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An evaluation of heat on protein oxidation of soy protein isolate 
or soy protein isolate mixed with soybean oil in vitro and its 
consequences on redox status of broilers at early age

Xianglun Zhang1, Peng Lu1, Wenyue Xue1, Dawei Wu1, Chao Wen1, and Yanmin Zhou1,*

Objective: The objective of this study was to evaluate effects of heat treatment and soybean oil 
inclusion on protein oxidation of soy protein isolate (SPI) and of oxidized protein on redox 
status of broilers at an early age.
Methods: SPI mixed with soybean oil (SPIO) heated at 100°C for 8 h was used to evaluate 
protein oxidation of SPI. A total of two hundred and sixteen 1-day-old Arbor Acres chicks 
were divided into 3 groups with 6 replicates of 12 birds, receiving basal diet (CON), heat-oxidized 
SPI diet (HSPI) or mixture of SPI and 2% soybean oil diet (HSPIO) for 21 d, respectively. 
Results: Increased protein carbonyl, decreased protein sulfhydryl of SPI were observed as 
heating time increased in all treatments (p<0.05). Addition of 2% soybean oil increased protein 
carbonyl of SPI at 8 h heating (p<0.05). Dietary HSPI and HSPIO decreased the average daily 
gain of broilers as compared with the CON (p<0.05). Broilers fed HSPI and HSPIO exhibited 
decreased glutathione (GSH) in serum, catalase activity and total sulfhydryl in liver and increased 
malondialdehyde (MDA) and protein carbonyl in serum, advanced oxidation protein products 
(AOPPs) in liver and protein carbonyl in jejunal mucosa as compared with that of the CON 
(p<0.05). Additionally, broilers receiving HSPIO showed decreased glutathione peroxidase 
activity (GSH-Px) in serum, GSH and hydroxyl radical scavenging capacity in liver, GSH-Px 
activity in duodenal mucosa, GSH-Px activity and superoxide anion radical scavenging capacity 
in jejunal mucosa and increased AOPPs in serum, MDA and protein carbonyl in liver, MDA and 
AOPPs in jejunal mucosa (p<0.05).
Conclusion: Protein oxidation of SPI can be induced by heat and soybean oil and oxidized 
protein resulted in redox imbalance in broilers at an early age.
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INTRODUCTION

Dietary protein is the most important component of animal feed and its quality is highly associ-
ated with animal health. However, proteins are often exposed to oxidants or oxidizing conditions 
during processing and storage, and are vulnerable to oxidative modification [1]. Protein oxidation 
is the covalent modification of a protein induced directly by reactive oxygen species or indirectly 
by reaction with the secondary by-products of oxidative stress [2]. Researches concentrating on 
protein oxidation showed that protein oxidation could be induced by heat treatment and lipid 
in different proteins in vitro [3,4]. Protein oxidation can lead to multiple structural changes such 
as oxidation of side chains of specific amino acid residues or peptide chains, resulting in a decrease 
in nutritional value of protein [5,6].
  Previously, research on protein oxidation mainly focused on the food industry whereas little 
information is available concerning protein oxidation in the feed industry. Soybean meal is the 
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most important protein resource used in animal diets. Heating 
is always essential during soybean meal processing [7], where 
protein oxidation occurs inevitably. Moreover, commercial soy-
bean meal for animal feed still contains approximately 1% to 2% 
ether extract [8]. Although the residual lipid content in soybean 
meal is low, it may aggravate protein oxidation in soybean meal. 
However, it is difficult to study the effect of lipid on protein oxi-
dation in soybean meal due to its complex components [8]. Soy 
protein isolate (SPI) is often used in protein oxidation studies 
mainly because of its relatively simple components. Our previous 
study has demonstrated that the solubility and digestibility of SPI 
were negatively affected by heat treatment and soybean oil, and 
that oxidized protein decreased growth performance and diges-
tive function of broilers at an early age [9]. Moreover, some studies 
reported that oxidized protein could induce redox imbalance in 
mice [10], whereas no report has concentrated on redox status 
of broilers fed oxidized protein. Therefore, the objective of the 
study was to evaluate protein oxidation of SPI as affected by heat 
treatment and soybean oil inclusion in vitro and the effect of 
oxidized protein on redox status of broilers at early age.

MATERIALS AND METHODS

Materials and chemicals
SPI was purchased from Sun-Green Biotech Co., Ltd. (Jiangsu, 
China). Analyzed moisture, crude protein, ether extract and ash 
contents in the SPI were 58.0, 859.1, 4.5, and 49.1 g/kg, respec-
tively. Soybean oil, devoid of any additives, was obtained from 
COFCO East China Sea Grain and Oil Industrial Co., Ltd. (Jiang-
su, China). The 5,5′-dithiobis (2-nitrobenzoate) (DTNB) and 
2,4,6-trinitrobenzenesulfonic acid were purchased from Sigma 
Chemical Co. (St. Louis, MO, USA). All other chemicals used 
in the experiment were of analytical grade.

Modification of soy protein isolate with heat and soybean oil
SPI mixed with soybean oil (1% or 2%) was prepared by a stirring 
machine at room temperature, referred to as SPIO1 and SPIO2, 
respectively. The mixture was then placed on glass plates and dry 
heated in an oven at 100°C for 1, 2, 4, and 8 h, respectively, air-
dried, and stored at 4°C, according to the previously published 
methods [10]. For comparison purposes, SPI alone was treated 
following the procedures described above. Samples were defatted 
with hexane before analysis.

Measurement of the oxidative markers of heated soy protein 
isolate
Protein carbonyl content was measured by the reaction with 2,4- 
dinitrophenylhydrazine according to the method of Huang et al 
[11]. Briefly, the samples were suspended in deionized water by 
stirring with a magnetic stirrer and the supernatant was collected. 
The supernatant was then mixed with 2,4-dinitrophenylhydrazine 
solution in a tube and incubated at 20°C for 2 h. After that, tri-

chloroacetic acid was added to the tube, the supernatant was 
discarded and the precipitate was washed three times with ethyl 
acetate solution. The protein, free of unreacted reagent, was sus-
pended in guanidine hydrochloride solution and the absorbance 
at 367 nm was corrected for the absorbance in the HCl blank. 
The results were expressed as nmoles of carbonyl groups per 
milligram of soluble protein with a molar extinction coefficient 
of 22,000 L/(mol·cm). Contents of free sulfhydryl and total sulf-
hydryl in SPI were determined using Ellman’s procedure modified 
by Huang et al [11]. In brief, the samples were suspended in phos-
phate buffer by stirring with a magnetic stirrer and the supernatant 
was collected. For free sulfhydryl determinations, the supernatant 
was reacted with DTNB reagent and centrifuged and the absor-
bance was measured at 412 nm. For total sulfhydryl determi-
nations, 2-mercaptoethanol and Urea-GuHCl were added to the 
protein solution and the mixture was incubated for 1 h at 25°C. 
Then, trichloroacetic acid was added in the tube for an additional 
1 h incubation and centrifuged. The precipitate was twice resus-
pended in trichloroacetic acid and centrifuged to remove 2- 
mercaptoethanol. After that, the precipitate was dissolved in 
phosphate buffer with ethylenediaminetetraacetic acid and sodi-
um dodecyl sulfate and the color was developed with 0.08 mL 
of Ellman’s reagent. Absorbance was measured at 412 nm vs 
reagent blanks. The nmoles of sulfhydryl per milligram solu-
ble protein were calculated by using the extinction coefficient 
of 13,600 L/(mol·cm). Soluble protein concentration was eval-
uated by the bicinchoninic acid method with bovine serum 
albumin as the standard (Nanjing Jiancheng Bioengineering 
Institute, Nanjing, China).

Amino acid analyses
Amino acids in SPI, SPIO1, and SPIO2 heated for 0, 2, 4, and 8 h 
were determined with an amino acid analyzer (Hitachi L-8900, 
Hitachi, Tokyo, Japan) after hydrolysis with 6 mol/L of HCl at 
110°C for 24 h [12].

Animals and experimental design
The experimental design and procedures involving animals were 
approved by the Animal Care and Use Committee of Nanjing 
Agricultural University.
  A total of two hundred and sixteen 1-day-old Arbor Acres 
broilers were obtained from a commercial hatchery (Hewei, An-
hui, China) and randomly divided into 3 groups with 6 replicates 
of 12 birds for a 21-d feeding trial. Birds were fed a basal diet 
(CON), 8 h heat-oxidized SPI diet (HSPI) or 8 h heat-oxidized 
mixture of SPI and 2% soybean oil diet (HSPIO), respectively. 
The experimental diets were formulated according to the NRC 
(1994) nutrient requirements of the broiler. Ingredient composi-
tion and nutrient levels of the experimental diets are shown in 
Table 1.
  All birds were housed in an environmentally controlled room. 
The temperature was maintained at 32°C from d 1 to 7, which 
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was then gradually reduced to 26°C at the rate of 3°C per week 
and was maintained at this temperature to the end of the experi-
ment. Overhead light was provided continuously for the entire 
period of the experiment. Birds were allowed ad libitum access 
to mash feed and water. At 21 day of age, birds were weighed after 
feed deprivation for 12 h and feed intake was recorded by repli-
cate (cage) to calculate average daily feed intake, average daily 
gain (ADG), and feed conversion ratio (FCR).

Sample collection
At d 21, one bird from each replicate was randomly selected. Blood 
samples (around 5 mL each) were collected from the wing vein 
and centrifuged at 3,000×g for 15 min at 4°C to separate serum, 
which was stored at –20°C for further analysis. After that, birds 
were euthanized by cervical dislocation and necropsied imme-
diately. The liver, duodenal mucosa and jejunal mucosa samples 
were collected into plastic vials and stored at –20°C for further 
analysis.

Assay of antioxidant indices and oxidation products

Serum, liver, duodenal mucosa and jejunal mucosa samples were 
analyzed for total superoxide dismutase (T-SOD), glutathione 
peroxidase (GSH-Px), catalase (CAT) activities and glutathione 
(GSH) content using commercial kits (Nanjing Jiancheng Bio-
engineering Institute, Nanjing, China) according to the manu-
facturer’s instructions. Briefly, SOD enzyme was measured by 
xanthine oxidase method and one unit of SOD was defined as 
the amount of SOD required to produce 50% inhibition of the 
rate of nitrite production at 37°C. GSH-Px activity was measured 
by dithio-nitro benzene method and one unit of GSH-Px activity 
was defined as the amount of enzyme that would catalyze the 
conversion of 1 μmol/L of GSH to oxidized GSH at 37°C in 5 min. 
CAT enzyme was determined by the decomposition of hydrogen 
peroxide and one unit of CAT activity was defined as the amount 
of enzyme that would decompose 1 μmol hydrogen peroxide per 
second. The amount of GSH in the samples was determined by 
using DTNB method. Hydroxyl radical scavenging capacity and 
superoxide anion radical scavenging capacity of samples were 
determined according to the method of Zhang et al [13]. Oxida-
tion products of the samples were analyzed for malondialdehyde 
(MDA), total sulfhydryl, protein carbonyl and advanced oxida-
tion protein products (AOPPs) content. The content of MDA 
was determined by following the thiobarbituric acid method as 
described by Placer et al [14]. Total sulfhydryl and protein car-
bonyl content were measured by the reaction with DTNB or 2,4- 
dinitrophenylhydrazine according to the method of Huang et 
al [11], respectively. The content of AOPPs was measured by spec-
trophotometry according to the method of Witko-Sarsat et al 
[15]. Protein content of each sample was evaluated by the bicin-
choninic acid method with bovine serum albumin as the standard 
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China).

Statistical analysis
Data were analyzed by one-way analysis of variance (with Duncan 
multiple range test for post hoc comparison). SPSS statistical 
software (ver.16.0 for Windows, SPSS Inc., Chicago, IL, USA) 
was used for all statistic analysis. Data were considered signifi-
cant at p<0.05, and p values between 0.05 and 0.1 were considered 
as a trend. The means and total standard error of means are pre-
sented.

RESULTS

Characterization of the oxidative markers of heated soy 
protein isolate
Heating at 100°C increased protein carbonyl content of SPI in 
all treatments (p<0.05, Table 2). Higher carbonyl content was 
observed in SPIO2 than in SPI at 8 h of heating (p<0.05). Both 
free sulfhydryl and total sulfhydryl contents gradually declined 
during heating (p<0.05). Soybean oil did not affect the content 
of free sulfhydryl or total sulfhydryl during heating (p>0.05).

Table 1. Ingredient composition and nutrient levels of the experimental diets (%, air-
dried basis)

Item
Content1)

CON HSPI HSPIO

Corn 77.97 77.97 77.97
Soy protein isolate 16.66 - -
Heat-oxidized soy protein isolate - 16.66 -
Soybean oil 0.34 0.34 -
Heat-oxidized mixture of SPI  
  and 2% soybean oil

- - 17.00

Limestone 1.40 1.40 1.40
Dicalcium phosphate 1.95 1.95 1.95
Sodium chloride 0.30 0.30 0.30
L-lysine 0.20 0.20 0.20
DL-methionine 0.18 0.18 0.18
Premix2) 1.00 1.00 1.00
Calculated nutrient levels3)

ME (MJ/kg) 13.10 13.10 13.10
CP 21.11 20.93 21.08
Calcium 0.97 0.97 0.97
Available phosphorus 0.46 0.46 0.46
Lysine 1.21 1.17 1.17
Methionine 0.54 0.53 0.52

SPI, soy protein isolate; ME, metabolizable energy; CP, crude protein.
1) CON, basal diet; HSPI, 8 h heat-oxidized SPI diet; HSPIO, 8 h heat-oxidized mixture of 
SPI and 2% soybean oil diet.
2) Premix provided per kilogram of diet: transretinyl acetate, 24 mg; cholecalciferol, 
6 mg; all-rac-α-tocopherol acetate, 20 mg; menadione, 1.3 mg; thiamin, 2.2 mg; 
riboflavin, 8 mg; nicotinamide, 40 mg; choline chloride, 400 mg; calcium pantothenate, 
10 mg; pyridoxine · HCl, 4 mg; biotin, 0.04 mg; folic acid, 1 mg; vitamin B12 (cobalamin), 
0.013 mg; Fe (from ferrous sulfate), 80 mg; Cu (from copper sulfate), 7.5 mg; Mn (from 
manganese sulfate), 110 mg; Zn (from zinc oxide), 65 mg; I (from calcium iodate), 1.1 
mg; Se (from sodium selenite), 0.3 mg.
3) Calculated value based on the analyzed data of SPI except for ME, calcium and 
available phosphorus.
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Amino acids analyses
As shown in Table 3, decreased threonine, methionine and lysine 
were observed in all treatments as heating time increased (p<0.1). 
A trend to decreased methionine was observed in SPIO2 at 8 
h of heating (p = 0.067). No differences were observed in other 

amino acids (p>0.05, data not shown).

Growth performance
Broilers fed the HSPI and HSPIO exhibited decreased ADG as 
compared with that of the CON (p<0.05, Table 4). A tendency 
for reduced FCR was observed in broilers fed the HSPI and HSPIO 
(p = 0.068).

Antioxidant indices and oxidation products content
Decreased GSH and increased MDA and protein carbonyl con-
tent were observed in serum of broilers fed HSPI and HSPIO 
(p<0.05, Table 5). HSPIO decreased GSH-Px activity and in-
creased AOPPs content in serum of broilers as compared with 
the CON (p<0.05). GSH content in liver of broilers fed the HSPIO 
was lower than that of other groups (p<0.05, Table 6). Broilers 
fed HSPI and HSPIO had decreased CAT activity and total sul

Table 2. Protein carbonyl, free and total sulfhydryl group content of SPI heated with different soybean oil contents at 100°C (nmol/mg protein)

Items1)
Time (h)

SEM p value
0 1 2 4 8

Protein carbonyl
SPI 7.05c 8.13b 8.40b 9.85a 10.02aB 0.32 0.001
SPIO1 7.21c 8.59b 8.72b 9.95a 10.21aAB 0.31 < 0.001
SPIO2 7.19c 8.34b 8.42b 9.92a 10.35aA 0.31 < 0.001
SEM 0.16 0.16 0.13 0.15 0.06 - -
p value 0.934 0.581 0.622 0.967 0.029 - -

Free sulfhydryl
SPI 8.98a 9.04a 8.27b 8.17b 7.98b 0.13 0.004
SPIO1 8.98a 9.13a 8.40ab 8.19b 7.97b 0.15 0.019
SPIO2 8.87a 9.14a 7.97b 7.90b 7.75b 0.17 0.003
SEM 0.09 0.12 0.11 0.12 0.11 - -
p value 0.902 0.941 0.343 0.610 0.688 - -

Total sulfhydryl
SPI 109.73a 108.41a 99.71ab 96.91b 95.07b 1.99 0.022
SPIO1 111.17a 108.92a 98.71ab 96.75ab 91.85b 2.71 0.044
SPIO2 106.78a 104.57a 95.22b 90.28b 90.09b 2.07 0.001
SEM 1.91 2.61 1.62 2.15 1.25 - -
p value 0.693 0.807 0.557 0.407 0.288 - -

SEM, standard error of means.
1) SPI, soy protein isolate; SPIO1, SPI mixed with 1% soybean oil; SPIO2, SPI mixed with 2% soybean oil.
Different letters in the same row (a-c) or the same column (A,B) indicate significant differences (p < 0.05).

Table 3. Threonine, methionine and lysine of SPI heated with different soybean oil 
contents at 100°C (%, dry matter basis)

Items1)
Time (h)

SEM p value
0 2 4 8

Threonine
SPI 3.87 3.80 3.79 3.77 0.02 0.078
SPIO1 3.84 3.82 3.82 3.72 0.02 0.071
SPIO2 3.85 3.75 3.76 3.70 0.02 0.065
SEM 0.01 0.02 0.01 0.02 - -
p value 0.736 0.312 0.125 0.478 - -

Methionine
SPI 1.24 1.20 1.19 1.18 0.01 0.090
SPIO1 1.23 1.20 1.17 1.16 0.01 0.066
SPIO2 1.23 1.18 1.15 1.14 0.01 0.061
SEM 0.01 0.01 0.02 0.01 - -
p value 0.635 0.230 0.626 0.067 - -

Lysine
SPI 5.68 5.44 5.41 5.38 0.05 0.055
SPIO1 5.76 5.56 5.72 5.32 0.07 0.053
SPIO2 5.77 5.59 5.48 5.46 0.05 0.076
SEM 0.04 0.06 0.04 0.04 - -
p value 0.973 0.961 0.955 0.726 - -

SEM, standard error of means.
1) SPI, soy protein isolate; SPIO1, SPI mixed with 1% soybean oil; SPIO2, SPI mixed with 
2% soybean oil.

Table 4. Growth performance of broilers fed basal diet, heat-oxidized SPI diet or 
heat-oxidized mixture of SPI and 2% soybean oil diet

Items
Treatment1)

SEM p value
CON HSPI HSPIO

ADG (g/d) 26.21a 24.82b 24.09b 0.27 0.001
ADFI (g/d) 39.23 37.97 38.12 0.39 0.378
FCR (g:g) 1.50 1.53 1.58 0.02 0.068

SPI, soy protein isolate; SEM, standard error of means; ADG, average daily gain; ADFI, 
average daily feed intake; FCR, feed conversion ratio.
1) CON, basal diet; HSPI, 8 h heat-oxidized SPI diet; HSPIO, 8 h heat-oxidized mixture of 
SPI and 2% soybean oil diet.
Different letters in the same row (a, b) indicate significant differences (p < 0.05).
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fhydryl content and increased AOPPs content in liver (p<0.05). 
Additionally, HSPIO decreased hydroxyl radical scavenging 
capacity and increased MDA and protein carbonyl content in 
liver as compared with the CON (p<0.05). Duodenal mucosa 
GSH content in broilers fed HSPIO was lower than that of other 
groups (p<0.05, Table 7). Broilers fed HSPIO had decreased GSH-
Px activity and superoxide anion radical scavenging capacity and 
increased AOPPs content in jejunal mucosa (p<0.05, Table 8). 
As compared with the CON, broilers fed HSPIO exhibited in-
creased MDA content in jejunal mucosa, and the same effect was 
also observed in protein carbonyl content of broilers fed HSPI 
and HSPIO (p<0.05).

DISCUSSION

Formation of protein bound carbonyls is one of the most salient 

changes in oxidized protein and therefore the concentration of 
protein bound carbonyls is considered to be indicative for the 
degree of protein oxidation [16]. This study demonstrated that 
protein carbonyl content of SPI increased as heating time in-
creased. Our findings were similar to Tang et al [10], who also 
reported that heat treatment at 100°C caused a significant increase 
in protein carbonyl of SPI. It was demonstrated that carbonyl 
groups could be introduced into protein by oxidation of amino 
acid residues, such as threonine, cystenine, lysine, and histidine 
[17,18]. As a result, oxidation of amino acids might result in lots 
of protein carbonyls. Compared with the SPI, addition of 2% soy-
bean oil significantly increased protein carbonyl content in SPI 
after 8 h of heating. Cucu et al [19] also found that the protein 
carbonyl content of whey protein was enhanced by the presence 
of lipid. During heating, lipid peroxidation might occur in soy-
bean oil and thus lipid hydroperoxides or advanced lipoxidation 

Table 5. Serum antioxidant indices and oxidation products contents of broilers fed basal diet, heat-oxidized SPI diet or heat-oxidized mixture of SPI and 2% soybean oil diet1)

Items
Treatment2)

SEM p value
CON HSPI HSPIO

T-SOD (U/mL) 212.88 204.81 167.58 9.18 0.070
GSH-Px (U/mL) 997.38a 916.98ab 866.45b 21.04 0.026
CAT (U/mL) 0.65 0.66 0.60 0.05 0.917
GSH (μmol/mL) 30.14a 17.98b 15.59b 2.24 0.008
Hydroxyl radical scavenging capacity (U/mL) 381.37 359.31 360.65 11.10 0.688
Superoxide anion radical scavenging capacity (U/L) 121.79 113.04 118.12 5.31 0.824
MDA (nmol/mL) 3.80b 4.28a 4.46a 0.11 0.020
Total sulfhydryl (μmol/L) 255.33 250.08 231.87 6.73 0.349
Protein carbonyl (nmol/mg protein) 1.38b 2.46a 2.77a 0.18 0.001
AOPPs (pmol/L) 229.97b 251.24ab 259.45a 4.91 0.029

SPI, soy protein isolate; SEM, standard error of means; T-SOD, total superoxide dismutase; GSH-Px, glutathione peroxidase; CAT, catalase; GSH, glutathione; MDA, malondialdehyde; 
AOPPs, advanced oxidation protein products.
1) Results are the mean of 6 replicates (n =  6) with 12 chickens/replicate.
2) CON, basal diet; HSPI, 8 h heat-oxidized SPI diet; HSPIO, 8 h heat-oxidized mixture of SPI and 2% soybean oil diet.
Different letters in the same row (a, b) indicate significant differences (p < 0.05).

Table 6. Liver antioxidant indices and oxidation products contents of broilers fed basal diet, heat-oxidized SPI diet or heat-oxidized mixture of SPI and 2% soybean oil diet1)

Items
Treatment2)

SEM p value
CON HSPI HSPIO

T-SOD (U/mg protein) 62.05 67.01 62.85 1.69 0.465
GSH-Px (U/mg protein) 36.78 44.86 35.50 1.83 0.081
CAT (U/mg protein) 5.43a 3.47b 3.68b 0.33 0.018
GSH (μmol/g protein) 48.15a 43.07a 33.96b 2.07 0.005
Hydroxyl radical scavenging capacity (U/mg protein) 3,511.90a 3,006.21ab 2,576.19b 144.20 0.020
Superoxide anion radical scavenging capacity (U/g protein) 132.96 123.31 126.41 4.67 0.739
MDA (nmol/mg protein) 0.48b 0.66ab 0.71a 0.04 0.043
Total sulfhydryl (μmol/g protein) 161.05a 132.30b 135.12b 4.45 0.008
Protein carbonyl (nmol/mg protein) 3.69b 3.94ab 4.62a 0.16 0.033
AOPPs (pmol/g protein) 286.46b 383.76a 355.85a 15.55 0.025

SPI, soy protein isolate; SEM, standard error of means; T-SOD, total superoxide dismutase; GSH-Px, glutathione peroxidase; CAT, catalase; GSH, glutathione; MDA, malondialdehyde; 
AOPPs, advanced oxidation protein products.
1) Results are the mean of 6 replicates (n =  6) with 12 chickens/replicate. 
2) CON, basal diet; HSPI, 8 h heat-oxidized SPI diet; HSPIO, 8 h heat-oxidized mixture of SPI and 2% soybean oil diet. Different letters in the same row (a, b) indicate significant differences 
(p < 0.05).
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end products could form [20]. These products might be able to 
react with primary amino groups of protein and hence introduce 
carbonyl groups into protein [17,21]. It was reported that the 
protein oxidation led, in the first place, to the modification of 
the thiol groups [4]. However, the carbonyl contents does not 
reflect oxidation state of sulfur-containing amino acid such as 
cysteine residues. Thus, protein sulfhydryl content was assayed 
in this study. Protein sulfhydryl can be oxidized to reversible form 
(protein disulfide) or irreversible form (sulfinic and sulphonic 
acid) in different oxidative environments [22,23]. The simul-
taneous decrease of free sulfhydryl and total sulfhydryl in this 
study could be attributed to the formation of sulphur oxidation 
products other than disulfide bonds. Soybean oil did not affect 
protein sulfhydryl content among treatments. However, our 
findings were not consistent with Boatright and Hettiarachchy 
[3], who reported that adding lipid (3.3% to 5.7%) during SPI 

processing led to a decline in the sulfhydryl content. This incon-
sistent result obtained might result from the different lipid content 
between the experiments. 
  Oxygen radicals and other activated oxygen species could cause 
modifications of the amino acids of protein [24]. Previous studies 
had demonstrated that methionine, cysteine, lysine and histidine 
were sensitive to oxidation [4]. In the current investigation, trends 
to decreased levels of threonine, methionine and lysine in all treat-
ments and methionine in SPIO2 at 8 h heating were observed. 
These results are consistent with the increased protein carbonyl 
and decreased protein sulfhydryl content as discussed above.
  Current study showed that dietary oxidized protein resulted 
in inferior growth performance of broilers, which was likely the 
result from the imbalanced redox status of broilers fed oxidized 
protein as discussed in the following. Antioxidant enzyme system 
is a defense system against reactive oxygen species mediating 

Table 7. Duodenal mucosa antioxidant indices and oxidation products contents of broilers fed basal diet, heat-oxidized SPI diet or heat-oxidized mixture of SPI and 2% soybean oil 
diet1)

Items
Treatment2)

SEM p value
CON HSPI HSPIO

T-SOD (U/mg protein) 76.94 76.55 69.44 2.18 0.302
GSH-Px (U/mg protein) 23.58a 25.42a 14.78b 1.37 < 0.001
CAT (U/mg protein) 1.62 1.54 1.68 0.10 0.878
GSH (μmol/g protein) 97.42 97.41 78.19 4.06 0.068
Hydroxyl radical scavenging capacity (U/mg protein) 4,099.32 3,846.70 3,704.64 214.44 0.801
Superoxide anion radical scavenging capacity (U/g protein) 142.14 158.94 153.69 4.09 0.295
MDA (nmol/mg protein) 0.79 0.76 0.73 0.05 0.908
Total sulfhydryl (μmol/g protein) 185.54 212.55 192.91 8.28 0.412
Protein carbonyl (nmol/mg protein) 5.75 5.78 6.04 0.26 0.897
AOPPs (pmol/g protein) 332.78 349.66 344.40 17.17 0.928

SPI, soy protein isolate; SEM, standard error of means; T-SOD, total superoxide dismutase; GSH-Px, glutathione peroxidase; CAT, catalase; GSH, glutathione; MDA, malondialdehyde; 
AOPPs, advanced oxidation protein products.
1) Results are the mean of 6 replicates (n =  6) with 12 chickens/replicate.
2) CON, basal diet; HSPI, 8 h heat-oxidized SPI diet; HSPIO, 8 h heat-oxidized mixture of SPI and 2% soybean oil diet.
Different letters in the same row (a, b) indicate significant differences (p < 0.05).

Table 8. Jejunal mucosa antioxidant indices and oxidation products content of broilers fed basal diet, heat-oxidized SPI diet or heat-oxidized mixture of SPI and 2% soybean oil diet1)

Items
Treatment2)

SEM p value
CON HSPI HSPIO

T-SOD (U/mg protein) 27.01 29.51 25.32 1.19 0.376
GSH-Px (U/mg protein) 11.38a 10.20a 4.28b 0.86 < 0.001
CAT (U/mg protein) 2.73 2.79 2.47 0.17 0.741
GSH (μmol/g protein) 46.60 46.64 42.55 1.97 0.692
Hydroxyl radical scavenging capacity (U/mg protein) 836.92 846.57 814.99 42.67 0.960
Superoxide anion radical scavenging capacity (U/g protein) 108.97a 107.80a 86.07b 4.20 0.028
MDA (nmol/mg protein) 0.54b 0.62ab 0.75a 0.03 0.017
Total sulfhydryl (μmol/g protein) 148.92 145.23 146.89 4.94 0.959
Protein carbonyl (nmol/mg protein) 7.03b 7.89a 7.96a 0.13 < 0.001
AOPPs (pmol/g protein) 1,052.19b 1,108.50b 1,238.55a 28.67 0.017

SPI, soy protein isolate; SEM, standard error of means; T-SOD, total superoxide dismutase; GSH-Px, glutathione peroxidase; CAT, catalase; GSH, glutathione; MDA, malondialdehyde; 
AOPPs, advanced oxidation protein products.
1) Results are the mean of 6 replicates (n =  6) with 12 chickens/replicate.
2) CON, basal diet; HSPI, 8 h heat-oxidized SPI diet; HSPIO, 8 h heat-oxidized mixture of SPI and 2% soybean oil diet.
Different letters in the same row (a, b) indicate significant differences (p < 0.05).
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damage in the body, including T-SOD, GSH-Px, and CAT [25]. 
GSH provides a substrate for GSH-Px and can also sometimes 
‘repair’ radicals resulting from an attack by OH· [26]. In the cur-
rent study, supplementation of HSPI, especially HSPIO, decreased 
these antioxidant enzyme activities or GSH content in serum, 
liver, duodenal mucosa or jejunal mucosa, implying that oxidized 
protein depressed the development of the antioxidant defense 
system in liver and intestinal tract in broilers. It has reported 
that oxidized protein could stimulate reactive oxygen species 
generation in mice because of altered physicochemical properties 
in soy protein [10]. Moreover, research also reported that accu-
mulation of oxidative products could further induce production 
of reactive oxygen species [27]. Thus, oxidized protein might 
increase the level of reactive oxygen species and cause oxidative 
stress of broilers and then result in an inhibition of antioxidant 
capacity. Hydroxyl radical is well-known to be the most reactive 
of all the reduced forms of dioxygen [28]. Superoxide anion radi-
cal is one of the most representative free radicals, and its negative 
effects can be magnified because it produces other kinds of cell-
damaging free radicals and oxidizing agents [29]. Decreased free 
radical scavenging capacity in liver and jejunal mucosa of broilers 
fed HSPIO was observed, which might result from the compro-
mised antioxidant enzyme activity as discussed above. MDA is 
widely used as a biomarker for oxidative deterioration of lipid. 
Protein carbonyls and AOPPs content are compounds derived 
from protein oxidation. The amount of these compounds was a 
response of oxidative extent of lipids and proteins. Increase of 
these oxidation products in serum, liver and jejunal mucosa was 
observed in broilers fed HSPI and the increases were higher in 
broilers fed HSPIO. Oxidative stress can stimulate the production 
of reactive oxygen species, induce lipid peroxidation, and cause 
protein damages [30]. Therefore, the accumulation of these oxi-
dation compounds might result from the oxidative stress induced 
by oxidized protein in broilers.
  In conclusion, this study indicated that protein oxidation of 
SPI could be induced by heat and soybean oil. Oxidized protein 
decreased growth performance, depressed antioxidant capacity 
and increased oxidation products and resulted in redox imbalance 
of broilers.
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