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Regular changes of amino acid and glucose metabolism in mouse
white adipose tissue induced by every-other-day fasting under
high-fat diet conditions
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[ Abstract] Objective To investigate the metabolic profiles changes of inguinal white adipose tissue
(iWAT) in mice induced by every-other-day fasting (EODF ) under a high-fat diet (HFD) conditions, and
to identify differential metabolites and metabolic pathways to provide potential candidate metabolites for
obesity intervention. Methods Eight-week-old male C57BL/6J mice were randomly assigned to either
an ad libitum HDF feeding group (AL group) or an HFD with EODF group. After 8 weeks, iWAT was

collected for metabolomic and transcriptomic analyses. Results EODF significantly alleviated HFD-
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induced obesity in mice. Metabolomics analysis showed that amino acids, carbohydrates, and organic acids
comprised 76.03% of the detected metabolites in iWAT. A total of 71 differential metabolites were
identified, primarily enriched in aminoacyl-tRNA biosynthesis, neutral/aromatic amino acid metabolism,
and arginine/proline metabolism. Gene ontology and gene set enrichment analysis enrichment analyses
demonstrated that EODF treatment-induced differential genes were significantly enriched in amino acid
import across plasma membrane and ribosome cellular components. In addition, EODF significantly
promoted glucose metabolism in iWAT, influenced the initial phase of glycolysis, inhibited the pentose
phosphate pathway, enhanced the tricarboxylic acid cycle, and promoted the mitochondrial oxidative
Conclusion

phosphorylation. EODF ameliorated obesity in mouse and remodeled amino acid and

carbohydrate-related metabolic pathways in their iIWAT, suggesting that it may maintain metabolic

202641 H,53(1)

homeostasis by enhancing energy expenditure.
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A7 AR 2 27 A0 (10 22 R i A= ) e ) B 2 B
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T B AE SCFE ] TMBQ R4 3, 5ok 4 o A 85 4
i1 B &, KR E & . R IMAP (v1.0,
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Yy oxp BB g3 4 i) 5T Wk (variable importance in
projection, VIP) FIAX 6§ 4 1 vl 5 2, 22 5 AQ 9 19
i e & LA VIPE > 1, A8 & 53 B R 4 8080 19 1
A5 25 55 PR 3 B 2 £ 38 5 Mann-Whitney U £
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P<20.05 2 20 18] 22 S A9 o 70 38 % 4 00 BT 0
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JinPoly A 3k & #: )5 , 2 L 200~300 bp i BEH T
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A5 E S log, (fold change)|™1 H. adjusted P<C0.05,
H v padj b £ % K 56 42 3 Benjamini-Hochberg
JHERIE R I PAE . JE A4 (gene ontology, GO)
3 #1 5 FE K & 4E 43 M7 (gene set enrichment analysis,
GSEA) B 0 e A5 fE ¥ R P<<0.05 4 2 34 42
B

45 R
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EODF 4 /N R AR T i (IWAT Fl eWAT A9 5 i 3
WA (K1), HEJ @ B8, EODF 41 iWAT iy
i v T AR S s/, B AR R AR s A (1) .
JEE EODF 2 /) U BT G IR T AL 41, 35 AS 7
Ik /I B I e % R RRE B A AT A OE T B TR
WO 2H /N BB H E B A 4 X i, & 3 EODF 41 /)N B
Bk N (3.3240.06) g, 2> F AL 4 (4.71 +
0.09) go &AL %58, EODF 4/ B 18 3k
i AT B AN HT T 8 A 1 A AT 0] £ 4y 15 LAY 4 X it
WD, A3 /N AL I X EODF T 4t % 4 g 48
AR VR, AR B AR B A7 A 1 0 5T AT 4 1
PRI, DT AR HLAR AR AR S A Rl . 3 2B R
1500 B A A A 3G i, - A OO L 22 R
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T E B O A

®1 ALFIEODFAHE/NRUERESEREHEAEENN
Tab 1 Body weight and adipose tissue weight analysis in mice after AL and EODF treatment (£5)

Body weight (g) 32.24+1.66 23.80 * 0.38 <0.01 4.945
iIWAT (g) 1.53+0.16 0.35 % 0.02 <0.01 7.161
eWAT (g) 2.2240.29 0.57 £0.06 <0.01 5.546
Cumulative food intake (g/100 g body weight) 378.00 +7.29 380.80+2.18 0.75 0.370

Eight-week-old male mice subjected to AL and EODF treatment were sacrificed after an overnight fast. The weight of body and adipose tissue

were measured. Daily food intake was calculated by quantifying the weight of the remaining food and data were normalized to the body weight of

the mice. Data were analyzed using unpaired two-tailed ¢ tests with Graphpad Prism 9.5.

EODF 3 iWAT i /N> FHIBEARK 5 5
MEFIM K5 EODF X iWAT H AR 43 7 1

AR RN 43 A5 B 52, FATT M AL 41 \EODF 41/
FUA 0 B AW AT, UE 47 3 T 0 (9 10 385 41 2% 50 7
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Representative HE staining of IWAT sections.
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Fig 1 Changes of lipid droplets in mice iWAT between AL group and EODF group
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A': Proportion of identified metabolite classes in AL and EODF group; B: Relative abundance of each metabolite class in AL and EODF
groups; C: Levels of each metabolite class in AL and EODF groups. BAs: Bile acids. In each group, #n=8."VP<<0.05, ¥P<C0.01, *'P<C0.001,

NS: Not significant.
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Fig2 EODF significantly altered the overall composition and distribution of metabolite classes in iWAT of mice
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A': OPLS-DA score plot showing the differential clustering patterns of metabolites in iWAT between AL and EODF groups; B: Permutation
test of the OPLS-DA analysis; C: Volcano plot of univariate statistical analysis; D: Venn diagram of differential metabolites identified by multi-
dimensional and univariate statistical analyses; E: Potential biomarkers identified by multi-dimensional and univariate statistical analyses; F:
Pathway analysis of EODF-enriched metabolites. (1) : Aminoacyl-tRNA biosynthesis; (2) : Glycine, serine and threonine metabolism; (3) :
Arginine and proline metabolism; (4): Phenylalanine, tyrosine and tryptophan biosynthesis; (5) : Alanine, aspartate and glutamate metabolism
(6) : Citrate cycle; (7) : Glyoxylate and dicarboxylate metabolism. CA: Cholic acid; DCA : Deoxycholic acid; TaMCA/TBMCA : Tauro o/B-
muricholate ; TwoMCA : Tauro w-muricholate ; TCA : Taurocholic acid.

3 EODF # M/ 5 iWAT 48 8 4R 12 491 0 38 B
Fig3 EODF modulated differential metabolites and pathways in iWAT of mouse
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Tab 2 Differential metabolites belonging to amino acids class in iWAT of mouse between AL and EODF groups (T+5)

Acetylglycine
Aminoadipic acid
Creatine
Dimethylglycine
Glycine (Gly)
a-Aminobutyric acid
Arginine (Arg)
Glutamic acid (Glu)
Lysine (Lys)
Phenylalanine (Phe)
Pipecolic acid
Tryptophan ( Trp)
Pyroglutamic acid
4-Hydroxyproline
Aspartic acid (Asp)
N-acetyaspartic acid
1-Methylhistidine
5-Aminolevulinic acid
Citrulline

Leucine (Leu)
Valine (Val)
Tyrosine (Tyr)
Asparagine (Asn)
Methionine (Met)
Threonine (Thr)
Proline (Pro)
Serine (Ser)
N-acetylserine
Glutamine (Gln)

Sarcosine

0.33£0.13
14.79 £ 4.97
95.64+41.14
0.55%+0.25
288.03+73.39
2.02%£0.29
152.03 £ 57.00
104.65 + 21.44
305.16 £ 100.71
74.59 +22.61
0.83+0.24
18.47 £5.89
111.47 £ 25.41
1.17+0.33
122.45+32.73
0.12£0.09
0.23£0.28
1.63+0.47
9.39+2.10
208.01 £ 66.49
168.56 + 46.70
71.41+23.23
45.56 +17.42
56.23+16.41
120.66 + 32.07
126.00 + 35.58
394.11 £ 103.81
5.671+1.04
406.30+113.18

10.70£2.79

7.65+1.98 4.70 <<0.001
68.76 £ 25.00 2.44 <<0.001
454.40£123.83 2.35 <<0.001
3.45+2.00 2.65 <<0.001
898.09 £ 452.61 1.39 <<0.001
8.93£5.57 1.72 <<0.001
590.25 % 351.25 1.71 <<0.001
346.60 £ 255.56 1.45 <<0.001
1307.59 + 805.44 1.69 <20.001
345.86 £ 205.24 1.93 <<0.001
2.44+0.72 1.50 <<0.001
77.44 £ 49.69 1.74 <<0.001
398.71 £ 285.35 1.62 <<0.001
3.43+1.11 1.56 <20.001
517.64 £ 393.59 1.57 <20.001
1.87+1.38 4.33 <20.001
4.46+1.96 4.41 <<0.001
5.45%3.66 1.64 <<0.01
24.26£10.11 1.22 <<0.01
807.91 % 472.97 1.67 <<0.01
530.72%289.71 1.47 <20.01
266.36 £ 157.70 1.67 <20.01
157.52+97.24 1.41 <<0.01
210.20£110.01 1.63 <<0.01
329.35%£187.48 1.18 <<0.01
351.73£226.56 1.13 <<0.01
1020.19 £ 508.18 1.21 <0.01
10.18 £ 4.86 0.58 <<0.01
669.69 £ 276.35 0.54 <<0.05
21.66+11.69 0.84 <<0.05

The concentration (nmol/g tissue ), log, (fold change) and P value of potential biomarkers belonging to amino acids class were shown.
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A+ GO-biological process (GO-BP) analysis of amino acids metabolism; B: GSEA plot and heatmap for the “GO-BP aromatic amino acid metabolic
process” gene set. Red asterisks represent genes that are core enrichment for this metabolic process; C: KEGG pathway analysis of differential expression
genes in iIWAT; D: Heatmap showing genes (encoding plasma membrane amino acid transporters) whose expression were altered in EODF group;
E: Heatmap showed genes (encoding lysosomal protease) whose expression were altered in EODF group, in which the substances pointed to by the
arrows are hydrolysis products of the corresponding protein hydrolases; F: TPM analysis revealed changes in genes encoding lysosomal amino acid
transporter-related genes in iWAT upon EODF treatment; G: GSEA plot for the “GO-cellular component (GO-CC) ribosome” gene set.
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Fig4 EODF modulated biomarkers and metabolic pathways involved in amino acid metabolism in iWAT of mouse
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o-Tk R , i B I i 19 Gpil 7£ EODF 4 8 3 18 (&
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Tab 3 Differential metabolites belonging to carbohydrates class in iWAT of mouse between AL and EODF groups (T +s)

Erythronic acid 2.26 +0.22
N-acetylneuraminic acid 2.51+0.28
Fructose 6-phosphate 58.21+35.21
Galactonic acid 1.35+0.54
Glucose 6-phosphate 52.69 * 28.38

Glucose 408.03 £ 123.63
Threonic acid 0.60 £ 0.62
Xylulose 2.76 £ 0.41
Rhamnose 0.42+0.48
Fructose 8.22+1.71
Tartaric acid 0.90 £ 0.63

5.08*2.44 1.00 <<0.001

4.56+1.24 0.71 <<0.001

254.28 £ 143.69 2.08 <<0.001
5.45%2.56 1.95 <<0.01
198.62+ 109.46 1.97 <<0.01
1478.48+673.19 1.85 <<0.01
3.44+3.22 2,19 <<0.01
6.27 £ 4.18 0.80 <<0.01
3.28+2.63 3.32 <<0.01
21.25+13.79 0.88 <<0.05
0.46+0.94 —2.89 <<0.05

The concentration (nmol/g tissue), log, (fold change) and P value of potential biomarkers belonging to carbohydrates class were shown.



22

B H AR (E R

3-WRTR , T AR B R AR

% 5 PPP M 1Y

20264 1 H,53(1)

4 F ,EODF #i il /N iWAT PPP,%H@%%%%’M}J

ZHILNTE EODF 41 F il , £ EODF XHWAT o a4, 4 ik 20k 1k S 1k o e AL , 38 5tk 41 40
{9 PPP A Ml /E FH (& 5B .5D) . X EODF Glig g i, o i 4E R LA Qi R 5 .
WE 22 S A ) S 22 e B Y 3 BT 3R, 7E HED 4%
A & o
Metabolite sets enrichment overview Glycolysis-related genes
—» Glycolysis| [ i
Gluconeogengsis
Warburg eftect
—»Pentose i'ahmphate F& thway
:tose metabolism
Lactose degradation|
Glucose-alanine cycle|
Nucleotide sugars metabolism &
Lactose synthesjs P value
Transfer of acety| groups into ITIItOfﬁ'IOI‘IdI‘la 0.20
nositol phosphate metabolism 015
Starch and sucrose metabolism 010
Fructose and mannose degradation 0.05
Inositol metabolism
Amino sugar metabolism
Sphingolipid metabolism
Glutamate metabolism ) i i i
0 10 15 20 25
Fold enrichment
B
Glyeolysis I Pentose phosphate pathway |
Glucose it atie Glucose-6P-
| i it
Clicoecer 6-phosphogluconolactone
l- Nucleotides TEE
A
Fructose-6P | Gluconate-6P
Pk [P Gpill

Fructose-1,6P,

Dihydroxyscelone-P Aldoa

Glyceraldehyde-3P Non-oxidative

Gapdh
Glycerate-1,3P,
[
Glycerate-3P
Pganm?2 |iPagul|
Glycerate-2P
[Eno3. | M

Phosphoenolpyruvate

Pyruvate

1

i [Pad
Phosphoribosyl . ;
diphosphate ~  Ribulose-5P

Ribose-5P Xylulose-5P:
Sedoheptulose-7P Glycerate-3P
Erythrose-4P ---

Glygolysis

o Non-changed

v
Fructose-6P Glycerate-3P Fructose-6P

Tyrosine
Phenylalanine
Tryptophan

< Amino acid
biosynthesis

OXPHOS-related genes

A: Pathway analysis of EODF-enriched carbohydrates; B: Glycolysis and pentose phosphate pathway (PPP) reactions, with indications of

differential metabolites (labeled in red) and genes (rectangles) significantly regulated in iWAT by EODF treatment;

C, D and E: Heatmap

showed genes involved in glycolysis (C), PPP (D) and oxidative phosphorylation (OXPHOS) (E) whose expression was altered in the EODF

group.
& 5

EODF #

S/ R IWAT 15 508 051 Y & 90 AR 128 9 B (X578 B

Fig5 EODF modulated biomarkers and metabolic pathways involved in glucose metabolism in iWAT of mouse
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