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Tibetan sheep from different altitudes exhibit unique meat quality attributes, whereas the molecular mechanisms
remain unelucidated. Such meat quality attributes are associated with underlying metabolic processes, which are
influenced by high-altitude conditions. Herein, meat quality and muscle metabolism in Tibetan sheep from Oula
(2900 m), Huoerba (4000 m), and Duoma (5100 m) were compared. Oula sheep showed higher moisture and
lighter color, while Duoma sheep had the lowest fat content. A total of 419 differential metabolites were
identified based on metabolomics. Among them, peptide contents decreased with increasing altitude of Tibetan
sheep's residence, while carnitine derivatives increased. Bioinformatics analysis indicated that high altitude
regulates HIF-1a signaling through hypoxic conditions and oxidative stress mediates glutathione oxidation, thus
affecting meat L* value. This study reveals meat quality and the metabolic basis in Tibetan sheep at different
altitudes, establishing a scientific foundation for resource utilization and development of Tibetan sheep at spe-

cific altitudes.

1. Introduction

Livestock such as Tibetan sheep and yaks constitute a critical source
for local herders on the Qinghai-Tibet Plateau (Deng et al., 2025; Jing
et al., 2022). They have developed distinct adaptations to high-altitude
environments (cold and hypoxia tolerance) through long-term inhabi-
tation of the Qinghai-Tibet Plateau, and correspondingly, genomic an-
alyses have revealed strong signatures of natural selection (Yang et al.,
2016). Notably, the nutritional profile of plateau-sourced meat is
distinguished by high protein and low fat content (Li et al., 2025).
However, there are some differences in meat quality of various livestock
at different altitudes.

Meat quality of livestock animals exhibits significant differences
with varying altitudes (Han et al., 2020). Zhu et al. (2023) examined the
physicochemical properties of yak meat from various altitudes,
demonstrating that high-altitude yak meat had increased protein con-
tent and decreased fat content, along with notable differences in light-
ness and redness values. Costa et al. (2011) investigated the fatty acids
of the biceps femoris muscle in Barrosa calves from different altitudes

and found significant variations in the a-tocopherol and cholesterol
levels. Panjono Kang et al. (2011) analyzed the meat quality of Hanwoo
cattle from different altitudes, finding that high-altitude regions pro-
duced yak meat with higher pH and methemoglobin content, as well as a
lower saturated fatty acid (SFA) profile. These differences likely result
from adaptive responses to high-altitude environments, particularly
involving energy metabolism and blood oxygen transport (Storz &
Cheviron, 2021), reflecting signatures of natural selection. These alter-
ations in proteins and fatty acids are likely adaptive responses to high-
altitude conditions (Ayalew et al., 2021), which entail critical pro-
cesses such as energy metabolism and oxygen transport. However, the
underlying mechanisms and key substances involved remain to be fully
elucidated.

Metabolomics enables the identification of regulatory enzymes and
genes within metabolic pathways through the analysis of small-molecule
metabolites (<1000 Da). In muscle biology, metabolomics can
comprehensively characterize muscle composition and resolve altitude-
adapted molecular metabolites that cannot be detected by conventional
techniques (Zhang et al., 2021). For instance, inosine monophosphate,
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along with creatine, carnosine, and conjugated linoleic acid, has been
identified as a regulator of beef tenderness in the Longissimus lumborum
of Nellore cattle (De Zawadzki et al., 2017). Through non-targeted
metabolomics, Zhang et al. (2021) identified the downregulation of
adipocyte lipolysis and the upregulation of protein digestion and ab-
sorption as metabolic underpinnings for the enhancement of tenderness
and water-holding capacity in Tibetan mutton. NMR-based metab-
olomics employed by Wang et al. (2017) indicated that energy metab-
olites, particularly creatine, underlie the variations in pH and water-
holding capacity of duck meat. Therefore, metabolomics can be used
to identify the corresponding metabolic pathways by characterizing the
comprehensive features of small molecule metabolites such as fatty
acyls, glycerophospholipids and amino acids, and then elucidate the key
metabolites and pathways that affect energy metabolism and phenotypic
characteristics, which becomes a key tool to explain the molecular
mechanism of meat quality differences. However, the specific metabolic
basis for meat quality variations in Tibetan sheep at different altitudes
has not been fully elucidated and requires systematic investigation.

This study systematically compared the meat quality of Tibetan
sheep raised at three different altitudes, focusing on eating quality and
nutritional composition. Meanwhile, non-targeted metabolomics com-
bined with multivariate data was used to analyze differential metabolite
profiles and identify enriched metabolic pathways. This research aimed
to investigate the quality differences of Tibetan sheep at different alti-
tudes and identify metabolic factors responsible for these differences,
while providing data support for exploring the meat quality character-
istics and subsequent processing of Tibetan sheep.

2. Materials and methods
2.1. Sample collection and preparation

Oula Tibetan sheep (Henan County, 2900 m), Huoerba Tibetan sheep
(Zhongba County, 4000 m), and Duoma Tibetan sheep (Amdo County,
5100 m) were collected. Two years old, rams were six each. All sheep,
with an average hot carcass weight of 19.6 + 1.26 kg, were managed
under a traditional free-range grazing system on natural alpine pastures.
Their diet was solely derived from native vegetation, composed pre-
dominantly of Gramineae, Salicaceae and Rosaceae, with no supple-
mental feed provided. All Tibetan sheep were slaughtered using
standard routines of the commercial slaughterhouse (Qinghai Yutai
Livestock Products Co., Ltd., Qinghai, China) based on National Stan-
dards of China (GB/T 17237-2008). Our study was in accordance with
the Institute of Food Science and Technology, Chinese Academy of
Agricultural Sciences Ethical and Welfare Committee (IF
No0.20250627¢029), and with the 1964 Helsinki Declaration and its later
amendments or comparable ethical standards.

A total of 18 Longissimus Dorsi from carcasses (n = 6, Oula, Huoerba,
Duoma, six each) were collected. The whole transverse section of the
Longissimus Dorsi muscle, with a thickness of approximately 8 cm, was
excised from the 9th to 13th ribs and the sample from each carcass
weighed approximately 720 g. The obtained muscle was divided into
three distinct portions for analysis: the first portion (100 g of meat
samples at the caudal end of the Longissimus Dorsi) was stored at 4 °C for
24 h for the determination of meat color and pH; the second portion (6 g,
1 g each in frozen tubes) was frozen in liquid nitrogen and stored at
—80 °C for metabolomic analysis; the third portion (300 g of meat
samples from the same part of the Longissimus Dorsi) was stored at
—20 °C for the determination of cooking loss, amino acids, and fatty
acids, and so on. When needed, the samples were thawed gradually in a
constant-temperature room at 4 °C until their internal temperature
reached 0 °C, then surface tissue and fat were removed for analysis.

2.2. Color

The color parameters (L*, a* b*) of the Longissimus Dorsi muscle
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were determined using a CM-600d spectrophotometer (Konica Minolta,
Tokyo, Japan). The instrument was calibrated with a standard white
calibration tile before measurement. The operating conditions were set
with D65 standard illuminant, 10° standard observer angle, and specular
component excluded (SCE) mode to characterize the intrinsic color
properties of the meat samples.

Before analysis, all samples were equilibrated at room temperature
(25 + 1 °C) for 20 min. The measurement aperture was placed in full
contact with the meat surface. Three measurements were taken on each
sample at distinct locations, and the mean values were calculated for
statistical analysis.

2.3. pH

The pH was measured after 24 h of storage at 4 °C using a calibrated
Testo 205 pH meter (Testo, Lenzkirch, Germany). For each independent
sample (n = 6), the probe was inserted to a depth of 3 cm at the caudal
end of the Longissimus Dorsi, and the reading was recorded after stabi-
lization. Three measurements were taken at distinct locations within the
same muscle sample, and the average was calculated for statistical
analysis.

2.4. Protein, fat and moisture

All measurements for chemical composition (moisture, ash, crude
protein, and crude fat) were performed following AOAC methods (aoac,
2020): oven drying at 105 °C (AOAC 934.01) for moisture, muffle
furnace ignition at 550 °C (AOAC 934.01) for ash, the Kjeldahl method
(AOAC 990.03) for crude protein, and Soxhlet extraction (AOAC 920.39)
for crude fat. All indicators were tested at least three times and the
average value was calculated.

2.5. Cooking losses

Cooking losses of the samples were determined following the method
of Li et al. (2022). 50 g lamb meat was sliced, recorded as M1, then
sealed in a bag and cooked in a HWS-24 water bath (Yiheng, Shanghai,
China) that had been pre-equilibrated at 71 °C. Cooking was conducted
for 35 min with the temperature held constant throughout. The sealed
bag containing the cooked sample was then immediately cooled under
running cold water for 30 min. After reaching room temperature, the
sample was removed from the bag, blotted dry, and weighed again (M2).
The formula used was:

M1 - M2

0,
ML x 100%

Cooking loss(%) =

2.6. Amino acid

The amino acid content in the lamb back muscle was determined
using the method of Liang et al. (2024) with high-performance liquid
chromatography. The Longissimus Dorsi samples (0.5 g) were homoge-
nized with 10 mL of 6 M hydrochloric acid by vortexing for 2 min in a
hydrolysis tube. The tube was sealed and placed in a constant-
temperature LBAO-150H drying oven (STIK, Guangzhou, China) at
110 £ 1 °C for 22 h. After cooling to room temperature, the sample was
filtered 6-7 times with purified water and then adjusted to a final vol-
ume of 50 mL in a volumetric flask. For amino acid analysis, the amino
acid standard solution and the sample solution were injected in equal
volumes into the amino acid analyzer (L-8900; Hitachi, Tokyo, Japan).
Seventeen amino acids were identified and quantified using standard
curves, which were constructed using a mixture of amino acid standards
(Sigma Aldrich, St Louis, MO, USA).
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2.7. Fatty acid

0.5 g of the meat sample was transferred to a 2 mL glass centrifuge
tube, 1 mL of chloroform-methanol solution was added, and the sample
was sonicated for 30 min. The separation was carried out according to
Zhang et al. (2022) on a capillary column (30 m x 0.25 mm ID x 0.25
pm, DB-WAX) in a gas chromatograph, and mass spectrometry analysis
was performed using GC-MS (7890/5975C, Agilent, Palo Alto, CA,
USA).

The program temperature was set as follows: the initial temperature
was maintained at 40 °C for 5 min, then increased to 220 °C at a rate of
10 °C/min and held for 5 min. The carrier gas was helium with a flow
rate of 1.0 mL/min. The temperature of the inlet, ion source, and
transfer line was 280 °C, 230 °C, and 250 °C, respectively. The MS was
operated in the Electron Impact Ionization (EI) source with electron
energy set at 70 eV.

2.8. Metabolomics

2.8.1. Metabolite extraction

Metabolite extraction was conducted based on Guo et al. (2024) with
modifications. Briefly, meat samples were ground in liquid nitrogen and
homogenized with a pre-cooled mixture of methanol, acetonitrile, and
water (2:2:1, v/v/v). The homogenate was vortexed for 60 s, sonicated
for 30 min, and incubated at 20 °C for 10 min. After centrifugation at
14,000 rpm (radius = 83 mm, 18,200 xg) in the 5424 R Centrifuge
(Eppendorf, Leipzig, Germany) for 20 min, the supernatant was
collected and dried in a vacuum centrifuge. The residue was recon-
stituted in 100 pL of acetonitrile-water (1:1, v/v), vortexed, and
centrifuged again under the same conditions. The final supernatant was
subjected to UHPLC-QTOF-MS analysis.

2.8.2. UHPLC-QTOF-MS

The samples were separated by ultra-high performance liquid chro-
matography (UHPLC) (1290 Infinity, Agilent) following the method of
Guo et al. (2024) with slight modifications. During the analysis, the
samples were kept at 4 °C, with a column temperature of 25 °C, a flow
rate of 0.5 mL/min and an injection volume of 2 pL. The mobile phase
system consisted of A (25 mM ammonium acetate and ammonium so-
lution) and B (acetonitrile).

AB Triple TOF 6600 Mass Spectrometry (SCIEX, Framingham, MA,
USA) was used to collect primary and secondary spectra of the sample.
Data were acquired in both positive and negative electrospray ionization
(ESI) modes with the following source parameters: ion source gas 1
(GS1): 60, ion source gas 2 (GS2): 60, curtain gas (CUR): 30, source
temperature: 600 °C, and ion spray voltage: + 5500 V. Full scans were
recorded over m/z 60-1000 with an accumulation time of 0.20 s/spec-
trum. Product ion scans were collected over m/z 25-1000 using
information-dependent acquisition (IDA) with a collision energy of 35
+ 15 eV.

2.8.3. Quality control assessment

Quality control (QC) samples were prepared by mixing equal ali-
quots from all 18 individual sample extracts. These QC samples were
analyzed throughout the analytical sequence to assess instrument sta-
bility, with the retention time deviation, coefficient of determination
(R2), relative standard deviation (RSD), and mass accuracy monitored as
key criteria for data reliability.

2.9. Data analysis

2.9.1. Statistical analysis

To ensure statistical reliability, each experimental group consisted of
six independent samples (n = 6). Each sample was measured in at least
three technical replicates and the mean values were calculated for sta-
tistical analysis. Prior to one-way ANOVA, the assumptions of normality
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Table 1

Edible quality and basic nutritional indicators of Oula, Huoerba and Duoma.
Index Oula Huoerba Duoma
pH 6.42 + 0.05° 5.66 + 0.07° 5.72 + 0.12°
L* 41.99 + 1.23% 36.87 + 2.75° 37.09 + 2.63°
a* 16.98 + 4.05° 16.98 + 2.05° 16.18 + 2.44°
b* 12.04 + 0.07° 10.63 + 0.84° 10.99 + 0.92°
Cooking Loss (%) 35 + 3.5% 27 + 3.9° 26 + 2.9°
Moisture (%) 75 £ 0.7% 73 +3.1% 68 + 0.6"
Protein (%) 21 +0.2° 21 + 0.6" 23 +1.22
Fat (%) 6+ 1.5 5+0.8° 2+0.7°

Lower case letters represent significant differences in indicators among Tibetan
sheep at different altitudes (P < 0.05).

and homogeneity of variances were verified using the Shapiro-Wilk and
Levene's tests, respectively. Having verified that the data met these
parametric assumptions, significant inter-group differences (P < 0.05)
were identified using Tukey's HSD post-hoc test following the ANOVA.
The data are expressed as mean + standard deviation. Statistical sig-
nificance (P < 0.05) was determined by one-way ANOVA using SPSS
22.0 software package (SPSS Inc., Chicago, IL, USA).

2.9.2. Metabolite statistics and analysis

For the analysis of metabolomics data, the raw data were first
normalized, including sample normalization, normalization by sum,
data scaling, auto scaling, data transformation, none. Principal compo-
nent analysis (PCA) and orthogonal partial least squares-discriminant
analysis (OPLS-DA) were conducted using the R package (4.1.2)
MetaboAnalystR. Prior to OPLS-DA, the data were logz-transformed and
scaled using unit variance scaling (UV). The OPLS-DA models were
validated through permutation testing. Differential metabolites were
screened using thresholds of VIP > 1.5 and P < 0.05. A two-tiered
screening strategy was employed: initial screening (VIP > 1, |FC| > 2,
P < 0.05) for a broad overview; refined screening (VIP > 1.5, P < 0.05)
for downstream analysis. These were used for Venn diagrams, hierar-
chical clustering (top 50 shown), KEGG pathway enrichment, and
Mantel test correlation with meat quality traits. Visualization analyses,
including volcano plots, heatmaps, and Sankey diagrams, were gener-
ated using the R language (4.1.2) and the online platform MetWare
Cloud (https://cloud.metware.cn. Accessed September 25, 2024).

Table 2

Amino acid composition and content of Oula, Huoerba and Duoma.
Amino acids (g/100 g) Oula Huoerba Duoma
Asp 1.84 + 0.08 2.02 £0.13 1.86 + 0.01
Thr 0.93 £ 0.04 1.01 + 0.07 0.93 £ 0.01
Ser 0.79 + 0.03 0.87 + 0.06 0.8 + 0.01
Glu 3.04 £0.17 3.42 £0.21 3.04 £0.01
Pro 0.68 + 0.03" 0.78 + 0.04* 0.7 + 0.02°
Gly 0.84 £ 0.04 0.9 £+ 0.05 0.82 £ 0.03
Ala 1.13 + 0.05 1.24 + 0.07 1.12 £ 0.01
Val 0.95 + 0.03 0.98 £ 0.06 0.9 +£ 0.01
Met 0.54 + 0.03 0.58 + 0.04 0.52 + 0.01
Ile 0.91 + 0.04 0.97 £+ 0.05 0.88 + 0.01
Leu 1.61 + 0.07 1.77 £ 0.11 1.61 + 0.01
Tyr 0.69 + 0.04 0.76 + 0.05 0.69 + 0.01
Phe 0.79 £+ 0.03 0.88 + 0.06 0.8 £ 0.01
Lys 1.79 + 0.08 1.98 +0.12 1.81 £ 0.01
His 0.72 £ 0.03 0.71 £ 0.07 0.74 £ 0.01
Arg 1.24 + 0.06 1.39 + 0.09 1.25 + 0.01
EAA 7.51 £ 0.32 8.16 +£ 0.5 7.46 £ 0.02
NEAA 10.97 £ 0.3 12.08 £+ 0.43 11.03 £+ 0.03
TAA 18.48 + 0.83 20.25 + 1.24 18.5 + 0.05

EAA: Threonine + Valine + Methionine + Lysine + Phenylalanine + Isoleucine
+ Leucine;

NEAA: Glycine + Glutamic + Aspartic + Alanine + Argine + Histidine + Serine
+ Proline + Tyrosine + Ornithine + Glutamine + Asparagine;

Lower case letters represent differences in indicators among Tibetan sheep at
different altitudes.
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Table 3

Fatty acids composition and content of Oula, Huoerba, and Duoma.
Fatty Acids(mg/100 g) Oula Huoerba Duoma
C6:0 / 0.51 + 0.00% 0.58 + 0.15%
C10:0 / 0.67 + 0.00% 1.07 + 0.30%
C12:0 / / 1.02 + 0.36%
C14:0 3.16 + 1.92° 5.61 + 1.20° 21.37 +1.18%
C14:1n5 / / 0.50 + 0.11%
C15:0 0.43 + 0.00" 0.36 + 0.01° 1.45 + 0.57%
C16:0 33.67 + 1.00° 55.40 + 12.04° 187.00 + 4.78°
C16:1n7 2.83 + 0.87° 4.06 + 0.10° 14.19 + 5.63°
C17:0 1.51 +0.17° 1.52 + 0.10° 5.88 + 2.06%
C17:1n7 1.33 + 0.42%° 1.07 + 0.17° 2.80 + 1.01%
C18:0 23.70 + 5.58°  35.27 + 4.47° 112.83 + 8.25°
C18:1n9t 2.88 + 2.02* 2.00 + 0.70% 3.13 + 0.64°
C18:1n9c 44.00 +£3.46°  88.03+11.21°>  292.33 + 1.02°
C18:2n6¢ 417 +1.09° 10.12 + 1.04% 16.17 + 4.66°
C18:3n3 1.37 + 0.41° 0.32 + 0.02° 0.81 + 0.19%
C20:4n6 1.51 + 0.32° 3.31 + 1.08% 4.01 +0.722
C24:0 1.13 + 0.29° / /
SFA 64.01 + 3.91° 99.01 + 0.17° 331.00 + 11.30%
MUFA 51.07 + 3.40° 95.08 + 1.10° 313.06 + 10.90°
PUFA 7.00 + 2.01° 14.03 + 0.42° 21.09 + 0.52°

SFA: saturated fatty acids; MUFA: monounsaturated fatty acids; PUFA: poly-
unsaturated fatty acids; SFA (C6:0 + C8:0 + C162:0 + C14:0 + C15:0 + C16:0 +
C17:0 + C18:0 + C24:0).

MUFA (C14:1 N5 + C16:1 N7 + C17:1 N7 + C18:1N9t + C18:1N9c).

PUFA (C18:2N6¢ + C18:3 N3 + C20:4 N6).

Lower case letters represent differences in indicators among Tibetan sheep at
different altitudes.

Functional annotation and pathway enrichment analysis were per-
formed utilizing the Kyoto Encyclopedia of Genes and Genomes (KEGG)
database (https://www.genome.jp/kegg/. Accessed October 16, 2024).
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3. Results and discussion
3.1. Nutritional quality

3.1.1. Protein, fat and moisture

The conventional nutritional composition of meat (protein, fat and
moisture) plays a decisive role in its nutritional value and eating quality.
As shown in Table 1, Duoma Tibetan sheep exhibited a significantly
higher protein content compared to other Tibetan sheep, whereas the fat
content was significantly lower. This observation was consistent with
the results of Zi et al. (2004), whose research showed higher protein
content in high-altitude animals. This might be related to intense ul-
traviolet radiation at high altitudes, which promoted the synthesis of
antioxidant proteins and consequently increased protein content (Geihs
et al., 2020). Additionally, Rellinger et al. (2015) has demonstrated that
hypoxic conditions at high altitudes upregulate relevant metabolic en-
zymes, thereby facilitating protein synthesis.

3.1.2. Amino acid

The amino acid composition of Tibetan sheep at three altitudes was
analyzed in Table 2. Proline exhibited higher levels in Huoerba and
Duoma sheep, while there were no significant differences in the other
amino acid content among the Tibetan sheep at three altitudes.
Furthermore, no significant differences were observed in the concen-
trations of total amino acids (TAA), non-essential amino acids (NEAA),
and essential amino acids (EAA) among the three groups (P > 0.05).
These findings demonstrated that altitude had relatively limited effects
on the amino acid profile, whereas potential variations in undetected
rare amino acids cannot be excluded.
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Fig. 1. QC sample mass spectrometry detection plots and results. (a) Total Ion Current (TIC) overlay of T3 negative ion mode, (b) T3 positive ion mode, (c)
Metabolite classes and percentages. (a, b) The x-axis represents the retention time (RT) of metabolite detection, and the y-axis represents the ion signal intensity
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Fig. 2. Multivariate statistical analysis of differential metabolites plots. (a) Principal component analysis plots for the three sheep, (b, d, f) Partial least squares
discriminant analysis (OPLS-DA) scores plot for the Duoma vs Oula, Huoerba vs Oula, and Huoerba vs Duoma groups, respectively, (c, e, g) Plots of permutation tests
for the OPLS-DA model. Green = Duoma, Orange = Huoerba, Purple = Oula, Pink = Quality Control. In the plots of permutation tests, the horizontal axis represents
the model's R%Y and Q? values, while the vertical axis shows the frequency of model classification results in 200 random permutation experiments. (For interpretation

(b)
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(d)

Orthogonal T score[1] ( 18.3% )

)

Orthogonal T score[1] ( 13.6% )

Food Chemistry 504 (2026) 147974

( a ) g0 Group
@ Duoma
@ Huoerba
404 ® oula
® ac
204 (]
P
2 ?®
&
2 o 2 °
S ®
g o
Y ®
-20 PY
[ ]
-40]
-60 T T T T T T
-60 -40 -20 0 20 40 60
PC1 (23.82%)
Group ( C) 1404
@® Duoma
® oula
50+ 120
1004
o
{ @ & 80
® § o
0 () -1 p < 0/806 (0/200
® 8
. W 60
® RYY
p<0 1200)
PY 40 R?X = 0.434
-50- 20
0 = = -
T T T T T T T T
-40 -20 0 20 40 -1 -0.5 0 0.5 1
T score[1] (29.3% ) Permutations
100 Group (e)
@ Huoerba
® oula 150
50
[
21001
® H
[
0+ ° 'Q g
) [
[ ]
®
50 R?X =0.401
504
o —
-100 T T T T T T T T T T T
-30 -20 -10 0 10 20 30 -1 05 0 0.5 1
T score[1] (21.8% ) Permutations
Group <g )
60 @ Hucerba
. Duoma
40 150
®
20+
L] z
2 =0
o g 1004 P < 0.00840/200)
T o 3
o [
R?Y 201096
- o : p <0005 (0/200)
50 R?X =0.334
—404
-60
04
T T T T T : . . .
-30 -20 -10 0 10 20 30 05 0 05 1
T score[1] ( 19.8% ) Permutations

of the references to color in this figure legend, the reader is referred to the web version of this article.)

u Perm Q*
® PermR?Y

B Perm Q*
B PermR?Y

B Perm Q*
® PermR?Y



R. Liu et al. Food Chemistry 504 (2026) 147974

(a) (b)

° : Huoerba vs Oula ° : Huoerba vs Duoma
: © Down:74 ! ! e Down:95
6- ! Insignificant: 1490 4 : ‘ Insignificant: 1532
- L] p . ) ] . o
E ‘.E ° Up:96 % : ¥ o Up:86
' =) ' [
3 . : vip K : VIP
g ® > H
o 4/ ° K . 0.0 a 1 0.0
S . - 05 = 5 - 06
o LI o 1.1 - o 1.1
L % } 016 2 0 1.7
021 = 2.2
] L %
1 i '
i . \
H 1 i
R S S S S S e e | T T T t T t T T T T T
6-5-4-3-2-10123456 4-3-2-1012 3 456
( ) Log2(Fold Change) (d) Log2(Fold Change)
Cc
N ! Duoma vs Oula Huoerba vs Duoma Huoerba vs Oula
L] ' 1
o ! @ Down:101
: : Insignificant:1392 Duom a vs Oula
1 © Up:81
) ! Huoerba vs Oula
E | VIP
? H - 0.0 Huoerba vs Duoma
[ 1 - 0.5
3 % - 09
o ) o 1.4
S - 018
Duoma vs Oula
12345
Log2(Fold Change)
(e)
Group
| gyptanlﬂne B2 Group
ortisol
5,6-Dimethylbenzimidazole Lo B Duoma
_?_-Hyllldroxy-L-Tryptophan B Huoerba
yr-lle
Leu-Tyr -2 B oua
lle-Tyr
Leu-Met
lle-Met
\G/aI-Pro-Leu Class
In-Asn-Phe-Gl!
A|2_G|un_A|a_e|_euu_G|u B Tryptamines,Cholines,Pigments
éi%}/a\;?r;/e\sn-l_ys [ Hormones and hormone related compounds
Asp-Ser-Asn-Lys B Heterocyclic compounds
Illle-;;IGl:{arylglycine M Amino acid and Its metabolites
lle-Lys [l Benzene and substituted derivatives
:.IZII!I]'Lr B Alcohol and amines
— 2-Phenylethanol B Nucleotide and Its metabolites
gng_ﬁ.‘;ﬁ I Carbohydrates and Its metabolites
Val-Met [ Aldehyde, Ketones,Esters
lle-Ala o -
‘ Lev:ala B Organic acid and lts derivatives
| ‘ heuL-Leu W cp
e-Leu
L-Citrulline HFA
(R)-(-)-1-Amino-2-propanol
Trimethylamine-N-Oxide
1-Aminopropan-2-ol
2-Aminomethylpyrimidine
Sedoheptulose
L (1R,6S)-6-amino-5-oxocyclohexyl-2-ene-1-carboxylic-acid-ester
S 5-Guanidino-3-methyl-2-oxopentanoate

Deoxycytidine

‘ N-Butyrylglycine
Tramiprosate
2,4-Dihydroxy Benzoic Acid
2,5-Dihydroxybenzoic acid
PC(18:1(92)/22:6(42,72,10Z,13Z,16Z,19Z))
5-Methoxy-N,N-diisopropyltryptamine

C17:0
C13:0
C18:0
| rnitine C18:2-OH

Carnitine C20:4

Carnitine C18:2

Phe-Hyp

Class Q Q Q [e) [e)
%, % B, % %

Fig. 3. Comparison of the metabolomics data of the Longissimus Dorsi among Oula, Huoerba and Duoma groups. (a, b, ¢) Volcano plots of comparisons between
Huoerba vs Oula, Huoerba vs Duoma and Duoma vs Oula groups, respectively. The horizontal axis represents the logarithm of the fold change in the relative content
of a metabolite between two groups of samples; the larger the value, the greater the difference. (d) Venn diagrams of differential metabolites in the three comparisons
(Duoma vs Oula, Huoerba vs Duoma and Huoerba vs Oula); (e) Oula, Huoerba and Duoma Tibetan sheep clustered heat maps of differential metabolites (plotted at P
< 0.05, VIP value >1.5, top 50 selected for presentation). The horizontal axis represents sample names, and the vertical axis represents differential metabolites.
Different colors indicate content values obtained after standardization (Purple = high content, Orange = low content). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)



R. Liu et al.

3.1.3. Fatty acid

The fatty acid profiles of Tibetan sheep at three altitudes are shown
in Table 3. A total of 13, 14, and 16 distinct fatty acids were detected in
Oula, Huoerba, and Duoma Tibetan sheep, respectively. C12:0 (lauric
acid) and C14:1n5 (myristoleic acid) were exclusively present in Duoma
Tibetan sheep, while C24:0 was uniquely identified in Oula Tibetan
sheep. Similar results were obtained by Richter et al. (2012), who
demonstrated significant altitude-dependent variations in fatty acid
profiles of lambs.

Meanwhile, Duoma Tibetan sheep displayed higher contents of
saturated (SFA), polyunsaturated (PUFA), and monounsaturated fatty
acids (MUFA) compared to the others (P < 0.05). Generally, SFA and
MUFA (Krishnan & Cooper, 2014) serve as efficient energy sources and
contribute to thermoregulation, while PUFA enhance cellular membrane
stability and provide antioxidant protection against oxidative stress
induced by UV radiation and hypoxia (Crescenzo et al., 2017). Hence,
the compositional difference in meat samples might represent an
adaptation of the Tibetan sheep to high-altitude environments.

3.2. Eating quality

The eating quality of meat includes color, pH, and cooking loss (Li
et al., 2022). The results of the eating quality of Oula, Huoerba, and
Duoma Tibetan sheep are shown in Table 1. The L* values and b* values
of Oula are significantly higher (P < 0.05), which might be due to the
changes in myoglobin levels and differences in lipid composition. Xin
et al. (2022) and Zhu et al. (2023) found significant reductions in L*
values, b* values, and water-holding capacity of yak meat with
ascending elevations (3000-4500 m). Generally, increasing altitude
leads to reduced oxygen concentration, and the hypoxic environment's
impact on animal myoglobin levels results in meat browning and
decreased L* values (Xu et al., 2023).

The pH values at postmortem 24 h were within the normal range
(5.8-6.5) (Tao et al.,, 2021). Duoma and Huoerba Tibetan sheep
exhibited significantly lower cooking loss than Oula Tibetan sheep (P <
0.05), indicating superior water-holding capacity in the high-altitude
groups. It was demonstrated that hypoxic plateau conditions enhance
aerobic metabolic efficiency in animals, significantly increasing the
proportion of slow-twitch fibers (Type I) rich in mitochondria and
myoglobin (Zhang et al., 2014). The elevated slow-twitch fiber content
helps stabilize muscle pH, thereby improving water-holding capacity.
Consequently, Duoma and Huoerba Tibetan sheep adapted to higher
altitudes exhibit superior water retention properties.

3.3. Metabolomics

3.3.1. Metabolite composition

The close clustering of the QC (Quality Control) samples confirmed
the reproducibility and reliability of the metabolomic data. The
metabolite profile of Longissimus Dorsi samples from Oula, Huoerba, and
Duoma Tibetan sheep was analyzed using UPLC-QTRAP-MS/MS as
shown in Fig. 1. A total of 1664 subclasses of metabolites from 16 major
groups were detected, including 425 (25.54%) amino acids and their
derivatives, 242 (14.54%) organic acids and their derivatives, 158
(9.50%) fatty acids, 135 (8.11%) nucleotides and their metabolites, 134
(8.05%) benzene and substituted derivatives and others. It can be
observed that amino acids and their derivatives, organic acids and other
substances are the main components in muscle metabolites.

3.3.2. Multivariate statistical analysis

To better understand the metabolic differences between Tibetan
sheep at 3 altitudes, PCA and OPLS-DA were used for pairwise com-
parisons of three breeds in Fig. 2. The PCA results after removing QC
samples explained 35.58% of the variance. To optimize inter-group
separation and better display differences, OPLS-DA was used for
further analysis of the two groups. It was found that the Q? (predictive
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ability) of the three models: Duoma vs Oula, Duoma vs Huoerba, and
Oula vs Huoerba, were all greater than 0.7, with the robustness of the
predictions indicated by R?Y values of 0.996, 0.997, and 0.996, all
greater than 0.9, indicating that the analysis model has high consistency
and reliability, and the analysis in this study is effective. Since the Oula
sheep showed a clear trend of intra-group aggregation and inter-group
separation compared to Duoma and Huoerba sheep, the Tibetan sheep
at 3 altitudes can be well distinguished.

3.3.3. Differential metabolite analysis

A total of 419 differential metabolites were screened according to the
criteria of FC > 2 or FC < 0.5 and VIP value >1 at P < 0.05. Volcano
(Fig. 3a,b,c) showed that a total of 81 metabolites were observed to be
up-regulated in the Duoma vs Oula group, with a clear predominance of
fatty acyls (23), glycerophospholipids (15), amino acids and their me-
tabolites (13), and organic acids and their derivatives (9). Herein, in the
Huoerba vs Oula group, Up-regulation of 96 metabolites was observed,
of which the prominent ones were fatty acyls (43), glycerophospholipids
(15), amino acids and their metabolites (10), and alcohols and amines
(4). The results indicated that organic acids, alcohols, and amines were
the primary differential metabolites in Duoma and Huoerba Tibetan
sheep, while fatty acyls, organic acids, and benzene derivatives were
predominant in Duoma and Oula Tibetan sheep. Fatty acyls directly
influence the fat content and distribution in muscle (Bjorntorp, 1987),
which aligns with the present study's findings of differences in crude fat
among Tibetan sheep at three altitudes. In addition, the accumulation of
organic acids in the muscle affects the final pH of the meat, and lower pH
may lead to a darker color and tougher texture (Sun et al., 2018), which
explains the lower pH and L* values of Huoerba Tibetan sheep. Then,
shared and endemic metabolites (VIP > 1.5 and P < 0.05) were shown
through the overlapping regions of Venn diagrams (Fig. 3d). Among
them, 58 metabolites were shared differential metabolites in the
Huoerba group, 42 metabolites were shared differential metabolites in
the Duoma group, and 50 metabolites were shared differential metab-
olites in the Oula group.

All differential metabolites in the three groups were visualized in a
heat map (Fig. 3e). Hierarchical cluster analysis was conducted on Ti-
betan sheep meat from different altitudes to assess differences in accu-
mulation patterns with the conditions of P < 0.05 and VIP > 1.5, and the
top 50 major metabolites were selected for presentation. The results
showed that there was a significant difference in the metabolites of
Longissimus Dorsi between Oula and Duoma sheep, with the former
having a higher content of amino acids and their metabolites, hetero-
cyclic compounds, alcohols and amines, while the opposite was true for
fatty acids and glycerophospholipids. Further analysis revealed that the
concentrations of dipeptides and tripeptides, such as Tyr-IIE, Leu-Tyr,
and Val-Pro-Leu, progressively decreased with increasing altitude, as
these compounds are primarily involved in protein degradation and
metabolism. In contrast, the levels of carnitine analogues, including
Carnitine C17:0, Carnitine C13:0, and Carnitine C18:0, exhibited a sig-
nificant increase in Tibetan sheep across all three altitudes. A clear up-
ward trend in the content of carnitine analogues was observed among
the Tibetan sheep at three altitudes. Carnitine analogues and their me-
tabolites mainly play an important role in fatty acid metabolism, anti-
oxidative stress and energy production (Li & Zhao, 2021). Specifically,
carnitine is a key molecule in p-oxidation, which helps fatty acids to
enter the mitochondria for oxidative catabolism and energy production.
Additionally, its antioxidant properties and role in energy supply assist
the organism in adapting to stresses such as hypoxia and cold environ-
mental conditions (Chicco et al., 2018). Carnitine derivatives are com-
pounds created when carnitine bonds with specific fatty acids, aiding in
their metabolism. For example, Carnitine C17:0 is involved in the
metabolic processes of C17:0.

Generally, the elevated levels of carnitines and their derivatives in
Tibetan sheep and goats residing at high altitudes reflect their active
lipid metabolism and adaptation to hypoxic conditions. Elevated
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carnitine content was also shown to contribute to counteracting hypoxia
in a study by Xu et al. (2023) in high-altitude hypoxic mice, which is
consistent with the findings of this paper. Meanwhile, the content data
of carnitine derivatives in the metabolomic data are in good agreement
with the fatty acid content data (Table 3) in the present study.

3.3.4. KEGG enrichment of core difference products

A total of 185 differential metabolites were identified in this study,
with screening criteria set at P < 0.05 and VIP value >1.5. KEGG
pathway analysis was conducted using MetaboAnalyst 5.0 to elucidate
the altered metabolic pathways among the three groups. The pathways
predominantly associated with the differential metabolites in the Long-
issimus Dorsi of Oula, Huoerba, and Duoma Tibetan sheep are illustrated
in Fig. 4, including thermogenesis, ABC transporters, lysine degradation,
and coenzyme A biosynthesis. While thermogenesis and ABC trans-
porters represent major common pathways across organisms, the minor
pathways, such as lysine degradation, warrant further attention due to
their potential functional significance. For instance, lysine degradation
is intrinsically linked to the synthesis of acetyl-CoA (Davies et al., 2016).
This suggests that in post-mortem muscle, changes in acetyl-CoA avail-
ability and protein acetylation may regulate the glycolytic rate and
lactate accumulation, ultimately modulating key meat quality attributes
such as tenderness and color (Liu et al., 2025). Additionally, the
enrichment of bile acid biosynthesis, though minor, suggests a potential
modulation of lipid digestion and metabolism. Specifically, alterations
in this pathway could affect lipid absorption and utilization, thereby
influencing the muscle fatty acid profile and subsequent sensory quality
of the meat (Vi et al., 2023). A comparative analysis between the two
groups is presented in Fig. S1. In the Longissimus Dorsi of Duoma and

Oula, the metabolic pathways identified include ABC transporters,
lysine degradation, and porphyrin metabolism, among others. In the
comparison between Huoerba and Duoma, several pathways were
significantly enriched, notably ABC transporters, nicotinate and nico-
tinamide metabolism, cysteine and methionine metabolism, and HIF-1a
signaling pathways. Additionally, the differential metabolites in the
dorsal muscles of Huoerba and Oula were primarily associated with
thermogenesis, primary bile acid biosynthesis, bile secretion, and
cortisol synthesis and secretion.

Of interest, the HIF-1a signaling pathway (Chiu et al., 2019; Xin
et al., 2023) serves as a major regulator of numerous hypoxia-inducible
genes under hypoxic conditions and has a variety of important functions,
including angiogenesis, gluconeogenesis, erythropoiesis and meta-
bolism, as well as immune response and inflammation. Differential
metabolites detected in sheep at different altitudes were significantly
enriched in the HIF-1la signaling pathway, suggesting that altitudinal
changes may persistently activate this pathway to drive the unique
hypoxic metabolic remodeling in plateau animals by enhancing the
stability of HIF-1a proteins. Similarly, Xin et al. (2022) reported that
HIF-1a protein increased with elevation, and its protein expression was
associated with pH, glycolysis, and hardness (Zhu et al., 2025). There-
fore, HIF-1a protein could be considered as a marker protein affecting
the meat quality of yaks at different altitudes.

3.4. Correlation analysis between meat quality and major differential
metabolites

The Mantel heat map was constructed to correlate the meat quality
parameters and 15 major differential metabolites to explore their
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relationship. As shown in Fig. 5, there was a significant relationship
between major differential metabolites (such as Cortisol, Carnitine
C22:5, Leu-Met, Oxidized glutathione) and phenotypic characteristics
(moisture content, pH, color, cooking loss, crude protein, and crude fat
content) in the breed. It is worth mentioning that Mantel's P < 0.01 for
L* value and cooking loss with Oxidized glutathione, Mantel's P < 0.01
for L* value and a* value with Leu-Met, suggesting that correlations
between these variables are highly statistically significant. It has been
shown that Oxidized glutathione (GSSG), the oxidized form of gluta-
thione (GSH), reflects the level of oxidative stress in cells (Herzog et al.,
2019). High levels of GSSG usually indicate enhanced oxidative stress,
leading to protein oxidation. On one hand, this may alter the structure of
muscle fibers, affecting light reflection and influencing the L* values. On
the other hand, increased oxidative stress may cause protein cross-
linking and denaturation, thereby reducing the water-holding capacity
of muscle fibers (Bao et al., 2018; Bertram et al., 2007; Jiang et al.,
2021), thus increasing cooking loss. Similarly, Leu-Met is a dipeptide
that can scavenge free radicals (Zheng et al., 2016), reducing the
oxidation of myoglobin and thereby maintaining the stability of oxy-
myoglobin to keep a higher a* value, which is consistent with this
article.

Our correlation analysis revealed significant associations between
cortisol levels and both pH and b* values (Mantel's P < 0.05), suggesting
this stress hormone may directly modulate key meat quality. As a stress
hormone, prolonged cortisol elevation triggers muscle catabolism and
lipid metabolic dysregulation, ultimately compromising core meat
quality, including hardness, L* value, and water-holding capacity (Xia
et al., 2012). Acute pre-slaughter stress induces cortisol spikes, accel-
erating the conversion of glycogen to lactate and leading to a rapid
decline in postmortem pH. This process results in DFD (Dark, Firm, Dry)
meat, which is characterized by dark purple coloration, a tough texture,
and a reduced shelf life (O'Neill et al., 2003).

4. Conclusion

Comprehensive comparative analyses were conducted on the meat
quality and metabolites among Oula, Huoerba, and Duoma Tibetan
sheep. The results indicated that low-altitude Oula Tibetan sheep con-
tained higher moisture and brighter color, Huoerba Tibetan sheep had
lower pH, and high-altitude Duoma Tibetan sheep had higher protein
content, lower fat content and richer fatty acids. Metabolomic analysis
identified 419 differential metabolites, and carnitine levels increase
with altitude in Tibetan sheep. Correlation analysis showed that 15 key
differential metabolites are strongly associated with phenotypic char-
acteristics. These findings provide novel perspectives on the altitudinal
adaptation of meat quality in Tibetan sheep.
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