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[ABSTRACT] Obijective To explore the potential mechanisms of hypoxic adaptive metabolic changes in
the kidneys of plateau pikas at different altitudes using non-targeted metabolomics analysis via ultra-high-
performance liquid chromatography coupled with quadrupole electrostatic field orbital trap-mass
spectrometry (UHPLC-QE-MS). Methods 10 plateau pikas were captured at an altitude of 4 360 m in
Xingxiuhai area, Maduo County, Guoluo Tibetan Autonomous Prefecture, Qinghai Province (MD group), and
10 plateau pikas were captured at an altitude of 2 900 m in Menyuan area, Haibei Tibetan Autonomous
Prefecture, Qinghai Province (MY group). After anesthesia, serum samples were collected, and kidney
samples were collected after euthanasia. General physiological and biochemical indicators were measured
and metabolomics analysis was performed. Part of the serum samples was used for hematology analysis,
another part for blood gas analysis, and the remaining part for biochemical indicator detection. Metabolites
were extracted from the kidney tissue samples and then analyzed using UHPLC-QE-MS. Differential
metabolites were analyzed using metabolomics principal component analysis (PCA) and orthogonal partial
least squares discriminant analysis (OPLS-DA), with screening criteria set as variable importance in
projection (VIP)>15 and fold change (FC)>15, or VIP>1.5 and FC<1/1.5. Correlation analysis heatmaps,
significance analysis volcano plots, signaling pathway recognition bubble charts, and rectangular graphs
were used for the analysis of differential metabolites and related signaling pathways. Results The red blood
cell count, glucose, urea nitrogen, uric acid, and homocysteine levels in the MD group plateau pikas were
higher than those in the MY group, while hemoglobin, hematocrit, creatinine, and carbon dioxide combining
power were lower than those in the MY group. This indicated a significant difference in the blood
oxygen-carrying capacity of plateau pikas at different altitudes. The principal component pattern
recognition analyses, and OPLS-DA permutation test showed that the kidney metabolites of the MD and
MY groups of plateau pikas had distinct clustering distributions (R?Y=0.930, @*=0.655). According to the
screening criteria and database comparison, 46 differential metabolites were identified in the kidneys of
plateau pikas at different altitudes. In the MD group of plateau pikas, the expression levels of bufadienolide,
adenosine, adenine, diosgenin, berberine chloride, carnosol, and astaxanthin were significantly increased
(VIP>1.5, P<0.05), while the levels of arachidonic acid, histamine, and coumarin were significantly decreased
(VIP>1.5, P<0.05). The analysis of related signaling pathways showed that the biosynthetic pathways of
valine, leucine, and isoleucine had the largest impact factors (P<0.05), while the biosynthetic pathways of
pantothenate and coenzyme A showed the most significant enrichment (P<0.05). Conclusion The
differential metabolites of amino acids, pantothenate, and coenzyme A pathways in the kidneys of plateau
pikas at different altitudes may be involved in the metabolic mechanisms of plateau pikas' hypoxia
adaptation in high-altitude environments.

[Key words] High-altitude hypoxia; Plateau pika; Kidney; UHPLC-QE-MS; Metabolic pathway
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#1 FTRBKRERERN—REEEMIBIFILR
Table 1 Comparison of general physiological and

biochemical indicators of plateau pikas at

different altitudes

(xts)
®E MD 2 MY 2 Ha P&

[tem MD group MY'group tvalue Pvalue

(n=10) (n=10)

RBC Cce”/(10”-L’1) 6.93+0.85 6.75+1.65 0.355 0.726
HGB p/(g:L™) 116.36+7.39  141.40+21.45 -4.074 0.001
HCT /(%) 36.45+2.62 42.58+7.09 -2.985 0.007
GLU ¢/(mmol-L™ 6.07+3.66 5.84+2.51 0.177  0.861
BUN c¢/(mmol-L™) 7.48+4.01 5.89+3.00 1.054 0.305
Cr ¢/(umol-L7) 21.55+5.97 22.36+£8.65 -0.258 0.799
UA c¢/(umol-L™) 45.09+21.90 24.27+15.84 2555 0.019
CO,CP ¢/(mmol-L")  18.72+5.85 26.01¢5.83  -2.928 0.008
HCY ¢/(umol-L™) 25.03+10.31 18.35+¢12.09  1.393 0.179

E: MD, RkESEEREEERANEZEER X ER4360m
MNEER%; MY, RkESE&EItEES AN JEBX B 2900 m
WRER L. RBC, LMMItH; HGB, MLABE; HCT, MM
tba; GLU, & #E; BUN, [RESA; Cr, EF; UA, RE;
COCP, ZHEMIRETS; HCY, EE¥Hralk.

Note: MD, plateau pikas from the Xingxiuhai area, Maduo County,
Guoluo Tibetan Autonomous Prefecture, Qinghai Province at an
altitude of 4 360 m; MY, plateau pikas from the Menyuan area,
Haibei Tibetan Autonomous Prefecture, Qinghai Province at an
altitude of 2 900 m. RBC, red blood cells; HGB, hemoglobin; HCT,
hematocrit; GLU, glucose; BUN, blood urea nitrogen; Cr,
creatinine; UA, uric acid; CO,CP, carbon dioxide combining power;
HCY, homocysteine.
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MY LEtNODIRTRE—ME_XENESEAS; R?Y=0.930, @*=0.655).

Note: A is the scatter plot of principal component analysis (PCA) model between MD group and MY group; B is the scatter plot obtained by
PCA for all samples (including QC samples). In the figure A and B, the horizontal axis (PC[1]) and the vertical axis (PC[2]) represent the
scores of the first and second principal components, respectively, and the color and shape of the scatter points indicate the experimental
grouping of the samples. C is the scatter plot of the orthogonal partial least squares discriminant analysis (OPLS-DA) model between MD
group and MY group (The horizontal axis represents the scores of the predictive principal components, reflecting the separation degree
between groups. The vertical axis represents the scores of the orthogonal principal components, reflecting the distribution of differences

within groups) ; D is the permutation test of the OPLS-DA model of MD group for MY group (X-axis (t[1]P) and Y-axis (t[1]O) represent

the principal components of the first and second regions, respectively. R2Y=0.93, @?=0.655).
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Figure 1 Ultra-high-performance liquid chromatography coupled with quadrupole electrostatic field orbital trap-mass

spectrometry (UHPLC-QE-MS) analysis of kidney metabolomics in plateau pikas at different altitudes
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Table 2 Differential molecules of kidney metabolites in plateau pikas at different altitudes

e (g MDH vs MY {H

Peak Metabolites MD group vs MY group
H13Z % Chinese name WY& English name RT/s VIP Pvalue FC

4217 g% T IR R ER IS Bufadienolide 302.521 2.841 0.046 1 216.417
3586 EfREHAEE Diosgenin 375.853 2.790 0.0000 23.644
2596 EhER/NEERR Berberine chloride 448.647 1.684 0.0101 2418
5668 T i ZBEIL AR Maleimide 157.759 2.051 0.0033 2.275
6118 BRIZNS Adenine 128.009 1.992 0.002 6 1.355
4040 78-fREIFER 7,8-Dehydroastaxanthin 304.975 2124 0.007 8 13.719
4168 MABEFIES Benazeprilat 279.705 2.212 0.0008 10.772
4196 BBERES-3,7,12,25-IKig-3-B B HEEEER  Cholestane-3,7,12,25-tetrol-3-glucuronide  273.513 2.149 0.0012 5.633
4221 7-2EEEVXR 7-Ethoxycoumarin 261.173 1.795 0.0179 2.839
3212 1-FEREEA ENMBER EIE 1-Stearoylglycerophosphoglycerol 412,530 1.586 0.0251 2.103
5578 2-REEXNIBSEBMMmEEL 2-Methoxyacetaminophen sulfate 36.282 2.150 0.0005 0.453
5294 HEIEK Xanthosine 57.261 1.863 0.0077 0.448
5476 USRI Tetrahydrobiopterin 42.319 1.632 0.0110 0.425
2896 NFEERRER Cryptopleurine 440.968 2.258 0.000 3 0.292
3198 IRTER Canbidiolic acid 413.844 2.004 0.0127 0.284
5570 GDP-3,6-—Bt&-D-¥3L¥E GDP-3,6-dideoxy-D-galactose 36.317 1.735 0.0016 0.197
5501 1%E Gossypol 41.544 1.725 0.0193 0.160
4549 A-BEREXBRE 4-Coumaroylshikimate 179.435 2.266 0.009 7 0.103
4596 ET&E Syringin 169.451 2.374 0.010 3 0.050
5805 5-O-FE-EEE-YE 5-0-Methyl-myo-inositol 33358 2543 0.0005 0.026
5001 ZEITER Sebacic acid 135.122 2.295 0.046 3 0.077
4671 FEDEA Samaderin A 163.209 1535 0.0378 0.217
4717 3-BREEE 3-Dehydrogenase 157.505 2.158 0.0009 0.170
4514 WRIEES Sulfallate 185.215 1.844 0.0490 0.190
5688 EHKRTE Bitolterol 35.519 1.568 0.0011 0.271
5523 YA Nicotiamine 169.858 2.201 0.0001 0.454
7265 [MLiKEE Pyridarone 29.322 1.490 0.0195 0.401
3058 =HBK Homocarnosine 412.238 1.966 0.006 3 0.390
3410 FIEBEE Aphidicolin 388.298 2133 0.0050 0.205
3101 #MEEEH Abietate 408.903 2.373 0.0334 0.088
4573 E=EH Fraxin 174.802 1.098 0.0343 0.085
3554 SEZWMWER Homodolicholide 380.038 1.667 0.004 0 0.234
3984 EFREFMER Farnesylcysteine 328.343 2.148 0.0159 0.224

59 iz Pantothenic acid 157.754 2.460 0.0001 0.480
6640 1-BRERE 1-Methyladenosine 44.286 2.135 0.003 3 0.482
5674 L[-“ERFEXR L-Dihydroanticapsin 157.754 2.510 0.0001 0.463
3695 +/\IRIUEER Stearidonic acid 359.953 2.698 0.003 7 0.103
4631 6-REBAELERE 6-Deoxyjacareubin 237.103 2.310 0.0110 0.096
5940 BXIGEERR Isopentenyl diphosphate 142.170 2.771 0.0383 0.004
6407 HENYBESIEE Artomunoxanthentrione epoxide 27.729 2.401 0.0000 0.249
5768 FEBBR Benzylpenicilloic acid 151.870 2.655 0.025 4 0.034
302 B=ak Isoleucine 71.954 1.669 0.0459 0.698
6496 L-GREER L-Valine 55.803 1.684 0.0182 0.637
4165 REZER Carnosol 279.762 2.070 0.003 8 31.391

41 EHER Arachidonic acid 466.526 1.614 0.0105 0.695
5711 Apg Histamine 35.217 1.740 0.0429 0.537

F: MD, REZBEREHEEANEZEEESHEXBIR4I0OMPESREESR; MY, RESFBEBIEKREAMNITEX B 2900 mivS

[FER%. RT, (REEHE; VIP, TERTEEE; FC, BN, IMAIRYREENILE, Pvalue, MAZRREMHNEE MR,
Note: MD, plateau pikas from the Xingxiuhai area, Maduo County, Guoluo Tibetan Autonomous Prefecture, Qinghai Province at an altitude
of 4360 m; MY, plateau pikas from the Menyuan area, Haibei Tibetan Autonomous Prefecture, Qinghai Province at an altitude of 2 900 m.
RT, median retention time; VIP, variable importance in projection; FC, fold change, the quantitative ratio of two groups of experimental
substances; Pvalue, probability of significance of different metabolites between the two groups.
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Berberine chloride
1-Stearoylglycerophosphoglycerol
Carnosol

Maleimide

7-Ethoxycoumarin

Adenine
Benazeprilat
Bufadienolide
Diosgenin
-0.5 7,8-Dehydroastaxanthin
Cholestane-3,7,12,25-tetrol-3-glucuronide
Fraxin
Pyridarone
Gossypol
Homocarnosine
Tetrahydrobiopterin
Isoleucine
L-Valine
Bitolterol
Homodolicholide
Nicotiamine
Avrachidonic acid
Farnesylcysteine
Histamine
Aphidicolin

Samaderin A
Artomunoxanthentrione epoxide
L-Dihydroanticapsin

Pantothenic acid
2-Methoxyacetaminophen sulfate
Cryptopleurine
4-Coumaroylshikimate
Stearidonic acid

Abietate
GDP-3,6-dideoxy-D-galactose
Canbidiolic acid
Xanthosine
1-Methyladenosine
3-Dehydrogenase
5-0-Methyl-myo-inositol
Benzylpenicilloic acid
Isopentenyl diphosphate
6-Deoxyjacareubin
Sebacic acid

Sulfallate

-1

Syringin
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B f C 4 pantothonste and Con bosybesiO) 1
o | o down-regulated : . "
6 : not significant ! ] : Lo
: ® up-regulted - In P-value Valine,leucine and Arachidonic acid
3 : ; : H P L metabolism
v : : : lo
24 2 0 | i i 2
= < H H H
< > i H .
F d,y
& P . e = Impact
0 . ' : h : Nicotinate and
2 2 0o o ‘g% | 3 :
1+
0
10 5 0 5 10 00 0 ‘1 0 ‘7 0‘3
log,Fold change . E .2 : - In P-value semmsr—1— T em—
&2 & Impact 0.0051.01520253.0

F: ARBXMESTRAE (Corr AZEEXEH); BAKXKWE (VIPAZERFEERE,; FCHBEHEN, IREARENEENILE,; PER
B ESZACEMNEZERER); CHBRIRFISIBE,; DABEIRIEFE (GmBIEHBEERSE,; PmBIERASE ).

Note: A is correlation analysis heat map (Corr, correlation coefficients of variables) ; B is the volcano plot (VIP, variable importance in
projection; FC, fold change, the quantitative ratio of two groups of experimental substances; P value, probability of significance of
different metabolites between the two groups) ; C is the pathway recognition bubble chart; D is the path identification rectangular graph
(Gm, glycerophospholipid metabolism; Pm, purine metabolism).

B2 FRsRERERNEEERAEMEXERERXBE

Figure 2 Correlation of kidney differential metabolites and related pathways in plateau pikas at different altitudes

ECHAHZEEH 1 (Kelch-like ECH=-associating protein 1, X A] BE S ANAF 7T H MD 2 75 )5 R AR Y B B EE R /K i
Keapl ) WEAEFE2AHEEF2 (nuclear factor erythroid EZmT MY B BIMNESCERGE, IF5E &R
2—related factor 2, Nrf2) /A& M cE (antioxidant o] vE Nief2, {2 Keapl SN2 i 5, #HmmiEidE ARE
response lement, ARE) {3546 S TTARER AN FUMEAAERTEHEE 745, AR TR
09, BUEHEN, (SRS R R RE A T LRI, Hassancin % 00 5F
RIEHIIN, Keap1/Nrf2/ARE B4 50 (0 R 0 B0 FOREL, 17 FHEYRIEH S SR AT ALY AT IR N2 5%
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