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( Bruker ) ( Eppendorf
0.5% ( TSP) ( Sigma-Aldrich ) ; K,HPO,.NaH,PO,(
2.2
2.2.1
17
29
39
o 0.1% NaN, o
BS-350E N
o 500 pL 50 pL
(1.5 mol/. pH=7.4  0.5% TSP) 10 s 10000 ¢ 10 min
500 pL 5 mm o
2.2.2
"H-NMR 600MHz 'H 600.13 MHz.
298 K NOESYPR1D ( RD90°-+,-90°~+,-90°-Acq) o 5 mm
CPBBO 8 4.0 s 32K 2.66 s
32 20 ppm.
MestReNova ( Version 9.0.1 Mestrelab Research S.L. Spain) FIDs
128 K 1.0 Hz o
TSP 0 ppm 0 6.20~5.45 ppm  5.20~4.
45 ppm 4.67 ppm  B-
B- 0.005 ppm 9.50 ~
0.60 ppm o
2.2.3 SIMCA ( versionl4.1 Umetrics AB  Umea Sweden)
o (PCA) ( Ctr)
( OPLS-DA) (UV)
o ( n=200) Y Q’
(r)
(vip)
o ( Fold-change) t
t p o Fold-
change o
Fold-change t OPLS-DA VIP
o : (Irl)>0.85.
VIP 10% p (itest ) <0.001( >3)

o



1417

o

HMDB( Human Metabolome Database http: //www.hmdb.ca) .KEGG( Kyoto Encyclopedia of Genes and

Genomes htip: //www.kegg.jp) MetaboAnalyst3.0 ( http: //www. metaboanalyst.ca/)

3.1
o ( 1
18~20
1
Table 1 ~ Primary urinary biochemical index of uremia patients and health control
Urinary biochemical index Uremia patients Health control subjects P
Uric acid( UA) ( wmol/L) 41.60+12.66 1063.71+351.87 3.8x107%
Urea( mmol /L) 4.58+1.04 130.45+42.72 2.4x107%°
Creatinine ( pmol/L) 62.21+£34.42 6150.16+2643.98 9.0x107"7
Gluose( mmol /L) 1.69+0.43 0.01+0.09 3.2x107"°
3.2
1 () (C) ( Matlab
) o 21 . ( Human Metabolome
Database http: //www.hmdb. ca) o 70
20
v x45 T I x15
2 7 43
3, 69 26 60 5 b
N o L a1 o Bl V4
29 15 [l 65 P deol | el dso 1733112V (1 [ 1751
OO0 i IR 1} TS
L Lubsitl [0 G by, ULl Ll o L
---------------------------------------- [ = D |
C 7 x5 E14 70 43 29y 03,624 45 41
55 18 718 7 W | Fan 9556 T4 s
54 40 41247 0| 64 17|]] % !
16 48
66 10 safe6 [T T sl L e
— | | | | | I} | 5 N LA J LII WW
TV S S A+ B Y
55, 591439 599V 597° 07 37 375600 49 ®E 81 4 20 202 Ty
______ o 8 1 i7" 2 1]
6 (ppm)
1 (U) (Q) '"H NMR (9.50~0.60 ppm)

6.20~5.45 ppm

Fig.1

5.20~4.68 ppm

4.64 ~4.45 ppm

o

2

Mean 'H nuclear magnetic resonance ( NMR) spectra ( 9.50-0.60 ppm) of urine obtained from uremia

patients ( U) and healthy control subjects ( C) . The spectral regions in the dashed boxes are respectively vertically

expanded compared with the spectral region of 3.00—6.20 ppm for the clarity. The keys for the numbers of assigned

metabolites are given in Table 2
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2 '"H NMR
Table 2  Identified metabolites from the NMR spectra of human urine
1 ) 1 )
No. Metabolites H chemical shift No. Metabolites H chemical shift
( ppm) ( multiplicity) ( ppm) ( multiplicity)
1- 1-Methylhistidine a 3- 7.18(d) 7.21(d)
L () 7.04(s") 7.69(s) 40 ndole3dactate( 1) 7.75( d)
) 72— ‘ 1.36( 5) 41 Isobutyrate( IB) 1.07( d)
2-Hydroxyisobutyrate( HIB) B 42 Isoleucine( Ile) 0.94(t) 1.01(d)
2— 2-Oxoisovalerate 43 Lactate( Lac) 1.34(d) 4.12( q)
3 1.11( d) _
(o) 44 Leucine( Leu) 0.97( 1)
3- 1.19(d) 2.28( dd) . 1.46(m) 1.74(m)
4 3Hydroxybutyrate( 3-HB) 2.40(dd) 4.16(m) || ¥ Lysine( Lys) 1.89(m) 3.03(1)
3_ 4— 46 Malate( Mal) 4.30( m)
5 3-Methoxy-4-hydroxymandelate 6.98( d) 47 Malonate( M) 3.12( s)
( MHM)
6 Acetamide( AD) 1.99(s) 48 m-Hydroxyphenylacetate 6.79( m) 6.80( m)
7 Acetate( Ace) 1.92(s) ( m-HPA)
8 Acetoacetate( AA) 2.28( s) 49 Methanol( Mol) 3.37(s)
9 Acetone( Act) 2.24( s) 2.14(5) 2.16(m)
10 Acetylcholine( Ach) 3.23(s) 50 Methionine( Met) ' 3.66(. 1) "
11 Adenosine( Ads) 8.34( s)
12 Alanine( Ala) 1.49( d) 51 Methylmalonate( MM) 1.25(d)
13 Allantoate( Alt) 5.35( m)
: 2 N N- 2.93(s)
14 Allantoin( AlL) 5.39(’s) N N-Dimethylglycine( DMG) IS
15 Lo 6.91(d) 7.71(d N-
Aminohippurate( AH) o1(d) (d) 53 N-Acetylalanine( NAA) 2.03( s)
16 Anabasine( Ab) 8.53(d) 54 Nicotinamide( NA) 8.28(m) 8.72(d)
17 Asparagine( Asn) 2.83(m) 2.91(m) Ne 8.18(m) 8.91(d)
13 Benzoate( Ben) 7.48(1) 7.87(d) 33 N-Methylnicotinamide( NMN) 8.97(d) 9.29(s)
19 Betaine( Bet) 3.90(5) 56 Pantothenate( Pan) 0.84(s) 0.94(s)
20 Bile acid( BA) 0.65(m) 0.75(m)
21 Butyrate( Bu) 0-9](21)19156( m) 57 p-Hydrxoyphenylacetate 6.86(d) 7.17(d)
-19('m) ( pHPA)
22 Choline( Cho) 3.20( s)
23 Citrate( Ci) 2.54(d) 2.68(d) 3.68(s) 3.73(d)
1'ra o ’ ’ 38 Phenylacetylglycine( PAG) 7.29(m) 7.36(m)
24 Creatine( Cr) 3.04(s) 3.94(s) 7.43( m)
25 Creatinine( C 3.05 4.06( s
reatinine( Cn) (s) 4.06(s) 59 Picolinate( PA) 7-51(d) 7.90( d)
26 Dimethylamine( DMA) 2.72(s) 8.55(m)
27 Ethanol( Eth) 1.20(t) 3.65( q) 60 Pyruvate( Py) 2.35(s)
28 Ethanolamine( EA) 3.15(t) 61 Sarcosine( Sar) 2.76('s) 3.60(s)
29 Folic acid ( FA) 8.68( s) 62 Succinate( Suc) 2.41(s)
30 Formate( For) 8.47(s) 63 Succinimide( Sum) 2.79( s)
31 Fumarate( Fum) 6.53('s) 64 Taurine( Tau) 3.29(t) 3.45(1)
T . 2.07(m) 2.13(m)
32 Clutamate( Glu) 2.35(m) 3.78( m) 65 trans—Aconitate( Aco) 6.60( s)
33 Glutamine( Gln) 2.46( m) 66 4.44(s) 8.10( m)
34 Glycine( Gly) 3.57( s) Trigonelline( Tri) 8.84(t) 9.13(s)
35 Glycolate( Gla) 3.96( s) N— —
67 Trimethylamine N-oxide( TMAO) 3.27(+)
36 Cuanid GA 3.80( s) .
suanidoacetate( GA) 68 Valine( Val) 0.99(d) 1.05( d)
N . 3.97(d) 7.56(1) 3.42(1) 3.54
37 Hippurate( Hip) 7.64(1) 7.84( d) 6 o 3.71(1)  3.84( m)
a-Glucose( a-Gle) 5.24(d)
38 Histidine( His) 7.12(s) 7.93(s) ’
39 Hypoxanthine( HX) 8.20(s) 8.22(s) B- 3.25 3.41(1)
70 Clucose( 5-Glo) 3.46(m)  3.49( 1)
B-Glucose( p-Gle 3.72(dd)  3.90( dd)
o i ;d ot T q ; dd , m

* Multiplicity: s singlet; d doublet; t

triplet; q quartet; dd doublet of doublets; m multiplet.
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(9.50 ~
6.20 ppm) o
33
( PCA) ( 24)
( OPLS-DA) .
( 2B 2C) o
( fold-ehange) t P e (r)
(VIP) (r VIP p fold-change ) ( 2D).
2
X log,( Fold-change) Y —lgp viP  (
10%20% 3 VIP )
) o
(Irl) >0.85.VIP 10% p<0.001( >3) .
2 3,
6 ® 30 =

t[2]
o
|
M
O
. |®
0,0 ¢
* &
\_/
1110
o
/‘\
ag oGO ©

INC | | N

oU () oU
6 .lc l\_/l . . 1 30 .C 1 | .C al L 1 1
200 -10 0 10 20 77280 -40 0 40 80 00 02 04 06 08 1.0
t[1] t[1]P
A: R2X=0Q2 307, (’=0 731 B. R2Y=48 104, R2Y=0.005. (’=0 992
R?X=92.3%, >=0.73 B: R°X=48.1%, R*Y=0.995, Q°=0.992
60
D Tau lLO
[ J
5¢
. : HIB Lac @ B-Cle 0.8
. 40r Asn | Bu kA ® 06
8 [ 2P ./ aGle @ —Val ’
= L B i >
= [ ] [ ] | ._ DMG_GI . 04
& oot o n o® o u lle °
! ° (,Jg ? L o ® ®
ves o L K ESITRN P 0.2
@ A py —‘__./ ° o
ok | ! | ‘pmwe ® ! 0.0
-8 -6 -4 -2 0 2 4 6
logy(Fold change): U vs. C
2 (0 (C) (A) .OPLS-DA (B) .

() (D)
Fig.2 Principal component analysis( PCA) ( A) orthogonal partial least square-discriminate analysis( OPLS—
DA) (B) cross validation by permutation test ( C) and corresponding volcano plots ( D) based on NMR data of

urine obtained from the uremia patients ( U) and healthy controls ( C)
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3
Table 3 Summary of metabolites statistical data
Metabolites P r \Ls Metabolites P r vIP®
2-Hydroxyisobutyrate 3.82107% -0.966  1.43 Isoleucine 2.02x107 0.985 1.46
3-Hydroxybutyrate 7.47x1072  —0.977 1.44 Lactate 3.88x107* 0.97 1.43
Acetone 4.63x107° —0.983 1.46 Leucine 4.17x1073 0.979 1.45
Asparagine 1.52x1073* -0.979 1.45 Lysine 3.98x107* —0.985 1.46
Butyrate 5.87x107%°  -0.977 1.45 N N-Dimethylglycine 1.08x107% -0.972 1.44
Citrate 9.50x107'*  —0.981 1.45 Sarcosine 3.04x 10 -0.978 1.45
Creatinine 2.69%10738 —0.973 1.44 Taurine 1.26x107! 0.986 1.46
Ethanol 2.08x107° -0.971 1.44 Valine 7.61x107% 0.976 1.44
Ethanolamine 4.54x1072  -0.974 1.44 a-Glucose 1.23x107% 0.988 1.46
Glutamate 6.44x102 0962  1.43 B-Glucose 2.11x107% 0.995  1.47
‘o p " OPLSDA (r) P
OPLS-DA vIp .

 The pvalues were transformed by the values of Student’s test. *The correlation coefficient ( r) values came from OPLS-DA model. The positive

and negative signs indicate the higher and lower concentrations in the urine of uremia patients respectively. The variable importance for

projection ( VIP) values came from OPLS-DA models.

( 2D) N 22—
N N N N- N N 3- N .
N N N N N o
3.4
o KEGG
( 2D 3) Visio o

Carbohydrate
metabolism

Amino acid metabolism | | -t \
| Cirotonoyl-CoA _’.—’- |
i ey R - |
—————————————————————— T - ISR 1 ibid metabolism |
_________________________ )
3 o
o o

Fig.3 Disturbed metabolic pathways involved in uremia. The higher lower and no significantly changed levels
of the metabolites are represented by red green and black ellipses. The different metabolic pathways are

indicated by the different font colors
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'"H Nuclear Magnetic Resonance-based Investigation
of Uremia by Metabolomic Analysis

WANG Zhen-Zhao' WEI Bin-Bin' CHEN Zheng® ZHU Hong-Wei’ SHEN Gui-Ping' FENG Jiang-Hua '
'( Department of Electronic Science Fujian Provincial Key Laboratory of Plasma and
Magnetic Resonance Xiamen University Xiamen 361005 China)
*( The First Affiliated Hospital of Bengbu Medical College Bengbu 233004 China)

Abstract At present little is known about metabolic mechanism of uremia. In this study uremia was
investigated by combination of NMR spectroscopy statistical analysis and urinary biochemical assays to
provide the basis of the metabolic characteristics of uremia. The characteristic metabolites of uremia were
identified from the wurine of the uremia patients. The results showed that the wurinary levels of
2-hydroxyisobutyrate ~ 3-hydroxybutyrate — acetone  butyrate glutamate sarcosine  creatinine lysine
N N-dimethylglycine citrate asparagine ethanol and ethanolamine were reduced while the urinary levels of
branched-chain amino acids ( including leucine valine and isoleucine) taurine lactate and glucose were
higher in uremia patients than that in the healthy subjects. The corresponding disturbed metabolic pathways
were derived from the characteristic metabolites in which amino acid energy and lipid metabolisms were
involved. The specific characteristic metabolites will help to understand the underlying biochemical
mechanisms of the onset of uremia.
Keywords Nuclear magnetic resonance; Metabonomics; Uremia; Statistical analysis; Metabolic pathway
analysis
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