected to
have up to a 2-yr shelf-life. Throughout that time,
it will likely be shipped in either rail car, truck, or
be held in some enclosed facility while still being
exposed to oxygen. These products will probably be
held in storage units that are not temperature con-
trolled, leaving them vulnerable to climate tempera-
ture variations. As a result, it is feasible the most
extreme storage conditions a product may experi-
ence would be during the seasonal summer heat,
which would last for a relatively short period.

Protein carbonyl content did not increase in many
products. However, in experiment 1, chicken blood
meal (P-value =0.03) had significantly greater carbonyl
when stored at 45 °C for 7 d compared with control
(Table 2). Beef meat and bone meal (P-value = 0.04)
and fish meal (P-value < 0.01) also had greater car-
bonyl content after storage at 45 °C for 7 d compared
with control (Table 3). When stored at 20 °C (experi-
ment 2), chicken blood meal (P-value = 0.04; Table 4)
and fish meal (P-value < 0.01; Table 5) exhibited in-
creased carbonyl content at 6 mo compared with con-
trol. Additionally, low ash chicken by-product meal

Table 2. Protein oxidation measured by carbonyls in
rendered by products without antioxidants for ex-
periment 1 stored at 45 °C over short-term storage

Carbonyl’, nmol/mg protein Time

Protein source’ Control 7d 14d SEM  P-value
Beef

Spray dried 7.1 6.2 6.9 0.7 0.64

plasma

Blood meal 17.4 23.5 21.7 4.0 0.56
Poultry

Blood meal 55.8° 1104+ 127.2¢ 16.9 0.03

SEM, standard error of the mean. Analysis was conducted with five
replicates at each time and protein source combination (n = 5). Differ-
ences in superscripts *® within a row indicate a significant difference
between time.

“Carbonyls were analyzed as a measure of protein oxidation. Values
are reported as nmol of carbonyl/mg of protein and are the average of
five replicates.

"Proteins were sourced from commercial renderers and did not con-
tain antioxidants.
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Table 3. Protein oxidation measured by carbonyls in rendered by products for experiment 1 stored at 45 °C

over short-term storage

Carbonyl’, nmol/mg protein P-value
Protein source Control 7d 14d SEM Time AOX  Time*AOX
Beef meat and bone meal
No antioxidant 14.7 22.4 17.2 3.1 0.04 0.56 0.24
BHA/BHT 12.8 21.4 15.7
Chicken by-product
No antioxidant 15.0% 21.0° 20.7¢ 5.6 0.15 0.07 0.05
BHA/BHT 15.3% 18.6* 10.1°
Natural antioxidant 16.1% 15.1%® 11.0°
Low ash chicken by-product meal
No antioxidant 13.6 19.5 16.8 2.5 0.09 0.87 0.40
BHA/BHT 16.5 16.1 14.6
Natural antioxidant 12.8 20.4 13.7
Fish meal
No antioxidant 11.5¢ 24.32 15.3b 3.0 <0.01 0.02 0.01
Ethoxyquin 14.8% 21.3® 13.8%¢
Natural antioxidant 9.4¢ 14.4be 8.9

AOX, antioxidant; SEM, standard error of the mean for the interaction. The analysis was conducted with five replicates at each time and anti-
oxidant combination (n = 5). The difference in superscripts ** indicates significant interaction between time and antioxidant across antioxidant

inclusion and time within a product source.

*Carbonyls were analyzed as a measure of protein oxidation. Values are reported as nmol of carbonyl/mg of protein and are the average of five

replicates.

Table 4. Protein oxidation measured by carbonyls
in rendered by products without antioxidants for
experiment 2 stored at 20 °C over extended storage

Carbonyl’, nmol/mg protein Time
Product? Control 3 mo 6mo SEM P-value
Beef
Spray dried plasma 7.1 8.5 9.4 1.2 041
Blood meal 17.4 29.8 22.0 43 0.16
Poultry
Blood meal 55.7° 87.2: 123.1*  16.2 0.04

SEM, standard error of the mean. The analysis was conducted with
five replicates at each time and protein source combination (n = 5). Dif-
ferences in superscripts * ® within a row indicate a significant difference
between time.

“Carbonyls were analyzed as a measure of protein oxidation. Values
are reported as nmol of carbonyl/mg of protein and are the average of
five replicates.

"Proteins were sourced from commercial renderers and did not con-
tain antioxidants.

had increased carbonyl content after 6 mo at 20 °C
compared with control (P-value = 0.01). These re-
sults suggest that poultry blood meal and fish meal
are not only susceptible to high-temperature storage
but also extended storage time at a moderate tempera-
ture. Additionally, beef meat and bone meal is suscep-
tible to protein oxidation during storage at 45 °C, yet
low ash chicken by-product meal is susceptible during
storage at 20 °C.

The manufacturing process of poultry blood
meal has the potential to increase the amount of
free iron released from hemoglobin. This increase
in free heme iron can increase metal-induced lipid
oxidation (Grunwald and Richards, 2006). This
free iron can similarly induce protein oxidation by
way of Fenton reactions (Amici et al., 1989). Lipid
oxidation products also initiate protein oxidation.
However, this is not likely the case for poultry
blood meal due to its low lipid content (0.8%). The
increase in protein oxidation of beef meat and bone
meal may be due to the high ash content (33.0%)
of meat and bone meal. Metal ions in beef meat
and bone meal, such as iron or copper, could induce
protein oxidation (Amici et al., 1989; Rahal et al.,
2014).

Fish meal contains 8.3% lipid (Table 1) and
contains the least saturated as well as most poly-
unsaturated fatty acids (PUFA) compared with
other products in this study. Although not analyzed
in this study, literature values for unsaturation:-
saturated ratio for Alaskan pollock are 3.27 com-
pared with 2.19 for chicken and 1.17 for beef (U.S.
Department of Agriculture, 2007). Additionally, of
the fat that is unsaturated, fish meal contains the
highest percentage of PUFA at 77% compared with
34% for chicken and 8% for beef (U.S. Department
of Agriculture, 2007). An increase in the content
of unsaturated fatty acids—specifically PUFAs,
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Table 5. Protein oxidation measured by carbonyls in rendered by products for experiment 2 stored at 20 °C

over extended storage

Carbonyl’, nmol/mg protein

P-value

Protein source Control 3 mo 6 mo SEM Time AOX Time*AOX
Beef meat and bone meal
No antioxidant 14.7 20.8 14.9 43 0.14 0.52 0.42
BHA/BHT 12.8 239 20.5
Chicken by-product
No antioxidant 15.0 20.7 23.8 3.4 0.70 0.19 0.45
BHA/BHT 153 12.1 16.0
Natural antioxidant 16.1 18.3 14.2
Low ash chicken by-product meal
No antioxidant 13.6 23.7 26.1 4.2 0.01 0.58 0.08
BHA/BHT 16.5 17.8 18.8
Natural antioxidant 12.8 18.0 30.2
Fish meal
No antioxidant 11.5¢ 31.9° 53.9¢ 4.8 <0.01 0.29 <0.01
Ethoxyquin 14.8« 27.9%¢ 38.1°
Natural antioxidant 9.4¢ 30.1° 59.1#

AOX, antioxidant; SEM, standard error of the mean for the interaction. The analysis was conducted with five replicates at each time and anti-
oxidant combination (n = 5). The difference in superscripts *¢ indicates significant interaction between time and antioxidant across antioxidant

inclusion and time within a product source.

“Carbonyls were analyzed as a measure of protein oxidation. Values are reported as nmol of carbonyl/mg of protein and are the average of five

replicates.

increases the susceptibility of lipid to oxidation
(Frankel, 1998).

Though short-term storage at high heat re-
sulted in a tendency for increased protein oxida-
tion at 7 d in low ash chicken by-product meal
(P-value = 0.09), this product is vulnerable to ex-
tended storage time at 20 °C (P-value = 0.01). This
could also be a result of the lipid in this meal being
readily oxidized, thus leading to free radical forma-
tion and protein oxidation.

Impact of Antioxidants on Limiting Protein
Oxidation During Storage of Protein Meals

Processors must include antioxidants, espe-
cially in products susceptible to lipid oxidation
to maintain acceptable quality. Peroxide value is
a contemporary method to verify the effective-
ness of antioxidants. However, when lipids are
oxidized, the resulting products can induce pro-
tein oxidation. Typical antioxidants work to limit
the impact of catalysts (reactive oxygen species,
metal catalyst, heat) on lipid oxidation. These
same catalyst can also impact protein oxidation.
Therefore, it is possible that typical antioxidants
could have some efficacy toward limiting protein
oxidation.

Fish meal treated with natural antioxidants
contained fewer carbonyls than fish meal without

or with ethoxyquin (P-value = 0.02). A time X anti-
oxidant interaction was observed (P-value = 0.01)
for carbonyl values from fish meal stored at 45 °C
(Table 3). Fish meal treated with a natural antioxi-
dant had less carbonyl development after 7 d of
storage than fish meal with no antioxidant (Table 3).
This would suggest that the natural antioxidant was
effective in controlling for protein oxidation in fish
meal stored at 45 °C for 7 d. However, these find-
ings were not consistent for a longer storage at a
more moderate temperature. When stored at 20 °C
for 6 mo, fish meal with ethoxyquin had less car-
bonyl content compared with fish meal without or
with natural antioxidant (P-value = 0.01). A time X
antioxidant interaction was observed (P-value <
0.01) for carbonyl values from fish meal stored at
20 °C (Table 5). Fish meal treated with ethoxyquin
had less carbonyl development after 6 mo of storage
than fish meal with no antioxidant or with natural
antioxidants (Table 5). However, it is essential to
point out that while the use of synthetic antioxi-
dants did limit the extent of protein oxidation after
6 mo, fish meal with ethoxyquin was still greater
than the control suggesting carbonyl formation
still occurred (P-value < 0.01). Low ash chicken
by-product meal containing BHA/BHT stored for
6 mo at 20 °C tended to contain fewer carbonyls
than low ash chicken by-product meal without
antioxidants or with natural antioxidants (Table 5;
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P-value = 0.08). The inclusion of antioxidants in
other products did not measurably decrease protein
oxidation in those products.

In saturated lipids, free radicals favor reacting
with tocopherols over fatty acids. Once the free rad-
ical reacts with the tocopherol, it is stabilized in the
phenolic ring, thus terminating free radical propaga-
tion (Verleyen et al., 2002). As saturation decreases,
as in the case of fish meal, free radicals favor fatty
acid over tocopherols, resulting in reduced effect-
iveness of the antioxidant (Verleyen et al., 2002).
As a result, tocopherols are more effective in con-
trolling lipid oxidation in more saturated fats. This
has been shown in studies that as the unsaturation
of a lipid increases, tocopherols are consumed at a
slower rate (Verleyen et al., 2002; Barrera-Arellano
et al., 2005). This slower consumption rate could
be an explanation of why tocopherols were not ef-
fective at preventing carbonyl development in prod-
ucts with a higher proportion of unsaturated lipids
stored at 20 °C. Granted, the study by Marinova
and Yanishlieva (1992) showed that a-tocopherol
effectiveness in limiting lipid oxidation in lard in-
creased with increasing temperature at 25, 50, 75,
and 100 °C. This increase in activity with increased
temperature may explain why mixed tocopherols
were effective in the fish meal when stored at 45 °C
but not at 20 °C.

The thermal stability of both natural and
synthetic antioxidants is not fully understood in
rendered meals. Comparing BHA/BHT with ethox-
yquin, it was shown that BHA has greater thermal
stability than ethoxyquin (Sanhueza et al., 2000).
Santos et al. (2012) showed that BHA vaporized in
155 min, while BHT vaporized in 90 min when heated
to 110 °C. The same study showed that a-tocoph-
erol withstood the greatest temperature before de-
composition, followed by BHA and BHT. A similar
study examined the effectiveness of antioxidants in
sunflower oil after heated to 180 °C for 1 h. Results
from this study showed BHA and BHT were more
susceptible to thermal inactivation compared wih
mixed tocopherols (Allam and Mohamed, 2002).
The results of these studies provide evidence that to-
copherols are more stable at elevated temperatures
compared with BHA/BHT. Although temperatures
that proteins experienced during this study were
less than these studies, this could explain why when
products were stored at 45 °C, no synthetic antioxi-
dants were effective in limiting protein oxidation as
evaluated by measures of carbonyl formation.

The evidence presented supports the conclu-
sion that commonly used antioxidants did not

directly protect proteins. Protection was only pro-
vided when antioxidants were included in prod-
ucts that are most susceptible to lipid oxidation.
This secondary effect is likely a result of antioxi-
dants controlling lipid oxidation products that may
would have promoted protein oxidation.

It should be noted that in chicken by-product
stored at 45 °C, an unexpected decrease in car-
bonyls was observed between 7 and 14 d of storage
at 45 °C in product containing antioxidants
(P-value = 0.05). This was also seen in fish meal
stored at 45 °C without antioxidants and with nat-
ural antioxidants (P-value = 0.01). Estévez et al.
(2009) made a similar observation in which car-
bonyls measured in bovine serum albumin at 37 °C
increased from 0 to 9 d and then decreased at day 14
of storage (Estévez et al., 2009). They proposed that
carbonyls may not be the end product of oxidation
and could be further oxidized. This degradation of
the carbonyl may result in the observed decrease in
total carbonyls. The decrease in carbonyls at 14 d
of storage could be a result of carbonyls degrad-
ing and further oxidizing into unknown secondary
products.

From this study, it was determined that poultry
blood meal and fish meal when not treated with
antioxidants are susceptible to protein oxidation
(as measured by carbonylation) during a wide
range of storage conditions (45 °C for 7 d, or 20 °C
for 6 mo). In the case of fish meal, the use of nat-
ural antioxidants did prevent protein carbonylation
when stored at 45 °C for up to 7 d. However, when
fish meal stored at 20 °C, protein oxidation was
limited after 6 mo with the inclusion of ethoxyquin.

Many factors could play a part in why the prod-
ucts studied here are susceptible. It is hypothesized
that free iron, ash content, and lipid profile could
influence protein and lipid oxidation. While these
could be possible impacts, the substantial differ-
ence in composition between products makes it
difficult to determine the exact cause for increased
protein oxidation. Factors such as aggregation that
would impact the availability for protein to partici-
pate in oxidation (Promeyrat et al., 2010), to the
inherent amino acid profile of each protein source
(Davies, 2016) and its mineral content all play a
potential role.

This study was successful in characterizing pro-
tein oxidation measured by carbonyl formation
during storage of rendered meals and in identifying
products that are susceptible to protein oxidation.
While others have determined that protein oxidation
may impact health (Estévez and Xiong, 2019) and
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performance (Wu et al., 2014; Chen et al., 2015) in
animal species, further work should focus on levels
observed in these feed ingredients. It is important
to note that carbonyls may be degraded as a result
of further oxidation, leading to an underestimation
of protein oxidation. Thus, it is important to con-
sider time course studies and the inclusion of more
measures of protein oxidation end products when
evaluating antioxidants for their efficacy in prevent-
ing/limiting protein oxidation. A comprehensive
understanding of the specific modes of action and
intrinsic features that influence protein oxidation
will inform the development of technologies to pre-
serve product nutrient and chemical quality.
Conflict of interest statement. None declared.
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