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SCERARERD A
a-ketoglutarate ameliorated arsenic-induced hepatic lipid deposition in
offspring via PI3K/AKT signaling pathway
Bao Shuangrui'??, Wu Hongyan'*?, Sun Ying'"*?, Zhan Tong'*?, Yang Qian'*?, Liang

Xinru '3, Wan Zhiyan'?? Chen Wenyi*®, Zhang Cheng'->

(\Department of Toxicology, Anhui Medical University,*Key Laboratory of Environmental
Toxicology of Anhui Higher Education Institutes, > Key Laboratory of Population Health Across
Life Cycle, MOE, Hefei 230032)

Abstract Objective To investigate the protective effect of a-ketoglutarate (a-KG) on hepatic lipid
deposition in offspring caused by arsenic exposure during pregnancy. Methods 8-week-old institute
of cancer research (ICR) mice were mated in a ratio of 2:1 between females and males, and the
detection of vaginal plugs confirmed pregnant. A total of 32 pregnant mice were randomly divided
into four groups: control group, arsenic group, 0-KG group, arsenicta-KG group. On gestational
day 0~16 (GD0O~GD16), the arsenic and arsenicta-KG groups were exposed to sodium arsenite
(NaAsO» ,15 mg/L) in drinking water everyday, and the a-KG and arsenicta-KG groups were
gavaged with a-KG (2 g/kg) everyday. On GD16, pregnant mice were euthanized to collect fetal
liver, and fetal body weight and crown-rump length were measured. Gene expression differences
between the control group and the arsenic group were analyzed by transcriptome. The total
triglycerides (TGs) and subtypes in fetal liver were detected by liquid chromatography tandem mass
spectrometry (LC-MS/MS). Oil red O staining was used to observe the histopathological changes
in the liver. RT-qPCR was used to detect the expression level of genes related to lipid synthesis,
transport, and degradation, and phosphatidylinositol 3' -kinase/ protein kinase B (PI3K/ AKT) in the
liver of fetus. Results Transcriptomics analysis showed that 2 144 genes were downregulated and 1
675 genes were upregulated in the arsenic exposed fetal liver; body weight and crown-rump length
were reduced (Prukey<0.05); the level of hepatic TGs was elevated in arsenic group (Prukey<0.05);
oil-red O staining showed a significant increase in lipid droplets in arsenic group (Prukey<0.01); the
expression of lipid synthesis-related genes were significantly upregulated (Prukey<0.05); the
expression of B-oxidation-related genes and lipid degradation-related genes were downregulated

(P1ukey<0.05); the expression of PI3K, AKT decreased (Prukey<0.05). Compared with the arsenic



group, the body weight and crown-rump length of fetus increased in the arsenicta-KG group
(P1ukey<0.05); the level of hepatic TGs decreased in the arsenic+a-KG group (Prukey<0.05); oil red
O staining showed lipid droplets significantly decreased (Prukey<<0.01); the expression of lipid
synthesis-related genes were downregulated (Prukey<0.05), the expression of B-oxidation-related
genes and lipid degradation-related genes were upregulated (Prukey<0.05); the expression levels of
PI3K and AKT increased (Prukey<0.05). Conclusion o-KG alleviated hepatic lipid deposition in
offspring exposed to arsenic during pregnancy through activating PI3K/AKT signaling pathway.
Key words o-ketoglutarate; arsenic; lipid metabolism; PI3K/AKT; liver lipid deposition;
gestational exposure; offspring

Fund programs National Natural Science Foundation of China (No. 82173565), Project for
Cultivation of Young and Middle-aged Teachers in Univerisities of Anhui Province (No.
DTR2023012), Open Project (for Undergraduates) of Key Laboratory of Population Health Across
Life Cycle (AHMU), MOE (No. JKBK20249).

Corresponding author Zhang Cheng, Email: zhangchengdev(@126.com
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v#]; TRIzol A (T85: 15596026) W H _LEFFEER K /RBHE AF]; A O Yol (1745
D027-1-3) W HEE R &R TREF AT, BiEg AR (185 34860-1L-R). Bitd LN

(155 34851-1L) A% AR (155 34863-2.5L) 4 H HE B 7w A &l .
1.2 Z B3

= PURAT BB R4 (36H AB Scientific Export A, %15 : Triple Quad™ 4500);
G AREIEL (GEEZHE1E Agilent AF], 5. Agilent 1200) 5 milAER SOl (fEE
SARTER AN AT, RS 5427R): AEMIREAR I B (BN BB S AT IR A W], A5 . Bioprep-
24R); HBAEKAL (EEFURAF, M5 Cascada TMD); L IJREVOC BB (H A BAKE N
], A5 BX53+DP80+Cellsens); )G EE PCR X (Hi % [k Roche AH], M5

LightCycler®480) .
1.3 oA KAt

f#FfE SPF % 8 JEWA R AE AT AT 7% (institute for cancer research, ICR) /)N fR W EH b 52 4@ F)
HBNTF . MERMAT R 28~30g £ 32 H, MERMA R 36~38 g 3 16 H o BB (50£5) %,
IE 20~25°C, HEH 12h BI/BREIES, BB MIoK. ENERSE 1 HE, MEREZIT
201 WElEHT A%, IRARR 7 sk &k, IR GDO. # ICR 22 REEHL /A
4 XTHEA. B, o-KG 4. fil+a-KG 4, B4 8 H. 7 GDO~GDI16, izl flfif+a-KG
HAFRIKK TR NaAsO, (15 mg/L), o-KG HAAf+a-KG HEKFH a-KG (2 g/kg) #HT

HEH . 18 GDI16 KEf, G AR EATUVE K, FHUCEER BT .
1.4 BFHZNT

Xt R R AL A 4L 4 ANHTATALZURE S 2SR IR R AR AT BR A AR BUE RNA I3t
ITHes 23 br . A Agilent 2100 A9 70 Hr Akl RNA JiifE, BUGEE RNA, R4E poly
(A) Z5t5rif. Bt mRNA, 456 51 MR SR s — 8 cDNA, DU —HE B
ERCH B BEJE XUEE cDNA JEAT RSB A 3° AR IN“A” SN, EHM 7 #k, PCR ¥ 14
DNA X, {#f] Qubit Al Agilent 2100 Bioanalyzer 73 k&S FEW BE 5 S0 v BCK S, |
HUI 73575 FASTQ %$i#5. LA Log Fold Change = 1.5, P<0.05 NARUEREIT 2 IR ik, kT

KEGG HEgE £ 0o
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FEAFESLFREL 20 mg JARTZHZR, TN 100 pL A3 K HEAT 29, B 50 pl 2130 A
250 uL AHLAET CTEE @ BEE=1:1, & 10 mmol/L FFR), JWiE 3 min 584 1 h, =
T 14000 t/min 250> 10 min, EE 2 WA 100 uL E3EHE TR H, KA LC-MS/MS

A3 AT A = i R T A R K
1.6 4 O %ufa

KRR ZVE T OCT I rh AT W, VKPR YA HLUIAR 10 pm ARV, R
THI B, BCHIMA O TARMBET R, Q@S REHATE v, fEa B P4l
USSR

1.7 LR %% EE PCR (RT-qPCR)

FREX 20 mg FEAFA4LZ, N 1 mL TRIzol X747 513¢, BEE I 100 uL 1-3R-3-5A
BEHEATREEL, 4 °C26 44 F 12 000 r/min 550> 15 min, B ERIIAN 4 G5 RF 5 T EENT H RNA,
T B 75% CBEBEAT YR . K RNA WREEE B AE 500 ng/ul, W5 p cDNA JE AT
BN o ASSZIG BT 51 B AE TAEM TR (R B EIRAR &K, LA s
i 1 Fios.

£ 1 PCRIIYFF

Tab.1 Sequences of primers for PCR

Gene Sequence (5°-3°) Sequence (3°-5’)

188 GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG
Acaca TTCACTGTGGCTTCTCCAGC GACCACCGACGGATAGATCG
Acacb CCGCTCACCAACAGTAAGGT ATGAGCTTGGCAGGGAGTTC
Acl CCTTCCCCGGTGAAAGAGTG GGGCTCAGGCTTTCTGTAGAC

Scdl

CGGTCATCCCATCGCCTGCTCT

GTAGGCGAGTGGCGGAACTGC

Fasn CGCTCGGCTCGATGGCTCAG CCAGCACCACGGCATGCTCA
Srebf1 CAGACTCACTGCTGCTGACA GATGGTCCCTCCACTCACCA
Ppara AGTGCAGCCTCAGCCAAGTTGAA AGGCAGGCCACAGAGCGCTAAG
Cptla TTCCAGACGTCTCTGCCGCG GGGCCAGTGCTGTCATGCGT
Hsl GGAGCTCCAGTCGGAAGAGG GTCTTCTGCGAGTGTCACCA

Atgl

ACAGGGCTACAGAGATGGACT

AGGCTGCAATTGATCCTCCTC




Mttp AAGAGGAGGAGCCTGTAGGG AGGCCTGTGGGTAGAAATGC

Pi3k ACACCACGGTTTGGACTATGG GGCTACAGTAGTGGGCTTGG
Akt ATGAACGACGTAGCCATTGTG TTGTAGCCAATAAAGGTGCCAT
1.8 GiitigabaE

AT TR B 45 TSR S B bR 2 (Res) RoRe SR SPSS23.0 B4 IEAT 04 43
tr. ZUAEHECRHBEETTZ 4 (One-way ANOVA) BEATEHE /T, KH Tukey K
BE— B LLEL . Prukey <0.05 RIREFR AR Lo

Q4R

2.1 ZEREE SRR AT AR

B 1A g R, SXTHRAAHL, kiR 4G RUF AT SRR 4 0k B2 s kb Egs
SR, FREEEERA 2 144 NER T, 1675 MERF EE (B 1B). KEGG HhAEE 4
Braf KRR, ZEREERAE AR IR M YA . RITRR AR PIBK/AKT 15 5l %
EEE (FH 10,

S
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Fig.1 Transcriptomics analysis of fetal livers
A: Heatmap of gene expression in fetal liver transcriptomes of the control and arsenic group; B:
Volcano plot of gene expression in fetal liver of the control group and arsenic group; C: KEGG

pathway analysis of gene expression in fetal liver of the control group and arsenic group.
2.2 o-KG B 208 55 55 IO AR SRR AR B AR

SR, fRALIR R 2= 5% T (Prke<0.05), o-KG #7852 53 E7t
(Prukey<0.05) (£ 2). HxTHRAALL, AN RIVEKEZE N (Prkey<0.01), a-KG
IRETVEKEE FH (Prke<0.01) (£ 2). VWL O JetasE REIR, SxtiRAMLEL, fhd
JEREAR R ] 3 0n, fif+a-KG ZEARR IR (B 2A); e B ai R EIR, S5x 2
EL., FiHr 2 H A T AR 25 48 0 (Prukey<0.01), Tifi+a-KG 21 BH A4 [X 45T A BH S22 98020 (Prykey<0.01)
(K 2B).
x2 BRNEKEERIE (=8, xt5s)



Tab.2 Growth and development indexes of fetus (n=8, X + s)

Variable Ctrl As o-KG As+a-KG Fvalue P value

Body weight (g)  0.7620.01  0.70#0.02°  0.7520.04  0.7420.01*  7.205  0.002
Crown-rump 19.1240.68  17.7740.517° 19.03240.39  18.8640.49" 8.510  0.001

length (mm)

*P<(0.05, **P<0.01 vs Ctrl group; “P<0.05, #P<0.01 vs As group.

B 2 0-KG BEZ R B -5 10 iR BT A AR B AR
Fig.2 a-KG alleviated gestational arsenic exposure-evoked hepatic lipid deposition in
fetus
A: Oil red O staining of the liver tissues in fetus X400; B: Quantitative analysis of Oil red O
staining; a: Ctrl group; b: As group; c: a-KG group; d: AS+0-KG group; ** Prukey<0.01 vs Ctrl

group; #Prukey<0.01 vs As group.
2.3 o0-KG Vi 2 i1 2 55 - B AR B =198 H Ve K ~F- 3 in

KM LC-MS/MS H ARG T =B H AT, B 3A AEARR T ARLIZ 10 =8 H it
42 PR ALK, AAEEAARIIRR . AR TR 2 ARG TR . K] 3B AR T &

=ZWEH K. SRR, XA, B EE AN = K B T
(PTuKey<0~05)’ G-KG %I\%EEK%%'TE&TH:FHEWHVHHEQEﬂ(qZ (PTuKey<0~05)0



B 3 JEAF =B H KRR
Fig.3 The level of total triglyceride in fetal livers
A: The heatmap of triglyceride; B: The level of total triglyceride; * Prykey<0.05 vs Ctrl group; *

Prukey<0.05 vs As group.

2.4 o-KG W7 Z 505 B2 BUT Ae BT RE AR BRAC 35 AL

B 4A g5 5 R I P TR A DGR IR s i A, A8 DRI & BAH DGR IR, T 2
e A BRALES o (Acaca) LTHHHEG A FRIEEY B (Acach). ATP HIBIRZLARE (AcD. T
AR AHEE A E1EAEE 1(Scdl) R & B Fasn) A E BE R 5 70145 A 8 35 KT 1(SrebfI),
B-SEUM A I, i E ARG A T T A8 o (Ppara) FIAGEAR ML AEHE 1a
(Cptla), FFIERG T M ARAR DG RE IR, s s BURRIR Tt CEEs D RV IR 07 =t H ik IR 0Tl CAegDD,
AR e T AH DR TE R, SOk = H R 1 (Mup) . B 4B JERIR L 8 w45 R R,
Ext AL, BRI A A CIE R Acl Fasn. Srebfl Rik 03 L, B-AMAIKEIER Ppara,
DA K ot [ fig A O B[R] Hisl F0 Aegl ik T B, o-KG #MARJE % [ Acl Fasn. Ppara. Hsl.
Atgl FRFKIL



B 4 Jia e AR <2 B RA K
Fig.4 The expression level of lipid metabolism-related genes in fetal livers
A: The heatmap of lipid metabolism-specific genes in fetal liver; B: The mRNA expression level of
metabolism-specific genes in fetal liver; * Prykey<0.05 vs control group; * Prukey<0.05, #

Prukey<0.01 vs arsenic group.

2.5 0-KG SRS R R BN ST PISK/AKT 1= B8 B 3%/

RT-gPCR ZiR IR, SATMAMEL, mi#FRS PI3k M AKT mRNA FRik/K-F1H %
(Prukey<0.05), A TR FE 4, fifi+a-KG 2 PI3K Al AKT mRNA RIEK T EE EiH(Pre

<0.05), 7 0-KG h7e ik 22 IR B F2 0h if S AE A PISK/AKT A5 3 i A 4 ) o

Bl 5 FRRAFE PI3K/AKT 155 3R&KF
Fig.5 The expression level of PI3K/AKT signaling in fetal livers

* Prukey<0.05, ** Prykey<0.01 vs Ctrl group; *Prukey<0.05 vs As group.
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Tl s ] e T B A N ORI S - 3 FFR I P R T AR U0, 8 i ARAR U P98 1 IR o AR 90 K
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T A SO AL R 8L (1 B Acl. Fasn. Srebfl, T Hsl. Atgl), K& T HgJi
RS

PI3K/AKT 15 5@ E(5 55 SANARETE . PR AR 8 Ae il & 26 Wit R 1 1
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ISR FCARF AL, AR A TR HAR AT RE AR B A% . AR SR 78 P 2% @ 1 AR 20 27 43 4
VL 0-KG Fh 780 FARH IR AR A P 25 (520, FEAN AR B B BOE ER o-KG T )
RN XN T AT B T 5 4 T MU PR AR o-KG PERIEUR B 350 R L

Zi LRIk, PR o-KG W R BRI B E S BUN AU E IR TR, X — Ry ER
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T EHE R PIBK/AKT . KR AFHEIR SRS, o-KG L GE PI3K/AKT {5
S, W R SR RUAH SR R R KL, B NIRRT A OB 1 Rk,
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TRAR AL T 87 () s

S 3R

[1] Dolce A, Della Torre S. Sex, nutrition, and NAFLD: Relevance of environmental pollution[J].
Nutrients, 2023, 15(10): 2335. doi: 10.3390/nu15102335.

[2] Rahaman M S, Rahman M M, Mise N, et al. Environmental arsenic exposure and its contribution to
human diseases, toxicity mechanism and management[J]. Environ Pollut, 2021, 289: 117940. doi:
10.1016/j.envpol.2021.117940.

[3] Chen Q Y, Costa M. Arsenic: a global environmental challenge[J]. Annu Rev Pharmacol Toxicol,
2021, 61: 47-63. doi: 10.1146/annurev-pharmtox-030220-013418.

[4] Song Y P, Lv J W, Zhao Y, et al. DNA hydroxymethylation reprogramming of p-oxidation genes
mediates early-life arsenic-evoked hepatic lipid accumulation in adult mice[J]. J Hazard Mater, 2022,
430: 128511. doi: 10.1016/j.jhazmat.2022.128511.

[5] Asadi Shahmirzadi A, Edgar D, Liao C Y, et al. Alpha-ketoglutarate, an endogenous metabolite,
extends lifespan and compresses morbidity in aging mice[J]. Cell Metab, 2020, 32(3): 447-56.¢6.
doi: 10.1016/j.cmet.2020.08.004.

[6] Ciuffoli V, Feng X, Jiang K, et al. Psatl-generated a-ketoglutarate and glutamine promote muscle
stem cell activation and regeneration[J]. Genes Dev, 2024, 38(3-4): 151-67. doi:
10.1101/gad.351428.123.

[7] Podgorski J, Berg M. Global threat of arsenic in groundwater[J]. Science, 2020, 368(6493): 845-50.
doi: 10.1126/science.abal510.

[8] Song Y P, Lv J W, Zhang Z C, et al. Effects of gestational arsenic exposures on placental and fetal
development in mice: the role of Cyr61 m6A[J]. Environ Health Perspect, 2023, 131(9): 97004. doi:
10.1289/EHP12207.

[9] Zhang Y, Song Y P, Wu H Y, et al. Prenatal arsenic exposure disrupts placental angiogenesis by
altering Pdgfb promoter epigenetic modification[J]. J Hazard Mater, 2025, 494: 138736. doi:
10.1016/j.jhazmat.2025.138736.

[10] Wu L, Zhang S, Zhang Q, et al. The molecular mechanism of hepatic lipid metabolism disorder
caused by NaAsO- through regulating the ERK/PPAR signaling pathway[J]. Oxid Med Cell Longeyv,
2022, 2022: 6405911. doi: 10.1155/2022/6405911.

[11] Qian Q H, Song Y P, Zhang Y, et al. Gestational a-ketoglutarate supplementation ameliorates
arsenic-induced hepatic lipid deposition via epigenetic reprogramming of -oxidation process in
female offspring[J]. Environ Int, 2024, 185: 108488. doi: 10.1016/j.envint.2024.108488.

[12] Gyanwali B, Lim Z X, Soh J, et al. Alpha-Ketoglutarate dietary supplementation to improve health
in humans[J]. Trends Endocrinol Metab, 2022, 33(2): 136-46. doi: 10.1016/j.tem.2021.11.003.



[13] Lv T, Fan X, He C, et al. SLC7A11-ROS/ a KG-AMPK axis regulates liver inflammation through
mitophagy and impairs liver fibrosis and NASH progression[J]. Redox Biol, 2024, 72: 103159. doi:
10.1016/j.redox.2024.103159.

[14] Bayliak M M, Vatashchuk M V, Gospodaryov D V, et al. High fat high fructose diet induces mild
oxidative stress and reorganizes intermediary metabolism in male mouse liver: Alpha-ketoglutarate
effects[J]. Biochim Biophys Acta Gen Subj, 2022, 1866(12): 130226. doi:
10.1016/j.bbagen.2022.130226.

[15] Wang J, Hu K, Cai X, et al. Targeting PI3K/AKT signaling for treatment of idiopathic pulmonary
fibrosis[J]. Acta Pharm Sin B, 2022, 12(1): 18-32. doi: 10.1016/j.apsb.2021.07.023.

[16] Xiao H, Sun X, Lin Z, et al. Gentiopicroside targets PAQR3 to activate the PI3K/AKT signaling
pathway and ameliorate disordered glucose and lipid metabolism[J]. Acta Pharm Sin B, 2022, 12(6):
2887-904. doi: 10.1016/j.apsb.2021.12.023.

[17]Wu Y C, Yan Q, Yue S Q, et al. NUP85 alleviates lipid metabolism and inflammation by regulating
PI3K/AKT signaling pathway in nonalcoholic fatty liver disease[J]. Int J Biol Sci, 2024, 20(6):
2219-35. doi: 10.7150/ijbs.92337.

[18] He Y, Wang H, Lin S, et al. Advanced effect of curcumin and resveratrol on mitigating hepatic
steatosis in metabolic associated fatty liver disease via the PI3K/AKT/mTOR and HIF-1/VEGF
cascade[J]. Biomed Pharmacother, 2023, 165: 115279. doi: 10.1016/j.biopha.2023.115279.



