HEFE 2R Acta Physiologica Sinica, October 25, 2021, 73(5): 707-722 707
DOI: 10.13294/j.aps.2021.0070  http://www.actaps.com.cn

BRIRISAZH B R A A= A B AR iR S e ER

B, NEE, HEE, Ry, T B, kEx
RO TR TARME R, BT 210094

O IR S G R B A R ARENE S, R BN AL SR, JFERS T AIRA TR RS B
PRI . R PR FE SRR R S EUILRE, 5 S REACH R T B 3%, AT R R 5 2 SR U e R S AR R B AR A
SCERIR T S AR TR 5 B IR R BRI AL BRI A OGHIT 7T, DB 17 3 25 40 50 T 159 FURFBR A BRARZS T BRI A
A5 5 K HeAEMTTRIBTTERCR, St 1 RIE A% 1 R B JLARH ™ P2 i S A AR A QA L A R i 2
BT, FAE2RE RO AR R AT BRI A

SCEER: WENRACM, MR TRES, 2BUMESRG, B ERIRPL EmpE
hESHKS: Q591; Q493; R589

The role of adenine nucleotide and its metabolites in regulating the homeostasis
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Abstract: Glucose and lipid metabolism is the most fundamental metabolic activity of higher organisms. This process is affected by
both genetic polymorphisms and environmental factors. Excessive uptake and accumulation of lipids lead to obesity and disorder of
glucose metabolic homeostasis characterized by insulin resistance and hyperglycemia, suggesting that the cross-regulation between
lipid and glucose metabolism happens precisely at organ, cellular and molecular levels by known mechanisms. Adenine nucleotides
and their metabolites have emerged as mediators in the mutual regulation of glucose and lipid metabolism. This review summarizes
the roles of purinergic signaling induced by fatty acids in glucose metabolism and the development of type 2 diabetes.
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552 kA HAE F B0 S U R B B A N IR IS
il A — AN AR AR A B B S N ATP DA ey ¥R B A
TETAMIAN, 7220 M5 A2 41 )5 T DA i 28 1 R ik
IS R A B B IE R B R B 2 R
G AN M P LA R AT PN Rz 40 P 35 T R X Lk
ATP F1 5'- W&l (5'-adenosine diphosphate, ADP)™,
W1 s, — BE NS, ATP gl Ae bl 251
0 (P2X) SRR (P2Y) MENe 52 (A gk n B P2X %2
EEFE-LAEFEE, XEmiE S eI e Rk
ATP 454 )5, % Na™ Fl Ca® (41 # Py 37 DA K K
R 4bHE. 75 )\ P2Y 24k v, ATP U2 P2Y2 Hi
P2Y 11 M de Be A, T 12 S0 HeAth 2 1 1 R SR )
FtL$5 ADP, UTP, UDP 5 UDP- #i%j#E 7,

br 75 P2 24K HAE R 4b, ATP I& W LA T
JIE% ff 71 A% T B2 B (E-NTPDases) i3 7% B . 7E % FE
AP (ISR B A AE ), ATP FRRE 8O I,
- I B P A T A TR R R, 88 ot S R
HAT ORI 7 VU m s 1) B A s e 7 A A 4)
220 ML) E-NTPDase (NTPDase 1. 2. 3 #18), ATP
7 % 1 NTPDasel (CD39) /K fift =/ 5'- S R iy 1
(5'-adenosine monophosphate, AMP), 5[ ecto-5"- 1%t
Wiz By (CD73) K fg MR+ © ' 2T CD39 f1 CD73
IR ATP, IEAFAE— LLBIF FT 400 1 20 o 3% 1 A
RBGAEACU BRI A% IR 1 I A2 A, stk
WRERHE . HEBEEREE AR — el U, fEdEE iR R
WRELSE R, CD39 f CD73 MIFRIA A RE & iiAs . il
an, @%ﬁiﬁﬁﬁl’ﬂ@ﬁﬁiﬁﬁ?@ﬁ Bt SP1 s
@iz L CcD39 M, @it B4 S T Lo (hypoxia
inducible factor 1a, HIF—la) W4 il cD73 M,

ATP=»ADP=—»AMP —» Adenosine
CD73

(= U

P2X CD39

Bl L RN H IR R S

CD39 WiE P& AT i, 1 CD73 #3152 b b2
AT B A IR AR AT DS R aE i A
(adenosine kinase, ADK) {RigE 1L AMP, alidE it
i I 2 B (adenosine deaminase, ADA) [ 4~ V. Y
(ADA1 fll ADA2) Arl iz, 2By &,
E RA R IS AR 2. AR
HER T H AMP LR, ERTLLH S- IR [F AL
¢ % B2 (S adenosine homocysteine, SAH) 7K fift /= 4 .
BRI L T B A% AT #4844 (equilibrative nucleoside
transporters, ENTs) FlIy & B k% #1214 (concentrative
nucleoside transporters, CNTs) iF N\ ffo Py, ¥ iz K 1L
P AN IRFE KT 5 T R A SR MY ARAE 4y
FRITRERFIE, XL E AT 73 NP« (1) ENTs
(ENT1, ENT2. ENT3 #1 ENT4), ‘EATHRE I )
AN IS A 5 (2) CNTs (CNTI, CNT2
FTCNT3), BRI AR T35 R N Re 2R IR, A
SIS, SRR . 45 A b
JRE ) G B AR AN AR, 2508
A Agas Ay FIA U A R AL IR RZ AR S
FEAIC T 40N cAMP [F)7KF, 1T Agx FH Ay SZAKRY
T E CAMP KR I . A, B A, IR H R
MDAk, T Ay AT A, 3244 5 7 H AR ) iR 58
M. A R 52 R H RE OE A 22 7 2 E 5 A iR
1 ¥ ¥ (mitogen-activated protein kinase, MAPK) &
17, BFEHIAIME S TS 1 (extracellular regulated
protein kinase 1, ERK1). ERK2. c-Jun N 7K it # fiff
A p38 MAPK ., I 17t A] DAAS i 52 1k A #E 4
Wl tniE i ADK R AMP {6 #i () 55 (1 #85 (adenosine
5'-monophosphate-activated protein kinase, AMPK) i&

ADA .
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Fig. 1. Adenine nucleotide metabolic pathways. ATP activates purinergic receptors in the plasma membrane termed P2 (P2Y and
P2X) receptors. ATP is mainly hydrolyzed by CD39. AMP, which is then hydrolyzed to adenosine by CD73. Adenosine mediates its
effects via 4 receptor subtypes: the A, A,,, A,z, and A, adenosine receptors. Nucleoside transporters and adenosine deaminases (ADAs)

are involved in adenosine signaling and modulate the extracellular concentration of adenosine. ENT, equilibrative nucleoside trans-

porter.
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f~ LR S 0 B0 Rk A A A A O I 92 S A
CEAAE P70, A SCRRIRIE, SRERAIE N 2 R R
J5 (type 2 diabetes mellitus, T2D) [ &4 BA — & HIAH
Sk B i PR R T i A i RS 8 U P Ak ST TN A
Tz, B TURE B F ARG R R AR P
2.2 B BERES (free fat acid, FFA), BRIEM%E L
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BB ES L E R . RSP SER T, FFA @it
00105 20 i 51 G M W e R R )RR, 3 B b
AMP [F+ P, FFA 5 5 N5 #% ik P9 Bz 40 it 1 e
MERA KRR SE T S AU E T P B4, FFA FRIE
T YIS PES (reactive oxygen species, ROS) ]
PS5 X SR LB, XoF s I s 1 o BY,
AT 8 0 i 2 i e A% T IR () 9 FE B A AR %
AT, LU 2 AN AR ATP P52, SR
db/db /N BRI IRE A AR SR B T8 RS E B9 78 I
/INERSEEG A, e I VR M LA 7 V2 e I (A ARG
P 2K A FEA (PR FERT, I IR i % 7 R vk i
The, =R P i S R A A% TR T B T
FAE AN IR B T2D FE K db/db /)N B ey I
BRI A 2, oh 5 AR RN BRI S AMP ATl 4 P iR
HACEIH R, FES SR P, R AR L
il 5 4t ATP AR R, Hidt— 222
Y A PN R B ORI R A AR A 5 B Ix R,
RRMERS A2 FF R P R T FFA SIRRES 2P, &
I B v ) £ £
2.3 REERBRILSREREZHRRIBBNZE RN

FEL PR (0 PR R KT e 22, PR T 484 58 i
ii7 2L 250 F ) RV A A% EF R 1) 43 AR Y. 7E T2D
AR, 5 R A R IR AU A OC 1Yl (1)

W A% IR B AR 7 A0 AE i A W i A AR S Th A AR 709

P RIS T BT fEAREEERELY) T2D s
JE LB AN Z 41 i (peripheral blood mononuclear cell,
PBMC) 1, CD39" #1 CD39" CD19" 41 g i) EL 442 i1,
CD39 fi i 7H i “. CD39" 4Hi g5k CD39" CD19’
YA IR E 4 b S RS I RE K T HbALe A J3 t 2
776 2 35 AH S ™, T2D Al T2D/ iy i 211
ffi/R CD39 il CD73 il P2 354 n 7. R R
FR LT cAMP % S CD73 Fik L .
THE ) CD37 A CD73 W] B2 T M3k W A% 1 R TH
E AN cAMP _EFHERUIN. 5358, T2D #E
ff) ADA 3 PER 0 5, T2D & 2% (1) ADA2 W R 5E
P W R v TR OB M ) s ¥, TID A T2D /B
175 H ADA2 K B 38 n ™, 78 T2D 3 o,
ADA2 )i ¥ 55 HbAIC /K-F B AR ™. T2D %
WA, ADA2 S5 A7 J [R] ) b A7) A0 B 44 57 & 4 2
(body mass index, BMI) [EAH¢ . [EIRE, gt
W2 B3 K457 45 1 (acid phosphatase locus 1, ACP1) &
PE /ADA JEVEACEE IR 5 i IR K 2 IEAE O, T
71 BMI A1 ACP1 i1 /ADA i VAR 5 R 8 5 1 fig 57
ORI ™. ADA FEPE R T & AT RS 2 K CF R
SR T, E XA T AP I PR R K

g W7 40 23 rh B R 04 4 AL 38 R B (xanthine
oxidoreductase, XOR) A #f 7= 4= JR IR, AE /IS B
i L) XOR & M i T IE# /N R M. 7R AR RS 1
JUE 28 HE 06 ) 4 R /)N BROBE A Hr - XOR ) 33 FH
W E TR U BERE R T IR B 4141 XOR [
mRNA FLIEFIFEE DL RER I 3 ™7, i i
Wi B K B R XOR S5 FERE A BT m B 7
f 1) XOR 0] G2 T iR 2 | 284
(A4 . XOR AL T it A VI A 14 T P 0 S A -y
(peroxisome proliferators-activated receptor-y, PPAR-y)
i, PV IR O, AT R P T AR R
k) XOR i 14 7] 55 35 A AIC HepG2 41 g v JR R 1 7
A, JEUES FFA & SRR AR R U, 3R IR R
AR 11738 A T e 2 gk — A2 i = A I AU P 2 6L
2.4 BEEABFALSREREZEREXZFNRE
Fik

JIES JhE KR ) g i B4 T A7 AE = K P 1) P2XT,
T AE B PR 2 B0 JBR B L -F- A T AN 31 P2X7 [ 47
78 ¥, 78 3E B BE PR 5 (non-obese diabetic, NOD)
AN, BEE BE PR R, P2XT (1) 3 58 1% W ik
BB, AT LR, TOIe AR R M
/N, NOD Ht P2X7 FJE PR B AR AN 2 2032 T1D &
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A PN R oK, KWAGREE T AMNENE ATP 755
P2X7 A AN MIRFE B2 RE R Pk P2XT7 224k
froeil ™. MRS (¥ P2XT /b — J5 T P BB A2
WEERLH RS2 RIRTE, 53— J7 TR TR )
ML RIE, HBARNLH) R 2 — B 9T, /£ NOD
NS R B A ZARRIE T, Ay, ik iR B,
Guzman-Flores 258f 5T 5%, T2D B350 CD8'. CD19"
HICD14™ 4 Ay, 40 E 43 B3 n & i L 2o,
R FR 5 R BT A A, AT A S AROK T B3 T
25 THERR Y 13K (streptozocin, STZ) KB 4 RIR S 25 »
JIRTF 2 AR (11234 1K 5 1) 1E 8 7K F B, Johnston-Cox
GO EIR, SRR (high fat diet, HFD) /)N B
P B 07 o Ay R SZARI IR I IN, 3278 Ay 32
AT RE 5 A 45 4 AE AT T2D B AE A ok BY,
TENEFEAE B, BN IET i) Ay ZIARIKE
BMI A 5 25 524K JEE#) 2 (insulin receptor substrate 2,
IRS-2) mRNA Fik& 2 IEAHK, KEIIZIRE 24T
5 N0 i B LU O B, (BB A SR HioE
R K RUFEIE Aoy 2 HOKE I8 B9, Liu 269
FoR, STZ 35T IR JRIA K B IEH IR H A, %
IRZEIEIGIN, T 53— WU 70 ) 7o PR K B
A ZARRIEEA AL BT X AR AR AN [ 1)
PR AL B FERHE T E, 1
REANAN [F] S B AR rh A B RRIK FE I 22 0 AH 5% . I
S ARTT BEAE TR T IR R MR A AR A i /R H EEAE
T3 B0 T AR F SE R

3 RIEMIZEER N SHFFER SRS
3.1 ATPS5RBERBHESHXR

ATP O UE BT LT B i 260 B 16 A 72 AAE fis
TCRABE T, LFRE R A RS AR
W TR 4 it 3 B e o v i b R A E A S, H
ATP [F]FE AT DA BOpE IR 43 fig Y, Fae b, R
BB A S ATP R UE R T P2 24K ST 4N
AR AL T K BR AT P2Y 1 524 8
OB R AR AL % 7, ML 5 40 B P 45 £ 38
PLAEALBERR G D, 31X L6 H m B 38 53 4 R 0 A
ATP 1E 45 B IR B4 A o] DR dE b e 2k, IR
WHA FFEIER ., ATP 5121 [Ca™] B LG BRI
T e fih & A ol E R . AR, X R
i) 520 5 A B B YR B AT AL 4 ATP IR EE #5672 4>
SR, PR ER N FLER ((E AN ELFE T ER
BE ) 0 5 A 4 A0 B 4 v VA< B 1Y ATP #ifl], i 7=

Az SRR A U0 5 R SR T 4 i A
ATP 38 3 410 1) Tl SR i il 2 9 53 U T 4 e
AR B RS T 45 (32 P2Y 1 A P2Y2) Al g i@ T
mTOR @ E 431 . ATP iS4 1iE B AT LA i iF 3 /)N
BRI U A s e o PR K BRI A B 3 s 7). ATP i
o B AL RO i R B4 i R T ) P2 2 AR Y
i JB 5 2% 4 b Y, T b R 3 B R o B R
FEUSPLE NI S, /N BRI K R B4 i A
JI R R BT P2X AT P2Y 2 AR IA U, p2y
SEARFEA g B R Ao E KRR R B R INS-1 4Hl e
1, P2Y ZARRIBOE S S8R R L . P2Y4
SR (R IR B AT DO T R K S 2 Ah, Bk
TBRE 5 3 ru  AEARAI AT KR, P2Y L A
P2Y6 B2 A (¥ % 2 R & 2 oo 0 (B 5 22 A
KR, FEmf w B, Hil3 P2Y1 A1 P2Y6
SR R Y, XSRS SRR, ATP At
SR B ANREIE R R R H W BH S S, R
7N P2Y SZAR B AL R REAE 1 5 2R 40 WA I T 45 ke A
. Madsen Z£7f NOD /NRAERI K HLHAS P2Y
AR (P2Y2 Al P2Y6) 715 g i Z AR PR B FR 95 [X
15, %, NOD /N P2X I P2Y 244 [ UTR [X. 4
AN T IX B EAZ R 2 A5 1 (single nucleotide
polymorphism, SNP) 777t % 57 ¥,

P2X SZ AR [FIFE 5 JB B 28 o0 Wb o TE K BRUBR B 3
JR7 INS-1 20 2 P B E20E P2X S2ARAS e U5
R, AHAM ] P2X A2 A 4 H kB 5 & 4w
[ IS} FH B 5% R0 ATP AL 38N JBE 55 B 4 A, v )38
P2X3 24k, SECAHMIA Ca™ I 548 I Fn i 5 20R%
JCE A B, P2X7 & P2X AR A2 KVER . BEA
BoR, P2X7T NGS5 K STZ % S TID
Pt A1, P2X7" TID /N KF AR ™. P2X7"
TID /5 BB JE A 28 PR (40 IL-1P 1 IFN-y) 3%
A8 B P2X7 N B J R R B e 4 IR
TR B, FEAR P P2XT 355 7VA ST T Tl STZ
PR B, BN P2XT WAL B BA T RE
PRI ) B U 25 B A bR . {2 FH 0 2 B A AR IR %
BzATP (P2X ¥# 3 7 ) &b 2L\ J# 5 30 min, £33
P2X7 RiEW N, %S IL-1Ra RS &K 5w ™,
shAth, SEAERVNR M, W& HFD i P2X7 " /)
2 TR S mps, S R ME. B4R
ToHE AN Th R 245 . X SeHF Su 4 K W], P2X7T
ATRES 5 B AR R 5 25 0 W P AME L. Btk
2k BHRRIR, AT X P2X3. P2X4
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™ fEIEE SR ACFE R E T, IR AE
BER S RS R . RS SR S S E A RS
J% T2D [k E A B BB R 00, R AR
Y1 B Th A8 R T AR PP A RARBENHNE S
Wi ARM K, Ay SRR S T s 72 i
Dong W5t o, 1 RIE A, SZ 4RI E R /N BRUE
7 4143 FRA KPR, HLoR HBILRE & 24kt Y
Ay AR S ) 2 2 BEAK PTC-6 4H i 38 e A i & 48
W35 7y, R A, 2R VUF5574 X% BTC-6
Y AT AL EE AT o FE B R4 A B BF T R,
Ay SZARBEEH T AT AR 5 9k T 4T AR LB I 1
S e e i PR A A P i B RN P 7 CD
/BRI 2 AT STZ (multiple low-dose STZ, MLDS)
A SRR 510 NOD /N TID 1,
FH Al 3% 8 1 BR T S2 M40 B8 77 NECA JEAT IR YT 7T 4E
SR PRI I R T, e ik CD39 ) CSTBL/6 /)
BLIR IR 8 o J5R B R 5% MILDS 75 S 1R 08 FR s (115 22,
Ay SZARFIFK TR R, FEHAE MLDS 4H 5 A
SR P,

PR SZARAE /)N BRI 5 DA B i U 311470 Ik 2 25 988 4
i % (KB INS-1 FI/NER BTC-6 41 ) 35 Rk,
FORIETE S5 B Al ThREM T . 78 INS-1 41 LA
TN BRI R BRI 5 R s A 2R AT (kR B R R
P R AR EE T, AL AP T
R S5 v BEL Ok R S 2 A, T Agy R A, AR BT
FUNUAS B BEL AL B 5 2R 4 i, TG A, 2RSS LA
DU e 0 2 s B RV B AL A, AT
Ay SZARKE B EBEN FRA S IR ER, (H4E
e ME AR #4507 NECA 3% 7 MLDS % 5 1)
AERVRT A, /N B BREE, Ags B2 AREE L
7 MRS 1754 7] LA NECA [k 4 il P70 4,7
NRIIJE SR N, $oR A, 2S5 R R I

RERGIE T U 2R O T Ay ZARKIE
Fs 3R Ay 52RO RT AR 5 8 A B RS F AR
R 001920 BRUOR 1252 U BB AT RE A2 YR T T2D ik
TERERR . (HBRILZ AL, Ay ZARRER TR &
2, BRI A, R Ay SZARTTBEHE A v A I R RE 1)
Jiik, AHR TR B — BT UEE R T f# T2D
o B A B 2 0 FR ) IR A 5 1 S L
3.3 RIERZERES EHERAIEE

A ORE I SCHRE S 1 20 P i P4 A R T
AMPK i i 52 b IR A (O ML . FRATTAE Sh 45
AMPK Z AN B =AM, i 2 fos.
3.3.1 ERMERL

FERAN B H, AMP AN i 5 R 5 A2 4k
IR f45 6661 P (BT I i 2 MUK AL 4 1T U A i
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HAZAEH 27 AR, A s IR 2 R %
WME, HIEE R A RBEER L U B A, IR
B AMP |55 7 B AN BB LA 23 g 5 2K 5
) IR T RS —— S U B (protein
kinase B, AKT) B iR ft. W5 &7, 1E db/db ¥l JR
RN, S R BRI 24 AKT 1)
W ER AL KT HE BEIE 3 /N B R R 19, PR AKT
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AU, R — R AR, EIR AR R R T
KEAEMH . MAEAM A, SREM IR @S ATP
M5e 4, AU T IR B2 RS A S, Bh
A RE 52 ) A B B A TT RE AL HE AKT 1S P
XAEREE R IF A BRI RUESE, A T IE R
(R P A= B BRAE T, 0% T IR AN 1 B IR AL 1) %
RTEHR— BT
3.3.2 ZHBERIBEREERIE

YR P 1 pH R FE X TR 2 1 AR B AR A B
RO AR IR L BRI EEE | A0 AR
S B P PR A Ay UL PRI AC 48 DA R 4 B 22 ) A AR
Ji O e A K R, R R AR KR
IRANY @/ et NS R N R B K 7R e
Na'-H' 22 #efk, #2501 &M AN pH BT, X641
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Fig. 2. Three functions pathways of adenosine independent of adenosine receptors. The adenosine enters the target cell and triggers

three pathways independent of adenosine receptors. Cellular adenosine directly causes cytoplasmic acidification and activates the

insulin negative regulatory pathway of PTP1B; adenosine reduces the ratio of S-adenosyl methionine (SAM) to S adenosine homocys-

teine (SAH) and influences methylation at different levels; adenosine significantly attenuates the insulin-stimulated insulin receptor (IR)

autophosphorylation in the liver. These efforts have led to hyperglycemia. UA, uric acid; ENT, equilibrative nucleoside transporter.

RS, A DA R A S P
pH [F178 A4 ] e st 1 75 16 1R 7% 1 5 e A B S B0
JIR MR A e EF TR AR U 7 D IR B IR NA L B IS DL K PR
W2 fE 70 ) Na'/K'-ATPase [ 35 ¥, 51 AT AF A2 A9
ATP () 2R P, J ATP BT 51 T4 & pH Y
TR BRI pH, {2 PTPIB iG M 7,
o A s R AR, SRR P BT P,
PERMH T ENT SHRF I 56s B,
3.3.3 HEf{L

AN AMP T 350 I iR 7 7K 52 70 A0 A
m U, R U7 @ ADK 5 ADA iy AMP
AR EIS R %, 55— 71, Tl Heid i SAH 7K fi#
Bt () AT 380 S AR % SAH. SAH S& BT A 34K I B
(A 7R, T4 P B SAM/SAH B AN
SN R A T e AR A Y S- IREFH LA
I (S-adenosyl methionine, SAM) 1 SAH ] ik /& 5
B PR A o U 0 JEREIR I B R, SAM IR R
ik, SAM/SAH HUAE FEAR "™ S ARRE IR g ML,
T2D &3 A LT 40 M B 1t 25 SAH ¥4 5 85 25 34 oy 121,

itz Ab, Cuyas 55 K ILHUHE IR 2459 — FFSUITAT
i I T SAM/SAH b SR 2 v AR AL B ) 1
FNEALIEM, f145 DNARNA L& 40 85 (9 H 4L,
OB A B 5 5 DR AR B A A — R L.
WE4E K B, DNA F &4k 1 o 4% mf g 3 8 T1D A
T2D & 95 & 1 14 0 "), Shen %5 B 7t & 7%, RNA
m6A FIEL S 5 T2D #2629, T2D i b IR
i KRR RNA HISEAGKCOP B35 FA 129 T2D
e W7 &5 JE B AH 5% (fat mass and obesity associated,
FTO) J: A ) mRNA ik /K F B 8T, 1M FTO (1)
RNA H ALK 5 RE B A I " 75 db/db /)
BRI HFD MR (/N SRR, H3 488 AR 9
H LA IR 7K T B35 BRI U HBKO FRIE AL 7K P BRI
5 PR I ROE A O P WE R R, R PR
FARIE 7, b T AR A H3 AR R R 9 W SEL,
(R HE0E S AR AH DG BE DR SR AE R (1 O B R I W T4
Tl 7 A S8l R A 2 B -6- BRI R IA, IR B
ATKF U, SAM S 2 il 5 i ) R (1t AR R
Yy, i SAH & T A F BE 4k BB 19 588 A7 3 750 iR
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Fig. 3. The influence of abnormal nucleotide metabolism on the
formation of hyperglycemia. Inflammation, oxidative injury and
stress increase levels of nucleotide metabolites. Abnormal nucle-
otide metabolism triggers a loss of insulin sensitivity, leading to

hyperglycemia.
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