Glutathione content and expression of proteins involved with glutathione
metabolism differs in longissimus dorsi, subcutaneous adipose, and liver tissues of
finished vs. growing beef steers!
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ABSTRACT: Increased tissue redox state may
result in sub-optimal growth. Our goal was to
determine if glutathione (GSH) content and
expression of proteins involved with GSH metab-
olism change in longissimus dorsi (LD), subcuta-
neous adipose (SA), and liver tissues of growing
vs. finishing steer phenotypes. Tissues were taken
from 16 Angus steers (BW = 209 + 29.4 kg)
randomly assigned (n = 8) to develop through
Growing (final BW = 301 £ 7.06 kg) vs. Finished
(final BW = 576 * 36.9 kg) growth phases, and
at slaughter had achieved different rib-eye area
(REA) (53.2, 76.8 cm?), marbling scores (296,
668), and 12th rib adipose thickness (0.54,
1.73 cm), respectively (Amino Acids, doi:10.1007/
s00726-018-2540-8). GSH content (mg/g wet tis-
sue) was determined by a commercial assay and
the relative content of target protein and mRNA
in tissue homogenates was determined by Western
blot and reverse-transcribed PCR analyses,
respectively. The effect of growth phase (Finished
vs. Growing) was assessed by ANOVA using the
GLM procedure of SAS. The LD of Finished
steers had more (P < 0.04) GSH (42%) and GSH
synthesizing (GCLC, 61%; GCLM, 21%) and
metabolizing (GPX1, 42%; GPX3, 73%; GGT],
56%) enzymes, and less (P < 0.02) GPX2 (46%),
EAACI (30%) and glutamine synthetase (GS)

(28%), whereas GTRAP3-18 and ARL6IP1 did
not differ (P > 0.57). Principal component ana-
lysis found that GSH content of LD was asso-
ciated with REA and marbling score. The SA of
Finished steers had less (P < 0.04) GSH (38%),
GSH metabolizing (GPX4, 52%; GGT1, 71%)
enzyme mRNA, and GTRAP3-18 (123%) and
ARLG6IP1 (43%), whereas the mRNA content
of GSH-synthesizing enzymes and content of
EAACI and GS did not differ (P > 0.32). The
liver of Finished steers had less (P < 0.02) mRNA
content of GSH synthesizing (GCLC, 39%; GSS
29%) and metabolizing (GPX1, 30%) enzymes,
and more (P <0.01) GSTM1 metabolizing enzyme
(114%). The change in GSH content as steers fat-
tened indicate an increased antioxidant capacity
in the LD of Finished steers, and a decreased anti-
oxidant capacity in SA, consistent with changes
in enzyme and transporter expression. Changes
in liver enzyme and transporter expression were
consistent with no change in GSH content. The
relationship of EAACI1 regulatory proteins
(GTRAP3-18, ARL6IP1) to GSH, EAACI, and
GS content differs and changes as Growing steers
develop into Finished phenotypes. These findings
provide mechanistic insight into how antioxidant
capacity occurs in tissues of economic and meta-
bolic importance as cattle fatten.
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INTRODUCTION

The tissues of fattened vs. lean animals likely
experience more oxidative stress, which may
result in sub-optimal growth (Noeman et al.,
2011; Moisa et al., 2013; Jankovic et al., 2014).
Glutathione (y-L-glutamyl-L-cysteinylglycine,
GSH) functions as a major antioxidant to pro-
tect organisms against oxidative damage (Schmidt
and Dringen, 2012). In obese vs. normal mice and
humans, the GSH content of skeletal muscle and
adipose tissues is decreased (Anderson et al., 2009;
Jankovic et al., 2014). Changes in tissue GSH con-
centrations reflect altered oxidative stress levels
and result from net changes in GSH production
and use (e.g., glutathione peroxidases [GPX] 1 to
4 events (Lu, 2013)). GSH synthesis depends on
expression of rate-limiting y-glutamate-cysteine
ligase and the availability of Glu and Cys (Sato
et al., 1999; Flaring et al., 2003), which are sub-
strates of two (EAACI and GLT-1) system X
activity transporters.

Knowledge of how shifts in biochemical capac-
ities occur to support putative changes in antioxi-
dant capacity accompanying altered compositional
gain in economically important tissues of cat-
tle as they fatten may identify target proteins for
manipulation. In neurons, the interaction between
GTRAP3-18 and ARLG6IPI1 affects EAACI activ-
ity and cellular GSH levels (Watabe et al., 2008;
Aoyama and Nakaki 2012). In the liver of fin-
ished vs. growing beef steers, system X, activity,
EAACI content, and glutamine synthetase (GS)
activity and content are decreased; GTRAP3-18
and ARLGIP1 contents are increased; whereas
GSH and GLT-1 contents do not differ (Huang
et al., 2018). The goals of this study were to (1) test
the hypothesis that the content of GSH in longis-
simus dorsi (LD) and subcutaneous adipose (SA)
tissues would be less in these finished vs. growing
steers and (2) gain insight into the mechanisms by
which tissue GSH content was achieved by eluci-
dating related mechanisms.

MATERIALS AND METHODS

All procedures involving animals were approved
by the University of Kentucky Institutional Animal
Care and Use Committee.
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Animal Model, Slaughter, Tissue Collection, and
Carcass Evaluation

The animal management regimen and model
for steers that yielded the tissues for the present
experiment have been reported (Huang et al., 2018).
Briefly, 16 weaned, predominately Angus, steers of
similar shrunk (denied feed and water for 14 h) BW
(209 £ 29.4 kg) were randomly assigned (n = 8) to
either Growing (target BW = 295 kg) or Finished
(target BW = 568 kg) treatment groups. Steers were
individually fed (Calan gates in a dry-lot barn)
enough of a diet that contained (% as-fed) cracked
corn (60), cottonseed hulls (20), soybean meal (7),
soybean hulls (5), dried distiller’s grain (2), alfalfa
meal (2), glycerin (2), limestone (1.5), and urea (0.5)
to support 1.51 kg gain/d (NRC, 1996) through-
out the trial. Steers had ad libitum access to fresh
water and a vitamin—-mineral mix (UK IRM Beef
Cattle Vitamin-mineral Mix, Burkmann Mill, Inc.,
Danville, KY). As previously described in detail
(Huang et al., 2018), Growing steers required
57 £ 7 d to reach their final BW (301 £ 7.06 kg)
and 261 £ 12 d were required for Finished steers to
reach their final BW (576 + 36.9 kg). As planned,
the ADG did not differ (1.51 vs. 1.46 kg/d) in
Growing vs. Finished steers.

The methods used for the slaughter, tissue col-
lection, and carcass evaluation of Growing and
Finished steers have been reported (Huang et al.,
2018). Briefly, one steer per day was slaughtered,
from alternating treatment groups. Steers were
stunned by captive bolt pistol and then exsan-
guinated to allow recovery of carcasses for con-
sumption. After the HCW was recorded, liver, LD
(between 12th and 13th rib) muscle and its adjacent
SA tissue were collected as described (Brown et al.,
2009). For determination of GSH content (Huang
et al., 2018), fresh tissues were homogenized in 5%
ice-cold metaphosphoric acid solution followed by
centrifugation at 3,000 X g, 4°C for 10 min. The
supernatant was collected and stored at —80°C over-
night for next day assay (see below). For all other
analyses, tissue samples were placed in foil packs,
snap-frozen in liquid nitrogen, and stored at —80°C
until assayed for RNA and protein expression.

Twenty-four hours postmortem, carcass evalu-
ations were conducted on the right side of the car-
cass according to USDA standards (USDA, 1997).
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As described previously in detail (Huang et al.,
2018), Finished steers had greater BW (91%),
HCW (107%), ribeye area (44%), 12th rib adi-
pose (220%), marbling score (126%), yield grade
(71%), and whole-liver wet weight (44%), while
the percentage of KPH adipose tissue tended to be
greater. In contrast, whole-liver wet weight/100 kg
of final BW was 25% less in Finished vs. Growing
steers.

Western Blot Analysis

In general, Western blot analysis of relative
amount of targeted proteins was conducted as
described by this research group (Howell et al.,
2001; Miles et al., 2015). For liver homogenates,
1 g of tissue was homogenized on ice for 30 s (set-
ting 11, POLYTRON, Model PT10/35; Kinematic,
Inc., Neuchatel) in 7.5 mL of 4°C sample extrac-
tion buffer solution (0.25 mAM sucrose, 10 mM
HEPES-KOH pH 7.5, 1 mM EDTA, and 50 uL of
protease inhibitor (Sigma, St. Louis, MO). Protein
was quantified by a modified Lowry assay, using
bovine serum albumin as a standard (Kilberg,
1989). Proteins were separated by 12% SDS-PAGE,
followed by electrotransfer to a 0.45-um nitrocel-
lulose membrane (Bio-Rad, Hercules, CA). Blots
were stained with Fast-Green (Fisher, Pittsburgh,
PA) and the relative amount of stained protein per
lane/sample determined by densitometric analyses
and recorded as arbitrary units (Howell et al., 2001;
Miles et al., 2015).

The relative protein content of EAACI1, GLT-1,
GTRAP3-18, ARL6IP1, and GS in tissue homoge-
nates was evaluated by immunoblot analyses as
described (Brown et al., 2009; Miles et al., 2015,
Huang et al., 2018). Briefly, blots were hybridized
with 1 pg of IgG antihuman EAACI polyclonal
anti-body (Santa Cruz Biotechnology, Inc., Santa
Cruz, CA), 1 pg of IgG anti-rabbit GLT-1 poly-
clonal antibody (Abcam Inc., Cambridge, MA),
4 ng of IgG antthuman GTRAP3-18 (Abcam Inc.,
Cambridge, MA), and 5 pg of IgG antihuman
ARLG6IPI (Abgent Inc., San Diego, CA), respec-
tively, per milliliter of blocking solution (1% nonfat
dry milk [wt/vol] in 30 mM Tris-Cl, 200 mM NaCl,
0.1% Tween 20 [vol/vol], pH 7.5) for 1.5 h at room
temperature with gentle rocking. For GS detection,
blots were hybridized with 1.25 pg of IgG anti-
sheep polyclonal antibody (BD Biosciences, San
Jose, CA) per milliliter of blocking solution (5%
nonfat dry milk [wt/vol], 10 mM Tris-Cl [pH 7.5],
100 mM NacCl, 0.1% Tween 20 [vol/vol]) for 1 h at
37°C with gentle rocking.

Huang et al.

All protein—primary antibody binding reac-
tions were visualized with a chemiluminescence kit
(Pierce, Rockford, IL) after hybridization of primary
antibodies with horseradish peroxidase—conjugated
donkey antirabbit IgG (Amersham, Arlington
Heights, IL; GLT-1, EAAC1 and ARLG6IPI,
1:5,000); horseradish peroxidase-conjugated goat
antimouse IgG (BD Biosciences, San Jose, CA; glu-
tamine synthetase, 1:5,000); and horseradish perox-
idase—conjugated donkey antigoat IgG (Santa Cruz
Biotechnology; GTRAP3-18, 1:5,000).

Densitometric analysis of immunoreactive
products was performed as described previously
(Howell et al., 2003; Fan et al., 2004; Xue et al.,
2011). Briefly, after exposure to autoradiographic
film (Amersham, Arlington Heights, IL), a digi-
tal image of the radiographic bands was recorded
and quantified as described (Swanson et al., 2000).
Apparent migration weights (M) were calculated
by regression of the distance migrated against the
M, of a 16- to 185-kDa standard (Gibco BRL,
Grand Island, NY) using the Versadoc imaging
system (Bio-Rad) and Quantity One software (Bio-
Rad). Band intensities of all observed immunore-
active species (one for GTRAP3-18, ARL6IP1, and
GS; two for EAACI, whereas GLT-1 immunoreac-
tive species were not detected) within a sample were
quantified by densitometry (as described above
for Fast-Green stained proteins) and reported as
arbitrary units. Densitometric data were corrected
for unequal (<14%) loading, transfer, or both,
and amount of detected protein normalized to
relative amounts of Fast-Green-stained proteins
common to all immunoblot lanes/samples (Miles
et al., 2015). Digital images were prepared using
PowerPoint software (Microsoft, PowerPoint 2003,
Bellvue, MA).

GSH Content in LD and SA Tissues

As described before for liver tissue (Huang
et al., 2018), upon collection, LD and subcutane-
ous fat tissues (0.30 to 0.35 g) were rinsed in 0.9%
(wt/vol) NaCl solution and homogenized in 2.5 mL
5% (wt/vol) ice-cold metaphosphoric acid solution.
The homogenates were then centrifuged at 3,000 X
g, 4°C for 10 min. After centrifugation, 100 to
200 uL of supernatant was collected and stored at
—80°C overnight for use the next day.

The content of reduced GSH in tissues
was determined using the GSH-400 kit (Oxis
International Inc., Beverly Hills, CA), following
the manufacturer’s instructions. For LD, a stand-
ard curve of 0, 20, 40, 60, and 80 umol/L GSH was
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used. For SA, a standard curve of 0, 4, 8, 12, 16,
and 20 pmol/L GSH was used. The final absorb-
ance at 400 nm was measured using a Genesys 20
spectrometer (Thermo Electron Corp., Waltham,
MA). Samples were assayed in triplicate and values
are reported as mg GSH/g wet tissue.

RNA Extraction and Analysis

Total RNA was extracted from frozen LD, SA,
and liver tissues using TRIzol Reagent (Invitrogen
Corporation, Carlsbad, CA) following the man-
ufacturer’s instructions. The purity and con-
centration of total RNA samples was analyzed
by a NanoDrop ND-1000 Spectrophotometer
(NanoDrop Technologies, Wilmington, DE),
which revealed that all samples were of high purity
with 260:280 nm absorbance ratios of 2.0 to 2.1 and
260:230 nm absorbance ratios ranging from 1.5 to
1.9. The integrity of total RNA was examined by gel
electrophoresis using an Agilent 2100 Bioanalyzer
System (Agilent Technologies, Santa Clara, CA)
at the University of Kentucky Microarray Core
Facility (Lexington, KY). Visualization of gel
images and electropherograms showed that all
RNA samples were of high quality with 28S:18S
rRNA ratios greater than 1.8 and RNA integrity
numbers greater than 8.5.

Real-Time Reverse-Transcribed (RT) PCR
Analysis

Real-time RT-PCR was performed to deter-
mine the relative expression of mRNA using an
Eppendorf Mastercycler ep realplex2 system
(Eppendorf, Hamburg, Germany) with i1Q SYBR
Green Supermix (Bio-Rad). Briefly, cDNA was
synthesized using the SuperScript III 1st Strand
Synthesis System (Invitrogen), with 0.5 pg of RNA
used for each reverse transcription reaction. Real-
time RT-PCR was performed with a total volume
of 25 pL per reaction, with each reaction con-
taining 5 pL of ¢cDNA, 1 puL of a 10-uM stock
of each primer (forward and reverse), 12.5 pL of
2x SYBR Green PCR Master Mix, and 5.5 pL of
nuclease-free water. The resulting real-time PCR
products were purified using a PureLink Quick
Gel Extraction Kit (Invitrogen) and sequenced
at Eurofins Scientific (Eurofins, Louisville, KY).
Sequences were compared with the corresponding
RefSeq mRNA sequences that were used as tem-
plates for primer set design. The sequences of the
primers (Supplementary Table 1) and the result-
ing sequence-validated real-time PCR reaction
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amplicons (Supplementary Fig. 1) are presented in
the Supplementary data file. The relative mRNA
content was normalized to the geometric means of
three constitutively expressed genes whose CT val-
ues were not affected (P > 0.43) by growth phase.
Beta-actin (ACTB), glyceraldehyde 3-phosphate
dehydrogenase (GAPDH), and ubiquitin C (UBC)
were used as the calibrating genes in LD; ACTB,
GAPDH, and peptidylprolyl isomerase A (PPIA)
were used as the calibrating genes in SA tissue; and
TATA-box-binding protein (TBP), GAPDH, and
tyrosine 3-monooxygenase (YWHAZ) were used
as calibrating genes in liver tissue. RT-PCR reac-
tions were run in triplicate and gene expression
was analyzed by the 2AACT method (Livak and
Schmittgen, 2001).

Statistical Analysis

Individual steers were the observational units.
Data were analyzed as a completely randomized
design by ANOVA using the GLM procedures
of SAS (SAS Inst. Inc., Cary, NC). All data were
analyzed in a one-way ANOVA model to test for
Finished vs. Growing treatment effects. Treatment
differences were considered significant at the
o = 0.05 level. Eight observations were made for
each tissue and all parameters, except that only four
observations per treatment were made for RT-PCR
analysis of SA tissue gene expressions (Table 4)
due to freezer failure. Principal component ana-
lysis (PCA) was performed using JMP Pro software
(version 14; SAS Inst. Inc.). As appropriate, ADG,
carcass traits, relative mRNA abundance, and rela-
tive protein abundance in liver, LD, and SA tissues
were used as input variables for PCA.

RESULTS

Longissimus Dorsi

The GSH content (mg/g wet tissue) in LD tissue
was greater (42%, P <0.01) in Finished vs. Growing
steers (Table 1). Densitometry analysis of Western
blot (Fig. 1) data of LD homogenates (Table 1)
showed less EAACI1 (30%, P = 0.02) and GS (28%,
P = 0.02) content in Finished vs. Growing steers,
whereas GTRAP3-18 (P = 0.80) and ARL6IP1
(P = 0.57) did not differ. The presence of GLT-1
was not detected in LD (data not shown).

The relative abundance of mRNA for GSH-
synthesizing proteins in LD was greater for GCLC
(61%, P = 0.004) and GCLM (29%, P = 0.001) in
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Table 1. Comparison of GSH, EAACI1, GTRAP3-18, ARL6IP1, and GS content in LD tissues of Growing

vs. Finished Angus steers

Growing Finished SEM? P-value

Metabolites

GSH! 0.24 0.34 0.02 <0.01
Protein?

EAACI 10,689 7,443 972 0.02

GTRAP3-18 2,969 3,102 363 0.80

ARLG6IPI 6,755 5,821 1,285 0.57

GS 8,298 5,935 700 0.02

"Values are mg/g wet tissue.

*Values (arbitrary densitometric units) are means (n = 8) and pooled SEM of relative GSH, EAAC1, GTRAP3-18, ARL6IP1, and GS content
in LD homogenates (Fig. 1) of growing (BW = 301 kg) and finished (BW = 576 kg) Angus steers. Values were determined by densitometric quan-
tification of immunoreactive species identified by Western blot analyses (Fig. 1).

*Most conservative error of the mean.
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Figure 1. Western blot analysis of EAACI, GTRAP3-18,
ARLI6PI, and GS in LD homogenates (15 pg per lane) of Growing
(G) and Finished (F) steers. Data are representative of eight Growing
and eight Finished steers (as described in Table 1). The apparent migra-
tion weights (kDa) for proteins were 70 for the lower, and 89 for the
higher, predominant immunoreactants for EAACI1; 42 for GTRAP3-
18; 21 for ARL6IP1; and 43 for GS; respectively.

Finished vs. Growing steers, but did not differ for
GSS (P = 0.146) and GSR (P = 0.837) (Table 2).
For GSH-metabolizing proteins, GPX1 (61%,
P = 0.004), GPX3 (29%, P = 0.001) and GGT1
(56%, P =0.045) mRNA abundance was greater in
Finished vs. Growing steers, whereas GPX2 (46%,
P < 0.001) expression was less and GPX4 expres-
sion tended to be less (P = 0.090).

Subcutaneous Adipose

The content of GSH in SA tissue (Table 3) was
decreased (38%, P = 0.04) in Finished vs. Growing
steers. Concomitantly, densitometric analysis of
Western blot data (Fig. 2) of SA tissue homogen-
ates (Table 3) found increased GTRAP3-18 (123%,
P =0.03) and ARL6IP1 (43%, P =0.01) content in
Finished vs. Growing steers, whereas EAACI (P =
0.11) and GS content (P = 0.37) did not differ. The
presence of GLT-1 was not detected in SA (data
not shown).

For GSH-synthesizing proteins, the relative
abundance of GCLC, GCLM, GSS, and GSR
mRNA did not differ (P > 0.261) in the SA tissue

of Finished vs. Growing steers (Table 4). For GSH-
metabolizing proteins, the relative content was
less for GPX4 (52%, P = 0.013) and GGT1 (71%,
P = 0.001) mRNA, whereas GPX1 (P = 0.319)
and GPX3 mRNA abundance did not differ (P =
0.101), in Finished vs. Growing steers.

Liver

The GSH content in liver tissue did not differ
(P = 0.96) between Finished and Growing steers
(Table 5; Huanget al., 2018). For GSH-synthesizing
proteins in liver (Table 5), real-time RT-PCR ana-
lysis found less GCLC (39%, P = 0.024) and GSS
(29%, P = 0.009) mRNA content in Finished vs.
Growing steers, whereas GCLM (P = 0.683) and
GSR mRNA (P = 0.354) did not differ.

For GSH-metabolizing proteins in liver, real-
time RT-PCR assays showed less GPX1 (30%,
P = 0.001) but more GSTMI1 (113%, P = 0.001)
mRNA, whereas GGT1 mRNA tended to be greater
(P = 0.077) and mGST3 mRNA did not differ
(P =0.254) in Finished vs. Growing steers. For GSH
exporter proteins in liver tissue, mRNA abundance
was less for ABCCI1 (39%, P = 0.001), SLCO2BI
(61%, P = 0.025), and SLCO1B3 (32%, P = 0.001)
in Finished vs. Growing steers.

Principal Component Analysis

PCA of the potential correlation between car-
cass traits and other analytes (Fig. 3) indicated that
PC 1 and PC 2 explained 49.3% of the variation.
All steers sorted into their respective development
stage in PC 1 (36.3% of total variation). In contrast,
two steers from each development stage segregated
within the positive quadrants of PC 2, whereas six
steers from each development stage segregated into
the negative quadrants of PC 2.
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Table 2. Real-time RT-PCR analysis of the relative content of GSH-synthesizing and metabolizing protein
mRNA by LD from Growing vs. Finished Angus steers!

Protein? Growing Finished SEM? P-value*
GSH-synthesizing protein
GCLC 0.94 1.51 0.12 <0.01
GCLM 0.96 1.24 0.05 <0.01
GSS 1.01 0.90 0.06 0.15
GSR 1.05 1.09 0.18 0.84
GSH-metabolizing protein
GPXI1 1.04 1.48 0.12 0.02
GPX2 1.01 0.55 0.06 <0.01
GPX3 1.05 1.81 0.12 <0.01
GPX4 1.02 0.83 0.08 0.09
GGTI 1.06 1.65 0.24 0.04

'Values are mRNA content in LD of Growing (n =8, BW = 301 kg) and Finished (n = 8, BW = 576 kg) steers normalized to the geometric mean
of three constitutively expressed reference genes: [3-actin (ACTB), glyceraldehyde 3-phosphate dehydrogenase (GAPDH), and ubiquitin C (UBC).

*Gene symbols: GCLC (y-glutamate-cysteine ligase catalytic subunit); GCLM (y-glutamate-cysteine ligase modifier subunit); GSS (glutathione
synthetase); GSR (GSSG reductase); GPX1 (glutathione peroxidase 1); GPX2 (glutathione peroxidase 2); GPX3 (glutathione peroxidase 3); GPX4

(glutathione peroxidase 4); GGT1 (y-glutamyltranspeptidase 1).
*Most conservative error of the mean.
4P-values were obtained from ANOVA F-test.

Table 3. Comparison of GSH, EAACI1, GTRAP3-18, ARL6IPI1, and GS content in SA tissue of Growing

vs. Finished Angus steers

Growing Finished SEM? P-value

Metabolite

GSH! 0.13 0.08 0.02 0.04
Protein?

EAACI 8,774 6,117 1,317 0.11

GTRAP3-18 4,069 9,084 1,667 0.03

ARLG6IP1 19,264 27,471 2,348 0.01

GS 7,004 5,826 953 0.37

"Values are mg/g wet tissue.

2Values (arbitrary densitometric units) are means (n = 8) and pooled SEM of relative GSH, EAAC1, GTRAP3-18, ARL6IP1, and GS content
in SA tissue homogenates (Fig. 2) of Growing (BW = 301 kg) and Finished (BW = 576 kg) Angus steers. Values were determined by densitometric
quantification of immunoreactive species identified by Western blot analyses (Fig. 2).

*Most conservative error of the mean.

Principal component analysis of only GSH tis-
sue content and carcass traits (REA, YG, SA [12th
rib], marbling score; Fig. 4) indicated that PC 1 and
PC 2 explained 73.9% of the variation and that the
LD GSH content, REA, marbling score, SA, YG,
and HCW were strongly (r > 0.80) correlated with
PC 1 and not (r < 0.13) correlated with PC 2. In
contrast, liver GSH content was not (» = 0.06) cor-
related with PC 1, and moderately (r = 0.75) cor-
related with PC 2, whereas SA GSH content was
moderately and negatively correlated with PC 1
(r = -0.63) and PC 2 (r = —0.64).

Principal component analysis of the potential
correlation between only LD-specific carcass traits
(REA, marbling score), GSH, and mRNA contents
(Fig. 5) indicated that PC 1 and PC 2 explained
57.6% of the variation and revealed a moderate to

strong (0.52 < r £ 0.93) correlation between PC 1
and REA, marbling score, the relative content of
mRNA for genes responsible for regulation of GSH
synthesis (y-glutamate-cysteine ligase modifying
subunit, GCLM) and X, activity (GTRAP3-
18, ARL6IPI), and use of GSH (GPX1, GPX3).
In contrast, these variables were not (r < 0.20) or
weakly (0.22 < r <0.40) correlated with PC 2.

The content of GSH and the catalytic unit of
v-glutamate-cysteine ligase (GCLC) mRNA in LD
were strongly (r = 0.80) correlated with PC 1 and
not (r = —0.18) correlated with PC 2. In contrast,
the mRNA content of GSH synthetase was weakly
and negatively correlated with PC 1 (r = —0.39)
and PC 2 (r = —0.36), whereas GSH reductase was
not (r = 0.15) correlated with PC 1 and strongly
(r = 0.89) correlated with PC 2. In terms of GSH
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users, mRNA content of GPX2 was strongly
(r = —0.80) correlated with PC 1 and weakly
(r = 0.39) correlated with PC 2, whereas GPX4 was
weakly (r = —0.44) correlated with PC 1, moder-
ately (r = 0.71) correlated with PC 2.

DISCUSSION

GSH Metabolism

Our understanding of how cells maintain the
capacity to respond to shifts in antioxidant chal-
lenges associated with shifting metabolic demands
of healthy animals is incomplete and remains a fun-
damental question of growth biology. However, it
is known that there is a difference between chronic
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Figure 2. Western blot analysis of EAAC1, GTRAP3-18, ARLI6P1,
and GS in SA tissue homogenates (15 pg per lane) of Growing (G)
and Finished (F) steers. Data are representative of eight Growing and
eight Finished steers (as described in Table 2). The apparent migration
weights (kDa) for proteins were 70 for the lower, and 89 for the higher,
predominant immunoreactants for EAACI; 42 for GTRAP3-18; 21 for
ARLG6IP1; and 43 for GS; respectively.

Huang et al.

(typically deleterious) and low-amplitude transient
(involved in metabolic pathway signaling) oxidative
stress challenges (Galinier et al., 2006) and that oxi-
dative stress promotes changes in metabolic balance
and efficiency of nutrient use (Elsasser et al., 2008).
Moreover, a fundamental hypotheses associated
with animal fattening is that an increased redox
state (generation of more reactive oxygen species
than can be reduced by enzymatic and non-enzy-
matic antioxidant systems) may result in sub-op-
timal growth (Vincent et al., 2007; Noeman et al.,
2011; Moisa et al., 2013; Furukawa et al., 2017).

GSH is the most abundant cellular thiol present
in mammalian tissues and serves as a major antioxi-
dant in animal tissues (Aoyama et al., 2008; Forman
et al., 2009; Schmidt and Dringen, 2012). The cap-
acity for thiol-based redox systems is determined
by the interplay between enzyme system-based
producers of H,O, (e.g., NADH and NADPH oxi-
dases; mitochondrial complexes I, I, and III; and
superoxide dismutases) and GSH-mediated users
of H,0O, (GSH peroxidase 1 to 8, thioredoxin 1 to 3)
(Sies et al., 2017).

The content of GSH in a given tissue is the net
balance resulting from GSH synthesis minus GSH
use. GSH synthesis involves two consecutive enzym-
atic reactions: formation of <y-glutamylcysteine
from Glu and Cys by y-glutamylcysteine ligase (the
rate-limiting reaction) and formation of GSH from
v-glutamylcysteine and glycine by GSH synthase.
v-Glutamylcysteine ligase is composed of a catalytic
subunit (GCLC) and a modifier subunit (GCLM)
(Yang et al., 2002; Franklin et al., 2009). The

Table 4. Real-time RT-PCR analysis of the relative content of GSH-synthesizing and metabolizing protein
mRNA by SA tissues from Growing vs. Finished Angus steers'

Protein? Growing Finished SEM? P-value*
GSH-synthesizing protein
GCLC 1.10 0.90 0.27 0.60
GCLM 1.01 1.01 0.12 0.99
GSS 1.04 0.72 0.16 0.26
GSR 1.02 1.21 0.14 0.32
GSH-metabolizing protein
GPX1 1.00 1.17 0.16 0.32
GPX3 1.04 1.92 0.42 0.10
GPX4 1.02 0.49 0.11 0.01
GGTI 1.02 0.30 0.11 <0.01

'Values are mRNA content in SA tissues of Growing (n =4, BW = 301 kg) and Finished (n = 4, BW = 576 kg) steers normalized to the geometric
mean of three constitutively expressed genes: $-actin (ACTB), glyceraldehyde 3-phosphate dehydrogenase (GAPDH), and peptidylprolyl isomerase
A (PPIA).

*Gene symbols: GCLC (y-glutamate-cysteine ligase catalytic subunit); GCLM (y-glutamate-cysteine ligase modifier subunit); GSS (glutathione
synthetase); GSR (GSSG reductase); GPX1 (glutathione peroxidase 1); GPX3 (glutathione peroxidase 3); GPX4 (glutathione peroxidase 4); GGT1
(y-glutamyltranspeptidase 1).

3Most conservative error of the mean.

4P-values were obtained from ANOVA F-test.
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Table 5. Relative content of GSH-synthesizing and metabolizing protein mRNA in liver tissue of Growing
vs. Finished Angus steers!

Protein? Growing Finished SEM? P-value*
Metabolite
GSH® 1.08 1.07 0.09 0.96
GSH-synthesizing protein
GCLC 1.07 0.65 0.14 0.02
GCLM 0.95 0.91 0.07 0.68
GSS 1.03 0.73 0.09 0.01
GSR 1.02 0.92 0.08 0.35
GSH-metabolizing protein
GPX1 1.01 0.71 0.06 <0.01
GSTM1 0.93 1.99 0.20 <0.01
mGST3 1.02 1.12 0.07 0.25
GGTI 1.04 1.27 0.10 0.08
GSH/GSSG exporter protein
ABCCI 1.02 0.62 0.07 <0.01
SLCO1B3 0.95 0.65 0.05 <0.01
SLCO2B1 1.24 0.48 0.26 0.02

"Values are mRNA content in liver tissue of Growing (n =8, BW = 301 kg) and Finished (n = 8, BW = 576 kg) steers normalized to the geomet-
ric mean of three constitutively expressed genes: TATA-box binding protein (TBP), glyceraldehyde 3-phosphate dehydrogenase (GAPDH), and
tyrosine 3-monooxygenase (YWHAZ).

2Gene symbols: GCLC (y-glutamate-cysteine ligase catalytic subunit); GCLM (y-glutamate-cysteine ligase modifier subunit); GSS (glutathione
synthetase); GSR (GSSG reductase); GPX1 (glutathione peroxidase 1); GSTM1 (glutathione-S-transferase M1 subunit); mGST3 (microsomal glu-
tathione-S-transferase 3); GGT1 (y-glutamyltranspeptidase 1); ABCC1 (ATP-binding cassette, sub-family C (CFTR/MRP), member 1); SLCO1B3
(solute carrier organic anion transporter family, member 1B3); and SLCO2BI (solute carrier organic anion transporter family, member 2B1).

3Most conservative error of the mean.

4P-values were obtained from ANOVA F-test.

SValues are mg/g wet tissue and are from Huang et al. (2018).
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Figure 3. Score plot from principal component analysis showing the SAGSH
correlation of the first two principal components (Components 1 and
2) among development stage (Growing vs. Finished) of steers and car-
cass traits, GSH content, and relative mRNA and protein abundance -1.0 ]
in liver, LD, and SA tissues. -1.0 -0.5 0.0 05 1.0

Component 1 (59.9 %)

Y'gIUtamylcyStelne hgase catalyzer subunit catalyzes Figure 4. Loading plot from principal component analysis of steer

v-glutamylcysteine synthesis, whereas GCLM mod-
ulates GCLC activity by lowering the K for Glu
and increasing the K, for the feedback inhibition of
v-glutamylcysteine by GSH (Richman and Meister,
1975; Huang et al., 1993a,b; Chen et al., 2005).

(Growing and Finished steers) parameters showing the correlation of
the first two principal components (Components 1 and 2) among tissue
GSH contents and growth performance and carcass traits. LVGSH,
liver GSH content; LVWTADJ, liver weight, g/100 kg BW); LDGSH,
LD GSH content; MARBS, marbling score; SA, 12th to 13th rib SA
thickness (cm); SAGSH, 12th rib SA GSH.
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Figure 5. Loading plot from principal component analysis of steer
(Growing and Finished steers) LD tissue showing the correlation of
the first two principal components (Components 1 and 2) among GSH
content, REA, and marbling score (MARBS) and relative mRNA con-
tent associated with enzymes affecting GSH content. LD, longissimus
dorsi; m, mRNA; ARL6, ARL6IP1; EAACI, excitatory amino acid
carrier 1; GCLC, y-glutamate-cysteine ligase catalytic subunit; GCLM,
v-glutamate-cysteine ligase modifier subunit; GGT1, y-glutamyltrans-
peptidase 1; GLT1, glutamate transporter 1; GPX, glutathione perox-
idase; GS, glutamine synthetase; GSH, glutathione; GSS, glutathione
synthetase; GSR, GSSG reductase; GTRAP, GTRAP3-18.

Several GSH-utilizing enzymes guard cells
against oxidative injury by scavenging reactive oxy-
gen species and nitrogen radicals. In the cytosol and
mitochondria, superoxide dismutase catalyzes the
dismutation of superoxide radical (O; ) into H O,,
which is subsequently reduced into water and oxy-
gen by catalase in peroxisomes (Salvi et al., 2007).
The antioxidant function of GSH is catalyzed by
GSH-using GSH peroxidases (e.g., GPX1-4), which
reduce lipid peroxides and hydrogen peroxide into
their corresponding alcohols and water. The expres-
sion patterns of GPX1 (ubiquitous, considered the
“emergency” GPX to counteract hydroperoxide-in-
duced oxidative stress), GPX2 (functions similarly
to GPX1), GPX3 (the “extracellular” GPX with
GPX1-like and lipid hydroperoxidase activity),
and GPX4 (broad specificity as the “phospholipid
hydroperoxidase” GPX) are not fully characterized
and can vary by species (Flohe, 2012). In the matrix
space of mitochondria and the cytosol, GPX1 use
of GSH is especially important in defending against
oxidative stress (Fernandez-Checa et al., 1997; Lu,
2013). The resulting disulfide-oxidized form of
GSH (GSSG) is reduced back into two molecules
of GSH by GSSG reductase, thereby completing
a redox cycle (Lu, 2013). GSH also is used by the
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glutathione-S-transferases (e.g., GSTM1) to conju-
gate GSH to xenobiotics for the purpose of detoxi-
fication (Schmidt and Dringen, 2012).

v-Glutamyltranspeptidase (GGT) is the only
enzyme known to be cable of hydrolyzing the
v-carboxyl-amine bond of GSH, thereby initiat-
ing the breakdown of extracellular GSH to supply
the rate-limiting amino acid (Cys) for intracellular
GSH synthesis (Lu, 2013). y-Glutamyltranspepti-
dase activity is highest in tubule epithelia (Dencke
and Fanburg, 1989) and lower in brain, liver, and
skeletal muscle (Leeuwenburgh et al., 1994; Brown-
Borg and Rakoczy, 2005).

Although it would have been more informa-
tive to determine the ratio of oxidized (GSSG) to
reduced GSH (GSH) as an indicator of oxidative
stress (Asensi et al., 1999), a decrease in tissue GSH
content typically is interpreted to mean that the tis-
sue is experiencing increased oxidative stress due
to an increased metabolism (Jankovic et al., 2014).
The decreased GSH content of skeletal muscle and
adipose tissues in obese mice and humans has been
documented (Anderson et al., 2009; Jankovic et al.,
2014). In cattle, however, it is not known whether
the GSH content changes in skeletal muscle and
adipose tissues as animals fatten and, if so, how
this process occurs. Therefore, the first goal was to
test the hypothesis that the GSH content would be
reduced in the 12th to 13th rib LD and SA tissues
of Finished vs. Growing beef steers due to their rel-
atively greater adipose accretion. Also unknown is
whether the capacity for liver GSH production and
secretion changes, to support changes in hepatic
and peripheral tissue metabolism. The second
goal was to gain insight into how tissue-specific
GSH content is achieved by comparing the relative
expression patterns of selective GSH-associated
transporters and metabolizing proteins in LD, SA,
and liver tissues. The growth and carcass charac-
teristics of the steers used in this study have been
reported (Huang et al., 2018) and are representative
of commercial growing and finished phenotypes.

Liver GSH Content Did Not Differ Between Steer
Phenotypes, Consistent with Decreased GSH
Synthesis and Export, and Increased Xenobiotic
Detoxification Potential

Although most cell types can synthesize GSH,
liver-synthesized GSH is the major source of GSH
for most peripheral tissues (Deneke and Fanburg,
1989; Lu, 2013). Within the liver, GSH is synthesized
in the pericentral hepatocytes, the same cells where
system X, transporters and GS are localized
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(H&aussinger and Gerok, 1983; Boon et al., 1999;
Braeuning et al., 2006). Thus, y-glutamylcysteine
ligase and GS may directly compete for Glu. After
synthesis, GSH is exported into the blood and bile
by ABCC1, SLCOI1B3, or SLCO2BI1. Plasma GSH
can also be utilized by other organs such as lung
and intestinal epithelium with high levels of GGT
activity (Deneke and Fanburg, 1989). Because the
liver is a net exporter of GSH, depletion of liver
GSH under increased oxidative stress or xenobiotic
metabolism may result in a depleted supply of GSH
for use by other tissues. Accordingly, hepatic GSH
production and secretion play a critical role in the
whole animal GSH homeostasis (Lauterburg et al.,
1984; Deneke and Fanburg, 1989).

The liver tissue GSH content was about
1.07 mg/g wet tissue and did not differ between
Finished and Growing steers (Table 5; Huang et al.,
2018). At this level, hepatic GSH content was about
3- and 2-fold more than that of LD (Table 1), and
7- and 13-fold greater than that of SA (Table 3),
tissues of Growing and Finished steers, respec-
tively. However, it should be noted that these com-
parisons do not account for differences in dry
matter and protein content among these tissues.
The capacity for system X, activity-dependent
uptake of Glu and Cys from blood by the liver was
decreased in Finished steers (Huang et al., 2018).
Concomitantly, Finished steers expressed less
GSH-synthesizing potential due to less GCLC and
GSS mRNA, whereas GCLM and GSR expression
did not differ (Table 5). Collectively, these results
suggest a decreased GSH synthesis capacity in the
liver tissue of Finished steers. In apparent accord-
ance with the reduced GSH synthesis capacity, the
decreased content of mRNA for GSH exporters
ABCCI1 (40%), SLCOI1B3 (32%), and SLCO2BI1
(61%) suggests a decreased GSH efflux capacity in
the liver of Finished vs. Growing steers.

For GSH-metabolizing proteins, the decreased
GPX1 expression in the liver of Finished steers
(Table 5) indicates a decreased demand for GSH,
and a decreased capacity to reduce hydrogen perox-
ide as steers fattened. In contrast, the 100% increase
in GSTM1 mRNA content in Finished steers sug-
gests that they had a greater demand for GSH, and
a greater capacity for detoxification of xenobiotics
(Schmidt and Dringen, 2012).

Steady-state cellular GSH content results from
the amount produced versus the amount utilized
and exported out of the cell. Although it remains
to be experimentally determined, if the shifts in
the relative abundance of mRNA and protein of
assessed transporters and enzymes corresponds
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to actual changes in metabolic capacities, then the
tissue-specific differential expression patterns of
GSH-related enzymes and transporters appear con-
sistent with the equal GSH content in the liver of
Finished and Growing steers.

The Increased Content of GSH in LD of Finished
Steers Is Consistent with an Increased Potential for
GSH Synthesis

Because of its integral physiological role and
economic importance in carcass evaluation, and its
presumed relationship with intramuscular adipose
content, the LD was studied as the model for skel-
etal muscle tissue. As reported previously, both the
REA (53 vs. 77 cm?) and marbling scores (296 vs.
668) were greater in Finished than Growing steers,
respectively (Huang et al., 2018). The GSH content
also was greater in the LD tissue of Finished steers
(Table 1), in keeping with our hypothesis and indic-
ative of a net antioxidant content, thus decreased
oxidative stress (Aoyama et al., 2006; Findeisen
et al., 2011; Aoyama and Nakaki, 2012). Moreover,
PCA clearly indicated that REA and marbling
score, as well as SA thickness, YG, and HCW, were
more correlated with LD GSH content than GSH
content of SA or liver tissues (Fig. 4).

Ostensibly, the greater LD GSH content
resulted from an increased capacity for GSH syn-
thesis, a decreased demand for GSH, or both. In
this regard, an adequate supply of plasma Glu is
necessary to support GSH and GIn metabolism
by skeletal muscle (Hack et al., 1996; Ushmorov
et al., 1999). In the mouse neuronal model, EAACI1
delivers substrates to support Gln (Glu) and GSH
(Glu, Cys) synthesis (Aoyama et al., 2006), unless
EAACI activity is inhibited by binding by endo-
plasmic reticulum—localized GTRAP3-18, thereby
delaying the trafficking of EAACI to the plasma
membrane (Lin et al., 2001; Ruggiero et al., 2008).
In turn, GTRAP3-18 function is inhibited when
bound by ARLG6IPI, resulting in increased EAACI
activity and GSH synthesis.

Although GTRAP3-18 regulation of EAACI
is established for brain tissue, knowledge about
the relationship between EAACI, GTRAP3-18,
and ARLG6IP1 expression and GSH content and
glutamine synthesis activity in peripheral tissues is
limited. In cattle, hepatic GTRAP3-18 protein con-
tent is increased in aged vs. young cows, concomi-
tant with decreased EAAC1 and GS (Miles et al.,
2015). Importantly, the liver of Finished steers had
decreased Glu transport and Gln synthesis capaci-
ties concomitant with increased GTRAP3-18 and
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ARLG6IP1 content, and no difference in GSH con-
tent (Huang et al., 2018). In contrast, the GSH
content in the LD of Finished steers was greater,
concomitant with no change in GTRAP3-18 and
ARLG6IPI content and decreased EAAC1 and GS
content (Table 1). Thus, different regulators may
control EAACI] and GS in LD vs. liver tissue.
Moreover, that GSH content was greater in the LD
of Finished steers, despite a reduced EAACI con-
tent, suggests that the increase in GSH content was
not related to EAACI1-mediated Glu and Cys sup-
ply. Although not measured, the increased blood
supply of Cys to support the increased GSH con-
tent may have resulted from an increased activity of
system x_, which exchanges one molecule of extra-
cellular cystine (2 Cys) for one molecule of intra-
cellular Glu (Griffith, 1999). Whether the observed
reduced GS content suggests that there was less of
a need for Glu to support GS-mediated Gln synthe-
sis, or is a reflection of less Glu being available as a
substrate of GS, remains to be determined.

Also consistent with the apparent reduced cap-
acity for EAAC1-mediated uptake of Gluand Cysin
the LD tissue of Finished steers, yet increased GSH
content, was the increased mRNA content of y-glu-
tamyltranspeptidase (GGT1, 65%) to supply Glu
and Cys for GSH, concomitant with an increased
potential to synthesize GSH with increased GCLC
(60%), and GCLM (28%) (Table 2). That is, the LD
of Finished steers appeared to have a greater poten-
tial to synthesize GSH from blood-borne, liver-de-
rived GSH than did Growing steers.

With regard to an altered potential to use
GSH as an antioxidant, the LD tissue of Finished
steers had more GPX1 (42%) and GPX3 (80%)
mRNA content, indicating a greater capacity than
Growing steers to metabolize hydrogen perox-
ide and fatty acid hydroperoxides (Thomas et al.,
1990; Esworthy et al., 1991). Conversely, GPX2
mRNA content was decreased (50%), suggesting
a reduced potential to metabolize organic hydrop-
eroxides (Chu et al., 1993). Collectively, the meas-
ured differences in mRNA and protein contents of
Glu and Cys acquiring and GSH-synthesizing and
metabolizing enzymes, and increased GSH con-
tent, indicate that the LD tissue of Finished steers
had an increased net antioxidant capacity, con-
sistent with the measured increased GSH content.
Moreover, PCA (Fig. 5) indicated that expression
of genes responsible for initiating GSH synthesis
(GCLC and GCLM) may be more responsible for
GSH content in LD tissue, REA, and marbling
score than other genes associated with GSH pro-
duction (GSS and GSR).
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The Decreased Content of GSH in SA Tissue Is
Consistent with a Decreased Potential to Acquire
Constituent AA and Increased GPX3 Expression

Because of its importance in carcass evaluation,
known role as a net producer of Gln (Frayn et al.,
1991), and presumed contribution to whole-body
redox potential (Galinieretal., 2006; Chattopadhyay
et al., 2015), SA was selected as the adipose tissue
to study, despite reports that visceral adipose tissue
has a greater GSH-mediated metabolism (Jankovic
et al., 2014). In addition, the 12th to 13th rib SA
tissue of steers expresses EAACI from weanling to
finished production stages (Matthews et al., 2016).
As reported previously (Huang et al., 2018), the
12th to 13th rib adipose thickness increased from
0.54 to 1.73 cm as steers developed from growing
into finished phenotypes.

As hypothesized, the GSH content of SA tis-
sue decreased 38% in Finished vs. Growing steers
(Table 3). This decreased GSH content is consist-
ent with the production of high concentrations of
reactive species resulting from increased adipogen-
esis (Aoyama et al., 2006; Findeisen et al., 2011;
Aoyama and Nakaki, 2012). Also, or alternatively,
the potential for intracellular GSH synthesis may
have been less in the SA tissue of Finished steers.
For example, the increased content of GTRAP3-
18 may have resulted in decreased EAACI activity,
resulting in a decreased capacity to take up sys-
tem X, -mediated Glu and Cys from blood. This
finding is consistent with previous studies show-
ing that increased GTRAP3-18 inhibits cellular
GSH content through inhibition of EAACI activ-
ity in human embryonic kidney 293 cells (Watabe
et al., 2007) and that suppression of GTRAP3-18
increases neuronal GSH content in GTRAP3-
187 mice (Aoyama and Nakaki, 2012). Assuming
that the increased GTRAP3-18 content resulted
in decreased EAACI transport activity, as it did
in the livers of these Finished steers (Huang et al.,
2018), this finding suggests that EAACI1 activity
was decreased in SA of Finished steers. Moreover,
that GGT1 mRNA content also was decreased 70%
(Table 4), suggests a decreased capacity to recycle
extracellular GSH to support intracellular GSH
synthesis in Finished vs. Growing steers.

Based on these findings, the SA tissue of
Finished steers may have had a reduced capacity
for supplying GSH constituents from the blood.
However, this apparent reduced capacity was not
accompanied by a compensating change in reduced
expression of metabolizing enzymes, except for a
50% reduction in GPX4 (Table 4). The decreased
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GPX4 mRNA suggests a decreased ability to cata-
lyze the reduction of phospholipid-, cholesterol-,
and linoleic acid-hydroperoxides (Maiorino et al.,
1990) when steers develop from growing to finish-
ing stage, consistent with a decreased GSH con-
tent. This result is somewhat surprising given the
reported relatively high pentose-phosphate path-
way activity of bovine (Miller et al., 1991) and
other species adipocytes (Galinier, et al., 2006),
thus an enhanced capacity to support NADPH-
dependent reduction of oxidized GSH to reduced
GSH by GSSG reductase (for which expression
did not change). Regardless of the mechanism,
that the GSH content was lower in the SA tissue of
Finished steers is consistent with an increased anti-
oxidant stress (Jankovic et al., 2014), resulting from
fatty acid synthesis-induced generation of radical
oxygen species (Smith, 1995).

In conclusion, this research revealed tissue-spe-
cific responses in GSH content to fattening among
the liver, LD, and SA tissues of beef steers as they
developed from predominately lean to predomi-
nately lipid phenotypes. This research also revealed
novel mechanistic knowledge about tissue-specific
changes in the pattern of gene and protein expres-
sion of enzymes and transporters that influence
GSH content. Three especially salient findings
were that the GSH content was greater, not less, in
the LD of Finished vs. Growing steers, was more
correlated with REA and marbling scores than in
liver or SA tissues, and among genes responsible
for GSH synthesis, GCLC and GCLM appeared
more correlated with GSH content in LD tissue,
REA, and marbling score. Second, the potential
to support GSH production in SA tissue appeared
to be lower in Finished steers. Third, the EAACI1
regulatory proteins GTRAP3-18 and ARL6IP1 are
expressed by LD and SA tissues, and their relation-
ship to GSH, EAACI, and GS content differs and
changes as Growing steers develop into Finished
steer phenotypes.
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