
Frontiers in Animal Science | www.frontiers

Edited by:
Otávio R. Machado Neto,

São Paulo State University, Brazil

Reviewed by:
Mateus P. Gionbelli,

Universidade Federal de Lavras, Brazil
John Michael Gonzalez,

University of Georgia, United States

*Correspondence:
Yanjiao Li

yanjiaoli221@163.com

Specialty section:
This article was submitted to

Animal Nutrition,
a section of the journal

Frontiers in Animal Science

Received: 25 March 2022
Accepted: 05 May 2022
Published: 14 June 2022

Citation:
Lu G, Li Y, Mao K, Zang Y, Zhao X,
Qiu Q, Qu M and Ouyang K (2022)

Effects of Rumen-Protected Creatine
Pyruvate on Meat Quality, Hepatic

Gluconeogenesis, and Muscle Energy
Metabolism of Long-Distance

Transported Beef Cattle.
Front. Anim. Sci. 3:904503.

doi: 10.3389/fanim.2022.904503

ORIGINAL RESEARCH
published: 14 June 2022

doi: 10.3389/fanim.2022.904503
Effects of Rumen-Protected Creatine
Pyruvate on Meat Quality, Hepatic
Gluconeogenesis, and Muscle Energy
Metabolism of Long-Distance
Transported Beef Cattle
Guwei Lu1, Yanjiao Li2*, Kang Mao1, Yitian Zang3, Xianghui Zhao2, Qinghua Qiu2,
Mingren Qu1 and Kehui Ouyang2

1 Jiangxi Province Key Laboratory of Animal Nutrition, College of Animal Science and Technology, Jiangxi Agricultural
University, Nanchang, China, 2 Jiangxi Province Key Laboratory of Animal Nutrition/Animal Nutrition and Feed Safety
Innovation Team, College of Animal Science and Technology, Jiangxi Agricultural University, Nanchang, China,
3 College of Animal Science and Technology, Jiangxi Agricultural University, Nanchang, China

Pre-slaughter long-distance transport resulted in a rapid depletion of muscle glycogen and
led to a higher rate of dark, firm and dry (DFD) meat. Therefore, enhancing muscle glycogen
reserves is critical for beef cattle prior to transportation. Creatine pyruvate (CrPyr) can
provide simultaneous pyruvate and creatine and both are proven to promote the glycogen
reserves. This study aimed to investigate the effects of transport treatment and dietary
supplementation of rumen-protected (RP)-CrPyr on the meat quality, muscle energy
metabolism, and hepatic gluconeogenesis of beef cattle. Twenty 18 month-old male
Simmental crossbred cattle (659 ± 16 kg) were allotted 4 treatments based on a 2 × 2
factorial arrangement with two RP-CrPyr levels (140 g/d or 0 g/d) and two transport
treatments (12 h or 5 min): ST_CrPyr0, ST_CrPyr140, LT_CrPyr0 and LT_CrPyr140. Three
cattle per group were slaughtered after 30 days of feeding. The interaction of transport and
RP-CrPyr had a significant effect on the muscle pH45 min, redness, glycogen content, GP,
and AMP level (P < 0.05). Compared with short-distance transport, long-distance transport
increased themuscle pH45 min value, redness, yellowness, drip loss, creatine level (P < 0.05),
decreasedmuscle glycogen content, glycolytic potential (GP), and liver glucose amount (P <
0.05). Supplementation of RP-CrPyr decreased the activities of creatine kinase and lactate
dehydrogenase in serum, muscle pH24 h value, redness, yellowness, lactate content, AMP
level, and AMP/ATP (P < 0.05), increased the muscle glycogen content, GP, hexokinase
activity, ATP and ADP levels, and ATP/ADP, liver pyruvate and glucose contents, activity of
pyruvate carboxylase in the liver of cattle than those in the nonsupplemented treatments
(P < 0.05). These results indicated that dietary RP-CrPyr supplementation might be
favorable to improve meat quality and regulatory capacity of energy metabolism of beef
cattle suffering long-distance transport followed with recovery treatment by increasing
muscle glycogen storage, energy supply, and hepatic gluconeogenesis.
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INTRODUCTION

The separation of breeding and slaughtering is the dominant
model of the beef cattle industry in China. The beef cattle are
inevitably subjected to stress during the centralized
transportation process. Transport stress has been reported to
increase the physical energy consumption of beef cattle, resulting
in a decrease in muscle glycogen content at slaughter. The
insufficient muscle glycogen cannot produce enough lactic acid
and H+ and leads to a high ultimate pH (pHu) in postmortem
muscle, which results in dark, firm, and dry (DFD) meat. Higher
rates of DFD meat cause substantial economic losses to the beef
cattle industry (Ferguson and Warner, 2008; Ponnampalam
et al., 2017). In Australia, the incidence of “Dark Cutting”
(DC) beef is close to 10%, resulting in a potential loss about
AU $36 million to the cattle industry, which equates to $0.45/kg
hot carcass weight. The DC meat in the US was estimated to cost
about $165 million to the beef industry in the year 2000, an
amount equal to an estimated $5.43 per fed beef animal
harvested (Ponnampalam et al., 2017). In China, the average
incidence of DFD in beef cattle was as high as 10.07%, of which a
major factor that affects the rate of DFD meat is pre-slaughter
transport time and quality (Zhao, 2013). Ponnampalam et al.
(2017) summarized that short-distance transport (< 400 km) has
little effect on the postmortem muscle pHu value of beef cattle,
while long-distance transport can increase the pHu value by 0.1
to 0.2 pH units. Therefore, alleviating pre-slaughter long-
distance transport stress is an important guarantee to produce
high-quality beef.

Pre-slaughter nutritional management is an efficient
technological means to regulate energy metabolism, relieve
transportation stress, reduce depletion of muscle glycogen, and
improve beef quality in transported beef cattle (Ponnampalam
et al., 2017). Creatine pyruvate (CrPyr, C7H13N3O5, 219.20) is a
new multifunctional nutrient that contains pyruvate and creatine
at a ratio of 40:60 (Jäger et al., 2011). CrPyr can provide
pyruvate and creatine, which are both the products of normal
cellular metabolism and plays critical roles in the process of
energy metabolism. Pyruvate is a pivotal component in
intermediary metabolism (glucose metabolism, lipid
metabolism, and amino acid metabolism), can regulate energy
metabolism through gluconeogenesis/glycolysis pathway and
tricarboxylic acid cycle (Chen et al., 2011). Guo et al. (2009)
reported that supplement of calcium pyruvate for 3 weeks could
improve liver and muscle glycogen content at the start of
exhaustive exercise. Shetty et al. (2012) showed that exogenous
pyruvate could enhance internal glycogen stores and therefore
increase the energy buffering capacity of hippocampal slices
under low glucose condition. Additional studies have reported
that pyruvate could enhance hypoxia and even anaerobic
tolerance of cells by restoring pyruvate dehydrogenase complex
activity and increasing glycolytic enzymes activity (Sharma et al.,
2009; Hu et al., 2016). Creatine, as an important material for the
synthesis of energy storage substance phosphocreatine, is the
backup guarantee of skeletal muscle ATP production (Allen,
2012). Creatine supplementation could promote the absorption
of creatine by human and animal skeletal muscle, increase the
Frontiers in Animal Science | www.frontiersin.org 2
content of creatine and phosphocreatine in muscle, enhance the
energy buffering effects of phosphogen system, and improve the
energy metabolism of skeletal muscle (Schoch et al., 2006).
Moreover, creatine supplementation could facilitate glycogen
accumulation in muscle of mammalian and reduce the
glycogen depletion under normal physiological conditions or
during exercise (Ceddia and Sweeney, 2004; Ju et al., 2005).

Interestingly, the effect of CrPyr feeding on muscle energy
metabolism of broilers was significantly higher than that of its
separate active ingredients, pyruvate and creatine (Chen et al.,
2012). A previous study discovered that CrPyr supplementation
was helpful for athletes to further promote aerobic capacity and
improve endurance performance (Jäger et al., 2008). Chen (Chen
et al., 2011) discovered that CrPyr supplementation has a
positive influence on enhancing the activity of creatine kinase
and phosphocreatine concentration in broilers muscle and
increased muscle glycogen reserve by reducing glycogenolysis
via decreasing the activity of phosphorylase-b. Recently, another
study reported that in ovo feeding of CrPyr could promote
broilers liver and muscle energy reserves on the day of hatch
and enhance glycolysis in chest through increasing the activity of
glycolytic enzyme (Zhao, 2017). However, the information about
the impacts of CrPyr on energy metabolism and whether CrPyr
can relieve the glycogen consumption in the transported beef
cattle is largely unknown. We hypothesized that CrPyr might
affect meat quality by influencing the muscle energy metabolism
and hepatic gluconeogenesis that beef cattle suffer during
transportation. Therefore, the present study was designed to
test this hypothesis.
MATERIALS AND METHODS

Animal Care
This experiment was approved by the Committee for the Care
and Use of Experimental Animals at Jiangxi Agricultural
University (JXAULL-2021-10).

Animal Treatments and Experimental Diets
Experimental design of experimental cattle has been described in
a joint experiment (Mao et al., 2022). Briefly, a total of twenty 18-
mouths-old male Chinese Simmental crossbred cattle, raised
under identical feeding and environmental conditions,
weighing 659 ± 16 kg, with similar genetic backgrounds were
used in this study. They were allotted four treatments based on a
2 × 2 factorial arrangement with two supplemental levels of RP-
CrPyr (140 g/d/head or 0 g/d/head) in basal diets and two
treatments of transport (12 h or 5 min that were ST_CrPyr0 (0
g/d/head RP-CrPyr + 5 min transport), ST_CrPyr140 (140 g/d/
head RP-CrPyr + 5 min transport), LT_CrPyr0 (0 g/d/head RP-
CrPyr + 12 h transport), LT_CrPyr140 (140 g/d/head RP-
CrPyr + 12 h transport). For long-distance transport, we
decided 12 h because one previous study indicated that 12 h of
transportation pre-slaughter resulted in decreases in slaughter
performance and beef quality of Simmental crossbred cattle (Lu
et al., 2015) and for short-distance transport we decided 5min
June 2022 | Volume 3 | Article 904503
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because transport to the abattoir near the farm (1 km) took
approximately 5 min. Three cattle from each treatment were
randomly slaughtered and samples were collected after feeding
for 30 days. The cattle in the short-distance transport group were
fed at 04:00 pm on September 16, 2020, loaded at 04:00 am on
September 17, 2020, and after 5 min of transportation the cattle
reached the abattoir near the farm (1 km). After unloading, cattle
were given 2 hours rest and then subjected to slaughter by
electric shock (at 06:00 am on September 17, 2020). The cattle
in the long-distance transport group were fed at 06:00 am on
September 16, 2020. The transport journey was from Xuchang
(01:00 pm on September 16, 2020) to Nanyang (01:00 am on
September 17, 2020), Henan Province, which took 12 h (mean
velocity of 60-70 km/h). During the 12 h of transport, the
temperature and humidity were 22–32°C and 30–72%,
respectively. The cattle were allowed 2 h to rest and then
subjected to slaughter by electric shock (03:00 am on
September 17, 2020).

CrPyr (purity of 99.9%) was bought from Shanghai Jinli
Technology Co., Ltd. (Shanghai, China). The coating
processing was completed by Hangzhou King Techina Feed
Co., Ltd (Hangzhou, China), the content of CrPyr in the final
RP-CrPyr was 40%, 12 h of rumen bypass ratio was 82.8%, and
12 h of intestinal fluid dissolution was 78.6%. RP-CrPyr was
added in concentrate and fed twice a day (06:00 am and
04:00pm). Concentrate was given after the rice straw was fed.
All animals were placed individual pens in a closed cowshed with
available access to clean water during the entire experimental
period. Table 1 shows the ingredients and nutrient levels of the
experimental diet.

Sample Collection
Blood sampling was performed from cattle by jugular vein puncture
before slaughter and then placed in evacuated anticoagulated tubes
and stored at room temperature. Serum was obtained by
centrifugation (3000 g, 10 min, 4°C) and then stored at –20°C to
measure indices. Shortly afterwards, cattle were slaughtered after
being stunned by electric shock. Immediately, the liver sample and
the M. longissimus thoracis (LT) muscle (taken from the last rib of
the left-half carcass) was stored at –80°C to analyze the indices
including hepatic gluconeogenesis and muscle energy metabolism.
About 5 cm thickness steaks of LT, without extra-muscular fat and
connective tissues from the last rib of the left-half carcass, were
collected within 30 min after slaughter. After muscle pH 45 min
Frontiers in Animal Science | www.frontiersin.org 3
determination, these chops were vacuum-packed at 4°C to measure
muscle pH24 h, color, drip loss, and texture analyzer determination.

Serum Parameters Determination
The activities of creatine kinase (CK) and lactate dehydrogenase
(LDH) and the pyruvate concentration in serum were
determined by commercial CK, LDH and pyruvate kits
(Nanjing Jiancheng Bioengineering Institute, Nangjing, China)
according to kit instructions. The serum glucose concentration
was determined by a commercial glucose kit (Shanghai
RongSheng Biotech Co. Ltd., Shanghai, China). The serum
creatine concentration was measured by 1’-Hydroxy-2’-
acetonaphthone colorimetry. Firstly, a standard curve was
performed using different concentrations of creatine. Briefly, 1
mL of the reaction system contained 250 mL of 5% ZnSO4, 250
mL of 5% Ba(OH)2 and 500 mL of different dilutions of creatine
standard was mixed and centrifuged (3000 r/min for 10 min) to
get supernatant. Then, 0.5 mL of supernatant was pooled with
2.5 mL of chromogenic reagent (ten-fold volume of 7 g/L a-
naphthol solution mixed with one-fold volume of 0.1% biacetyl
reagent, 1 L of 7 g/L a-naphthol solution contained 128 g of
anhydrous Na2CO3, 60 g of NaOH, 7 g of a-naphthol). After 5
min of rest, the mixture was incubated at 30°C for 30 min.
Following incubation, 2.5 mL of distilled water was added and
absorbance was measured at 520 nm. Finally, the solubility curve
was drawn. For serum creatine content determination, the
appropriate amount of serum sample was taken and distilled
water was added to it, sonicated for 20 min, shocked for 15 min,
and centrifuged (4000 r/min for 10 min) to get supernatant.
Subsequently, 250 µL of the supernatant was collected and 250
µL of distilled water, 250 mL of 5% ZnSO4, and 250 mL of 5% Ba
(OH)2 were added and followed by the protocol described above.
Lastly, the absorbance values were recorded and quantified using
standard curves established.

Meat Quality Measurements
Muscle pH45 min and pH24 h were determined using an
insertiontype portable pH meter (HI99163N, Hanna, Padova,
Italy). Triplicates were done for each chop at different areas and
averaged to calculate the results.

Color of the meat was determined using a spectrocolorimeter
(WSC-S, Shanghai, China) at 24 h postmortem. The meat color
was presented in (CIE) L* (lightness), a* (redness), and b*
(yellowness). The illuminant and observer angle were D65 and
10°, respectively. The L*, a*, and b* values were collected from
three different areas of each steak with freshly cut surface
(exposure to air for 20 min).

To measure drip loss, approximately 30 g of rectangle muscle
were cut along the fibre direction at 24 h postmortem. The
samples were suspended in a polyethylene plastic bag to avoid
any contact with the bag. Samples were re-weighed to calculate
the drip loss after 24 h at 4°C.

Texture profile analysis (TPA) values of cooked samples were
determined using a CT3 texture analyzer (Brookfield,
Middleboro, MA, USA). Briefly, at 48 h postmortem, LT
muscle samples were cut in approximately 2.5 cm thick pieces.
The pieces were individually vacuumed packaged then placed in
TABLE 1 | Composition and nutrient levels of experimental diet (air-dry basis, %).

Ingredients Content Nutrient levels Content

Wheat Straw 40.0 Dry matter 87.2
Corn 43.7 Crude protein 13.5
wheat bran 3.66 Crude fat 2.47
Soybean meal 9.12 Ash 7.86
Sodium bicarbonate 0.420 Neutral detergent fiber 36.2
Premixa 3.06 Acid detergent fiber 15.8
Total 100
The premix 1 (per kg of diet) is: 80000 IU of vitamin A, 20000 IU of vitamin D3, 280 mg of
vitamin E, 4100 mg of Fe, 1100 mg of Mn, 800 mg of Zn, 265 mg of Cu, 120 g of Ca and
35 g of P.
June 2022 | Volume 3 | Article 904503
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a hot-water bath (80°C) to reach a center temperature of 75°C.
The packaged samples were cooled down to room temperature
by running water, then removed from bags, and wiped dry with
absorbent paper. The blot-dried samples were cut in 1.0 cm thick
pieces to ensure a flat surface. Finally, the meat pieces were
placed beneath the probe and analyzed for five TPA parameters:
hardness, cohesiveness, springiness, gumminess, and chewiness.
Each sample was measured thrice, and the relevant parameters
were designed as follows: the probe model was TA3/100, the pre-
measurement speed was 2 mm/s, the test speed was 0.5 mm/s, the
post-measurement speed was 0.5 mm/s, the sample height was
10 mm, and the trigger force was 5 g.

Muscle Glycolytic Potential and Glycolytic
Enzyme Activities
The measurement of glycogen was conducted as described by a
previous study (Zhang et al., 2009). The glycogen was hydrolysed
to glucose by reaction with amyloglucosidase and the glucose-6-
phosphate was catalysed to glucose by reaction with glucose-6-
phosphatase. Finally, the glucose determination operations were
carried out according to a commercial glucose kit (Shanghai
RongSheng Biotech Co. Ltd.). The lactate content was
performed using a commercial diagnostic kit (Nanjing Jiancheng
Bioengineering Institute) in accordance with kit instructions. The
glycolytic potential (GP) was calculated according to the formula
from Monin and Sellier (1985): GP = 2 × glycogen + lactate.

For muscle glycolytic enzyme activities determination, 0.5 g
frozen LT muscle sample was homogenized in 4.5 mL ice-cold
physiological saline for 1 min in an ice bath and centrifuged
(2,700 g, 10 min, 4°C) to get supernatants. The supernatants of
LT muscle were subjected to the determination of the activities of
phosphofructokinase (PFK), hexokinase (HK), pyruvate kinase
(PK), and LDH. The concentration of total protein in LT muscle
was determined by TP kit (Nanjing Jiancheng Bioengineering
Institute) according to kit instructions. The activities of PFK,
HK, PK, and LDH were determined by commercial PFK, HK,
PK, and LDH kits (Nanjing Jiancheng Bioengineering Institute).
The enzyme activities in LT muscle were normalized by total
protein concentration in LT muscle according to kit instructions.

Phosphocreatine, Creatine, and Adenosine
Phosphates Determination
The phosphocreatine (PCr), creatine, and adenosine phosphates
(ATP, ADP, and AMP) contents of LT muscle were assayed
using a high-performance liquid chromatography (HPLC)
according to previous study (Li et al., 2017). The reference
standard samples used in the analysis were creatine anhydrous
(98%), creatine phosphate disodium salt (97%), adenosine 5’-
stiphosphate disodium salt, adenosine 5’-diphoshate, adenosine
5’-monophosphate. All of the standard samples were purchased
from Shanghai Yuan Mu Biotechnology Co., Ltd (Shanghai,
China). The extracted muscle sample solution was prepared as
described previously (Monin and Sellier, 1985) and separated on
a Shimadzu LC-2030 Plus HPLC (Shimadzu, Kyoto, Japan)
equipped with a YMC-Pack ODS-AQ column (250 mm × 4.6
mm I.D., 5 mm, YMC Co., Ltd., Kyoto, Japan) at 25°C for PCr
Frontiers in Animal Science | www.frontiersin.org 4
and creatine determination and at 30°C for ATP, ADP, and AMP
determination. The mobile phase of creatine and PCr
determination was HPLC methyl cyanides and phosphate
buffer (29.4 mM potassium dihydrogen orthophosphate,1.15
mM tetra-butylammonium hydrogen sulphate, 2%/98%), and
adenosine phosphates determination was HPLC grade methanol
and phosphate buffer (2.5 mM tetra-butylammonium hydrogen
sulphate, 0.06 M dipotassium hydrogen orthophosphate, 0.04 M
potassium dihydrogen orthophosphate, 13.5%/86.5%). The UV
detection for creatine and PCr was at 210 nm and adenosine
phosphates was at 254 nm. The flow-rate was set to 1.0 mL/min
and an auto-sequence injection was set for sample measurement.
Peaks were identified and quantified using standard curves.

Liver Pyruvate, Glucose, and
Glycogen Concentration, and Enzyme
Activity Determination
The contents of pyruvate and glycogen were determined by
commercial pyruvate and glycogen kits (Nanjing Jiancheng
Bioengineering Institute) according to kit instructions. The
glucose concentration was determined by a commercial glucose
kit (Shanghai RongSheng Biotech Co. Ltd.). For liver enzyme
activities determination, 0.5 g frozen liver sample was
homogenized in 4.5 mL ice-cold physiological saline for 1 min
in ice bath and centrifuged (2,700 g, 10 min, 4°C) to get
supernatants. The supernatants of liver were subjected to the
determination of the activities of phosphoenolpyruvate
carboxykinase (PEPCK), glucose-6-phosphatase (G-6-pase),
and pyruvate carboxylase (PC). The concentration of total
protein in liver was determined by TP kit (Nanjing Jiancheng
Bioengineering Institute) according to kit instructions. The
activities of PEPCK, G-6-pase, and PC were determined by
commercial PEPCK kit (Nanjing Jiancheng Bioengineering
Institute), commercial G-6-pase and PC kits (Shanghai enzyme
linked Biotechnology Co., Ltd). Except for PEPCK, other enzyme
activities in the liver were normalized by total protein
concentration in the liver according to kit instructions.

Statistical Analysis
Data processing was performed using SPSS (version 17.0, IBM,
Armonk, NY, USA). All treatment groups were analyzed by
analysis of univariate using the general linear model (GLM) as a
2 × 2 factorial arrangement with transport, RP-CyPry and their
interactions as the main effects. The results are shown as the
mean and standard error mean (SEM). Differences among means
were determined using Tukey’s multiple range test was done
when the interaction was significant. The level of statistical
significance was set at P < 0.05.
RESULTS

Serum Parameters
As presented in Table 2, RP-CrPyr and transport had no
interaction on serum parameters. The beef cattle in the RP-
CrPyr-supplemented group had a lower activities of serum CK
June 2022 | Volume 3 | Article 904503
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(0.170 vs. 0.947 U/mL, P < 0.01) and LDH (1.05 vs. 1.25 U/mL, P
< 0.01) than unsupplemented cattle. However, transport
treatment has no significant effects on serum CK and LDH
activities. The contents of serum pyruvate, glucose, and creatine
appeared to be unaffected by transport or RP-CrPyr (P > 0.05).

Meat Quality
The results of meat quality can be seen in Table 3. Except for
pH45 min value and redness, RP-CrPyr and transport had no
significant interaction influence on other meat quality
characteristics. Compared with cattle in the nontransport
group, the pH45 min value (6.36 vs. 6.20, P < 0.01), drip loss
(1.81% vs. 1.08%, P < 0.05), redness (34.6 vs. 27.9, P < 0.01), and
yellowness (22.1 vs. 15.8, P < 0.05) of LT muscle were
significantly increased in group transport. Dietary RP-CrPyr
supplementation decreased the LT muscle pH24 h value (5.47
vs. 5.59, P < 0.05), redness (28.2 vs. 34.3, P < 0.01), and
yellowness (16.1 vs. 21.7, P < 0.05) of beef cattle than those in
the unsupplemented groups. RP-CrPyr or transport had no effect
on the meat color and texture properties of LT muscle (P > 0.05).
Frontiers in Animal Science | www.frontiersin.org 5
Muscle Glycolytic Potential and Glycolytic
Enzyme Activity
As shown in Table 4, there is a significant transport × RP-CrPyr
interaction influence on muscle glycogen and GP. However, there is
no notable RP-CrPyr and transport interaction on glycogen,
glucose, lactate, and glycolytic enzymes. Compared with the beef
cattle in nontransport groups, the muscle glycogen content (37.3 vs.
48.3 mmol/g, P < 0.05) and GP (118 vs. 139 mmol/g, P < 0.01) of beef
cattle decreased significantly in the transport groups. In addition, no
notable differences were identified in the contents of muscle glucose
and lactate between the nontransport and transport treatment (P >
0.05). Dietary supplementation of RP-CrPyr increased the muscle
glycogen content (53.5 vs. 32.1 mmol/g) and GP (146 vs. 110 mmol/
g) (P < 0.01), and decreased the muscle lactate content (39.2 vs. 46.0
mmol/g, P < 0.01) of beef cattle compared to those in the RP-CrPyr
unsupplemented groups. Glycolytic enzymes, except for muscle HK
activity (7.64 vs. 2.49 U/mgprot, P < 0.01), were significantly
increased by RP-CrPyr supplementation compared to those in the
unsupplemented groups, and the activities of PFK, PK, and LDH
were not affected by transport or RP-CrPyr supplementation.
TABLE 2 | Effects of transport and rumen-protected creatine pyruvate on the serum indicators of beef cattle.

Item Treatment1 SEM P-value

Long-distance transport Short-distance transport

RP-CrPyr140 RP-CrPyr0 RP-CrPyr140 RP-CrPyr0 Transport RP-CrPyr Transport × RP-CrPyr2

CK, U/mL 0.146 1.00 0.195 0.895 0.0584 0.813 0.001 0.528
LDH, U/mL 1.08 1.30 1.02 1.20 0.0278 0.170 0.007 0.735
Glucose, mmol/L 4.32 4.17 4.16 4.14 0.102 0.681 0.685 0.771
Pyruvate, mmol/mL 0.326 0.292 0.259 0.273 0.0174 0.331 0.638 0.400
Creatine, mmol/L 155 149 155 157 4.114 0.649 0.803 0.629
June 2022 | V
1 A 2 × 2 factorial arrangement with 2 supplemental levels of rumen-protected creatine pyruvate (RP-CrPyr) in basal diets (0 or 140 g/d for each cattle) and 2 transport treatment (transport
5 min or 12 h before slaughter).
2 Transport × RP-CrPyr, the interaction between Transport and RP-CrPyr.
SEM, stand error of mean; CK, creatine kinase; LDH, lactate dehydrogenase.
TABLE 3 | Effects of transport and rumen-protected creatine pyruvate on the M. longissimus thoracis meat quality of beef cattle.

Item Treatment1 SEM P-value

Long-distance transport Short-distance transport

RP-CrPyr140 RP-CrPyr0 RP-CrPyr140 RP-CrPyr0 Transport RP-CrPyr Transport × RP-CrPyr2

pH45 min 6.27b 6.46a 6.24b 6.16b 0.0185 0.002 0.171 0.008
pH24 h 5.47 5.69 5.47 5.50 0.0277 0.182 0.033 0.217
Lightness (L*) 33.2 25.0 30.9 30.4 1.07 0.498 0.075 0.107
Redness (a*) 29.2b 40.1a 27.2b 28.6b 0.742 0.002 0.003 0.012
Yellowness (b*) 17.8 26.4 14.5 17.1 0.998 0.014 0.024 0.165
Drip loss, % 1.67 1.96 1.20 0.970 0.0868 0.030 0.874 0.165
Hardness, kg 0.600 0.840 0.560 0.790 0.145 0.877 0.438 0.995
Cohesiveness 0.610 0.710 0.700 0.660 0.0192 0.646 0.482 0.113
Springiness, mm 0.240 0.270 0.310 0.270 0.0170 0.357 0.850 0.357
Gumminess, kg 0.450 0.600 0.380 0.440 0.0846 0.540 0.552 0.812
Chewiness, mJ 10.8 16.0 14.0 25.2 3.43 0.391 0.267 0.679
a,b Means within a row with no common superscript differ significantly (P < 0.05).
1 A 2 × 2 factorial arrangement with 2 supplemental levels of rumen-protected creatine pyruvate (RP-CrPyr) in basal diets (0 or 140 g/d for each cattle) and 2 transport treatment (transport
5 min or 12 h before slaughter).
2 Transport × RP-CrPyr, the interaction between Transport and RP-CrPyr.
SEM, stand error of mean.
olume 3 | Article 904503
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Phosphocreatine, Creatine, and Adenosine
Phosphates in Muscle
The results of muscle PCr, creatine, and adenosine phosphates
are showed in Table 5. Except for muscle AMP content, RP-
CrPyr and transport had no significant interaction on the other
characteristics. Compared with the beef cattle in nontransport
groups, the beef cattle in transport groups had higher muscle
creatine content (22.4 vs. 21.2 µmol/g, P < 0.05). Dietary RP-
CrPyr supplementation significantly decreased the level of
muscle AMP (67.4 vs. 76.8 µg/g, P < 0.01), muscle AMP/ATP
(0.13 vs. 0.68, P < 0.05), and significantly increased the levels
muscle ATP (579 vs. 217 µg/g), muscle ADP (330 vs. 238 µg/g),
and muscle ATP/AMP (1.59 vs 0.790) (P < 0.05).

Hepatic Gluconeogenesis
As shown in Table 6, RP-CrPyr and transport had no significant
interaction influence on any of these parameters. Compared with
the beef cattle in nontransport groups, the beef cattle with
Frontiers in Animal Science | www.frontiersin.org 6
transport treatment had lower liver glucose content (0.171 vs.
0.209 mmol/g, P < 0.05). Dietary supplementation of RP-CrPyr
significantly increased the concentrations of liver pyruvate (41.8
vs. 29.9 mmol/gprot, P < 0.01) and glucose (0.213 vs. 0.167 mmol/
g, P < 0.05), and the level of PC (19.2 vs. 13.7 ng/mgprot, P <
0.05) compared with the beef catt le in RP-CrPyr
nosupplementation groups. Transport or RP-CrPyr had no
effect on the liver glycogen content and the levels of G-6-Pase
and PEPCK (P > 0.05).
DISCUSSION

The results of our previous study indicated that transport
significantly decreased the catalase activity and total
antioxidant capacity in serum, which shows that transport
leads to oxidative damage to beef cattle (Mao et al., 2022). It is
widely known that oxidative damage might be harmful to the
TABLE 4 | Effects of transport and rumen-protected creatine pyruvate on the contents of glycogen and lactate, glycolytic potential, and glycolytic enzymes activity in M.
longissimus thoracis of beef cattle.

Item Treatment1 SEM P-value

Long-distance transport Short-distance transport

RP-CrPyr140 RP-CrPyr0 RP-CrPyr140 RP-CrPyr0 Transport RP-CrPyr Transport × RP-CrPyr2

Glycogen, mmol/g 44.6b 30.0c 62.4a 34.3c 1.41 0.004 0.001 0.043
Lactate, mmol/g 38.5 47.6 40.0 44.5 0.871 0.664 0.004 0.225
GP, mmol/g 128b 108c 165a 113bc 2.88 0.006 0.001 0.025
HK, U/mgprot 7.15 2.30 8.26 2.69 0.458 0.412 0.001 0.668
PFK, U/mgprot 16.8 10.5 24.3 14.0 2.28 0.264 0.103 0.673
PK, U/gprot 451 510 461 626 43.0 0.482 0.227 0.555
LDH, U/kgprot 3.04 3.43 2.96 2.69 0.139 0.177 0.827 0.275
June 2022 | V
a,b Means within a row with no common superscript differ significantly (P < 0.05).
1 A 2 × 2 factorial arrangement with 2 supplemental levels of rumen-protected creatine pyruvate (RP-CrPyr) in basal diets (0 or 140 g/d for each cattle) and 2 transport treatment (transport
5 min or 12 h before slaughter).
2 Transport × RP-CrPyr, the interaction between Transport and RP-CrPyr.
SEM, stand error of mean; GP (glycolytic potential), 2 × (glycogen) + lactate (Monin and Sellier, 1985); LDH, lactate dehydrogenase; PFK, phosphofructokinase; PK, pyruvate kinase; HK,
hexokinase.
TABLE 5 | Effects of transport and rumen-protected creatine pyruvate on the contents of phosphocreatine, creatine, and adenosine phosphates in M. longissimus
thoracis of beef cattle.

Item Treatment1 SEM P-value

Long-distance transport Short-distance transport

RP-CrPyr140 RP-CrPyr0 RP-CrPyr140 RP-CrPyr0 Transport RP-CrPyr Transport × RP-CrPyr2

PCr, mmol/g 2.07 2.37 2.18 2.16 0.0530 0.637 0.223 0.176
Creatine, µmol/g 21.7 23.2 21.5 21.0 0.230 0.027 0.315 0.068
ATP, µg/g 592 168 567 267 69.0 0.794 0.030 0.667
ADP, µg/g 288 249 373 227 17.2 0.391 0.027 0.162
AMP, µg/g 64.3b 83.2a 70.5b 70.4b 1.35 0.256 0.008 0.008
ATP/ADP 1.68 0.630 1.49 0.950 0.136 0.829 0.020 0.379
AMP/ATP 0.126 0.774 0.135 0.588 0.108 0.693 0.034 0.664
a,b Means within a row with no common superscript differ significantly (P < 0.05).
1 A 2 × 2 factorial arrangement with 2 supplemental levels of rumen-protected creatine pyruvate (RP-CrPyr) in basal diets (0 or 140 g/d for each cattle) and 2 transport treatment (transport
5 min or 12 h before slaughter).
2 Transport × RP-CrPyr, the interaction between Transport and RP-CrPyr.
SEM, stand error of mean; PCr, phosphocreatine; Crm cretaine; ATP, adenosine triphosphate; ADP, adenosine diphosphate; AMP, adenosine monophosphate.
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cellular and alter membrane permeability and thus, the stress
enzymes such as CK and LDH are released into the serum
through leakage arising from altered membrane permeability
(Mader, 2003; Sattler and Fürll, 2004). Consistently, previous
studies indicated that serum alanine aminotransferase, aspartate
aminotransferase, CK, and LDH activities were increased in
transported wild ungulates due to tissue damage, poor
muscular tissue perfusion, reduced heat dissipation, hypoxia,
and fatigue (López-Olvera et al., 2006). In this study, serum CK
and LDH activities were lower in the RP-CrPyr-supplemented
group which indicates that oxidative damage was minimized.
Correspondingly, our previous study presented that RP-CrPyr
reduced oxidative stress, to some extent, by tending to decrease
the serum MDA concentration (Mao et al., 2022). Creatine and
pyruvate are both energetic and antioxidant substances (Rieger
et al., 2017), RP-CrPyr can be absorbed in the form of pyruvate
and creatine in the small intestine after ingestion, thereby
enhancing the antioxidant properties of beef cattle. Blood
glucose level is used as a metabolic indicator of energy status
in cattle. Transportation without feed and water for 2 days
caused a decrease in serum glucose of steer calves immediately
after transportation (Takemoto et al., 2018). While, another study
reported that the blood glucose of bulls increased significantly after
9 h of transport (Earley et al., 2013). Our result was different with
both of these study that there was no difference in serum glucose
between the long-distance transport and short-distance transport.
This may be due to the differences in the transportation time, which
can be summarized as: 2 days of transport results in a decrease, 9 h
of transport results in an increase, and 12 h of transport with 2 h of
recovery did not cause change in blood glucose. Moreover, the
present study showed that RP-CrPyr supplementation had no effect
on serum pyruvate and creatine contents. For this, one possible
explanation might be that the pyruvate and creatine entered the
tissues from blood when sampling.

It is well known that pre-slaughter stress results in depletion
of glycogen stores in the muscle, further limits post-mortem
glycolysis and the formation of lactic acid, and leads to a high
pHu (Ponnampalam et al., 2017; Shange et al., 2019). Among
which, transport stress is one of the major factors. In the present
study, the transport × RP-CrPyr interaction significantly affected
Frontiers in Animal Science | www.frontiersin.org 7
the pH45 min value of muscle, which seems to be associated with
the observed interaction for glycogen and GP in muscle
(Table 4). This suggests that RP-CrPyr could restore the long-
distance transport-induced rice in pH45 min,by increasing muscle
glycogen content. Moreover, long-distance transport followed
with recovery treatment significantly increased the pH45 min

value and decreased glycogen and GP, while had no effect on
pH24 h value. This situation may be assumed because of the
reduced muscle glycogen retention related to transport stress but
it was not low enough to result in high pH24 h. Indeed, it was
suggested the relationship between initial muscle glycogen
content and ultimate pH is only linear at very low levels of
glycogen (Marııá et al., 2003). Similarly, Fernandez et al. (1996)
reported that there was no significant change in the pH at 48 h
postmortem while 11 h of transport significantly reduced muscle
GP and increased pH at 4 h postmortem. Moreover, a previous
study reported beef meat that has a pH24 h greater than 5.5 is
considered a result of pre-slaughter glycogen depletion and
comes with a lack of glycogen in muscle that accumulated
adequate lactate concentration (Kannan et al., 2002).
Consistently in this study, the muscle from long-distance
transported beef cattle without RP-CrPyr supplementation had
pH24 h greater than 5.5 (pH24 h = 5.69). Meat color is the most
important component in physical appearance and is used by
consumers to evaluate the quality and freshness of meat. When
the color of meat changes from bright red (oxymyoglobin, the
oxygenated form of the muscle pigment myoglobin) to brown
(metmyoglobin), it is well known that a* values are most closely
related to the oxymyoglobin content of the meat (Renerre et al.,
1996) while L* will decrease with the increase of a* and the flesh
color will gradually become dark. Transport stress is
accompanied by oxidative stress, which leads to the decline of
muscle antioxidant capacity and increase in oxymyoglobin
content of meat. Consistently, the long-distance transported
beef cattle without RT-CrPyr (antioxidants) supplementation
had lower L* value and higher a* value, while long-distance
transported beef cattle fed with RT-CrPyr increased L* value and
decreased a* value. In addition, our findings showed that long-
distance transport followed with recovery treatment significantly
increased muscle drip loss. This result was in accordance with at
TABLE 6 | Effects of transport and rumen-protected creatine pyruvate on the hepatic gluconeogenesis of beef cattle.

Item Treatment1 SEM P-value

Long-distance transport Short-distance transport

RP-CrPyr140 RP-CrPyr0 RP-CrPyr140 RP-CrPyr0 Transport RP-CrPyr Transport × RP-CrPyr2

Pyruvate, mmol/gprot 42.4 25.7 41.2 34.1 1.33 0.215 0.002 0.110
Glucose, mmol/g 0.187 0.155 0.239 0.180 0.00719 0.028 0.014 0.370
Glycogen, mg/g 17.5 15.9 17.9 17.8 1.27 0.657 0.740 0.783
PC, ng/mgprot 22.4 13.5 16.1 13.9 0.926 0.148 0.017 0.114
PEPCK, U/kg 86.1 83.4 80.2 87.9 3.19 0.913 0.708 0.442
G-6-Pase, ng/mgprot 5.22 5.18 5.79 5.53 0.325 0.499 0.830 0.868
June 2022 | V
1 A 2 × 2 factorial arrangement with 2 supplemental levels of rumen-protected creatine pyruvate (RP-CrPyr) in basal diets (0 or 140 g/d for each cattle) and 2 transport treatment (transport
5 min or 12 h before slaughter).
2 Transport × RP-CrPyr, the interaction between Transport and RP-CrPyr.
SEM, stand error of mean; PC, pyruvate carboxylase; PEPCK, Phosphoenolpyruvate carboxykinase; G-6-pase, glucose-6-phosphatase.
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least one study (Honkavaara et al., 2003) but in contrast to others
(Fernandez et al., 1996; Xin et al., 2018).

In the current study, RP-CrPyr supplementation reduced the
pH24 h value and this was attributed to RP-CrPyr increasing the
muscle glycogen content and glycolytic potential at the early
postmortem period, providing sufficient glycogen and lactate for
the reduction of muscle pH at 24 h postmortem. Previous research
indicated that exogenous pyruvate, creatine, and CrPyr could
promote glycogen stores in muscle of mammalian (Ceddia and
Sweeney, 2004; Ju et al., 2005; Guo et al., 2009; Chen et al., 2012;
Shetty et al., 2012; ), therefore, the muscle glycogen level in cattle
fed RP-CrPyr was higher in this study. During early postmortem
metabolism, the phosphagen system and glycolysis contribute to
the maintenance of ATP levels (Scheffler and Gerrard, 2007).
Creatine supplementation has been shown to promote the increase
in intramuscular PCr, which could improve the energy supply
substrates of the phosphagen system, relatively reduce
glycogenolysis, and thereby decrease lactate production (Li et al.,
2018). Consistent with this, the present study shows that RP-
CrPyr increased muscle ATP reserve and decreased the muscle
lactate content at early postmortem. Glycolytic enzymes are the
key factors regulating glycolytic flow and lactate accumulation in
muscle (Scheffler and Gerrard, 2007). Oxidative stress causes the
inactivation of key glycolytic enzymes in mammalian cells
(Reichmann et al., 2018). Our previous study showed that RP-
CrPyr could reduce oxidative stress induced by transport stress to
some extent (Mao et al., 2022). Therefore, in this study the
enhanced activity of glycolytic enzyme HK by RP-CrPyr might
be attributed to the antioxidant properties of CrPyr. Similarly,
Zhao et al. (2018) reported that in ovo feeding of CrPyr increased
glycolytic enzyme activity and promoted glycolysis in chest of
broilers. Bortoluzzi et al. (2019) found that creatine, plus pyruvate
supplementation, prevented the oxidative stress induced decrease
in HK and PK cell activities in the brain of rats subjected to
chemically-induced phenylketonuria.

For ruminants, the gluconeogenesis in liver accounts for 80% of
endogenous glucose (Aschenbach et al., 2010). Propionate,
glucogenic amino acids, lactate, glycerol, and pyruvate are all
substrates for hepatic gluconeogenesis in ruminants. Previous
research has found that supplementation of gluconeogenic
precursors increased glycogen content in muscle and liver via
stimulating the rate of gluconeogenesis (Volpi-Lagreca and
Duckett, 2017). Our results show that RP-CrPyr supplementation
increase the liver pyruvate content and provide an additional source
of substrate for gluconeogenesis, which in turn increases hepatic
glucose production and glucose levels. In the process of
gluconeogenesis, PC is the primary key enzyme for the conversion
of pyruvate to oxaloacetic acid, which is then converted to
phosphoenolpyruvate through PEPCK, undergoes a series of non-
enzymatic reactions to generate glucose-6-phosphate, and finally
catalyzes by G-6-Pase enzyme to produce glucose. The PC, PEPCK,
and G-6-Pase are the rate-limiting enzymes responsible for
gluconeogenesis (Aschenbach et al., 2010), and their activity is
regulated transcriptionally and post-transcriptionally, such the
supply of gluconeogenic precursors to the liver as well as by
insulin and glucagon (She et al., 1999; Bobe et al., 2009). In this
study, we found that RP-CrPyr supplementation increased the
Frontiers in Animal Science | www.frontiersin.org 8
activity of PC. Similarly, Zhao et al. (2018) reported that in ovo
feeding of CrPyr up-regulated the mRNA expression levels of PC
and PEPCK in broilers. Hence, the increased hepatic gluconeogenic
enhanced the glucose generation, which might be useful to the
muscle glycogen deposition.

In conclusion, dietary supplementation, with RP-CrPyr,
improved meat quality and energy metabolism regulatory
capacity in beef cattle suffering from long-distance transport
followed with recovery treatment. This may show that RP-CrPyr
attributes to increased muscle glycogen storage and energy
supply and hepatic gluconeogenesis (Figure 1).
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