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�-Lipoic acid (LA) is a cofactor for mitochondrial �-ketoacid dehydrogenase complexes and is one of the
most potent, natural antioxidants. Reduction of oxidative stress by LA supplementation has been demonstrated
in patients with diabetic neuropathy and in animal models. To determine how normal development or
pathological conditions are affected by genetic alterations in the ability of mammalian cells to synthesize LA
and whether dietary LA can circumvent its endogenous absence, we have generated mice deficient in lipoic acid
synthase (Lias). Mice heterozygous for disruption of the Lias gene develop normally, and their plasma levels
of thiobarbituric acid-reactive substances do not differ from those of wild-type mice. However, the heterozygotes
have significantly reduced erythrocyte glutathione levels, indicating that their endogenous antioxidant capacity
is lower than those of wild-type mice. Homozygous embryos lacking Lias appear healthy at the blastocyst stage,
but their development is retarded globally by 7.5 days postcoitum (dpc), and all the null embryos die before 9.5
dpc. Supplementing the diet of heterozygous mothers with LA (1.65 g/kg of body weight) during pregnancy fails
to prevent the prenatal deaths of homozygous embryos. Thus, endogenous LA synthesis is essential for
developmental survival and cannot be replaced by LA in maternal tissues and blood.

R-�-Lipoic acid (6,8-thioctic acid) (LA) is a crucial cofactor
that is required for the activity of the multienzyme complexes
involved in the decarboxylation of �-ketoacids, important steps
in energy metabolism. These complexes include pyruvate de-
hydrogenase complex (PDC), �-ketoglutarate dehydrogenase
complex, branched chain �-ketoacid dehydrogenase complex
(32), and a glycine cleavage system (11). LA is covalently
attached via an amide bond to specific lysine residues of the E2
subunits of these complexes. LA is universally present in pro-
karyotes and eukaryotes (28), and previous investigations have
shown that it is synthesized by lipoic acid synthase from oc-
tanoic acid and a sulfur source (23, 25). Mouse lipoic acid
synthase is encoded by the nuclear gene Lias.

LA, one of the most potent natural antioxidants, has re-
ceived considerable attention as a general dietary supplement
for the past 15 years (3). Many lines of evidence have shown
that both LA and its reduced form, dihydrolipoic acid
(DHLA), have multifunctional antioxidant activities with the
following characteristics (29). First, LA/DHLA are amphiphi-
lic and readily cross the blood-brain barrier and cell mem-
branes. Second, LA/DHLA possess metal-chelating activity.
Third, LA is reduced to DHLA by several antioxidant enzymes
that are expressed constitutively in most types of cells. In ad-
dition, because of its strong negative redox potential, DHLA
can recycle other antioxidants, such as vitamin C, vitamin E,
glutathione, coenzyme Q10, and ubiquinone (14, 15, 21, 29,
33).

A growing body of evidence implicates oxidative stress as an
important pathogenic element in a variety of diseases, includ-

ing atherosclerosis and diabetes (34, 36). Previous investiga-
tions suggest that supplements of LA reduce oxidative stress in
both diabetic patients and animal models (9, 24) and that it is
particularly suitable for prevention and/or treatment of dia-
betic complications (28). Indeed, LA has been used in Ger-
many by patients with diabetic neuropathy for more than 30
years (44). However, treatments with LA at doses that produce
a significant reduction of oxidative stress have not been clearly
shown to affect the pathological processes resulting in diabetes
and atherosclerosis. In addition, nothing is known about how
endogenous LA synthesis is modified under pathological con-
ditions. Furthermore, it is not known whether genetic alter-
ations that reduce LA synthesis will modify disease develop-
ment. To explore the physiological effects of reduced
endogenous LA synthesis and to assess to what degree the
exogenous LA can circumvent the effects of reduction in its
synthesis, we have inactivated the Lias gene in mouse embry-
onic stem (ES) cells using homologous recombination. We
show here that homozygous Lias null embryos die in utero.
Heterozygotes survive but show evidence of increased oxida-
tive stress compared to their wild-type littermates.

MATERIALS AND METHODS

Construction of a targeting vector. A � phage clone containing exons 4 to 9 of
the endogenous Lias gene was isolated from a mouse genomic phage library. A
1.3-kb NheI/XhoI fragment containing exon 3 and its flanking intronic sequences
and an approximately 6-kb BamHI/NotI fragment containing exons 7 to 9 were
isolated from the phage clone and used as 5� and 3� homologous arms, respec-
tively, flanking the neomycin phosphotransferase gene (Neo [see Fig. 1]). The
construct was designed so that homologous recombination between the endog-
enous Lias gene and the targeting construct would delete 3.7 kb of DNA,
including exons 4 through 6 of the Lias gene, and replace them with the Neo
gene. The targeting construct was linearized at a NotI site and electroporated
into W4/129S6 cells (Taconic, Germantown, NY), which are derived from 129S6
strain mice. Colonies surviving after selection with G418 and ganciclovir were
first screened by PCR with a primer, p1, from introns 2 to 3 (5�-GAC TGG TGT

* Corresponding author. Mailing address: Department of Pathology
and Laboratory Medicine, The University of North Carolina at Chapel
Hill, 701 Brinkhous-Bullitt Building, Chapel Hill, NC 27599-7525.
Phone: (919) 966-6912. Fax: (919) 966-8800. E-mail: nobuyo@med
.unc.edu.

8387



ACA GCG TAG TCT-3�) and a primer, p2, from the 3� end of the Neo gene
(5�-GCT TCC TCG TGC TTT ACG GTA T-3�). Targeted ES cells were iden-
tified by the presence of 1.3-kb PCR product and were confirmed by Southern
blot analysis of EcoRI-digested ES cell genomic DNA with a probe specific to
exon 2.

Lias-deficient mice. Two ES cell lines with a correctly targeted Lias locus were
identified and injected into C57BL/6J recipient blastocysts, which were trans-
ferred to the uteri of CD1 pseudopregnant females. The chimeric male mice
were bred with C57BL/6J females (The Jackson Laboratory, Bar Harbor, ME) to
produce F1 progeny carrying the mutant allele. F2 offspring were obtained by
crossing the F1 heterozygotes. Transmitting chimeras were also mated with
129S6 females (Taconic, Germantown, NY) to establish an inbred line of mu-
tants. Mice were maintained according to the Guide for the Care and Use of
Laboratory Animals (26a), and all experiments were carried out in accordance
with protocols approved by the Institutional Animal Care and Use Committee of
the University of North Carolina at Chapel Hill. Mice were on regular chow
except that the lipoic acid-supplemented diet contained 45% (wt/wt) fat, 0.05%
cholesterol, 20% sucrose, and 1.65 g of LA (Research Diets, Inc., New Bruns-
wick, NJ) per kg of body weight.

Genotyping. Genotypes of mice were determined by PCR of tail DNA with
three primers, a primer (p2) from Neo, p3 (5�-GGA GAC ATA GGC AGT GGA
TA-3�) from 5� to the XhoI site in intron 3, and p4 (5�-GAA GCA GAA GCA

GGC AGA TA-3�) from 3� to the XhoI site in intron 3. A 560-bp fragment
produced with p2 and p3 detects the endogenous locus, and a 415-bp fragment
generated with p3 and p4 detects the targeted locus, allowing homozygous,
heterozygous, and wild-type mice to be distinguished.

Laser capture microdissection. The genotype of 7.5 days postcoitum (dpc)
embryos was determined as follows. Decidual swellings were dissected at 7.5 dpc
from heterozygous mothers, fixed in 4% formaldehyde in phosphate-buffered
saline overnight, and embedded in paraffin. The embryos with their decidua were
serially sectioned and deparaffinized through xylene and graded alcohols, stained
with hematoxylin and eosin, dehydrated in graded ethanol, and cleared in xylene.
Embryonic tissues were captured under direct microscopic visualization, col-
lected by laser capture microdissection (Leica Microsystems, Wetzlar, Germany)
following the manufacturer’s protocol, and lysed in 10 mM Tris-HCl (pH 8.0)
containing 0.1% Tween 20. After treatment with proteinase K (100 ng/ml) at
55°C for 4 h followed by inactivation of proteinase K at 95°C for 5 min, DNA was
subjected to 40 cycles of PCR.

mRNA analysis. Tissue RNA was extracted with TRIzol reagent (Carlsbad,
CA) according to the manufacturer’s protocol. The amount of Lias mRNA was
determined by real-time quantitative reverse transcription-PCR, with �-actin as
the reference gene in each reaction mixture (20). Primers for Lias gene ampli-
fication were 5�-CCC GTC GGC CAC ATC ATC TCG AT-3� and 5�-GGG TCT
GGA TTA TGT TGT CC-3�. The probe for Lias detection was 5�-FAM-ATC
GAG ATC ATG TGG CCG ACG GG-TAMRA-3� (FAM, 6-carboxyfluo-
rescine; TAMRA, 6-carboxytetramethylrhodamine). The primers for �-actin de-
tection were 5�-GAA GCG GCA TCC ATT GCT-3� and 5�-GAA GCG GCA
TCC ATT GCT-3�, and the probe was 5�-tetrachloro-fluorescein phosphoramid-
ite-CAC TAT TGG CAA CGA GCG GTT CCG-TAMRA-3�.

Biochemical analysis. Blood was collected from the retro-orbital sinus under
anesthesia and was anticoagulated with heparin or EDTA. Oxidative stress in
plasma was assessed by measuring thiobarbituric acid-reactive substances
(TBARS), a common indicator of oxidative stress (22). In erythrocytes, reduced
levels of erythrocyte glutathione (GSH), an endogenous antioxidant marker,
were determined using a commercially available kit (Cayman, Ann Arbor, MI).
Plasma glucose, total cholesterol, and triglycerides were measured using the
respective kits (Sigma, St. Louis, MO) following the manufacturers’ protocols.
Lactic acid concentrations in tissues were determined as described previously
(41). Protein content was determined by the Bio-Rad protein assay kit using
bovine serum albumin as a standard. PDC activity in liver was determined by
spectrophotometric assay as described previously (35)

Histological analysis. Embryos (7.5 dpc) from timed mating between heterozy-
gotes were removed from uteri and fixed together with their surrounding decid-
uas in 4% paraformaldehyde in phosphate-buffered saline (pH 7.4), dehydrated,
and embedded in paraffin. Five-micron sections were cut, mounted on slides, and
stained with hematoxylin and eosin.

RESULTS

Generation of Lias-deficient mice. Homologous recombina-
tion between the endogenous Lias locus and the targeting
DNA construct deleted DNA containing exons 4 through 6 and
replaced it with the Neo gene (Fig. 1A). This deletion resulted
in a null allele because these exons encode the functionally
conserved Cys motifs of the enzyme that are important for
inserting a sulfur atom into the hydrocarbon chain of octanoic
acid (23). Two correctly targeted ES cells carrying a disrupted
Lias gene were identified by PCR and confirmed by Southern
blot analysis, which showed an 11.0-kb band from the disrupted
Lias gene, together with a 5.4-kb fragment band from the
unmodified Lias gene (Fig. 1B).

The Lias gene is essential for the development of mouse
embryos. Fifteen chimeric mice were obtained from the two
targeted ES cell lines. Six transmitted the modified Lias gene
to the next generation. F1 Lias�/� mice showed no overt dif-
ferences from their Lias�/� littermates in gross appearance,
behavior, growth curve, and fertility. However, intercrossing
the Lias�/� F1 mice failed to produce any homozygous Lias�/�

offspring (Table 1). The numbers of wild-type and heterozy-

FIG. 1. Targeted modification of the mouse Lias gene. (A) Sche-
matic representation of the endogenous mouse Lias allele, targeting
vector, and the mutant allele. The thick horizontal black line indicates
genomic DNA containing exons 3 to 9. The NheI/XhoI and BamHI/
NotI fragments flank the Neo gene in the targeting construct. Small
arrowheads labeled P1 and P2 represent the locations of the P1 and P2
PCR primers used to identify the targeted allele in embryonic stem
cells. The probe used for Southern blot analysis is shown below the
mutant allele. Eco, EcoRI; Nhe, NheI; Xho, XhoI; Bam, BamHI; Not,
NotI. (B) Confirmation of the targeted allele by Southern blot analysis.
Genomic DNA from Lias�/� (�/�) or Lias�/� (�/�) mice was di-
gested with EcoRI and hybridized with the probe shown in panel A.
The probe detects an 11.0-kb targeted fragment in addition to a 5.4-kb
endogenous fragment in the correctly modified ES cells. (C) Detection
of mouse genotype by PCR. Genomic DNA from F1 offspring of
chimeric mice was amplified with the primers described in Materials
and Methods. A 415-bp fragment indicates the presence of the tar-
geted locus, while a 560-bp fragment indicates the endogenous locus.
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gous pups, genotyped by PCR (Fig. 1C), were as expected. This
suggests that the complete lack of Lias is prenatally lethal.

In order to determine the stage of embryonic death, embryos
at different dpc were collected from the uteri of pregnant dams
from Lias�/� � Lias�/� mating. As shown in Table 1, homozy-
gous Lias�/� embryos were present at the 3.5 dpc blastocyst
stage. They were indistinguishable in appearance from Lias�/�

and Lias�/� blastocysts. However, after 9.5 dpc Lias�/� em-
bryos were not recovered. Three out of the four resorbed
embryos from pregnancies at 9.5 dpc were genotyped as
Lias�/�; the other was wild type. The last is not unexpected,
since a small percentage of wild-type embryos are naturally
resorbed. Lias�/� embryos were recovered at 7.5 dpc but were
noticeably smaller than Lias�/� or Lias�/� embryos (Fig. 2).
The genotypes of the embryos were determined using laser
capture microdissection (Fig. 2F). Histological examinations
revealed that the homozygous 7.5 dpc embryos had no ecto-
placental cavities and were developmentally retarded (Fig.
2C). This suggests that the Lias�/� embryos do not reach the
early primitive streak stage or late streak stage; they appear to
stop growing at the egg cylinder stage (6.5 dpc). In addition,
hemorrhage surrounding the homozygous 7.5 dpc embryos
suggests that they were being resorbed. These results indicate
that the Lias�/� embryos die at an early implantation stage
between 7.5 dpc and 9.5 dpc and that LA in maternal blood
and tissues cannot support their development.

Supplementing the diet of Lias�/� mothers with LA fails to
rescue Lias�/� embryos. We attempted to rescue the Lias�/�

embryos by providing their heterozygous mothers with extra
lipoic acid (1.65 g/kg) in their diet. This dose is commonly used
in rodents for therapeutic purposes, and a 50% effective dose
of LA for correcting blood flow deficits in diabetic rats has
been estimated at approximately 38 mg kg�1 day�1 (5). Sup-
plementation of LA in the diet for 1 month increased GSH in
erythrocytes and decreased plasma TBARS significantly (Fig.
3), which demonstrates that dietary LA reaches maternal cir-
culation. However, no live-born Lias�/� mice were found
among 34 pups of LA-supplemented dams, and the supple-
mentation did not affect the average litter size. Thus, high-dose
LA supplementation, which sufficiently affects the levels of
TBARS and GSH in the maternal blood, failed to rescue pups
that completely lack endogenous production of LA.

The Lias�/� mice have reduced Lias mRNA expression.
Quantitative reverse transcription-PCR revealed that the Lias
gene is highly expressed in the testes, kidney, liver, heart,

skeletal muscle, and aorta of wild-type C57BL/6J mice (Fig.
4A). Northern blot analysis showed similar results (data not
shown). The levels of expression of Lias mRNA in the kidney,
liver, and heart of the heterozygous Lias�/� mice are 45 to
60% of the levels of their wild-type littermates (Fig. 4B), which

FIG. 2. (A) Developmental retardation of homozygous embryos.
Embryos (7.5 dpc) from timed Lias�/� � Lias�/� mating were dis-
sected from the uteri with the removal of deciduas, along with ex-
traembryonic membrane and ectoplacental cone. This panel was pho-
tographed at an original objective lens magnification of �15. Lias�/�

null embryos (�/�) are smaller than heterozygous (�/�) or wild-type
embryo littermates. Embryos (7.5 dpc) were subjected to histological
analysis and genotyping by microdissection. Sections were stained with
hematoxylin and eosin and photographed at an original objective lens
magnification of �10. (B) A Lias�/� embryo shows postgastrulation
with distinct germ layers, ectoderm, and visceral endoderm. ve, visceral
endoderm; ee, embryonic ectoderm; al, allantois; ac, amniotic cavity;
exc, exocoelomic cavity; am, amnion; ch, chorion; rm, Reichert’s mem-
brane. (C) A Lias�/� embryo shows obvious lack of organization. pc,
proamniotic canal. (D and E) Embryonic tissues were collected by
laser capture microdissection, and the remaining sections are shown in
panels D and E. The genotypes of the embryos were determined by
PCR of the captured tissues (F). The 415-bp band indicates the null
allele, and the 560-bp band indicates the wild-type alleles.

TABLE 1. Genotypes of embryos from Lias�/� � Lias�/� mating

Age at dissection

No. with the following
genotype: No.

resorbed P valuea

�/� �/� �/� Total

Live-born mice 52 112 0 164 �0.001

E12.5b 14 40 0 54 16 �0.001
E10.5 7 18 3 28 5 NS
E9.5 6 14 3 23 4 NS
E7.5 6 4 2 12 NS
E3.5 1 6 2 9 NS

a P value by chi-square test. NS, not significant.
b E12.5, embryonic day 12.5.

VOL. 25, 2005 LIPOIC ACID SYNTHASE-DEFICIENT MICE 8389



does not differ significantly from the 50% level expected in a
heterozygote for a gene that is not subject to homeostatic
compensation.

Metabolic status of Lias�/� mice. To test whether the 50%
reduction in the level of expression of Lias alters the metabolic
and antioxidant status of the heterozygous mice, we assayed a
series of biochemical parameters (Table 2). The Lias�/� mice
had normal levels of plasma glucose, triglyceride, and choles-
terol. They exhibited normal glucose tolerance (data not
shown). Lactic acid in the liver was higher, and the activity of
liver pyruvate dehydrogenase complex was lower in Lias�/�

mice than in wild-type mice, although neither reached signifi-
cance (P 	 0.08 and 0.09, respectively). The level of GSH in
the erythrocytes of Lias�/� mice was significantly lower than
that of wild-type mice, although the plasma TBARS levels in
the heterozygotes were not different from the levels in wild-
type mice. Thus, these data show that half the normal level of
Lias mRNA is not sufficient to maintain the normal antioxi-
dant capacity of mice even under the unstressed condition of
this experiment.

DISCUSSION

We have demonstrated that the absence of Lias gene ex-
pression leads to early embryonic death and that this absence
cannot be rescued by maternal LA or by supplementing the
diet of the mothers with LA. Heterozygotes expressing Lias
mRNA at 50% of the normal levels showed metabolic distur-
bances indicating a significant reduction in erythrocyte GSH
levels, even under unstressed conditions. Nevertheless, they
develop normally and show no overt abnormalities in 1 year.

The death of the Lias�/� embryos shortly after implantation
coincides with the time when oocyte-derived proteins are no
longer able to support the rapidly growing embryos (42). While
further studies are necessary to determine whether the absence
of LA synthesis damages preimplantation embryos, no visual
abnormalities in the Lias�/� blastocysts were observed. Pub-
lished studies have shown that the mouse embryo switches
from oxidative metabolism to glycolytic metabolism shortly
prior to implantation but reverts to oxidative metabolism soon
after implantation (6, 39). Thus, dihydrolipoamide dehydroge-
nase (E3)-deficient embryos fail gastrulation and die before 7.5
dpc, and pyruvate dehydrogenase (E1)-deficient mice die
around 9.5 dpc (18, 19). The similarities in timing of death of
these and the Lias�/� embryos indicates that LA synthesized
by Lias, E1, and E3 are all essential components of the PDC
enzyme complex so that inactivation of E1 or E3 activity and
total loss of Lias would all lead to impairment of glucose
oxidative metabolism. Dihydrolipoamide acyltransferase (E2)
has a central catalytic and structural role in the enzyme com-
plex, because it provides a scaffold for the binding and posi-
tioning of E1 and E3. The carboxyl group of LA forms an
amide bond with a lysine residue in E2 and generates a “swing-
ing arm” that permits the thiol/disulfide moieties of the lipoyl
arm to rotate between the active sites of E1, E2, and E3 and
facilitates electron transfer between them (31). Since E2 is
shared in the multienzyme complexes that produce essential
amino acids, pyrimidines, and porphyrins and ATP via the
citric acid cycle, cellular metabolism is likely to be compro-
mised more broadly by the total absence of LA than it is by the
absence of individual E1 or E3.

Nevertheless, we were surprised to find that LA cannot be
supplied through maternal tissues, despite the fact that it is a

FIG. 3. Plasma TBARS and erythrocyte GSH levels before (black
bars) and after (open bars) Lias�/� mothers were fed a diet containing
LA for 4 weeks. Data are the means 
 standard errors of the means
(error bars) for seven mice. Values that are significantly different from
the values of mice before they were fed a diet containing LA are
indicated (P � 0.01 [��]; P � 0.001 [���]).

FIG. 4. (A). Expression of the Lias gene. (A) The mRNA expres-
sion levels of the Lias gene in aorta (A), skeletal muscle (M), heart
(H), liver (L), kidney (K), and testis (t) in eight wild-type C57BL/6J
mice. Lias mRNA levels relative to �-actin mRNA in each tissue were
determined by the real-time quantitative PCR as described in Mate-
rials and Methods. Expression levels in tissues are presented relative to
the level in the aorta, which was set at 1.0. Data are shown as means

 standard errors of the means (error bars). (B) Lias mRNA expres-
sion in the heterozygotes. The amounts of Lias�/� mRNA in the heart,
kidney, and liver are expressed relative to those in Lias�/� mice.
Values are the means 
 standard errors of the means (error bars) of
nine animals in each group of Lias�/� or Lias�/� mice.

TABLE 2. Comparison of biochemical parameters in
Lias�/� and Lias�/� micea

Biochemical parameter

Value for mice
(mean 
 SEM) P

valueb

Lias�/� Lias�/�

Plasma glucose (mg/dl) 186 
 9.3 206 
 17.2 NS
Plasma triglyceride (mg/dl) 38.1 
 5.5 33.5 
 2.3 NS
Plasma cholesterol (mg/dl) 56.6 
 1.7 55.9 
 2.2 NS
Liver lactate (mmol/mg protein) 1.16 
 0.10 1.47 
 0.13 0.09
Liver PDHc activity (�mol/min/mg

protein)
2.16 
 0.04 2.04 
 0.05 0.08

Plasma TBARS (nmol/ml) 18.3 
 2.1 20.1 
 3.8 NS
Erythrocyte GSH (mg/ml) 32.3 
 1.8 28.1 
 1.7 0.005

a Data were obtained from two independent assays of nine male mice (12 to 16
weeks old) for each genotype. Data for GSH assay were acquired from 21
Lias�/� and 19 Lias�/� mice.

b P value by analysis of variance. NS, not significant.
c PDH, pyruvate dehydrogenase.
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small amphiphilic molecule, readily able to cross the blood-
brain barrier and cell membranes (27, 28). Supplementing the
maternal diet with LA failed to rescue Lias�/� mice from
embryonic lethality, although it is likely that LA can cross the
placenta efficiently, since Al Ghafli et al. have demonstrated
that LA supplementation (20 mg kg�1, given intraperitoneally)
improved the survival of embryos in rats with diabetes induced
by streptozotocin during the pregnancy (1).

The covalent attachment of exogenous LA to target apoen-
zymes occurs in two steps. The first step is the formation of
lipoyl-nucleotide monophosphate, catalyzed by a lipoate-acti-
vating enzyme. The second step is the transfer of the lipoyl
moiety to the apoproteins, catalyzed by a lipoyl transferase. In
Escherichia coli, a single enzyme, LipA, catalyzes both of these
steps (26). In mammals, a gene encoding a protein with the
lipoate-activating enzyme activity has been cloned in cows (13);
its nucleotide sequence suggests that it is a homolog of medi-
um-chain acyl coenzyme A synthase. A different gene encoding
lipoyl transferase activity has also been cloned and character-
ized in cows and humans (12, 13). Their presence suggests that
mammalian cells may also be capable of utilizing exogenous
LA to provide the LA moiety of the multienzyme complexes.
However, the death of Lias�/� embryos at an early implanta-
tion stage shows that the transfer of exogenous LA to apoen-
zyme, even if it occurs in vivo, is not sufficient to supplant the
need for endogenous synthesis at least during mammalian de-
velopment.

The pathway for endogenous LA synthesis in mitochondria
begins in Saccharomyces cerevisiae with the transfer of octanoic
acid, linked by a thioester bond to the 4�-phosphopantetheine
sulfhydryl group of the acyl carrier protein (ACP), to a specific
ε-amino group of a target apoenzyme with the formation of an
amide bond (4, 43). This transfer is mediated by lipoyl (oc-
tanoyl)-transferase, encoded by yeast LIP2. Subsequently, two
sulfur atoms are inserted into the C-6 and C-8 positions of
octanoic acid to form a lipoic acid moiety in situ on the en-
zyme. Lipoyl synthase, a metalloenzyme encoded by LIP5 in
yeast, and the substrate S-adenosylmethionine are required for
this reaction. In yeasts, the absence of endogenous LA synthe-
sis in mutants lacking either ACP1 or LIP5 cannot be comple-
mented by LA in the medium (4, 38). The early embryonic
death of Lias�/� mice that we observe suggests that free LA
cannot be used to form the lipoic acid moiety of E2-containing
enzyme complexes or that LA cannot be transported into mi-
tochondria in mice even though it can probably pass through
the placenta.

Mammalian cells have numerous antioxidant systems that
play complex roles in the cellular antioxidant system. These
antioxidant genes are expressed early in embryonic develop-
ment but reach peak levels only during the neonatal period (2).
Low levels of antioxidants predispose embryos to the risk of
oxidative damage (10), and the absence of some antioxidant
gene products, such as phospholipid hydroperoxide glutathi-
one peroxidase, manganese-dependent superoxide dismutase
(MnSOD), and �-glutamylcysteine synthetase, cause early em-
bryonic death (17, 37, 40). On the other hand, other endoge-
nous antioxidants are not essential for embryonic survival.
Thus, the absence of catalase (16), glutathione peroxidase-1
(7), or copper/zinc-dependent SOD (CuZnSOD) (30) does not
affect embryonic survival. The corresponding null embryos

show no pathological changes under normal physiological con-
ditions, although they exhibit a pronounced susceptibility to
oxidative stress. The death of the Lias�/� embryos at 7.5 dpc,
because it is so sudden, is unlikely to be due to the lack of LA
as an antioxidant but is readily understood if it is caused by the
inability of the developing embryos to obtain energy from
oxidative metabolism. Nevertheless, this does not exclude the
possibilities that antioxidant activity of endogenously produced
LA could be crucial for controlling reactive oxidative species
production in mitochondria. Such a failure to balance the in-
creased generation of reactive oxygen species that accompa-
nies the embryo’s switch to oxidative metabolism may further
delay embryonic development (8).

In conclusion, our study shows that the endogenous produc-
tion of LA is essential for early embryonic development,
mainly we suggest because of its role as an enzyme cofactor but
partly because it is an antioxidant. These functions cannot be
replaced by exogenous LA synthesized by the Lias�/� mother
or given as a dietary supplement. We also show that the het-
erozygous Lias�/� mice have reduced antioxidant capacities,
and these mice may therefore provide a useful model for study-
ing the role of mitochondrial antioxidant function in the patho-
genesis of various metabolic disorders and for defining the role
of antioxidant enzymes in cellular defense against oxidant-
mediated tissue injury.
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