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The effect of metformin on lipid disorders as measured by nuclear
magnetic metabolomics and metabolic flux analysis
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Abstract: Studies have found that metformin is not only the preferred drug for lowering blood sugar, but also
shows lipid-lowering and weight-loss effects. The purpose of this study was to use a hyperlipidemia hamster model
to investigate the lipid-lowering effect of metformin and its effect on important metabolic pathways in lipid
metabolism disorders. Fifty golden hamsters were divided into a control group, a model group, metformin high-
and low-dose groups, and a simvastatin group. A high-fat diet was fed for 1 week to create the model, and then
drug was administered for 11 weeks with the high-fat diet. Serum was taken for measurement of blood lipid and
blood glucose at 2, 6, and 9 weeks after administration, and at weeks 3, 5, and 9 feces and urine were collected for
'H NMR metabolomics tests. After 11 weeks of intravenous injection of [U-**C;] glucose, serum was collected for a
8C NMR metabolic flux test. The results showed that the administration of metformin can significantly reduce
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blood lipids and glucose levels and can significantly affect metabolic pathways such as sugar metabolism, lipid
metabolism, ketone metabolism, amino acid metabolism, and intestinal flora metabolism. The results of the
metabolic flux analysis showed that the high-fat diet reduced the metabolism of tricarboxylic acids by 37.48%.
After administration of low and high doses of metformin the metabolism of tricarboxylic acid increased by 98.14%
and 143.10%, respectively. After administration of simvastatin tricarboxylic acid metabolism increased by 33.18%.
The results indicate that metformin has a significant effect on promoting energy metabolism. This study used a
combination of metabolomics and metabolic flow to explore the effect of metformin on lipid metabolism disorders
and quantifies changes in the key pathway of energy metabolism-the tricarboxylic acid cycle. This study provides
useful information for the study of the efficacy and mechanism of metformin, as well as a practical technical method
for the screening of lipid-lowering drugs based on a hamster model.
Key words: hyperlipidemia; metabolomics; metabolic flux; metformin
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Figure 1 [U-2C,] glucose metabolism in the TCA cycle. DHAP: Dihydroxyacetone phosphate; GA3P: D-Glyceraldehyde 3-phosphate;
PEP: Phosphoenolpyruvate; PC: Pyruvate carboxylase; PDH: Pyruvate dehydrogenase; TPI: Triose phosphate isomerase; PPP: Pentose phos-
phate pathway. Open circles: *2C; black circles: *C

Table 1  Effects of metformin on serum TC, TG, LDL-C, HDL-C, and glucose levels in hyperlipidemia hamsters at week 2, 6, and 9 after
drug dosing. “P < 0.05, P < 0.01, ""P < 0.001 vs HFD group

Group Week LDL-C/mmol-L* TC/mmol-L* TG/mmol-L? Glucose/mmol-L* HDL-C/mmol-L*
M 2W 246 +£1.19 10.92 £ 1.69 10.48 +3.41 6.21 + 1.67 3.03+1.41
6 W 425+ 1.77 10.76 £ 2.29 7.11+3.46 6.85 + 1.66 1.27+0.31
IW 3.54 +£1.40 9.55+1.78 8.65 +1.92 7.11+2.02 142+0.14
C 2W 0.39£0.19™ 2.68 £0.27™ 2.74 £0.51™ 4.47+£0.76™ 0.81+0.20™
6 W 0.80 £ 0.37™" 2.79 £0.43™ 1.70 £ 0.28"™ 4.66 +0.44™ 0.59 £ 0.07™"
IW 0.92 +0.22™ 2.81+0.45™ 2.32£0.48™ 5.10 £ 0.91" 0.82+0.17"
Metl 2W 1.33+0.46" 6.70 £ 1.16™" 6.95 + 1.58™ 5.57 £ 0.67 1.51+0.48™
6 W 2.43+0.66™ 5.20 + 0.98™" 357+1.12" 5.44 +0.93" 1.12+0.15
9w 1.80 £ 0.63" 5.82 +1.94™ 464 +1.12™ 5.56 + 0.83" 1.21£0.12"
Met2 2W 0.64 +£0.30™ 4.60 £ 0.64™ 5.56 + 1.34™ 4.89+0.82" 1.01 £0.10™
6 W 1.65+0.67" 4.00 +£1.13™ 3.92 +£1.00 4.64 +0.58™ 1.08 £0.16
IW 1.65+ 0.44™ 5.44 + 1.75™ 5.07 £ 2.59™ 5.35+0.51" 1.19 £0.11™
S 2W 2.39+1.10 10.17+£1.31 2.04 +£1.22" 4.03+0.34™ 1.92 £0.33"
6 W 4.28+0.73 8.65 +1.38" 1.47 +0.98™ 4.43+0.73" 1.61+0.32"
9IW 3.92+0.24 12.14 +2.84" 437 +4.76" 5.38+0.71" 1.36 +0.15
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Figure 2  Effects of metformin on serum TC, TG, LDL-C, HDL-C, and glucose levels in hyperlipidemia hamsters at week 2, 6, and 9 after
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drug dosing. TC: Total cholesterol; TG: Triglyceride; LDL-C: Low density lipoprotein-cholesterol; HDL-C: High density lipoprotein-
cholesterol; C: Control group; M: Model group; Metl: Metformin-treated group (100 mg-kg* per day); Met2: Metformin-treated group
(200 mg-kg! per day); S: Simvastatin treated group. n = 10, x + 5. "P < 0.05, “P < 0.01, ™P < 0.001 vs HFD group
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Figure 3 OPLS-DA scores plots derived from *H NOESY NMR spectra of serum, feces, and urine samplesbetween C, M, and Met2

groups for 9 weeks

Table 2
samples at 9 weeks

Parameters of OPLS-DA for serum, urine, and feces

B ETF G IR AN 3 T A S A th B 2 AR
1. M BPP-LED NMR 3 & b 58 W %2 3] N- £, Bk B &

Week 9 Group R2X R2Y Q? % 1 (N-acetyl glycoproteins, N-Ac) 1 VLDL/LDL 7K *F*
Serum  CvsM 0.928 0996  0.937 0.002 Tt =, 185 A8 Bk RE 5 (phosphatidylcholine, PtdCho) 7K *F
MvsMetl 0629 0728 0475 0.048 N .

MvsS 0.303 0860 0645 0.015 B IR . AN, B T B 4 M B IMLIE Hh 2
Urine  CusM 0728 0901 0832  <0.000 . N e ) . B
M vs Metl 0.866 0.986 0.973 <0.000 L@ ?ﬁn '5 Z: L@Aﬂ] EEI Hﬁgﬁi H: 'W]J E‘J&“ﬁ E)% Ju HFD ﬂ] — EFI XX
MvsMetz 0951 0.976 0940 <0.000 T 90005 < 2 b BRI 38 6 53 A 29 9 52 i, 25 2R B o
MvsS 0937 0994 0877 0.011 L ) o
Feces CvsM 0729 0982 0957  <0.000 HFD {2 35 T s 1 <5 51 b 5% I35 o AN A0 iR 7 R i
MvsMetl 0602 0928 0906  <0.000 N G i 2 RS B A G i T [ A
MMz 0738 0939 0907 <0.000 15 TR B AN R R 7 s AR T IR B AN T A I U7 RS AN
MvsS 0770 0991 0926  <0.000 LT T R () BB, [ NE ARG T R R 7 R I D

VIP > 1.0 B M AR & H B A B3 St 2 7 1R
Ik £ O T R AU (P < 0.05). 42594
JE RIS ZH A G o R 2L L 3 A 3- R R TR R
i 5 0 T AR RO S5 25 R 5 14 AT T TR AR A 25 3 7K 1 229

R V0 R A TR 1A VLTI TR 25 A TR A g 7 PR B A
PR FITAR 7 R 45 F) BB o — R UG v AU 71 B R = ARt
T4 2)a 524 1R . 0 9 b i 22 AR Yt 4T Tl i
AR, BT R AR T AR S PN I RN
TR« I e R A €0 B TR A 0 B R T R R AR, AT
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Figure 4 Metabolic pathway changes of serum, feces, and urine (A) and dynamic changes in the serum (left) and fecal (right) metabolomes

in hamsters treated with HFD and metformin (B). The red cells indicate increases in metabolite levels, whereas the blue cells indicate

decreases in metabolite levels (P < 0.05 and VIP > 1)
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Table 3 Dynamic changes in the urine metabolomes in hamsters treated with HFD and metformin in 3, 5, 9 weeks. "P < 0.05, P <

0.01, ™P < 0.001 vs HFD group

Metabolite mic Metl/M Met2/M SM Metabolic pathway
3W 5w 9w 3w 5w 9W 3W 5W 9W 3W 5W 9W
2-Hydroxybutyrate - 120" 119" - 0.83™ 0.777 0.70™ 0.49™ 0.59™ - - Propanoate metabolism
3-Hydroxybutyrate 3.32" 3.40™ 324" - - - - 293" 2.13™ 0.41™ 0.33" Synthesis and degradation of ketone bodies
Acetoacetate 4.46™" 540" 427" - - - - 182" - - 0.45™ 0.24™ Synthesis and degradation of ketone bodies
Acetone 158" 1.61™ 1.43™ - 077" - - - 072" - - 0.77" Synthesis and degradation of ketone bodies
Betaine 0.79" 076" 0.76™ - 0.82™ 0.84" 0.72" 0.40™ 0.49™ - 112" 1.28" Choline metabolism
Choline 0.72" 0.67" 0.80™ - - 079" 0.69™ 0.40™ 054 - - - Choline metabolism
cis-Aconitate 0.83" - 081™ - 0797 0.757 0.65™ 0.36™ 0.49™ - 113" - TCAcycle
Isobutyrate 1.39™ 1.44™ - - - - 155" 1.95™ 227 - 0.79" - TCA-cycle & glycolysis
Lactate - 119 - - 165" 219" 3.78" 5677 672" - - - TCAcycle & glycolysis
Creatinine 0.84" - 077" 4.16™ 4.02"" 3.95™" 422" 3.20™" 4.08"" - - - Creatine metabolism
Dimethylamine 0.86" - - 0.837 0.777" 0.777 0.64™ 0.377 0477 - 113" - Gut microbiome-derived metabolism
N-Phenylacetylglycine - 071" 054" - - 140" 0.70" - - - 150" - Gut microbiome-derived metabolism
Hippurate 0.72" 0.72"" 0.76™ 0.81" 0.85" 0.77" 0.67" 0.38™ 0.51"" - - 114" Gut microbiome-derived metabolism
4-Hydroxyphenylacetate 0.76™ 0.72"" 0.72"" - - - - - - - 120" - Gutmicrobiome-derived metabolism
Taurine - 0747 071" - 073" 0.64™ 0.49™ 0.28™ 0.47™" 149" -  1.52™ Bile acid biosynthesis
Glycerol 0.82" 0.86™ 0.85™ 0.78" 0.80™ 0.78™ 0.62"" 0.41™ 0.51"" - - Fatty acid metabolism
Xylose 077" 0.76™ - - - - - 0427 - - - 1.20" Glucose metabolism
B
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Figure 5 [U-C{] glucose metabolism in the TCA cycle. A: C, signals *C NMR spectrum of MAG derived from [U-*C,] glucose and

blood glucose of hamsters given [U-**C,] glucose; B: Hamsters treated with metformin and simvastatin given [U-**C,] glucose had less

[5,6-**C,] glucose from TCA cycle compared with HFD hamsters. Q: Doublet of doublets, or quartet, arising from coupling of C, with both
C, and C; D45: Doublet from coupling of C, with C; D56: Doublet from coupling of C; with Cg; S, singlet. P < 0.01, P < 0.001 vs HFD

group
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