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Abstract: This study’s objective was to determine the impact of a dual respiratory and enteric bacterial health challenge on
the antioxidant protein peroxiredoxin-2 (Prdx-2) profile and protein oxidation in the skeletal muscle of pigs from 2 lines that
were divergently selected for residual feed intake (RFI). The hypotheses were that (1) differences exist in the Prdx-2 profile
between 2 RFI lines and infection status and (2) muscle from less efficient high-RFI and health-challenged pigs have greater
cellular protein oxidation. Barrows (50 ± 7 kg,N= 24) from the 11th generation of the high-RFI (n = 12) and low-RFI (n=
12) Iowa State University lines were used. Pigs (n= 6 per line) were inoculated with Mycoplasma hyopneumoniae and
Lawsonia intracellularis (MhLI) on day 0 post infection to induce a respiratory and enteric health challenge.
Uninoculated pigs served as controls (n= 6 per line). Necropsy was at 21 d post infection. Sarcoplasmic protein oxidation,
various forms of Prdx-2, and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) content were determined. Neither RFI
line nor infection status significantly affected protein carbonylation. Under nonreducing conditions, MhLI pigs had a
greater amount of a slower-migrating GAPDH band (P = 0.017), indicating oxidative modification. Regardless of health
status, the low-RFI pigs had less total Prdx-2 (P = 0.035), Prdx-2 decamer (P = 0.0007), and a higher ratio of hyperoxidized
peroxiredoxin relative to Prdx-2 (P = 0.028) than the high-RFI pigs. The increased pool of active Prdx-2 in high-RFI pigs
suggests greater oxidative stress in muscle in high- versus low-RFI pigs. The increase in oxidized GAPDH seen in muscle
from MhLI pigs—particularly the high-RFI MhLI pigs—may be a response to the greater oxidative stress in the high-RFI
MhLI. This work suggests that antioxidant proteins are important in growth and health-challenge situations.
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Introduction

Improving the efficiency of pork production is para-
mount as the global demand for animal protein
increases. Two factors that have a significant impact
on pork production are feed efficiency and response to
disease challenges. Oxidative stress directly impacts
both of these factors (Bottje et al., 2002;Deblanc et al.,
2013; Grubbs et al., 2013a; Sies et al., 2017).
Oxidative stress favors oxidation in the intricate

balance of prooxidant and antioxidant forces within
the cell (Sies et al., 2017). Uncontrolled oxidation
leads to damage to cellular components, including
proteins, lipids, and DNA under oxidative stress con-
ditions. The imbalance continues with a cellular
response that redirects energy toward repairing oxida-
tive stress instead of energy for growth. More in-
depth research is needed to improve understanding
of the physiological balance between oxidative stress,
health-challenge response, and feed efficiency.
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Animals that have been divergently selected for
residual feed intake (RFI) represent a valuable model
for comparing animals that differ in feed efficiency.
As a measure of feed efficiency, RFI is the difference
between an animal’s observed feed intake and the
expected feed intake based on average daily gain and
backfat measurements. Low-RFI (LRFI) pigs are more
efficient than their high-RFI (HRFI) counterparts
(Boddicker et al., 2011). Grubbs et al. (2013a) found
that the more efficient LRFI pigs exhibited less electron
leakage and reactive oxygen species (ROS) production
in the skeletal muscle mitochondria, suggesting a role
for oxidative stress in animals of differing efficiency.

Pathogen challenges cause increased oxidative
stress in livestock species, most likely due to increased
mitochondrial electron leakage and ROS formation
(Deblanc et al., 2013; Sies et al., 2017). Mycoplasma
hyopneumoniae is a common respiratory pathogen,
and Lawsonia intracellularis is a common enteric
pathogen. Both are widespread across commercial
swine facilities in the United States. Understanding
how these disease challenges impact muscle is impor-
tant in livestock production.

Antioxidant proteins mitigate oxidative stress and
protect living tissues by converting ROS to more stable
compounds. Peroxiredoxin-2 (Prdx-2) has a role in
responding to oxidative stress challenges in tissues
by catalyzing the conversion of hydrogen peroxide
(H2O2) and other hydroperoxides to more stable mol-
ecules such as water (Karplus, 2015). Prdx-2 plays a
role in different metabolic pathways, including mediat-
ing insulin sensitivity (Fazakerley et al., 2018; Kim
et al., 2018). Several oxidative stress challenges in live-
stock—including heat stress (Cruzen et al., 2015), LPS
immune challenge (Outhouse et al., 2015), physiologi-
cal stress (Marco-Ramell et al., 2016), and health chal-
lenge (Genini et al., 2012)—affect abundance and
profile of Prdx-2.

Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) is unique because of its intermediate suscep-
tibility to oxidation by H2O2 (Baty et al., 2005). As a
result, GAPDH and its oxidation state may play a role
in both metabolic and redox regulation (Hildebrandt
et al., 2015; Peralta et al., 2015). There is also evidence
that GAPDH oxidation may play a role in immune
response (Kornberg et al., 2018).

To our knowledge, no study has compared the vari-
ous Prdx-2 oxidation states and oligomeric structures in
the skeletal muscle of livestock that differ in feed effi-
ciency or under a health challenge. Defining the role of
Prdx-2 in muscle metabolism and growth—especially
as it relates to growth efficiency—will uncover new

pathways to intervene and improve pig response to
stress.

This study’s objective was to determine the impact
of dual infection withM. hyopneumoniae and L. intra-
cellularis (MhLI) on Prdx-2 protein profile and oxida-
tion of sarcoplasmic proteins in the skeletal muscle of
pigs from lines that were divergently selected for RFI.
The hypotheses were that (1) differences exist in the
Prdx-2 profile based on RFI line and infection status
and (2) more protein oxidation occurs in longissimus
muscle from less efficient HRFI and health-challenged
pigs.

Materials and Methods

Animals, treatment, and experimental design

The pigs used in this study were a subset of a larger
project (Helm et al., 2018a, 2018b). All animals in this
study were handled following approval of the Iowa
State University Institutional Animal Care and Use
Committee (#6-16-8298-S). Six littermate pair barrows
from the LRFI line and 6 littermate pair barrows from
the HRFI line from the 11th generation of the Iowa
State University RFI Project were randomly selected
from a larger set of pigs (24 selected from 100). At
50 ± 7 kg body weight, littermate pairs were split and
randomly assigned to individual pens in 2 separate
rooms in the same barn (health challenged and control),
resulting in 6 HRFI and 6 LRFI pigs in each room. The
rooms had identical feeders, flooring, heating and cool-
ing systems, water supply, and pen size. All pigs were
provided ad libitum access to a commercial corn-soy-
bean diet and to water (Helm et al., 2018a). On 0 d post
infection (dpi), barrows in the health-challenged room
were inoculated with M. hyopneumoniae and L. intra-
cellularis, whereas those in the control room were ino-
culated with a sham. For the respiratory inoculation,
M.hyopneumoniaewasdosed in a 10mL inoculum (strain
232, containing 105 color-changing units/mL) through
an intratracheal gavage. For the enteric challenge, pigs
were intragastrically gavaged with 40 mL of L. intracel-
lularis inoculum (2 mL gut homogenate, containing
2× 107 L. intracellularis organisms). Inoculums were
prepared at the Iowa State University Veterinary
Diagnostic Laboratory (Ames, Iowa). This resulted in
a 2× 2 factorial design with 4 experimental groups,
including LRFI control, LRFI infected, HRFI control,
and HRFI infected (N= 24 total, n= 6 pigs per group)
(Helm et al., 2018b). Criteria for confirmation of
challenge included daily observation, sera antibody at
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dpi 21, and lesion scoring at dpi 21. All MhLI pigs were
confirmed positive for both pathogens (Helm et al.
2018b). Less robust signs of infection—including daily
observations and lung and small intestine lesion scoring
at necropsy—indicated that the challenge resulted in
subclinical disease (Helm et al., 2018b). On 21 dpi (pro-
jected peak infection), pigs were euthanized using a cap-
tive bolt stunning device followed by exsanguination.
A section of the longissimus lumborum from between
the 10th and 12th rib was immediately removed,
trimmed to remove adipose and connective tissue, and
homogenized in liquid nitrogen. Samples were held
at −80°C until protein extraction.

Sarcoplasmic protein extraction and sample
preparation

Sarcoplasmic proteins were extracted according to
Cruzen et al. (2015). Powdered longissimus muscle
(1.5 g) was homogenized in 5 mL of ice-cold (4°C)
extraction buffer composed of 50 mM Tris-HCl, 1
mM EDTA (pH 8.5). Samples were homogenized with
a Polytron PT 3100 (Lucerne, Switzerland) for approx-
imately 20 s. The homogenate was centrifuged at
40,000 × g for 20 min at 4°C (Sorvall Super T21,
Newtown, CT). The supernatant was filtered with
cheesecloth to clarify the sarcoplasmic fraction. The
protein content of sarcoplasmic fraction was deter-
mined (Lowry et al., 1951) using premixed reagents
(BioRad, Hercules, CA). Four mg/mL reduced and
nonreduced (±β-mercaptoethanol) protein samples
for sodium dodecyl sulfate one-dimensional polyacry-
lamide gel electrophoresis (SDS-PAGE) and western
blot analysis were produced by adding 0.5 volumes
(relative to the volume of the protein sample) of
Wang’s tracking dye (3 mM EDTA, 3% [w:v] SDS,
30% [v:v] glycerol, 0.001% pyronin-Y [w:v], 30
mM Tris-HCl [pH 8.0]) and 0.1 volumes of β-mercap-
toethanol in the case of reduced samples or 0.1 volumes
of extraction buffer in the case of nonreduced samples.
Samples were heated for 15 min in a dry bath (approx-
imately 50°C) and then stored at −80°C until analysis.

One-dimensional SDS-PAGE

Reduced and nonreduced sarcoplasmic protein
samples were resolved using one-dimensional SDS-
PAGE. Western blotting revealed the relative quan-
tities of multiple forms of Prdx-2. Precision Plus
Dual Color Protein Standard (BioRad Laboratories,
Hercules, CA) was run on each gel to determine the
apparent molecular weight of proteins for all one-
dimensional gels. Gel running conditions and antibody

dilutions for western blotting are provided in Table 1.
Total Prdx-2 was quantified using 15% polyacrylamide
separating gels (10 cm × 10 cm; acrylamide: N, N’-bis-
methylene acrylamide ratio of 100:1 [w:w], 0.1% [w:v]
SDS, 0.05% [v:v] tetramethylenediamine [TEMED],
0.05% [w:v] ammonium persulfate [AMPER], and
0.5MTris-HCl [pH 8.8]) with a 5% stacking gel (acryl-
amide: N,N 0-bis-methylene acrylamide= 100:1 [w:w],
0.1% [w:v] SDS, 0.125% TEMED, 0.075% [w:v]
AMPER, and 0.125 M Tris-HCl [pH 6.8]) with 10 run-
ning lanes. Gels were loaded with 60 μg of reduced
(þβ-mercaptoethanol) protein sample per lane and
run at ambient temperature at a constant voltage of
60 V for 360 V-h.

Prdx-2 posttranslational modifications and hyper-
oxidized peroxiredoxin content were compared using
12% polyacrylamide separating gels and 5% stacking
gel. Nonreduced (−β-mercaptoethanol) protein (60 μg)
was loaded per lane and run at 4°C at a constant voltage
of 30 V for approximately 540 V-h.

Prdx-2 decamer content was determined using 5%
continuous gels (acrylamide: N, N’-bis-methylene
acrylamide ratio of 100:1 [w: w], 0.1% [w:v] SDS,
0.05% [v:v] TEMED, 0.05% [w:v] AMPER, and
0.5 M Tris-HCl [pH 8.8]) with 10 lanes. Eighty micro-
grams of nonreduced (−β-mercaptoethanol) sarcoplas-
mic protein preparation was loaded per lane, and
gels were run at 4°C at a constant voltage of 20 V
for approximately 750 V-h. SE 260 Hoefer Mighty
Small II electrophoresis units (Hoefer, Inc.,
Holliston, MA) were used. The gel running buffer con-
tained 25mMTris, 192mMglycine, 2 mMEDTA, and
0.1% [w:v] SDS.

Gel transfer

Gels for western blot analysis were transferred to
polyvinylidene difluoride membranes with 0.2 μmpore
size (ISEQ00010, Immobilon-PSQ, Millipore Sigma,
Darmstadt, Germany). The membranes were soaked
in methanol before the transfer process for approxi-
mately 30 s and then equilibrated with transfer buffer
(25 mM Tris, 192 mM glycine, 2 mM EDTA, and
15% [v:v] methanol). Proteins were transferred onto
membranes using TE-22 Mighty Small units (Hoefer,
Inc., Holliston, MA), running for a constant voltage
of 90 V for 1.5 h, in transfer buffer maintained at 4°C.

Western blotting

Polyvinylidene difluoride membranes were
blocked (1 h at room temperature) in a solution of
PBS-Tween (80 mM Na2HPO4, 20 mM NaH 2PO4,
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100 mM NaCl, 0.1% [v:v] polyoxyethylene sorbitan
monolaurate [Tween-20]) containing 5% non-fat dry
milk. Primary antibodies diluted in PBS-Tween were
added to the blot membranes and incubated for approx-
imately 20 h at 4°C.

A separate protocol using 2 primary antibodies
allowed simultaneous detection and comparison of
hyperoxidized peroxiredoxin to total nonreduced per-
oxiredoxin. In this way, hyperoxidized peroxiredoxin
quantity was compared directly to the total Prdx-2 seen
per lane/sample to develop a hyperoxidized band ratio
relative to the total Prdx-2. Test western blots were run
to ensure that the 2 antibodies did not interact with each
other (Figure 1).

Following primary incubation, blots were washed
for three 10-minute periods in PBS-Tween and incu-
bated with secondary antibodies at ambient tempera-
ture for 1 h. Antibody details are listed in Table 1.

After completion of secondary incubation, all blots
were washed for three 10-minute periods in PBS-
Tween. Proteins were detected with a commercial
chemiluminescence kit (ECL Prime, GE Healthcare,
Piscataway, NJ) with a 5-min incubation time.
Images were produced and analyzed using a
ChemiImager 5500 (Alpha Innotech, San Leandro,
CA) and Alpha Ease FC software (version 3.03,
Alpha Innotech). Individual protein bands were quan-
tified for each sample using densitometry, and compar-
isons were made between single samples by taking the
ratio of the measured protein band to a reference used
in all blots. The reference sample was porcine sarco-
plasmic protein from at-death muscle. Additional
within-sample comparisons were made for Prdx-2 on
nonreducing gels. Two distinct bands were seen when
Prdx-2 was resolved on nonreducing gels.

The difference in migration could be due to post-
translational modification, most likely glutathionyla-
tion (Salzano et al., 2014). A ratio of the second,
faster-migrating band relative to the total Prdx-2 seen
in each lane was calculated.

GAPDH nonreducing gel western blot analyses
were performed. One-dimensional electrophoresis
and western blotting were conducted as previously dis-
cussed. Nonreduced protein (60 μg) was loaded onto
15% acrylamide gels. Each sample was performed in
duplicate.

Carbonyl content assay

Carbonyl content of sarcoplasmic proteins was
determined according to Reznick and Packer (1994).
All samples were run in triplicate. Samples from the sar-
coplasmic protein fraction were diluted to 6 mg/mL con-
centration using 1mMEDTA, 50mMNaHPO4 [pH 7.4]
at 4°C. One milliliter of 6 mg/mL sample was incubated
with 4 mL of 10 mM 2,4-Dinitrophenylhydrazine
(DNPH) in 2.5 M HCl. A second sample (1 mL of 6
mg/mL) was added to 4 mL of 2.5 M HCl served as a
control. All samples were vortexed and incubated in
the dark at 22°C for 30 min, vortexed again, and incu-
bated at the same temperature for an additional 30
min. After incubation, the reaction was stopped with
the addition of 5 mL of 20% (w:v) trichloroacetic acid,
and the sample was placed in an ice bath for 10 min
before being centrifuged at 3,100× g for 10 min at 4°
C (Sorvall Super T21, Newtown, CT). Following cen-
trifugation, the supernatant was discarded, and the pellet
was washed in 10% (w:v) trichloroacetic acid before
being vortexed and centrifuged at 3,100× g at 4°C.
The supernatant was again discarded, and the pellet
was washed in a mixture of 1:1 ethyl acetate and ethanol

Hyperoxidized Peroxiredoxin Band

Peroxiredoxinn-2 

(a) (b) (c)

LC HI  LI LC HI LI LCC  HI   LI

Figure 1. Two primary antibodies were used for the hyperoxidized peroxiredoxin analysis (peroxiredoxin-2 and hyperoxidized peroxiredoxin) on
westerns from nonreducing gels. Hyperoxidized peroxiredoxin could be compared with an in-gel reference and the total peroxiredoxin-2 within a sample
lane. In this way, hyperoxidized peroxiredoxin relative to peroxiredoxin-2 could be determined.Western blotting was performed to ensure no issue occurred
as a result of using 2 primary antibodies. (A) was incubated a 1:10,000 dilution of peroxiredoxin-2 primary antibody (ab109367, Abcam, Cambridge, UK).
(B) was incubated with a 1:2,000 dilution of hyperoxidized peroxiredoxin primary antibody (peroxiredoxin-SO3, ab16830, Abcam, Cambridge, UK) and a
1:10,000 dilution of peroxiredoxin-2 primary antibody (ab109367, Abcam, Cambridge, UK). (C) was incubated with only a 1:2,000 dilution of hyperoxi-
dized peroxiredoxin primary antibody (peroxiredoxin-SO3, ab16830, Abcam, Cambridge, UK). Primary incubationswere carried out for approximately 20 h
at 4°C. Following primary incubation, the same western blot protocols were carried out for blot washing, secondary incubation, and imaging. Samples are
labeled based on their feed efficiency and infection status: Low RFI Control (LC), Low RFI Inoculated (LI), High RFI Control (HC), and High RFI
Inoculated (HI). Samples are the same in each of the presented images. RFI, residual feed intake.

Meat and Muscle Biology 2021, 5(1): 23, 1–15 Patterson et al. Peroxiredoxin-2 and protein oxidation in muscle

American Meat Science Association. 4 www.meatandmusclebiology.com

www.meatandmusclebiology.com


(v:v), vortexed, and centrifuged for 10 min (3,100× g at
4°C). This step was repeated once. The supernatant was
discarded, and the pellet was placed 2 mL of 6 M gua-
nidine hydrochloride (H2NC(NH)NH2) (pH 2.0).
Samples were vigorously vortexed and placed in a 37°
C water bath for 5 min. This step was repeated twice.
After the pellet was solubilized, the solution was centri-
fuged at 3,700× g for 10min at 20°C. All DNPH-treated
samples were read using an Ultrospec 3000 spectropho-
tometer (Pharmacia Biotech, Piscataway, NJ) at 365 nm.
Protein content was determined from control (no DNPH)
samples using a Bradford assay (BioRad Laboratories,
Hercules, CA). Total carbonyl content was determined
using the molecular extinction coefficient of 10 mM
DNPH (22,000/M= 22,000/106 nmol/mL).

Diagonal gel electrophoresis

Diagonal gel electrophoresis was used to examine
relative differences in disulfide protein content
between samples, according to Kim et al. (2010), with
somemodifications. In the first dimension, nonreduced
sarcoplasmic protein samples (4 mg/mL) were pre-
pared without β-mercaptoethanol, as previously

described, and 1.14 mg protein was loaded onto a 10
cm × 10 cm 12% polyacrylamide gel with a single
8.5-cm-wide lane. Gels were run at 4°C at a constant
voltage of 20 V for approximately 560 V-h.
Nonreduced (first dimension) gels were incubated for
1 h at ambient temperature in a reducing SDS buffer
(4% [w:v] SDS, 125MmTris-HCl, 20% [v:v] glycerol,
0.04% [w:v] bromophenol blue [pH 6.8]) containing
0.2% β-mercaptoethanol. A 1-cm-wide section was
excised after incubation from the gel’s center and fixed
with agarose to a second 15% polyacrylamide gel. The
gel was run at ambient temperature at a constant volt-
age of 60 V for 360 V-h for the second dimension;
0.1% β-mercaptoethanol was included in the second
dimension running buffer. Gels were stained overnight
in a Colloidal Coomassie Blue Stain. Stained gels were
rinsed multiple times in distilled deionized water to
remove any residual stain. Gels were visually appraised
to compare differences in spots appearing below the
diagonal line of proteins. These spots appearing below
the line were the result of intermolecular disulfide
bonds being broken through the reducing process
(Winger et al., 2007). Gels were run in duplicate.
Four spots were selected for identification based on

Table 1. Protein fractions, gel loading conditions, acrylamide percentages, and antibody dilutions used to
determine peroxiredoxin-2 profile, hyperoxidized peroxiredoxin, and glyceraldehyde 3-phosphate
dehydrogenase relative content in samples

Protein Measured
Muscle
Fraction

β-Mercaptoethanol
Presence/Absence

Protein
Load

Acrylamide
Percentage1 Reference

Primary Antibody
Dilution2

Secondary Antibody
Dilution2

Total
Peroxiredoxin-23

Sarcoplasmic Present 60 μg 15% 0 d LD
(sarcoplasmic)

1:20,000 1:10,000 GAR4

Nonreducing Gel
Peroxiredoxin-23

Sarcoplasmic Absent 60 μg 12% 0 d LD
(sarcoplasmic)

1:15,000 1:10,000 GAR4

Peroxiredoxin-2
Decamer3

Sarcoplasmic Absent 80 μg 5% 0 d LD
(sarcoplasmic)

1:10,000 1:5,000 GAR4

Hyperoxidized
Peroxiredoxin5

Sarcoplasmic Absent 60 μg 12% 0 d LD
(sarcoplasmic)

1:2,0001:10,0005 1:5,000 GAR4

Glyceraldehyde
3-Phosphate
Dehydrogenase6

Sarcoplasmic Absent 60 μg 15% 0 d
semitendinosus:
Red portion
(sarcoplasmic)

1:10,000 1:10,000 GAM7

1Acrylamide/bis-acrylamide ratio 100:1 for separating and stacking (5%); all analyses used 5% stacking gel, excluding the peroxiredoxin-2 decamer test,
which utilized a continuous 5% acrylamide gels.

2Primary and secondary antibody incubations were diluted in PBS-Tween solution (80 mM Na2HPO4, 20 mM NaH2PO4, 100 mM NaCl, 0.1% [v:v]
polyoxyethylene sorbitan monolaurate [Tween-20]).

3Peroxiredoxin-2 primary antibody ab109367, Abcam, Cambridge, UK.
4GAR= goat-anti rabbit-HRP antibody 31460, Thermo Scientific, Rockford, IL.
5Two primary antibodies were used for the hyperoxidized peroxiredoxin analysis (peroxiredoxin-2 and hyperoxidized peroxiredoxin) so that hyperoxidized

peroxiredoxin could be compared to an in-gel reference and the total peroxiredoxin-2within a sample lane. In this way, hyperoxidized peroxiredoxin relative to
the total peroxiredoxin-2 pool could be determined. 1:2,000, hyperoxidized peroxiredoxin (peroxiredoxin-SO3) ab16830, Abcam, Cambridge, UK. 1:10,000
peroxiredoxin-2 primary antibody ab109367, Abcam, Cambridge, UK.

6Glyceraldehyde 3-phosphate dehydrogenase primary antibody- MAB374, Millipore, Massachusetts, MA.
7GAM= goat-anti mouse-HRP antibody- A2554, Sigma Aldrich, Darmstadt, Germany.
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the diagonal gel analysis. Spots were excised and sent
to the Proteomics Facility at Iowa State University for
liquid chromatography-mass spectrometry identifica-
tion (Stewart, 1999).

Statistical analysis

A 2 × 2 factorial design was used to evaluate the
fixed effects of line (HRFI and LRFI), challenge status
(control and infected), and their interaction. The
MIXED procedure of SAS (version 9.4; SAS
Institute Inc., Cary, NC) was used to analyze these data.
Day of necropsy and gel repetition (for western blot
analysis) were included as random effects. Litter nested
within line was considered as a random effect but was
not included in the final analysis when it was not
significant. Differences were considered significant
when P≤ 0.05, and tendencies were considered when
0.05< P≤ 0.10.

Results and Discussion

Health-challenge response and growth
performance

Details on the growth performance of the pigs used
in this study are reported in Helm et al. (2018b). The
performance results are summarized here to provide
context for the current results. Briefly, in the 21 d fol-
lowing inoculation, health-challenged pigs from both
RFI lines demonstrated reduced ADG (38%, P<
0.0001), ADFI (25%, P< 0.0001), and G:F (19%,
P= 0.014) compared with nonchallenged controls
(Helm et al., 2018b). This study’s results demonstrate
the negative impact of subclinical bacterial infections
such as L. intracellularis and M. hyopneumoniae on
growth performance (Helm et al., 2018b). The interac-
tion between line and infection status was not signifi-
cant for growth performance traits (Helm et al., 2018b).
These observations were consistent with previous data,
as differences between these lines have not been iden-
tified in other studies that examined growth traits in
response to a pathogenic challenge (Dunkelberger et al.,
2015; Helm et al., 2018a). Merlot et al. (2016), for
example, did not identify differences to an inflamma-
tory health challenge between the INRA divergently
selected RFI lines.

Protein oxidation

Various biological factors play a role in differences
in efficiency between animals that differ in RFI. These

factors include feeding patterns, body composition,
heat increment, activity, digestibility, protein turnover,
tissue metabolism, and oxidative stress (Richardson
and Herd, 2004). Oxidative stress in living tissue can
be defined as an imbalance between prooxidant and
antioxidant forces in favor of prooxidants (Sies et al.,
2017). These prooxidants include ROS that are pro-
duced through a wide array of reactions within the cel-
lular environment. ROS are thought to play a role in
differences in efficiency between animals of differing
RFI (Bottje et al., 2002; Grubbs et al., 2013a).

Grubbs et al. (2013a) studied ROS production from
mitochondria from the skeletal muscle of the Iowa State
University HRFI and LRFI lines. They found that more
efficient LRFI pigs tended to have less ROS production
in the isolated mitochondria of both red and white sem-
itendinosus skeletal muscle tissue. They also reported
positive correlations between RFI and ROS production
from mitochondria of longissimus skeletal muscle.
Using pigs from the same selection lines, Helm et al.
(2018b) demonstrated no RFI line effects for ROS pro-
duction by mitochondria in the longissimus muscle, but
did show a tendency for greater ROS production in
longissimus mitochondria in response to MhLI. Bottje
et al. (2006) found that the skeletal muscle mitochondria
of broilers with poor feed efficiency had greater ROS
production and electron leakage and were prone to
increased protein oxidation measured through protein
carbonylation. Health challengesmay increase oxidative
stress. This is possibly due to increased production
and leakage of ROS from the mitochondria as a result
of increased energy demand to combat challenges
(Deblanc et al., 2013; Sies et al., 2017).

Oxidation of sarcoplasmic proteins from longissi-
mus muscle samples was analyzed using DNPH-based
carbonyl quantification and diagonal gel electrophore-
sis. Protein carbonyl quantification is a method of
measuring irreversible protein oxidation of amino acids
(Reznick and Packer, 1994). These damaged amino
acids are energetically expensive because they must
be removed and replaced if protein function is to be
maintained. A unique tool that can be used to evaluate
protein oxidation and provide information regarding
oxidation-induced protein interaction is diagonal gel
electrophoresis. Diagonal gel electrophoresis assesses
reversible protein oxidation by providing information
about potential disulfide bonds between proteins
(Winger et al., 2007).

Neither infection status nor RFI line significantly
affected protein carbonylation in the sarcoplasmic pro-
tein extract of longissimus skeletal muscle (Table 2).
The lack of a significant difference may be because this
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health challenge may have induced only a low level of
oxidative stress initiated by this health challenge, pos-
sibly due to its subclinical nature. It could also be par-
tially explained by the fact that neither of the pathogens
used in this project directly target skeletal muscle.
Interestingly, a trend was seen for an interaction
between RFI line and infection status (P = 0.064), with
carbonyl content being greater in LRFI MhLI pigs than
LRFI control pigs and lower in HRFI MhLI pigs com-
pared with HRFI controls (Table 3). This suggests
subtle differences in how animals of differing feed effi-
ciency respond to oxidative stress.

When sarcoplasmic proteins were evaluated using
diagonal electrophoresis, there were 4 protein spots
appearing below the diagonal line of proteins that were
selected for identification using liquid chromatogra-
phy-mass spectrometry. Appearance of these proteins
below the diagonal line of proteins indicates that those
proteins were likely crosslinked via intermolecular
disulfide bonds. Individual peptides identified in each
spot are listed in Table 4. Two of the spots were iden-
tified as creatine kinase, and 2 were identified as
GAPDH (Figure 2). GAPDH was chosen to analyze
further using western blotting. Relative GAPDH
content was analyzed using western blotting on one-
dimensional SDS-PAGE gels under reducing and non-
reducing gel conditions (Figure 3).

Infection status and RFI line both appeared to in-
fluence GAPDHoxidation. This is particularly interest-
ing as GAPDH is an essential catalyst in the glycolysis
pathway. GAPDH has recently become a protein of
interest with respect to metabolic and redox regulation
(Hildebrandt et al., 2015; Peralta et al., 2015; Araki
et al., 2016). GAPDH is particularly sensitive to oxida-
tion by H2O2 and has been identified as one of its most
prominent protein targets (Baty et al., 2005; Hancock
et al., 2005). Its cysteine groups react more quickly with
H2O2 than free cysteines, glutathione, and most other
redox-regulated proteins. However, its reaction rate is still
slower than that seen in H2O2-targeting antioxidant pro-
teins such as Prdx-2 (Winterbourn and Hampton, 2008).

When the sarcoplasmic proteins were reduced, no
treatment or line differences were detected in GAPDH
content using western blotting. However, under nonre-
ducing conditions (Figure 3A), a significant increase in
a more slowlymigrating band (Band 1) of GAPDHwas
seen in MhLI animals compared with control animals
(P = 0.017) across RFI line. Moreover, there was sug-
gestive evidence of an interaction between line and
health status (P= 0.083) for this more slowly migrating
band (Table 2); a significant difference existed between
the control and MhLI pigs in the HRFI line, with MhLI
pigs having a greater amount of the more slowly migrat-
ing band (P = 0.0025), but not in the LRFI line (Table 3).

Table 2. Least-squares means for main effects of residual feed intake (RFI) line (low RFI [LRFI], high RFI
[HRFI]), infection status, and of the interaction of RFI line and infection status on peroxiredoxin-2 (Prdx-2)
features, glyceraldehyde 3-phosphate dehydrogenase (GAPDH), and carbonyl content for the sarcoplasmic
protein fraction of the longissimus skeletal muscle

Treatment P Value

Trait LRFI HRFI Control MhLI1 SEM RFI Line Infection Status
RFI Line×

Infection Status

N 12 12 12 12

Total Prdx-22 0.58 0.67 0.60 0.65 0.049 0.035 0.269 0.893

Prdx-2 Decamer2 0.59 0.97 0.73 0.82 0.072 0.0007 0.418 0.983

Prdx-2 Nonreducing Gel 1st Band2 0.93 1.02 1.01 0.94 0.034 0.055 0.131 0.063

Prdx-2 Nonreducing Gel 2nd Band2 0.89 1.07 0.97 0.99 0.036 0.0006 0.620 0.277

Prdx-2 Nonreducing Gel Within
Sample Comparison3

0.49 0.50 0.48 0.51 0.009 0.757 0.014 0.020

Hyperoxidized Peroxiredoxin2 0.78 0.76 0.79 0.74 0.062 0.779 0.561 0.088

Hyperoxidized Prdx Comparison4 0.48 0.42 0.44 0.45 0.022 0.028 0.679 0.056

Carbonyl Content, nM/mg Protein 8.39 8.65 8.48 8.58 0.959 0.801 0.923 0.064

GAPDH Nonreducing Gel2 0.69 0.66 0.49 0.85 0.120 0.817 0.017 0.083

Significant statistical differences (P≤ 0.05) are bolded. Statistical trends (0.10> P> 0.05) are italicized.
1MhLI=Mycoplasma hyopneumoniae and Lawsonia intracellularis.
2Relative protein content was determined using western blotting by comparing the densitometry of sample protein bands to a reference sample of 0 d aged

sarcoplasmic extract protein sample. Thus, the observed data are a ratio of sample to reference.
3Comparisons were made through a ratio of the second, faster-migrating protein band and all immunoreactive protein in sample lane.
4Comparisons were made between hyperoxidized peroxiredoxin and all immunoreactive protein in sample lane.
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The nonreducing gels showed an increased abun-
dance of the slower-migrating band of GAPDH in
muscle from MhLI pigs. This was likely the result of

an oxidative modification to the protein. The reactive
cysteines in GAPDH are susceptible to multiple
oxidation modifications, including sulfenic, sulfinic,

Table 3. Least-squares means for RFI line × infection interactions of RFI line (LRFI, HRFI), infection status
(control, MhLI), and interactions of RFI line and infection status on Prdx-2 features, GAPDH, and carbonyl
content for the sarcoplasmic protein fraction of the longissimus skeletal muscle for RFI line × infection status

Treatment P Value

Trait LRFI Control HRFI Control LRFI MhLI HRFI MhLI SEM RFI Line Infection Status
RFI Line ×

Infection Status

n 6 6 6 6

Prdx-2 Nonreducing Gel
1st Band1

0.91a 1.10b 0.94a 0.94a 0.047 0.055 0.131 0.063

Prdx-2 Nonreducing Gel
Within Sample
Comparison2

0.49a 0.48a 0.50ab 0.52b 0.011 0.757 0.014 0.020

Hyperoxidized
Peroxiredoxin1

0.89a 0.71a 0.68a 0.81a 0.087 0.779 0.561 0.088

Hyperoxidized Prdx
Comparison3

0.50a 0.39b 0.46ab 045ab 0.029 0.028 0.679 0.056

Carbonyl Content, nM/mg Protein 7.34a 9.61a 9.44a 7.71a 1.16 0.801 0.923 0.064

GAPDH Nonreducing Gel1 0.64ab 0.35a 0.74ab 0.96b 0.159 0.817 0.017 0.083

Significant statistical differences (P≤ 0.05) are bolded. Statistical trends (0.10> P> 0.05) are italicized.
1Relative protein content was determined using western blotting by comparing the densitometry of sample protein bands to a reference sample of 0-d-aged

sarcoplasmic extract protein sample. Thus, the observed data are a ratio of sample to reference.
2Comparisons were made through a ratio of the second, faster-migrating protein band and all immunoreactive protein in sample lane.
3Comparisons were made between hyperoxidized peroxiredoxin and all immunoreactive protein in sample lane.
a–cMeans with differing subscripts in the same row indicate a significant difference (P≤ 0.05).

GAPDH= glyceraldehyde 3-phosphate dehydrogenase; HRFI=High RFI; LRFI= Low RFI; MhLI=Mycoplasma hyopneumoniae and Lawsonia
intracellularis; Prdx-2= peroxiredoxin-2; RFI= residual feed intake; SEM= standard error of the mean.

Table 4. Protein spots identified from diagonal gel electrophoresis with individual peptides and Mowse Scores

Spot Number Protein ID Species Accession Number Coverage1 Peptides Mowse Score2

Spot 3 Creatine kinase Sus scrofa Q5XLD3 52.23% FCVGLQK
GGDDLDPNYVLSSR
LNFKAEEEYPDLSK
ALTLEIYKK
FEEILTR
SFLVWVNEEDHLR
LSVEALNSLTGEFK
DLFDPIIQDR
LGSSEVEQVQLVVDGVK
GTGGVDTAAVGSVFDVSNADR
RGTGGVDTAAVGSVFDVSNADR
ALTLEIYK
GYTLPPHCSR
GIWHNDNK
TDLNHENLK
LMVEMEK
HKTDLNHENLK
GQSIDDMIPAQK
AEEEYPDLSK
GQSIDDMIPAQK
PFGNTHNK
IEEIFKK
HGGYKPTDK

6928
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sulfonic acid formation, S-glutathionylation, S-nitrosy-
lation, and S-sulfhydration (Hildebrandt et al., 2015).
The MhLI challenge may have caused enough of an
increase in ROS production to oxidize the more
H2O2-oxidation–susceptible GAPDH but not so much
as to create a major change in overall protein carbon-
ylation, which has implications in terms of antioxidant
response and protein oxidation.

Oxidation of GAPDH cysteine active sites leads to
a decrease in the glycolysis pathway and increased acti-
vation of the pentose phosphate pathway. This leads to
increased reduction of the antioxidant glutathione
through the action of glutathione reductase (Kuehne
et al., 2015). This increased reductive capacity of glu-
tathione may result in an overall reductive effect within
the surrounding tissues, thus helping to mitigate ROS-
induced damage (Figure 4).

Peroxiredoxin-2 profile

We hypothesized that differences would exist in
the Prdx-2 profile based on RFI line and infection sta-
tus. Peroxiredoxins are antioxidant proteins that con-
vert H2O2 and other hydroperoxides to more stable
compounds such as water. Peroxiredoxins are a
unique family of proteins that also play a substantial
role in cellular redox signaling. The peroxiredoxins
have a greater content in tissues than other major anti-
oxidants such as glutathione peroxidase and catalase
(Ghaemmaghami et al., 2003) and have similar reac-
tivity rates (Peskin et al., 2007).

Prdx-2 is a typical 2-cys peroxiredoxin present in
all mammalian tissues (Leyens et al., 2003). It can exist
in multiple oxidation states and differing oligomeric
structures based on oxidative stress level and function.
Prdx-2’s role in response to oxidative stress challenge

Table 4. (Continued )

Spot Number Protein ID Species Accession Number Coverage1 Peptides Mowse Score2

Spot 4 Creatine kinase Sus scrofa Q5XLD3 33.59% GTGGVDTAAVGSVFDVSNADR
RGTGGVDTAAVGSVFDVSNADR
LGSSEVEQVQLVVDGVK
DLFDPIIQDR
LSVEALNSLTGEFK
SFLVWVNEEDHLR
GGDDLDPNYVISSR
TDLNHENLK
GQSIDDMIPAQK
AEEEYPDLSK
FCVGLQK

4332

Spot 1 Glyceraldehyde-
3-phosphate
dehydrogenase

Sus scrofa P00355 48.05% TVDGPSAKLWR
IVSNASCTTNCLAPIAK
LTGMAFR
LEKPAKYDDIK
VGVNGFGR
VGVNGFGR
VVDLMVHMASKE
VVDLMVHMASK

5678

Spot 2 Glyceraldehyde-
3-phosphate
dehydrogenase

Sus scrofa P00355 48.65% TVDGPSGK
IVSNASCTTNCLAPLAK
GAAQNIIPASTGAAKAVGK
AITIFQER
LISWYDNEFGYSNR
RVIISAPSADAPMFVMGVNHEK
AITIFQERDPANIK
VIISAPSADAPMFVMGVNHEK
VPTPNVSVVDLTCR
LTGMAFR
AENGKLVINGK
QASEGPLK
VIPELNGK
GAAQNIIPASTGAAK
VGVNGFGR
VVDLMVHMASKE
VVDLMVHMASK
VGVNGFGR

9302

1Percentage of the MASCOT protein sequence covered by identified matching peptides from trypsin digest.
2MOWSE=molecular weight search, score used to calculate the similarity in molecular weight of the peptides from trypsin digest and the proteins from the

MASCOT database.
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is well documented in human medicine in a wide vari-
ety of instances.

The Prdx-2 profile differs in response to a variety
of oxidative stressors in pigs, including environmental
heat stress (Cruzen et al., 2015), LPS-induced immune
challenge (Outhouse et al., 2015), physiological stress
(Marco-Ramell et al., 2016), and health challenge
(Genini et al., 2012). Responses to these stresses
include an increase in total Prdx-2, hyperoxidized

Prdx-2, and potentially an increase in larger stacked
decamers of hyperoxidized Prdx-2. Differences in
the Prdx-2 profile in response to a wide variety of stress
challenges suggest an essential role of Prdx-2 in main-
taining redox balance in livestock species. In the cur-
rent study, RFI line and challenge status impacted
the Prdx-2 profile, as revealed by western blot analysis
of the sarcoplasmic protein fraction (Table 2 and
Figure 5). Peroxiredoxins can be upregulated in
response to an oxidative challenge tomitigate oxidative
damage (Chang et al., 2007). The greater total Prdx-2 in
the skeletal muscle of less efficient HRFI compared
with LRFI pigs may be a response to the greater mito-
chondrial ROS leakage previously seen in HRFI ani-
mals (Grubbs et al., 2013a).

Grubbs et al. (2013b) observed that the antioxidant
protein catalase was more abundant in mitochondria
isolated from the muscle of HRFI compared with
LRFI pigs. Chronic ROS exposure may lead to greater
Prdx-2 production to prevent tissue damage and may
indicate long-term oxidative stress. Greater ROS pro-
duction and abundance of Prdx-2 indicate more oxida-
tive stress in the muscle of HRFI pigs. That stress may
help to explain the poorer efficiency in HRFI animals
as there may be an increased diversion of nutrients that
could be used for growth toward antioxidant protein
production in addition to oxidized tissue repair.

Prdx-2 is an obligate dimer. However, the antioxi-
dant protein can form a more complex decamer struc-
ture that is composed of 5 dimer subunits that interact
through their β-strands (Karplus, 2015). This process is
dependent upon the Prdx-2 oxidation state. Prdx-2
exists in 3 reactive cysteine oxidation states: reduced,
oxidized, and hyperoxidized. In the reduced form

(a)

Non-reducing Gel 

Glyceraldehyde              
3-Phosphate Dehydrogenase 

(b)

Reducing Gel  

Glyceraldehyde
3-Phosphate Dehydrogenase 

 HC HI LC  LI REF HC HI

 HC HI  LC LI REF HC HI

Band 1

Band 2 

Figure 3. Representative western blot of glyceraldehyde 3-phosphate dehydrogenase run on a (A) nonreducing gel and a (B) reducing gel from sar-
coplasmic protein extracts of longissimusmuscle collected immediately the following necropsy. Glyceraldehyde 3-phosphate dehydrogenase in samples was
compared with a sarcoplasmic protein extract from an unaged longissimus sample (REF). Samples are labeled based on their feed efficiency and infection
status: Low RFI Control (LC), Low RFI Inoculated (LI), High RFI Control (HC), and High RFI Inoculated (HI). RFI, residual feed intake.

1               2 

3               4 

Figure 2. Representative diagonal gel electrophoresis image. A
greater amount of protein spots were seen below the diagonal in the low-
RFI samples than high-RFI counterparts. The 4 marked protein spots were
selected for identification using liquid chromatography mass spectrometry
(LC-MS). Spots 1 and 2 were both identified as glyceraldehyde 3-phosphate
dehydrogenase. Spots 3 and 4 were identified as creatine kinase.
Glyceraldehyde 3-phosphate dehydrogenase was selected for further analy-
sis using western blot analysis. RFI, residual feed intake.
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(S-H), Prdx-2 is readily able to bind H2O2 to exert its
peroxidation reaction. Through this reaction, Prdx-2
will convert H2O2 into a more stable water molecule
(H2O), resulting in a sulfenic acid (S-OH) at the reac-
tive cysteine site of Prdx-2. A reduced cysteine on the
adjacent Prdx-2 in the same dimer will then form a
disulfide bond with the sulfenic acid, releasing a single
water molecule and creating an oxidized Prdx-2
(Karplus, 2015). Under normal circumstances, a thiol
protein in the cell will break the oxidized Prdx-2 disul-
fide bond enabling it to return to its reactive reduced
state. However, under conditions of greater oxidative
stress and higher H2O2 concentrations, the sulfenic acid

in Prdx-2 may interact with another H2O2 molecule
before disulfide formation resulting in the release of
a water molecule and the formation of hyperoxidized
Prdx-2 with a sulfinic acid group (SO2H). The hyper-
oxidized Prdx-2 is trapped in this nonreactive form
until it is returned to the reduced form by an ATP-
dependent reaction catalyzed by a sulfiredoxin enzyme
(Karplus, 2015).

Oxidation state heavily influences Prdx-2 decamer
formation. A greater abundance of reduced Prdx-2
leads to increased decamer formation (Wood et al.,
2003). Greater abundance of hyperoxidized Prdx-2 is
also known to contribute to decamer formation. In
some instances, hyperoxidized decamers will again
come together to form larger stacked structures, which
may play a role in cell signaling (Schröder et al., 2000;
Dietz et al., 2006). Oxidized (disulfide bond) Prdx-2
exists preferentially in the dimer form. This is thought
to be caused by Prdx-2 active site conformational
changes surrounding the reactive cysteine through
the Prdx-2 catalytic cycle. The partially unfolded con-
formation triggered by oxidation and disulfide
formation is thought to weaken the interaction of the
β-strands needed for decamer formation, leading to
its disassembly. Prdx-2 will switch from decamer to
dimer conformation as it progresses through its cata-
lytic cycle (Flohe and Harris, 2007). With this in mind,
greater Prdx-2 decamer formation can suggest a greater
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Figure 4. Visual depiction of the shift from glycolysis toward the pentose phosphate pathway mediated through the oxidation of glyceraldehyde
3-phosphate dehydrogenase (GAPDH) during periods of increased oxidative stress and hydrogen peroxide (H2O2) production. This shift toward the pentose
phosphate pathway increases NADPH production, leading to an increase in glutathione reduction through the action of glutathione reductase. This increase in
reduced glutathione concentrationmay, in turn, lead to increased reductive capacity, preventing increased protein oxidation. Figure adapted fromKuehne et al.
(2015).

Peroxiredoxin-2   
(Approximately 22 kDa) 

HC  HI  LC       LI  REF HC HI   

Figure 5. Representative western blot of total peroxiredoxin-2
resolved on a reducing gel. Samples were sarcoplasmic protein extracts from
the longissimusmuscle collected immediately following necropsy. All sam-
ples were compared with a sarcoplasmic protein extract from an unaged
longissimus sample (REF). Samples are labeled based on their feed effi-
ciency and infection status: Low RFI Control (LC), Low RFI Inoculated
(LI), High RFI Control (HC), and High RFI Inoculated (HI).
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amount of either active reduced Prdx-2 or inactive

hyperoxidized Prdx-2.
There was less of the Prdx-2 decamer in the skel-

etal muscle of LRFI pigs (P= 0.0007) compared with
their HRFI counterparts, although the hyperoxidized
peroxiredoxin content was similar between the 2 lines
(Figure 6). There was no significant effect on Prdx-2
decamer amount of infection status or of the RFI line ×
infection status interaction. This suggests that a greater
amount of Prdx-2 is being kept in the reduced form in
the muscle of HRFI pigs regardless of challenge.

Western blot analysis using nonreducing gels
revealed Prdx-2 posttranslational modifications
(Figure 7). Two protein bands of Prdx-2 were seen
using this method. These bands were measured inde-
pendently by comparison to a reference sample and
also by determining a ratio of the second, faster-migrat-
ing band to the total Prdx-2 per sample lane. Neither
line nor treatment had a significant effect on the abun-
dance of slower-migrating Prdx-2 band resolved on the
nonreducing gel western blot. However, a trend was
seen for this band to be increased in the muscle of
HRFI pigs (P = 0.055). There was also a trend for an
interaction between line and health status (P =
0.063), with the difference between the control and
MhLI pigs being greater in HRFI than in the LRFI pigs;
in the HRFI pigs, MhLI pigs had a significantly greater

amount of the first, slower-migrating band (P = 0.018)
relative to a reference sample than their controls. HRFI
pigs also had a greater quantity of the second, faster-
migrating band compared with their LRFI counterparts
(P< 0.01). The second band was also analyzed as a
ratio to the total immunoreactive protein per lane.
This was performed to enable comparisons of the 2
bands irrespective of total Prdx-2 quantity. Infected
pigs had a greater proportion of the second, faster-
migrating band compared with control pigs (P =
0.014). There was also a significant interaction
between RFI line and infection status (P = 0.020), with
the HRFI pigs showing a greater difference in band
ratio between control and MhLI pigs than the LRFI
pigs. Some common posttranslational modifications
that have been documented to have an impact on
Prdx-2 activity include phosphorylation (Przedborski,
2007), S-nitrosylation (Fang et al., 2007), and gluta-
thionylation (Salzano et al., 2014). These modifica-
tions could lead to differences in migration patterns,
similar to what was seen in the current study. These
results demonstrate that potential differences in post-
translational modifications of Prdx-2 exist between
RFI lines and infection status. Pigs divergently selected
for RFI appear to differ in Prdx-2 stress response owing
to posttranslational modifications on the protein.

Hyperoxidized peroxiredoxin can indicate
increased ROS concentration and oxidative stress
(Poynton and Hampton, 2014). Hyperoxidized perox-
iredoxin content in longissimus muscle samples was
measured as an individual band. It was also measured
relative to the detectable Prdx-2 in each sample
(Figure 8), such that it could be measured as a propor-
tion to the total Prdx-2. As an independent band, no sig-
nificant differences for either line or health status were
seen in hyperoxidized peroxiredoxin. However, a trend
for an interaction between line and health status existed
(P = 0.088), with hyperoxidized peroxiredoxin abun-
dance greater in LRFI control pigs compared with

Peroxiredoxin-2 Decamer  
(Approximately 220 kDa) 

LC       LI       HC       HI       REF      LC       LI

Figure 6. Representative western blot of the peroxiredoxin-2 deca-
mer resolved on a nonreducing gel. Samples were sarcoplasmic protein
extracts from the longissimus muscle collected immediately following nec-
ropsy. All samples were compared with a sarcoplasmic protein fraction from
an unaged longissimus sample (REF). Samples are labeled based on their
feed efficiency and infection status: Low RFI Control (LC), Low RFI
Inoculated (LI), High RFI Control (HC), and High RFI Inoculated (HI).

First, Slower Migrating Band 

Second, Faster Migrating Band 

 LC         LI         HC        HI        REF      LC

Figure 7. Representative western blot of the peroxiredoxin-2 resolved on a nonreducing gel. Samples were sarcoplasmic protein extracts from the
longissimus muscle collected immediately following necropsy. The first and second bands were compared with the corresponding band in a sarcoplasmic
protein extract from an unaged longissimus sample (REF). A comparison was also made between the bands within each sample by calculating the second band
ratio to the total immunoreactive protein per lane. Samples are labeled based on their feed efficiency and infection status: Low RFI Control (LC), Low RFI
Inoculated (LI), High RFI Control (HC), and High RFI Inoculated (HI).
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LRFI MhLI pigs and lower in HRFI control pigs com-
pared with HRFI MhLI pigs (Table 3). The same trend
for an interaction effect (P = 0.056) was also seen when
hyperoxidized peroxiredoxin was compared to the total
Prdx-2 per lane on nonreducing gels. Compared with
Prdx-2, hyperoxidized peroxiredoxin was greater in
LRFI compared with HRFI pigs (P = 0.028).

Although hyperoxidized peroxiredoxin content did
not independently differ between RFI lines, skeletal
muscle of the HRFI animals had a lower amount of
hyperoxidized peroxiredoxin relative to total nonre-
duced Prdx-2, most likely because of a greater overall
content of Prdx-2. The trending interaction that infec-
tion reduced hyperoxidized peroxiredoxin content in
LRFI animals and increased hyperoxidized peroxire-
doxin content in HRFI pigs further suggests a differ-
ence in oxidative stress response based on genetic
selection for feed efficiency.

Although the RFI lines differed in Prdx-2 profile in
longissimus skeletal muscle, infection status did not
consistently affect Prdx-2 status. There are many
explanations for this unanticipated lack of difference.
Neither of the bacterial infections used in this study
directly targets skeletal muscle tissue. L. intracellularis
is small intestinal specific pathogen, whereasM. hyop-
neumoniae targets the respiratory tract and lungs. Thus,
health-challenge–induced ROS production was limited
in skeletal muscle (Helm et al., 2018a, 2018b). Greater
ROS production and a corresponding alteration in the
Prdx-2 profile may be more likely in tissues that are
directly impacted by this health challenge, such as
the small intestines and lungs for this experiment.
Moreover, the subclinical nature of this challenge
may have resulted in limited ROS production.
Greater differences in the Prdx-2 profile are expected
to exist in animals experiencing a health challenge.

It has become more clear that oxidative stress can
affect metabolism through oxidation of proteins.
Antioxidant proteins and their functions, therefore,
play a dynamic role in muscle metabolism in response
to stress. These results demonstrate that, in skeletal
muscle, Prdx-2, GAPDH, and other antioxidant pro-
teins may respond differently to oxidative stress chal-
lenge based on metabolic feed efficiency. This work
illustrates the need to better understand the roles of
antioxidant proteins such as Prdx-2 and GAPDH
in livestock species so we may better understand
how to manage them toward improving production
efficiency.
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sample (REF). A comparison was also made between hyperoxidized perox-
iredoxin and peroxiredoxin-2 within each sample by creating a ratio of the
hyperoxidized peroxiredoxin band to the total immunoreactive protein per
lane. Samples are labeled based on their feed efficiency and infection status:
Low RFI Control (LC), Low RFI Inoculated (LI), High RFI Control (HC),
and High RFI Inoculated (HI).
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