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Mechanism of Regulation of Cell Energy Metabolism by
Mitochondrial Lipoic Acid Synthesis
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("College of Fisheries and Life Science, Shanghai Ocean University, Shanghai 201306, China; *Shanghai Sixth People’s Hospital East
Campus, Shanghai 201306, China; *Pennington Biomedical Research Center, Louisiana State University, Louisiana 70808, USA)

Abstract The main functions of mitochondria include catabolism and anabolism. Catabolism is well-
known as the energy conversion process for ATP production through degradation of glucose, fatty acids and
amino acids. However, the study of mitochondrial anabolism is in its infancy. According to recent studies, there
is a cross-talking between the catabolism and anabolism in mitochondria. New studies suggest that mammalian
mitochondria is able to synthesize short-chain fatty acids, whose end-product is lipoic acid. Lipoic acid is the major
substrate in the reaction of lipoylation in the post-translational modification of protein enzymes. The data from
transgenic studies suggest that dysfunction of the lipoic acid synthesis pathway results in abnormal lipoylation of
proteins, which leads to disorder of mitochondrial catabolism and various deficiencies including those in embryonic
development, nervous system and cardiovascular system. Lipoic acid is a common antioxidant drug in clinics and
widely used in the treatment of diseases of oxidative stress, but the efficacy is weak. We propose that this may be
due to un-exchangeable feature of exogenous and endogenous lipoic acid, in which the exogenous is not efficient in
the lipoylation reaction of catabolic enzymes. In this review, we will discuss these points in detail.
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28} 44 (mitochondrion, MT) 2 41 ffo 5 =4 6T 1Y
Hb . BRI AT A ARG (LI 2 E I o, 28
BT WIEATE, 25077 40 B8 T 455 s i AR 2L A
HHETURIN, Lebith B EEN G B IRe, BI& R
FENG I IR AN RN . XS B DI Re S 5T Eok
A 53 i AR D e AN 20 B SG BE (1), Xt 2R A il & |
53240 H R SE D e 4ERELAI 0 L E kb . JE IR
(lipoylation)/& £ R A4 8 15 A 10— P Bl 3% s 12 1
B RO/ T BRLAR & R IR TR, B % R (lipoic
acid, LA). R0 IR 07 ER 7 5l Dh BE AL HAZ 4H i /&
— AN I, AR Y I T R A 8 B 1 (mitochondrial
fatty acid synthesis II, mtFAS II). H: 524 A0 85 8
Wilg, 5 4% 4 48 ot K BE A DT IR & OS]
M 0 R B i 7 T TR R I B B A I, L
TR 2 T B BE B R AR i /N . WP D REREAG . 4
Mt B, i S IR 3 B PR AIC DL & &R ARRNA D
THRFEP . mtFAS I 28720 32 SRR F IR, HoAth ™
YIEATERE . mtFAS 1) e B i 23 82 0 2 R 14 16k i
A2 R, H AL ASBABL, AR JEVE R F IR K B &4,
BoRIAR G B 2 WIRBR E IR . /N, TR &
FCIE PR B AG 2 5| RAER B R M . AR SO A
I AmtFAS TUFE 48 f A2 4 2 v B 9 3k e, 1)k 2k
LA 37 R A R g A2 B0 A BRI PR 2

1 B & R T 28

PN TR LA H 20 N ) S R S BT R, < TR 2
mtFAS T B2V, 1% 6 B B8 B 7S i 2H (1A
2), A1 5l & N %-CoA/ACP#: 4 1§ (malonyl-

coenzyme A/acyl-carrier protein transferase, MCAT).
3-Ji g BE-ACP4 A% i (3-oxoacyl-acyl-carrier protein
synthase, OXSM). 3-fiii /It [¥t- ACPiL J5 i (3-oxo0acyl-
acyl-carrier protein reductase, KAR 1), 3-#J%i3-ACP
i & (3-hydroxyacyl-acyl-carrier protein dehydratase,
HsHTD 2) . 2-# Bt 3:-ACPI& 5 i (2-enoyl-acyl-car-
rier protein reductase, MECR) A < B2 & F¥ M (lipoic
acid synthase, LIAS). 1X £ & 2 78 40 B i 70 4
RO, FLAZAH B AR R (1) Bl 2 38 2R 1 [RUE 23 b R 2
(o FEIXEERE Y, TR 4 M 5 40 BT 1 [X 1) 3 2 e ke
FEZ A b 3-H IR T5E-ACPIE J5 il 3-F2 b2 HE-ACP
5t St N P R 2475 T - ACPI i I o = R 5 i DA
P AR BEA R Y, 72 LA B ST R 1AL T 58
(E12).

3- 1 g - ACPI& i g /EFAS IMImtFAS I 77
1E, J& T R ARG OO )R Bl 2 ) . W AL 343 - B
JE - ACPIA Ji B h P AN 7 B A7 20 g, RIT17B-F2 I 2
2H% [ e 1 P8 (17B-HS B8) R Bl 6340 i g4 (CBR4).
A E AW TSR, 178-HSBSHICBRATE Al — 41U %
I (0By). FELKIA T, 17p-HSBSAEMIFAS 11 & 5
NEWT IR & R, 25 I 10 B i B- A0 S, BRI, 1%
it [ I8 22 5 Bbr A4 R T R 1 - AR R 23 g A R
TEREREE h, 3-1 IR T5E-ACPIE J5 i il i NADPH % 2
A3 -3 Joe R T IR 50 TR B 7, T A2 el 2L 25 470 v DU
I NADHI& AR AL 12 S BT,

3-F2 e H- ACP it S 1 & Tt P/t I s 28 it 7K
fity/ S K BEE(TED 1) 80 6 it /K 0 K i o (£ T B
AU b, 3-F% b Hk-ACP i S 5L R R AR, BAT 51

2. Ca?" store

1. Production of ATP

3. Regulating cell growth and apoptosis
4. Carrying genetic information

5. Providing substrates to synthesis of
fatty acids, glucose, amino acids,
nucleotide, and cholesterol

LR RNE . RV R A AL ATPI 1 2837, REZ NG ES T, & 5IRsa i iE 5 T, JF Ba som e IR se e 12, T & Ak
BEALIEHE . SRR ORI BAEER . AXIR . HENR TR AIF I B 5 B B L J5UR o

Mitochondria are the main sites for the catabolism of glucoses, lipids and amino acids to produce ATP. They also serve as the important pool of calcium

ion, regulator of cell proliferation and apoptosis, and producer of short-chain fatty acid, such as lipoic acid for protein lipoylation. They provide sub-

strate to the production of glucose, long chain fatty acids, amino acids and cholesterol.
Bl iR EEDNRE

Fig.1 The main function of mitochondria
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OH s)J\s

Malonyl-coenzyme A

CoA

MACT

o o "
)I\/”\ e g
OH S—ACP
(e}

Malonyl-acyl-carrier protein Lipoic acid

OXSM LIAS

o] 0]

R/\)}\/U\SfACP

3-ketoacyl-acyl-carrier protein

o]

CHJ/\/\/\)LOH

Octanoic acid

KAR'1 MECR

OH [0] [¢]

HsHTD 2 /\/\)J\
/\)Uksf,\cp — > |r (E)\ S—ACP

3R-hydroxyacyl-acyl-carrier . .
protein 2E-enoyl-acyl-carrier protein

T S TR B 1 s B LA TR 4 A (malonyl-coenzyme A, Malonyl-CoA) A . TEMCATEEMEIL T, 5 I AhEE AN B WE I Bk A b, AR s ik
##48 H (malonyl-acyl-carrier protein). J&# TEOXSMEFEAL T, 7 AF3- i 5 % 4% 44 25 H (3-ketoacyl-acyl-carrier protein), TEKAR 1HFfEL N AR 3-
¥ J5E 1 #5445 22 1 (3R-hydroxyacyl-acyl-carrier protein), TEHsHTD 2t {b N 4% i E-J ok 3 25,4 & H (2E-enoyl-acyl-carrier protein), fEMECRF{# 1L
A E TR (octanoic acid)e  Hi 5 ERR SE TR A IRERHEAL T 72 A 0% 2 R (a-lipoic acid). MCAT: P —BE-4HBEA/ME L #4k &E A R, OXSM: 3-fi it
k- ACP3 IR KAR 13- JEHE- ACPIL J5if; HSHTD: 3-f2ke - ACP /B ZHE; MECR: 2-Jfi it J:-ACPIL J5 i LIAS: B B2 £ it -

In the biosynthesis of o-lipoic acid, the reaction starts with malonyl-coenzyme A. Malonyl-CoA is added onto the carrier protein under catalyzation of
MCAT, then becomes 3-ketoacyl-acyl-carrier protein under catalyzation of OXSM, 3R-hydroxyacyl-acyl-carrier protein under catalyzation of KAR 1,
2E-enoyl-acyl-carrier protein under catalyzation of HsHTD 2, octanoic acid under catalyzation of MECR, and a-lipoic acid under catalyzation of LIAS.
MCAT: malonyl-coenzyme A/acyl-carrier protein transferase; OXSM: 3-oxoacyl-acyl-carrier protein synthase; KAR 1: 3-oxoacyl-acyl-carrier protein
reductase; HsHTD: 3-hydroxyacyl-acyl-carrier protein dehydratase; MECR: 2-enoyl-acyl-carrier protein reductase; LIAS: lipoic acid synthase.

E2 kB BARE & BRI (mtFAS 1A & 8] A4 F0 48 B2 B fE (L B
Fig.2 The products and enzymes of mitochondrial fatty acid synthesis pathway (mtFAS II)

WP 1) B B i 2044 H 3040 Mot Bl ok B
R PR . WA I A SR R3-2
fot - ACP i S0 [R5 1R B TR TG N ZRA% 0 A% 1R T
P(RNase P)["JRPP1431V. 5 H A5 3-F2 it - ACP it & iy
PG . DRI AR I, NFERPP1411 £ cDNA

MIfE A e 4 —FE. SMEIR B T8/, WK H
LR E R HAT, X TLAA BUR IR 32 28
TxE R E L. IR RAT R, fE
Kk, LA & RS NG T E 1R B,
FE TR 2 B i (5 B 2 ) 3 1 IE SR Mg (LipB)E T, 4%

A A G A AE, 3 g A AR (1) 7 ) B A 3- 5 e
FE-ACP it Sl & 1
I IE-ACPIE R A E IR & i S5 — - 1E
mtFAS 111, CoAFIACPH Fg #5 i 1F 2-4 Bt J:-ACP
R AR A SR . 1E JE A% 41, 2-97 Tk
F-ACPIE Ji7 15 J8 T 0 e Jid S Mg /00 S5 Wi 53R, T 7 35
B i, 207 e HE-ACPIS S5 & T h ik 2B i &
Wit/ S R I o

2 IIIE‘Z it =+ AEE%I)IL%
T 7L 20 0 A LTI A 53 PR R S i, 5

FM I B ACP b R, B-F IR & (T FL 30
VI NLIAS) i BE 5 7% 21 S R AL b, S8 O F IR &
’;\2[9-10]0

KT Bt PT A 3 I S e RS B (Lpl A AL T,
HEKAMER F IR BEA b, 7 EA
NEMEA B 2R I R o W AP HEAT: B 6, LAY
PO B A7 - AMP(adenosine monophosphate, — i
TR, RIEHBERER b, X R EB#1T
Wb iEt. fEA BTN, &SN B FLAIL A
KiEHE. FOVKLAMIREEAG S B BRSO R, 77 2%
JIE Bt AX Bl T K AT B b O AT X R T T
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ik

Wi, TAERFIRSCE T, s Al R HX
o Sk A E I FLEN PR A AR AN TT REIS B, Rl K 2
HLAFSEARELSS .

3 BEEtLR M R fE1LES

R R B 2 B D Re T i 2T 5K
2o WMABWARZ M, KA IR T2
Wi B A S R T, o 2 i e R AL . 2
. HEARZ 205 TR BN EHEH
2 e SCHR, T 5% T R LA AB 1 1) SCRRE AR D0, 2R
FUIRBLAC T F AL 2 B AR B TR IR . B IR AE —
Pt AEH 52 2R RSB I 1, b\ R A
PR B R (- IR BRACIR . 6,8- B ANIR) -
FE60 % AF 1 5t O 4 20 A . ELR = R 14 B it A
HABRAE AL (B A RE B LA Heifi g - Mg
WAl S RN — 5 i, R AEAELRAR T, AR AR

FER A rh, B IR 5 M R (lysine) i ik i iod 1t %
LA ERIEREN—RELER T, JRE S
FRAF 2 7R AT A 21, EAE NR IR AL B R AH 5% (1) 2%
T

EMF ALY, HEERRm AR N T =R 2,
B[ iR ik 4% #2 B 1 (lipoyltransferase 1, LIPT 1), Jgfpt#%
T WF2(LIPT 2)A0 i % BR & A I (lipoic acid synthase,
LIAS)(E13). ARIEEAL B 87 (1) 55— 25 2 1 Ui 18 1 < 1R
i PR E A b, 2 B ] 6E B R W 2 g2k
T 3 BR WO BE(ACSMI, 9 J5-CoA & i g Hh 4k 2 e
DREACHEAT™ . H 2R 2L 8 22 48 IHER H (glycine
cleavage system H protein, GesH) /& ¥ B [ AR B8 1 -
JETBEAY SN (1) 5 — 20 8 F IRAEZ B A b, BmF IR
H B IR A AR LA . I R A R R L LA IS
E TG AL SN ) 565 =00, T Tt 6 7% g L LAGE £2 3]
WM E A b, SRR R R . 1 SO AR

o]

o /\/\/\)LOH

Octanoic acid

N
H

l LIPT 2

o s Y\/\/\/

o

Octanoic acid-GesH

l LIAS

Lipoic acid-GesH

Pyruvate
dehydrogenase

a-ketoglutarate
dehydrogenase

l LIPT 1

Lipoylation

« ~ Branched-chainketo-
l \ acid dehydrogenase

Glycine cleavage
system

2-oxoadipate
dehydrogenase

TEAREEAL SN b, S TR 7 G Ak . 7ESE LI RE b, MELL B B2 (lipoyltransferase 2, LIPT 2)Kf 2 & Jin#% 21 H 2 R 24 A R S H & (1 (GesH) E.
SRIGTERR R & I (lipoic acid synthase, LIAS)#AL T, ¥ 2 BRACHT /R fENRELFE R 1 (lipoyltransferase 1, LIPT 1)f#fL T, B 28R M T1& 1
HEJEY, FUEEAGEi(lipoylation). H AT, TN EELAIEMHE BF LA, TATR: NERER B (pyruvate dehydrogenase). o 1% — 2
Jiit Z i (a-ketoglutarate dehydrogenase) ¢ % i iR fli 2 (branched-chain ketoacid dehydrogenase). H & FR 2R i /R SiHAE A (GesH)Al2-A L

R AU (2-0x0adipate dehydrogenase).

In the lipoylation reaction, a-lipoic acid needs to be activated first. In the process, octanoic acid is added onto H protein of the glycine cleavage system

under catalyzation of LIPT 2, and then is converted into a-lipoic acid under catalyzation of LIAS. a-lipoic acid is used in lipoylation under catalyzation

of LIPT 1. There are five proteins modified by lipoylation. They are pyruvate dehydrogenase, a-ketoglutarate dehydrogenase, branched-chain ketoacid

dehydrogenase, H protein of the glycine cleavage system and 2-oxoadipate dehydrogenase.
E3 RREELR R iR FERAE LT 12

Fig.3 Activation of lipoic acid in lipoylation reaction
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WEIILA, (AT R A B 15T W AL LA BE T TR
FLEN VI REE R 72 B 1 5 1 B 1R S I S B 72 B3 (LIP 3)
RIS, Ji e #% B2 5 I BF 18] < I S 54 72 B2(LIP 2)
VR . TEREREE S, 2GesHBR R, LATCVEIE AL, R
AR FH 58 48 O o MR 40 I Bk 1 BF 7 22 SR AN, A2
FLEYIE D, IR REL . AR L A2 M2 M GesH
FI R B A o, JIRIEH: A2 M2 - 1R
HEARAEGesH L, LI P AELAGEAN, JE L 1% i
TR AR B ILARE R BRI B 1 B XA T
REPEAT 15 72 FLEN V) 4H B 3R AT BRI

4 BEERMC R R XK B 220

S A RRBEAAE LR AR R T 2 AN ER TS, H AT
OS2 IR B A R T B A 4> B A5 T b
AR P TR 1 R 156 & B (pyruvate dehydrogenase, PDH)+
- % — T R ZU % (a-ketoglutarate dehydrogenase,
o-KDH), i1 2 SE R (1) H IR ARG 5 4 (gly-
cine cleavage system, GC)~ S HEHi I /i 2 i (branched-
chain ketoacid dehydrogenase)f12-48 X &0 — R i & B
(2-oxoadipate dehydrogenase)!'®. A i i i &0 B & H
ARENER Z RSB . P I R Mt S I A
EJRE S AU B S h 1) OCHERE, A EL. E2MIE3 =
AN EE . FELRIAA R, PR AR i S DA TR P R 9 i
Y& SRR B A, A58 % B vh (B A QU = 0 N R i
SRR IERS . LBHHEEAG 2 MR &, AT7EZR
W& T6 BCATP, 0] H T U S5 g D B AN 2
B, EAppit, CBEREEAS S BRE R, KA
NE W BR AAZ P BR () B k) o 52 G Bh AL A 15 1) 2 TR R R
it SR B2V 25, 1208 A AT T 1R ot S T SR A5 A
Yo fEE2W 5 b, LAKI ARS8 45t . 7RG = IRt
HAB B 26 AT, TR R TR ot Sl v 12 PR, 6 6 B4R
U AR B, I B s IR B RS S R AT
IEAR, MREEAL Y B R R g 1,
IRAFREE R G2 — AR EGY), BFAREEP). =
S TR W (L) DY SR B S (T S A5 T LA
HE . REM KB H 2 R R HE B
b HERR AR R g0E I R 2 5] R AR AR 1
MREEEIR ) R AT AL, o I8 T M S e P A
T NRBEAAE N, SRR BH, o~ 1 — R I S B
PEA R 2 FREMHARITIHEER KA, R4, 5
SRR BB, W SRR R i A R AN 2- A 2
It S P v M TR TR A TR T o SR R it S

W RS SECCRERIERR A RRT, A2 SRR
PRAECH PR PRIR), 51 A2 Dh g R A 4 47507

5 INEMRFEER A E K AR MR EER
B R &

W FLENPIFAS TDEAE ) R I, AR - TR 2 464
£, TMSNERN B E R T RS, KT ATLS
FRLAFI BN J AR AgE R F B 5T AR %2, (HAMJRLATE
PR R A 53— 2B i 7. AN RLAYE W 2L 3
VIR AP AE R . BT, LABONZPUR
R IR BT EALTIE S 7. B2 AT, =
FR RGN S B S R (10 o A S v 7 Bt S R
HMIRLAAZ 15 AT LU Sy 4R A g 52 6 90 (1 B g IR
EARRERERY, SMNELARE R MR eI RE, HH S
ol Fh B 1 DL LA R 7 G GG . A%
A, FEBERE B R ANELABEAS BEBE N 2R Ri 1A h, B
ARERE SR,

H AUTE BAZ 41 B 2R R A R BT — L2l
ALK T T T8 0 107 PR 5 RSP T, G o B8 o 7 1
REYH A o R 301 B AZ 41 BB o R A K B (lipoic acid
synthase, LIP 5). P& BREAR 2 BR & B (LIP 5)3: R 5
KM AT B LipA v FE AL, %356 [N 58 48 5 800 B 1
LI 1 R B 0, 7 S AR 9 BE R 35 7% B Th S LA,
WP D) REFRAG AT RIE K, I BLLIP SHPR R 2 11 19
FEE MR T IE B & AU, AN AR, SLIP 5% R
FEDR T20014F 9% A B0, B 45 d 44 NLIP 1, IAFR N
LIAS. LIASHE:RFERR G, /NG & & FEAG, HIE
fift; I WA A RERANELA, A RE IR SR
2K, [WACPH K JT Bk THEK 29341 g 7 #h 7ELA,
) R AR (T N R =l e ¢ 33 2
LA T BE TE V) ANIELA, BRLA Y 2548 28 ki 4 o
B, AREHA T EWMAKE RS

{HAHIERR, TEAN A FR I FE IS INLA, X
T S R I 225 DR () 40 B A i 1) [AILAG b
TS B R AT AR 2 kb FE LA, 7T B S5 D5 S e i R e
AMEThAE. ThRESGE nT 85k B 0 i Bk Ak A& 1
P

6 EAEEILR N

H AT, T8 A BB BN E SR, &
ANFER Z /DM EARBEE . 25, M 5E
) 2 5 T 10 B (BRI 1% i) 2 26 9 BR T Lpa. 3 2K



B HBEF I AMELA, 10 B 5 JEik & LA . FEFE il
e B T A PLEN W0 A7 A2 25 R AL B, (H X L g i) B
RFIEIEANE 2,

7 RERAREBSRFRNESR

mtFAS TG SR S LA A BB R VIR, 1
IR R B BRSSP E(E4). TENE LR
4HH(293T)H, FHRNATHLE AN HImFAS 10E %, F
BT RRR AR T B, &5 RANAE T, 7
BRI BRI, 4 B R B S R B (LLAS)
BA] B2-J 18t $5-ACPIL J5 BE(MECR)FE [, 7E PR 42 BE B
HSHEIGR KB AEME, HILRARSET, 1E
N, MECRE: R 5848 5] 2 fImtFAS RS, 2 F
Bopp 2 A AL, IR R ENLIK 7y RS, P
2B Y R A G 5 7o SR g RIE
MECRIEH, /NSRBI A CNEWRE AN 11385068 71 T
B4, 4x B Pk R R 9 - E-CoA/ACPHE 1% Bif (MCAT)
FEH, 251 A /N BmtFAS TS PEFRAK, IR R
FEMRI, 3-F 5 -ACPIE Ji7 B (K AR ) 7. %
17B-HSD8A. 65 YL i 1) 1 4l Pt Jir o5 22 1 [X 3,
& W B By KX . 17-HSDS8ZE ik [E A% 5 4 it

Malonyl-coenzyme A
l MCAT ——>
Malonyl-acyl-carrier protein
l OXSM
3-ketoacyl-acyl-carrier protein
l KAR 1
3R-hydroxyacyl-acyl-carrier protein
l HsHTD 2

2E-enoyl-acyl-carrier protein

RSP VIEZS 3= Ll

B S FRAE I IR B MU A R, =240
NI RAE R PR CUIRER E R, & M iE s it
NIMEAERR, BIAT e v th A KV o il e . AR
B BRAE AU, R P2 B A T A2 38 I
55 N e IR IR VIS VS ED &k
PERAR . I BBk A I AL S 2, A%
GEM AN, B SE IR I PU A IL F2 2 = B
HEREHEARE A, B ES SRS T A A
e R R AT AEME N E R A, &
T3, B S A2 2 A B A 1T 30 B 5 0 ARt
T T T3 (A 48, 3@k R TR A i o A 2 1)
ZFhg, DD A SRR F IR AN RE
B PR B S BRI SR RIFE T AN R A R - B
SRR AE N AL S 2 Hh 55 EE A vE AL, T A I DR B D IR
5 HEMREMEARAGHEAS G WIRMHER ¥R
AT LA 20 FTH AR 1 45 615 2004k, T A8 14 1
FR T BETCVE A R S5 A HE (1, DA R FE A2 PR
BE & X mtFAS 108 % RN T, 3 2 5ix i
R O IR 2 R . B RN AL, FRATTRE
RIUAH IR TG « 2B RIE ST 7715

Knockout of MCAT gene in adult mice causes premature aging
and knockout of the gene in embryo causes embryo death. (Smith
S, et al. PLoS One 2012; 7: ¢47196)

—~| Knockout of MECR gene leads to placental hypoplasia and
embryo death. (Chen Z, et al. PLoS One 2009; 4: ¢5589)

Mutation of human MECR gene causes disorder in children
metabolism and optic atrophy. (Bamshad M, e al. Am J Human
Genetics 2016; 99: 1229)

Overexpression of MECR causes mice cardiac malformation.

lMECR —| (Chen Z, et al. PLoS One 2009; 4: ¢5589)

Octanoic acid

l LIAS —_—
1195-202)
Lipoic acid

Knockout of L/A4S gene causes placental hypoplasia and embryo
death. (Hiltunen JK, et a/. Biochim Biophys Acta 2010; 1797:

FETR SR 5 B 7, 52 DR R AR 18 R 4 S PR D B Al SR 22 51 R R . MCATHRE IR R, /N BRI L 52 2R, I MECRRILIASH: A
FRSER, /I BN R BRI A TTREAT, tHBLSEAR; ARIIMECRIEN AL, 225l KAMZACI L. I FIAMECRIEA, /1N BN 2 BLCHE I HZAEAR -
Inactivation of the enzymes in mitochondrial fatty acid synthesis pathway by global gene knockout or mutation leads to variety of diseases. Knockout of the

MCAT gene induces premature senescence in mice. Knockout of the MECR gene or LIAS gene makes mice disorder in embryonic development and birth

defects. The mutation of MECR in human causes neurological metabolic disorder. Overexpression of MECR gene causes cardiac malformation in mice.
El4 mFERAMERSER

Fig.4 Diseases associated with defects in the lipoic acid synthesis pathway
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