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Abstract: This study was designed to explore the intervention of muscle fatigue in rats with Astragali Radix
using "H NMR metabolomics methods.  The fatigue model was induced in rats by forced swimming plus food
restriction, and the effects of Astragali Radix (3, 6 and 12 g-kg ') were investigated using the exhaustive time
of rat svimming. After 3 weeks, the gastrocnemius was collected for *"H NMR detection, and the anti-fatigue
effects of Astragali Radix were explored using multivariate statistical analysis. Astragali Radix significantly
improved the exhaustive swimming time of rats. Compared with control group, the levels of isoleucine, leucine,
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creatine, phosphatidylcholine, trimethylamine oxide, taurine, guanidinoacetate, AMP, inosine, histidine,
hypoxanthine, anserine in rat gastrocnemius of model group wereincreased. While the levels of lactate, acetone,
choline, glycerophosphocholine, glycine were decreased. These 6, 11, 5 potential biomarkers could be reversely
regulated by treatment with Astragali Radix (high dose, middle dose, low dose), respectively. Metabolomics
analysis reveadled that Astragali Radix has a certain anti-fatigue effects and the mechanism may be related to

regulation of amino metabolism.
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Figure 1 Effects of Astragali Radix on the body weight of rats.
NS: Control group, MS: Model group, AH: High dose group,
AM: Medium dose group, AL: Low dose group. n=6, X=+s.
"P<0.05 vs control group; *P<0.01 vs model group
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Figure 2 Effects of Astragali Radix on exhaustive swimming
time of rats. n=6, X+s. ~P<0.01, "'P<0.001 vs model

group

Table 1 Effects of Astragali Radix on serum biochemical parameters.
Blood urea nitrogen; GLU: Glucose; TC: Total cholesterol; TG: Triglycerides.

Figure 3 H NMR spectrum of muscle from a rat in control
group. The metabolites labeled with numbers are listed in Table
2

CK: Creatine kinase; LDH: Lactate dehydrogenase; BUN:
n=6, x+s. P<0.05 “"P<0.001 vs control group;

#P<0.05, #P<0.01, *P<0.001 vs model group

Group CK/IU-L™? LDH/IU-L™? BUN/mmol-L™* GLU/mmol-L™* TC/mmol-L™* TG/mmol-L*
NS 1426 + 659.36 1740.75 + 401.78 5.02+0.31 5.14 + 0.46 1.49 + 0.13 0.37+0.11
MS 2686.25 + 506.17""" 1278.38 + 404.23" 949+ 166 3.26+1.82" 1.87+042 0.48+0.04"
AH 1545.13 + 665.15" 1841.88 + 482.56" 7.26 + 0.81"# 579+ 2.21% 1.31+0.30% 0.34 + 0.08%
AM 1 647.38 + 428.35" 1932 + 456.39" 7.49 + 1.16"# 493+ 1.77 1.45 + 0.44"* 0.36 + 0.06™
AL 1899 + 390.04% 1543.25 + 24556 7.78 + 1.07% 457+154 1.63+0.18 0.44 + 0.08
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Table2 'H NMR assignments of major metabolites from rat muscle. PC: Phosphatidylcholine; GPC: Glycerophosphocholing; TMAO:

Trimethylamine oxide; AMP: Adenosine monophosphate

No. Metabolite Group OH
1 Isoleucine dCHgs, yCH, 0.94(t, J=7.4Hz),1.01(d, J=7.0H2)
2 Leucine CH=CH 0.96 (d, J=7.1Hz),0.97 (d, J=6.6 Hz)
3 Valine yCHa, yCH3 0.99 (d, J= 6.6 Hz), 1.04 (d, J = 7.2 Hz)
4 S-OH-Butyrate »CHs 1.20 (d, J = 6.6 Hz), 2.41 (d, J= 7.0 Hz)
5 Lactate aCH, fCH3 1.33(d, J=8.4Hz),4.12(q, J=8.3Hz)
6 Lysine 5CHj, BCH 1.90 (m), 1.72 (m), 1.45 (m)

7 Alanine BCH3 1.48 (d, J= 8.6 HZ)
8 Acetate CH3 1.92 (s)
9 Glutamate BCH,, yCH, 2.08 (m), 2.35 (m)

10 Glutamine BCHy, yCH, 2.14 (m), 2.46 (m)

11 Acetone CH3 2.23(9)

12 Creatine CHgs, CH, 3.04(s), 3.93(9)

13 Choline N(CHzs)3 3.20(s)

14 PC N(CHa)s 3.21(9)

15 GPC N(CHa)s 3.22(9)

16 TMAO CHs 3.24(9)

17 Taurine S-CHy, N-CH3 3.27(t, J=7.9Hz),3.42(t, J=7.9Hz)

18 Scyllo-inositol CH 3.35(s)

19 Glycine CH; 3.56 (s)

20 Guanidinoacetate CH, 3.78(s)

21 Glucose 1-CH, 2-5-CH 5.22(d, J=4.2Hz)

22 Fumarate CH=CH 6.53 ()

23 Tyrosine 3 or 5-CH, 2 or 6-CH 6.89 (dd, J= 2.6 Hz), 7.18 (dd, J = 3.5 Hz),

24 Histidine 2-CH, 4-CH 7.11(s)

25 Phenylalanine 2 or 6-CH, 3 or 5-CH 7.32 (m), 7.42 (m)

26 Xanthine 8-CH 7.91(9)

27 Hypoxanthine 2-CH, 8-CH 8.20(s), 8.22(s)

28 Anserine N-CH=N, N-CH-C, CH,, N-CH3,CH,
29 AMP N-CH=N, N-CH-O, CH-OH, C-CH-O
30 Inosine 2-CH (ring), 8-CH (ring), 1-C’H (ribose),

3-C’H (ribose), 4-C’H (ribose)
31 Formate CH

32 Nicotinamide 2-CH, 6-CH, 4-CH, 5-CH

8.18 (5), 7.08 (3), 4.52 (M), 3.02 (m), 2.68 (M)
8.58 (5), 8.25 (3), 6.15 (d, J = 3.7 Hz), 4.51 (m), 4.36 (m), 4.02 (M)
8.35 (5), 8.24(5), 6.10 (d, J=2.8 Hz), 4.45 (t, J = 2.6 Hz), 4.28 ()

8.46 (s)
8.94 (dd, J = 3.2 Hz), 8.71 (dd, J = 2.0 Hz), 8.25 (dd, J = 7.0 Hz), 7.60 (m)
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Figure4 PCA score plots of muscle from al rats
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Figure 5 PCA scores plot (A), PLS-DA permutation test (B), OPLS scores plot (C) and corresponding S-plot (D) of muscle of ratsin
control and model groups
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Figure 6 The comparison of relative peak areas of potential biomarkers in *HNMR spectra of muscle. n=6, X+s. P<0.05,
“P<0.01, ""P<0.001 vs control group; “P<0.05, #P<0.01, **P<0.001 vs model group

KR SREAMAME, BERAKEHERILH R RE O AMP. LT HERR . MRS . RGN
B2 SRR IR BRI, 2L =&, AHEIR - PROKPThwm, AR B BEBE . HBERRIEGR . &

‘H

a



+ 788 ¢

#j 2% 2#4)  Acta Pharmaceutica Sinica 2018, 53 (5): 782790

B2 HEBR/KF R, 38 BT UG fe i 2 BRI A
114, SRR UUER . EAR. HBEERAHGR . H &R
AR . IMFEZBE . AMP. LR 0 04 0 %8 L
ik, Forbr, EIERERIE 6 AN, AR 11 4,
IR RE FH 54y, KRR — & 12 R TR
FEH, BilEBCR R
5 HERAANZESREMRIIEXIES T

K ERVL A H 22 S AR U A A 5% 1 43 BT 45 SR G P
7 Fin, AR T DUE 2 S AR 2 ) A 0%

Figure 7 Correation analysis of differential metabolites. 1.
Isoleucine; 2: Leucine, 3: Lactate; 4: Acetone; 5. Creating; 6:
Chaling; 7: PC; 8: GPC; 9: TMAO; 10: Taurine; 11: Glycine; 12:
Guanidinoacetate; 13: Histidine; 14: AMP; 15: Inosine; 16: An-
serine; 17: Hypoxanthine. The horizontal axis and vertical axis
represent variable information; the deep color represents strong
correlation, and the light color represents weak correlation; the
brown denotes positive correlation, and the blue denotes negative
correlation

A
GI)'ciFir.: serine a;nd Ihrcoliinc metabiolism
7 b
61 > 1 ; £ 2 g
°
. @ : : : : : :
T AN . . N - -
O £ 3 H i e E i : A i
: i ; i Valing, Jeucine and isoleucine biosynthesis
i @® . . ; :
° i '
% = | @ !
2 b b Faurine and hypotauring metabolism
g) Histidinfc:nmabulism i :
P T T T T i i
0.0 0.1 0.2 03 04 0.5 0.6

Pathway impact

Figure8

Yo IR B, TR — SRR A IR A S i,
B2 — AU 0 2 T v BB A, TN 5 22 M DR
A 2 B 2 T v PR AR . AR SRS S A
B2 FA =W 5 AR A BOR R IEA S, DLH S
JEBR . 2R A G. RE RN, WP T
HIPE LG AT B S 2 SRl B A o0, HX AUl 5
RH@ e TR A EFE .
6 Rih@E®EDH

KA TH NMR FE 355347 - BOR i 32 FhouLI4R
WY, JEImE 17 AR . KXz AR
WY N metaboanalyst HEAT I ER B AT, B
ML (K 8B), & SEMEHU AU 2 5 Mk i
AR, PGB (BUEBRR), FanZ 5
AR AR B R A AR AR B B MetPA
eIk (K 8A) H5MRMME L R E A
o, B S EEEIR 2 5 s B A Y 2, R R
KINE AE B R B B AR A 8 5 v o 0 BL EEBRCK,
e A g 09, Horb MetPA JE45 1Y 18 Z53E BR 20 1 10
R, 254 Holm P {f. FDR (false discovery rate) #il
Impact {E 3L H 4 5% B EHAHER: SR,
M2 Rt AR AR, IR AL AR A, H
AR L2 Z AN T IR AU AN B A, R 3
T 57 R B HUE 55 1 F AT RE R 1 SRR A
PR AR S YA K .

it
WLAAE N 77 55 e Dk I LB AR TR 2 ), A0+

AW AN EF SRR, SHORA HE KR, AL
NGRS AVEACUE AR o DR AR 78 2 - 717 385 0 Kk 25

B Metabolite sets enrichment overview

Ketone body metabolism 2¢-01
Betaine metabolsm [
Histidine metabolism [

Beta-alanine metabobsm [ ]
Bile acid biosynthesis [ e

Fold enrichment

MetPA analysis of metabolic pathway (A) and enrichment of metabolite sets (B)



o OHES HET TH NMR BOR B EHUIE S5 16 0 LA AR AL 2 5 - 789 -

55 R R, SR A TH NMR AR 2H 22 18 5 0 55 K
JULA R AR U 1) AR A e 35 B B9 57 1T R AR T AL
1 H 7 95 K S VP A S A
PURE 55 1 FH 10 28 S A 25k A 1200 0y e ik 4 S 3
RS RE R IE 5y, KR E T B S Moy 55 B2 FE, 1T
TRER LI (] (B8 R LR 97 1 i IR . CK
H1LDH #0A h2 PPA WL PR 454 2 B 1 AN AR B ZE 11
Febr, IEHIRET, CK AT LA T, & H3h6E 2 L
e L R B A, T A6 D Re o T R ER LR,
B LURE R R . UL BRI, CK SRR IEH
RAEThRE, WA MAE 2, CK #E MR, 8 ik ks
ME] CK 3N, BERLRB K AE . ARSI s
HAFYCK SEMHESTESAH, £ THER, CKH
BRI, LDH &2 5 pE IR S 0 2R )
Wi, T RS AL T R R 15 FL IR 2 1A M LR AE 2D,
EiaghmErsm, TARREFAENARE S, FH
WAL pH FRAR, XA A4 fa 5, DAtk ekt
THRRE AR LR D7 . AT, KR
H LDH yEPE &, FLERAN Rk, DRI 738 vk s
IREK:, 95 3ES%. BUN A28 [ A JE IR (1 AR
FEY, T VPAR LA B8 7 R (R 2 /e 7, i
ZJ) 5 AR ORI, BUN T i 7 i 31230 B 71 41 Hh BUN
SRR TSA4A, ATHRETUBERRERER
BUN. GLU ZHLABEMREEYR, 57 AN
FEAR B 2 1) R LA R IZ B I T . 45 T B T AT DU
I3 8 % B S BT, REEsiRE . MiE R
TC il TG #6422 5 WA 4R R4, 178 21
SrEEE, VLU T Re 1 B R B R AL A R, A

RE Y MLAR T BE o 33 T AT REIE I sk i s 1R F) 4804 7 i,

et A5 s M R AR B 2 e i, InKie s .
AW TR R R R RN L AR T
() 3MISCRE R IR, b 7 50 e IR 45 2 IR A 2E B
IR, STREME RIS, T LA R E UL
BEREALAM A, 3 FhE SR AOAF AL B2 i T LA 4 0
(o= A AR, BET P A3 2 1 B B A e R i 30129
SRR B, 25 25 4 0 Se G RN 57 2 R IR KCT FRAIR,
RN BERC AL T AT E B, SROLAEE, 5 TONK
WIIZZNTE A7 o 25T R 3 ZEAE B A B 07 BRS¢k
7 0 B 45 g O RS E B S T T B T A, X 4 i R
(B B A AT B 1 2D, S 4b, AR T BL
el B ARG &, ARHENL L SO0 R A . A6 TR A A
B AR EDRIR Y, NS I, 389 S 2120
T 15 R o L e AT R K 1 B, 1 B 3 R e i
ARERR BOACHS, (R BENLA A SO A A A A . H R

B2 2R AEREEER, HEARBLEREGW, |
R AR 2R 1T LAFE 4b i TS 2.1/, 1T L 2 R R
SR F R R T LA AL O LR, H R A LR 3
NEBEREE R, S HAR S BT, WY
WICRE LR RE RN, AR T 57 MIkE . HAR
e PP IR, WUMOR B 2 R R0 TR R A
B U, e R LA B b R, AR R
NPV R S AT UK . BEATURR o LB SRAIE L A
48, HELh P4 B B AR IR AR A W AT 3508 ARE ()
AP, ST, HERAKFIE, DU SR
wn, WL ZE SRR R . L8 EATR, R EEE
S AUAR R AU, DS SR, (EkhE
R, HNBE A, AE R 7B VK I SR AL BT A .

ASCHAE TH NMR AR 22 0 B B AR 35 B 4t
W57 R R EAT TR, TR, MR ZELEKR
B PR 7B i K I 8], 22 C G T 43 b 25 SRR B v R
HR R BRI R B 4 0 0l e 6 3 R R 60 11, 5 A
o BEAR W, R 5T K BRI B B LA M R L R B —
SRR, BRI (6 gkg ™) Mok R A
Xof B o AR 2% 2 SR 43 BT SRR BT R B A K
BV PR S ik R AR U SR G2 AR 5 o AL R AU AR 8 L A
AR LSRR BB P 55 2 AL g AN 2, X4
TN A] A2 & 2 AN REARIE— 5 20 b AR AL o Ll v B
AR EAE NG E R M, 5 H N R A F R E
THPES SRR TR — g E R, AT EHE—
HIIE

References

[1] ChuC, Qi LW, Liu EH, et al. Radix Astragali (Astragalus):
latest advancements and trends in chemistry, analysis, phar-
macology and pharmacokinetics [J]. Curr Org Chem, 2010,
14: 1792-1807.

[2]  Chinese Pharmacopoeia Commission. Pharmacopoeia of the
People’s Republic of China (H 4 N\ R ALAEZ k) [S].  Part
1. 2015 ed. Beijing: China Medical Science Press, 2015:
302-303.

[3] Gaeo FR, Li K, Hao X, et a. Identification of cultured and
natural Astragali Radix based on fingerprint of monosaccha-
rides [J. Chin Tradit Herb Drug (*h %:24), 2015, 46: 2134—
2142.

[4] Xiong YF, Qin XM, Li K, et a. Analysis on rationality of
medicinal product commodity specifications from determination
of chemical components in Astragalus Radix [J]. Chin Tradit
Herb Drug (' % 24), 2016, 47: 21942198

[5] Lee EJ, Jung HS, Kang SS. Phytochemical studies on



- 790 -

24524 24%  Acta Pharmaceutica Sinica 2018, 53 (5): 782-790

(6]

(8l

(9

(1]

(11

[12]

[13]

[14]

[15]

[16]

[17]

Astragalus root flavonoids and a lignin [J].
2008, 14: 131-137.
Wang XJ, Li ZY, Xue SY, et al. Comparison of the content

Nat Prod Sci,

of major flavonoids in the introduced and cultivated Radix
Astragali [J]. Bull Bot Res (1847 9t), 2011, 31: 358-362.
Niu QY, Wan YQ, Li ZY, et al. Evaluation of different goods
quality grade Astragalus [J]. Chin Med Mat (4124#1), 2015,
38: 1186—1190.

Xin B, Ma SJ, Wang WQ, et al. Influence of different growing
years on accumulation of flavonoids and saponins in Astragali
radix [J]. Chin Med Mat (" j##), 2015, 38: 1366—1369.
Zhao G Peng LX, Wang S, et d. HPLC fingerprint antioxidant
properties study of buckwheat [J]. J Integr Agric, 2012, 11:
1111-1118.

Zhao XX. Analysis on pharmacological action and clinical
application of Radix Astragali [J]. Clin J Chin Med ( 1 EIif
), 2014, 6: 122-123.

Tian FY. Pharmacological analysis and clinical application
on Astragalus membranaceus [J]. Chin Heal Standard Man-
agement (1 [E L AEFRiEE BE), 2016, 7: 148-149.

Yan T, Ren K, Bai XR, etal. Anti-fatigue effects of Astragalus
membranaceus (Fisch.) Beg. var. mongholicus (Beg.) Hsiao
from different genuine habitats on mice [J]. Mod Chin Med,
2017, 19: 924-928.

Markley JL, Brischweiler R, Edison AS, et al.  The future of
NMR-based metabolomics [J]. Curr Opin Biotechnol, 2016,
43: 34-40.

Liu X, Wang YH. The application of NMR-based metabolomics
technique to medicinal plants [J]. Acta Pharm Sin (Z4§%%%#
i), 2017, 52: 541-549.

Lardon I, Nilsson GE, Stecyk JAW, et al. 'H NMR study of
the metabolome of an exceptionally anoxia tolerant vertebrate,
the crucian carp (Carassius carassius) [J. Metabolomics,
2013, 9: 311-323.

Eisner R, Stretch C, Eastman T, et al. Learning to predict
cancer-associated skeletal muscle wasting from *H NMR profiles
of urinary metabolites[J]. Metabolomics, 2011, 7: 25-34.
LuJ, Shi Y, Wang S, et al. NMR-based metabolomic analysis
of Haliotis diversicolor exposed to thermal and hypoxic

stresses[J]. Sci Total Environ, 2016, 280: 545 —546.

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[29]

[26]

[27]

(28]

[29]

Xia J, Wishart DS. MSEA: a web-based tool to identify
biologically meaningful patterns in quantitative metabolomic
data[J]. Nucleic Acids Res, 2010, 382: 71-77.

Xia J, Wishart DS.  MetPA: a web-based metabolomics tool
for pathway analysis and visualization [J]. Bioinformatics,
2010, 26: 2342—-2344.

Tanaka M, Nakamura F, Mizokawa S, et al. Establishment
and assessment of a rat model of fatigue [J]. Neurosci Lett,
2003, 352: 159-162.

You LJ, Zhao MM, Regenstein JM, et al.  In vitro antioxidant
activity and in vivo anti-fatigue effect of loach (Misgurnus
anguillicaudatus) peptides prepared by papain digestion [J].
Food Chem, 2011, 124: 188-194.

Brancaccio P, Maffulli N, Limongelli FM. Creatine kinase
monitoring in sport medicine [J]. Br Med Bull, 2007, 209:
81-82.

Wang MY, An LG Effects of Plantago major L. seeds extract
on endurance exercise capacity in mice [J. J Med Plants
Res, 2011, 5: 1659-1663.

Wang H, Zhao Y, Zhang M, et al. Effect of oviductus ranae
on reducing serum lipid and ability of anti-anoxia and anti-
fatigue [J. Food Res Dev (& it & 5#F5t), 2012, 33: 201—
203.

Campos-Ferraz PL, Bozza T, Nicastro H, et al. Distinct
effects of leucine or a mixture of the branched-chain amino
acids (leucine, isoleucine, and valine) supplementation on
resistance to fatigue, and muscle and liver-glycogen degradation,
intrained rats[J].  Nutrition, 2013, 29: 1388 -1394.

Jiang L, Huang J, Wang Y, et a. Metabonomic analysis
reveals the CCl-induced systems alterations for multiple rat
organs[J). JProteome Res, 2012, 11: 3848 -3859.

Ito T, Yoshikawa N, Inui T, et al. Tissue depletion of taurine
accelerates skeletal muscle senescence and leads to early death
PL0S One, 2014, 9: €107409.

Van Milgen J.

inmice[J].
Modeling biochemical aspects of energy
metabolismin mammals[J. JNutr, 2002, 132: 3195-3202.
Lee YT, Hsu CC, Lin MH, et a. Histidine and carnosine
delay diabetic deterioration in mice and protect human low
density lipoprotein against oxidation and glycation [J]. Eur J
Pharmacol, 2005, 513: 145-150.



