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Analysis of the modulating effect of lipid-regulating clinical and
clinical trial drugs on trimethylamine-oxide in hyperlipidemic
hamster based on two-dimensional NMR technique
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Abstract: Studies have shown that a variety of diseases such as cardiovascular disease, renal disease and
cancer are closely related to trimethylamine oxide (TMAO). Clinically, abnormal elevation of TMAO has been
used as an evaluation index of atherosclerosis (AS) prior to imaging. In this study, we investigated the effects of
lipid metabolism disorders as well as pharmacological interventions on urinary TMAO using a hyperlipidemic
golden gopher model. The study used 48 Syrian golden hamster modeled with a high-fat diet for 2 weeks, and then
ezetimibe, simvastatin, ezetimibe and simvastatin groups were administered for 4 consecutive weeks, as well as the
clinical trial drug, IMM-HO007, for pharmacological intervention. The animal experiment was conducted in
accordance with the regulations of the Ethics Committee for Experimental Animal Management and Animal
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Welfare of Institute of Materia Medica, Chinese Academy of Medical Sciences (approval number: SCXK (Beijing)

2021-0011). Urine from rats was analyzed for 2D band selective heteronuclear single quantum coherence (2D

bs-HSQC) at week 2 and 4 after drug administration. The results indicated that, in comparison to the control group,

the high-fat diet significantly elevated urinary TMAO levels in the model group of hamsters after both 2 and

4 weeks of treatment (P < 0.05). Urinary TMAO levels were significantly reduced (P < 0.05) in the model group

after 2 or 4 weeks of intervention with ezetimibe, simvastatin, combination therapy, and IMM-H007, showing a

marked decrease even after 2 weeks of treatment. The detection of TMAO could precede the measurement of

serum biochemical indicators, facilitating earlier efficacy assessment. This study evaluated the modulatory effects

of clinical drugs and clinical trial drugs on TMAO, which provides useful information for clinical drug use and

drug research. It also provides a means of TMAO detection based on 2D NMR technology, which is helpful for the

clinical application of TMAO detection index.
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"H NMR % U6 [ 38 424 o J, 5 5] 2 5 #% 2D NMR (‘H-
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(S)~ M7 22 415 A1 3 AR A VT BE B 25 25 41 (S+Y) A1 IMM-
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B4 TR IRIE 7 (0.25% CMC-Na); Y 4H#E B 47
F 4K 45 # A4 25 mg-kg'-d'; S HBEH 4 T o AT
4 mg-kg'-d"; HAHE B 45 T IMM-H007 300 mg-kg'-d”;
K 25 2470 B A PR M 25 24, JE BT & 1 mL-100 g A
LGSR 4 T .
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ECHE PNt 5 B 0 0.2 mL, #5251/ JE DA 4 000 r-min’
4 °C 0 10 min, Y8 FIEWR (MLIE), F 10006 R 157
AU B A R, I R AR IO FE, TH AL R TC
TG.LDL-C¥RFE . B B BRI K
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R T =R ARE G, T4 °C.10 350 xg &5 0> 5 min,
B _E37 300 L, A0 300 L 8 R 25 2% vF 4 (100% D,0,
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Table 1 Effects of metformin on serum TC, TG, and LDL-C fgn"' o TR
levels in hyperlipidemia hamsters at week 2 and 4 after drug $ o t 30
dosing. TC: Total cholesterol; TG: Triglycerides; LDL-C: Low ' . ‘é’ : b 40
density lipoprotein cholesterol; C: Control group; M: Model group; ’ ning {1 ?@. : 50
cregtinine ) ¥
Y: Ezetimibe administration group (25 mg-kg”-d"); S: Simvastatin ; P (2 0’ TMAO i
administration group (4 mg-kg'-d"); S+Y: Combination adminis- b &“0 . 7
L 80 &
tration of ezetimibe and simvastatin group; H: IMM-H007 adminis- ' 5% &
o ! L
tration group. n = 6, ¥ + 5. "P < 0.05, P < 0.01, *P < 0.001 vs M . i1 B .
* *k Rokok !
group; P<0.05, P<0.01, P<0.001vsC group . ) 110
T & L 120
Grou e TC/mmol' L’ LDL-C/mmol'L"  TG/mmol-L" b e
P ek Fawy iﬂ 130
C 0 2.43+0.29 0.60 + 0.26 2.04 +0.93 :{w 140
2 2.60 £ 0.45 0.57+0.19 1.27+£0.48 80 7.5 7.0 6.5 6.0 55 50 4.5 40 3.5 3.0 2.5 2.0 1.5 1.0
4 311:042 0.66 +0.33 118+ 0.31 2 (ppm)
M A3+ 181771 2,12+ 1437 4.43+2.52" . .
g 24? N 1.26”* l 129 + 0.43"* l 2.12 . ].(5)7* l Figure 2 Representative 2D HSQC spectra of urine samples
4 610 116" 1 1.18+048 1 426+171""1 and magnified spectra of creatinine and TMAO peaks from
Y 0 594+175771 212+£1.037 1 449+1.637"1 hyperlipidemic hamsters of C group. TD = 128, NS =4
2 242+037" ] 030+0.10"] 132+031" |
4 1.93+024" ] 027+£0.04" | 136+041""]
g A
2S00 0T L0S L 1902099 | GO, B (3, 404, 0, 36.30) B BUERE A
4 2.75+£0.83 0.52+£0.24 2.23+£0.51
50 AR A e A — B R R K 5
SYY 0 60610877 21420851 471£13871 VEBLZ, ARy P SR IR . 9 BE, X1 2D HSQC
2 263£037"]  038+0.08"] 232+120 HE S 52~61 HATIEFME UK (B 3B). KA TD = 128,
4 2.08+053" | 045+025"] 1.50+0.50" | R A AR 4 ST R ST Tk e .
. =4 N A A NREIPS °
H 0 56111571 212+0.78 1 4.61+498 1 NS 42(1‘$¢{¢1£1T7K1¢,7KT$HT|17313 min 41 s
2 399+075 | 0.65+022" | 3.01+138 Ak, A28 50% NUS 5 bs-HSQC NMR 454, I ]
4 334+049% | 071+023° | 1.41+0.50"

'H NMR &l & B0, TN 22 7, 78 6 3.26 b B ik
=PI R AN T R I AFTE AR ST, A4S 1A AL
o, AN AR R 1 B TR A — 25 (1 1B), Bl
76 'H NMR SR XX TMAO & & 3E AT HERH I & .
3 2D HSQC

RS IR R R M E 4 3 M R R TMAO
() e 2 45 L, 3K F 2D NMR BE47 20 # . W18 2 FToR,

A

%1% 7 min 3 s, HAHET A0 NUS 1% &, B
NUS $i A 47 2D bs-HSQC K A¥ J&i it 3k HU it 1] Jj% Ve 4%
A Sl E RO (B 30). i i, RILE
AIINUS 614 F, F ] MestReNova x64 il & 1 P {5
Et (SNR) 473, i I\ NUS Jii SNR £/ & 58, £ & &
4 SHEWRKETMAO RESH

Xof A 2HL Bk IS 56 A0 1) 7S IR 4 o b BRRRRE A AT
AH FI RS 45 1F K 3% %5 R 2D bs-HSQC Kz illl, X TMAO

Betaine(11.9%) —
Maltose(3.0%) _

Trimethylamine N-oxide(83.9%) —

3.26
J/ppm

Figure 1

1
3.26
J/ppm

'H NMR analysis of trimethylamine oxide (TMAO) in the urine of hamsters. A: Representative 1D NOESY 'H NMR spectra of

hyperlipidemic hamsters urine samples of the control group and amplified spectra of the methyl peak of TMAO; B: 'H NMR spectra

obtained from different individuals in the model group exhibit different peak shapes at 6 3.26
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Figure 3 Representative 2D HSQC and 2D bs-HSQC spectra of urine samples from hyperlipidemic hamsters of C group under different
sampling conditions. A: 2D HSQC, TD = 128, NS = 4; B: 2D bs-HSQC, TD = 128, NS =4, C: 2D bs-HSQC, TD = 128, NS =4, 50% NUS

ANYLEF U 53 50 BEAT AR 4y, FE G0 TMAO/LEF£{E . 4
F2 PR, IR B R e 45 R, 50T A ML, 45
252 JE A0 4 F S5, i O R Y 2H 4 v M R R ViR
TMAO ) B E THm (P <0.05). SHERAAME, K%
A 2 AR T T 32 A R 2 AR AR TT BE A 4h 25 DL K
IMM-HO007 4525 2 JAF1 4 JH 5, IR TMAO & & 3%
TR AH B3 RIS, HARE 240 5 S ARV T B A 45 2 0
TMAO [ BRI o B3

NESAE N 50% NUS J&, BT 3k Bk B #2201
PE, Xt 45 2 4 J J5 R BFEAS 2D bs-HSQC Ml T 151 P
HBEAT T 43 #1, SREC TMAO 5 JLEF #9145 5 0 A 43 LU AR .
Wi 2 F 3 Ars, TN 50% NUS 45 AR 5 R i NUS A —
i, Sx AR, 424 5, e A 4%
BRI TMAO 3 i, Bb i Wi, mas 2
5, FE I TMAO & S AH B TR R 2 35 2 25 T % .

Table 2 Comparison of TMAO levels in the urine from hyper-
lipidemic hamsters at two or four weeks of administration. TD =
128, NS =4, 50% NUS. n = 6, ¥ +s. "P < 0.05, "P < 0.01, *'P <
0.001 vs M group; "P <0.01, P <0.001 vs C group

Peak area (TMAO/creatinine)

Group 2 week 4 week
C 0.27 + 0.08 0.33 +0.06
M 0.50+0.10" T 0.64+0.14™" 1
Y 0.25+0.06" | 0.32£0.09% |
S 0.28 £0.07% | 0.25+0.10" |
S+Y 0.26 £0.09" | 0.37 £0.09" |
H 0.32+0.13" | 0.35+0.09" |

Table 3 TMAO levels in the urine from hyperlipidemic hamsters

at four weeks of administration. TD = 128, NS =4.n = 6, x + s.
¥ P <0.001 vs M group; P <0.001 vs C group

Group Peak area (TMAO/creatinine)
C 0.60 +0.18
M 1.18+0.10™ 1
Y 0.38 +0.06" |
S 0.31+0.10% |
S+Y 0.56 +0.12% |
H 0.38 £0.06" |

g

e JIE IMILRE A2 o 6 DL 1 L S 6 TR 2K, 0 I A R
I 1) 3 R, HRRAIE 72 46 ifl 1 TCL TG #1 LDL-C
PTG 3R AL 2 5 K B K A A
A ANTEE 093 55O ML R R B R K 2 — o BT H
O I 5995 K I 46 A%, 40 TC TG LDL-C 5 HAth 5215
27, M DA 0 kAR AT RIS I A Bh A BR R
I AR, TMAO T R AL /0 ML 55 5 00 K A6 0 gk J 1)
a1, AN Y TE A AR B AT R 0l
LA 2 95 , /64 B ik o PR R AL S0, ARG A 2 AN
WF R T AP 0 IR 0 22 TR 1 25 1 Bk
51, e 3 A1) P B A 43T 7 T PR R 2 T R kA
NEBR TR 15 i A P A DG B TMAOR, Ak, 4
THI A vei Mg T0RE 57 SR AR U SR R AIE, 87 5058 R (1
PR TMAO K 77323, BT LAy R AR 22 0 5 % 2E
R R t A5 B .

AHFFE A, 5 % I 2H 4 B M BRAF EL, AR TR 2 4 i b
SRR AR L TC.TG.LDL-C fE45 25 Al ¥ B % b7+, HAE
U EIRFREEATE . SRR AT — B, BoR e Rk
BT 4 T BR s i E S Y 3 AR A T, A Y 2 M
SRR AE AR 2R L . AR 22 A 1 Sy e L[] e R i 3o
il 351 24 B 1M G 24540, W PR Tk iR T I BT
R AT AR I R LI B AR 24547, i 5 4
A b A0 1) AL (] P o R ) R R P R I
il AR JE B (HMG-CoA), 5 JIH [ B 4 ik 52 21 # il
{ERTBARE 7L R, By T BT — e s, il
SR A YT X B A PR o0 I 2 99 Y 9T RO LA B AR AR
—EA RN ARG AT AT G 45 24, R
00 51) L ] A o R R WS PR D, TR I IR B — 58 1Y
SR E . A, R E R R B E AR
IMM-HO007 & 4% B B A R 4 1 B i 597 26, H ai it
NIEARIRIE T B AW, SR 2 )G, KR8 A 4G
2 SR AR TT 45 25 4 VTR B 45 25 41 DL X IMM-HO007
252520 TC A1 LDL-C 7K ~F- FHEAR B 20 35 {8 35 PRI, 12
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P TG RUR AW R . 45254 F, % 4 TC.LDL-C L %
TG RIH B2 T, RUL L4 HAGRER
2%,

X5 2 2 JE AT 4 J8 J5 4 B BR R VR FE A3 4T 1D
NOESY 'H NMR ], 45 F 3% 8], TMAO 5 LT 0% &
PEERE R ZH 2 25 Tt &, X5 e i ik Fe e AR — 0. i
T TMAO J& S FFE =28, WRAHE AR b, BRIk, PR
HTMAO I & & — B FR 1 BARER T 7w i ik
AR 2 AR, {H B F AU 7E TMAO 0 Ab A7 7
T ES K, X TMAO A X 2 & 7] RS AL &
[ AN [RI T 7 A 22 3, DT 50 43 T 45 2R

AT 58 % B 2D bs-HSQC ik % 7% i & TMAO Fr
78 PCIX (8], BA NUS H ARSI 4 IR 2D bs-HSQC
W, X AR S SR B TMAO/MLEF & & 1% 7 R i
P L, HONUS HEARMINN, A5645 5256 i 8] 952D 32 —
e, 0 KA AR PR S SR A R I E SRt T
Flo 25BN, BB ZH & W R TMAO & & &
EFE, AT EmESRARNBERS. A2 M4
&, R 2H TMAO KF ¥ EMK. TMAO & & 15 R
W) F R 5 I, 5 IfLYE Hh TC 1 LDL-C 2 3 AH 180 1)
i, HEN TMAO 5 IfiLi& H TC J LDL-C 47 £ AH 5%
P o BIF 745 SR — 0 T 2% WH A I i 24 M 4 EE AR L AR
il yT A1 IMM-HO07 ¥ & 2% 1 55 TMAO AR it A — 7
i, 3 — P E B TMAO 5 IR AR 35 AL B A 1R K A A %
PEo B4R, XA I NUS Fr 3K HUE) 2D bs-HSQC HE K4
I35 R 8RS 0N NUS BOR B 38 U 1 R 29 45
FILT—5, WP UAE T 1% 07 e .

zi ERTIR, AHE 7K A 2D NMR H A 6} 75 A if e
S B B REASHEAT TMAO 58 &40 H7, 5 HoAh I 52
$ A G0 5 B A B, 2D NMR 5 A 358 BUR AR AR
TMAO & & 2045 B W HACFR & B . Ak, NMR I E #F
AR AT S [ U JS TR, 7 E 0 [ R] DR ECAR Vi
FEAAU Bt DA S A 4, SR IR AR (1 78 73 R A
AW T2 R RN E IR AR LS, &3 M SRR
TMAO & 35 Ft =, 1M B 1 i 259 T Bl B A PR W TMAO
& &, TMAO 5 IR AU AH 5 O I8 03 1) B 2% R R
UCHEAIESE o ASHIF 78 Mg A QTS U B2 (1t 7 77 (o B fr A
W77 20, DI PR O LA 5 5 RS 4R At T 23 S
WS o B b2 b, TR A G I AN R M P BR
TMAO 47 7€ &40 4T, vl fe S0 N HEf .

e STAK: VPR WAL RO U O S TR
TR ARG SCRIT A 58 1 T R AR DA 52 58 RS R AR
TEOCHREE B AR SCIB K

FZEHSE: ASLLF PR
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