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Abstract

The B vitamins are water-soluble vitamins required as coenzymes for enzymes essential for cell function. This review focuses
on their essential role in maintaining mitochondrial function and on how mitochondria are compromised by a deficiency of any B
vitamin. Thiamin (B1) is essential for the oxidative decarboxylation of the multienzyme branched-chain ketoacid dehydrogenase
complexes of the citric acid cycle. Riboflavin (B2) is required for the flavoenzymes of the respiratory chain, while NADH is
synthesized from niacin (B3) and is required to supply protons for oxidative phosphorylation. Pantothenic acid (B5) is required
for coenzyme A formation and is also essential for �-ketoglutarate and pyruvate dehydrogenase complexes as well as fatty acid
oxidation. Biotin (B7) is the coenzyme of decarboxylases required for gluconeogenesis and fatty acid oxidation. Pyridoxal (B6),

folate and cobalamin (B12) properties are reviewed elsewhere in this issue. The experimental animal and clinical evidence that
vitamin B therapy alleviates B deficiency symptoms and prevents mitochondrial toxicity is also reviewed. The effectiveness of B
vitamins as antioxidants preventing oxidative stress toxicity is also reviewed.
© 2006 Published by Elsevier Ireland Ltd.
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1. Introduction

The aim of this review is to better understand the
relationship between clinical outcome and underlying
mitochondrial disturbances due to B vitamin deficiency.
The B vitamins are water-soluble vitamins required as
cofactors for enzymes essential in cell function and

energy production. For each vitamin, we review the
biochemical evidence of absorption, metabolism and
the role of the active form of B vitamins on cellular
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function, focusing on reactions relevant to mitochon-
drial activity and energy metabolism. In this review
the term mitochondrial damage refers to disorders of
mitochondrial integrity and to reactions leading to or
involved in energy production. The term mitochondrial
toxins refers to molecules, exogenous or endogenous,
that are known to affect mitochondria or those reac-
tions. Thiamin (B1), riboflavin (B2), niacin (B3), pan-
tothenic acid (B5) and biotin (B7) are reported here,
while pyridoxal (B6), folate and cobalamin (B12) are
reported elsewhere in this issue [1]. We report on cur-

rent and possible biomarkers for detection of each
of the deficiencies and on evidence of the therapeu-
tic potential of vitamin supplementation. The struc-
tures of the vitamins are shown in Table 1. Table 2
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Table 1
Chemical structures of B vitamins

Type Name Chemical structure

B1 Thiamin

B2 Riboflavin

B3 Niacin

B5 Pantothenic acid

B7 Biotin
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ummarizes the clinical conditions generally associated
ith specific B vitamin deficiencies, as well as sug-
ested associations. Table 3 lists a number of inborn
rrors of metabolism that are linked to B vitamin defi-
iency, either through inhibition of vitamin metabolism
r a vitamin-dependent pathway. The data collected
n these tables were mostly obtained from references
2,3].

. Thiamin (Vitamin B1)

Thiamin is active in the form of thiamin pyrophos-
hate (TPP). As a cofactor, TPP is essential to
he activity of cytosolic transketolase and pyruvate
ehydrogenase, as well as mitochondrial dehydroge-

ases �-ketoglutarate dehydrogenase and branched-
hain ketoacid dehydrogenase. Vitamin B1 was among
he first vitamins discovered and was identified as the
ietary factor responsible for beriberi and missing in
nteractions 163 (2006) 94–112 95

polished rice. Since then several additional conditions
resulting from thiamin deficiency have been observed
in normal populations and in populations affected by
genetic mutations (Tables 2 and 3). Most recently, we
suggested a link between thiamin deficiency and colon
carcinogenesis [4].

2.1. Thiamin delivery from the diet to the
mitochondria

Thiamin is found in raw foods, such as cereals, green
vegetables, nuts, egg yolk and pork meat. Little is found
in refined foods, such as sugar, fat or alcohol, as well as
foods heated for a long time or at high temperature. Pro-
cessed cereal products (e.g. flour, bread, cereals) have
been fortified with thiamin since the early 1940s. Thi-
amin uptake is enhanced by thiamin deficiency and is
decreased by thyroid hormone, diabetes, ethanol and
age. Chronic alcohol consumption is the most common
cause of acute thiamin deficiency in affluent societies
[2,3].

Thiamin absorption from the diet takes place pri-
marily in the proximal small intestine. Thiamin is pos-
itively charged and at low concentrations the vitamin’s
movement across cellular membranes requires saturable
high affinity, low capacity transporters, i.e. THTR1 and
THTR2. The entry of thiamin across the brush border
occurs via THTR1, a transporter that saturates in the
micromolar range and is inhibited by thiamin analogues.
Uptake by THTR2 system is saturable in the nanomo-
lar range [5]. Human intestinal cells (Caco2 cells in
culture) have both thiamin uptake systems in a func-
tional state [5], suggesting that this system is capable
of absorbing thiamin at physiological concentrations,
estimated at 0.1–2.0 �M. At higher concentrations, how-
ever, thiamin uptake appears to be through simple passive
diffusion [6]. The colon can also absorb thiamin via
THTR1 and a thiamin/H+ exchange, which appears to be
under the regulation of an intracellular Ca2+/calmodulin-
mediated pathway [7] and could be a route for absorption
of bacterially synthesized thiamin. The exit of thiamin
from the enterocyte to the blood stream by the baso-
lateral membrane is Na+ dependent, directly coupled
to ATP hydrolysis by Na+/K+ ATPase, and is inhib-
ited by thiamin analogues [6]. The total thiamin in the
body is only about 30 mg [8], with 40% in the mus-
cle and stores also in the brain, heart, liver and kid-
ney.
As shown in Fig. 1, cells take up plasma thiamin
via THTR1. Plasma thiamin monophosphate (TMP)
is taken up by cells via THTR1 and reduced folate
carrier (RFC1). RFC1 is an anion exchanger that
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Table 2
Clinical disorders associated with vitamin deficiencies

B cofactor/substrate Established condition of deficiency Suggested condition of deficiency

Thiamin (B1) Beriberi (peripheral neuropathy, cardiomyopathy with
cardiac hypertrophy and dilatation)

Alzheimer’s disease
Cataract
Colon cancerPolyneuritis

Wernicke–Korsakoff encephalopathy Atherosclerotic vascular diseases
Diabetes and its complications
Fetal alcohol syndrome

Riboflavin (B2) Seborrheic dermatitis Esophageal cancer
Anemia Parkinson’s disease
Neuropathy
Deficiency in upper GI crypt fission

Niacin (B3) Pellagra (dermatitis, dementia and diarrhea) Esophageal cancer
Mental depression Other cancers
Dementia, insomnia, delusions Leukemia

Pantothenic acid (B5) Dermatitis
Hypoglycemia, convulsions
Encephalopathy with liver failure

Biotin (B7) Cutaneous (skin rashes, alopecia, conjunctivitis) Congenital abnormalities
Neurological (depression, seizures, paresthesias) Insulin resistance
Diabetes

This table is a list of clinical consequences of deficiency of thiamin, riboflavin, niacin, pantothenic acid and biotin. The links between the clinical
nts in a
are liste
symptoms and vitamin deficiency were based on clinical measureme
mentation, or animal models. Conditions that have been established
right.

transports reduced folate and TMP but not thiamin

itself [9]. Intracellular thiamin is rapidly phospho-
rylated to form thiamin diphosphate (TPP). The
reaction is catalyzed by thiamin diphosphokinase
located in the cytosol. Vitamin B1 is present in the

Table 3
Genetic disorders associated with vitamin deficiencies

Disease Vitamin

Breast cancer B1
Cancer B1
Diabetes B1
Glutaric aciduria B2
Hartnup disorder B3
Leigh syndrome B1
Maple syrup urine B1
Multiple carboxylase deficiency B7
Neurodegenerative diseases B1, B5
Propionic aciduria B7
Rogers syndrome (TRMA) B1
Sudden infant death syndrome (SIDS) B1, B7
Wernicke predisposition B1

This table is a list of genetic disorders (often present as autosomal recessi
of B vitamins. Note: THTR1/THTR2, thiamin transporter; TKTL1, transke
carrier (neutral amino acid transporter); PDH, pyruvate dehydrogenase; BCK
synthetase; PANK2, pantothenate kinase; PCC, propionyl-CoA carboxylase;
PC, pyruvate carboxylase.
n affected population, regression of symptoms upon vitamin supple-
d on the left, and others that have been suggested are found on the

body as thiamin or its phosphorylated forms, TMP or

TPP.

TPP is rapidly taken up by mitochondria. The transfer
occurs via a TPP/thiamin antiporter and may be the same
high affinity transporter (THTR1, THTR2) found in the

Genetic mutation Vitamin link

THTR2 Absorption
TKTL1 Cofactor
TKTL1 Cofactor
ETFA Cofactor
SLC6A19 Tryptophan absorption
PDH Cofactor
BCKDH Cofactor
Biotinidase, HCS Metabolism, metabolism
TKTL1, PANK2 Cofactor metabolism
PCC Cofactor
THTR1 Absorption
TK, PC Cofactor, cofactor
TK Cofactor

ve mutations) affecting absorption, metabolism or cofactor activity
tolase-like; ETFA, electron transport flavoprotein; SLC6A19, solute
DH, branched-chain ketoacid dehydrogenase; HCS, holocarboxylase
TRMA, thiamin responsive megaloblastic anemia; TK, transketolase;
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Fig. 1. Vitamin absorption and biosynthesis of active factors. Thiamin enters the cell via THTR1/2 cell membrane receptor or the antiport. (1)
Thiamin diphosphokinase. Thiamin diphosphate (TDP) enters the mitochondria via the antiport or an unknown transporter. Riboflavin is taken up
by hepatocytes by a riboflavin transporter that is energy dependent and is regulated by Ca2+/calmodulin; (2) flavokinase; (3) FAD synthetase. The
riboflavin taken up forms flavin mononucleotide (FMN) and flavin adenine dinucleotide (FAD) via riboflavin kinase and FAD synthase, respectively.
Niacin is taken up by cells as nicotinamide by simple diffusion and is converted to NAD+ by a series of reactions; (4) deaminase; (5) nicotinic
phosphoribosyl transferase; (6) NMN ATPase; (7) NAD synthetase. NAD+ is trapped in the cells as it cannot permeate the cell membranes or the
mitochondrial membrane. The NADH generated in the cytoplasm by glycolysis is oxidized by the respiratory chain by the glutamate/aspartate shuttle,
and dihydroxyacetone phosphate (DHAP) shuttle, which are used predominately in the liver and muscle, respectively. Pantothenic acid and biotin are
taken up by the sodium-dependent multivitamin transporter (SMVT). (8) Pantothenate Kinase (PANK) ATP dependent; (9) PP cysteine synthetase
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PPCS) ATP dependent; (10) PP cysteine decarboxylase (PPCDC); (11
TP dependent. CoA transporter is energy-dependent and is sensitive
ell via the monocarboxylate transporter (MCP1), which is present in

hen carboxylases turnover by proteolysis the biotin-�-aminolysine i

lasma membrane [10,11]. In the matrix, where TPP is
ostly bound to enzymes, the intracellular TPP concen-

ration is estimated to be 30 �M with only 2 �M unbound
12] and an estimated 30% of cellular TPP located in

he mitochondria. Mitochondrial TPP can also undergo
ydrolysis by thiamin pyrophosphatase to form TMP.
MP can efflux the mitochondria and then be hydrolyzed
y a cytosolic TMP phosphohydrolase to form thiamin.
enyltransferase (PPAT) ATP dependent; (12) Dephospho-CoA kinase
trochemical and pH gradients. Biotin can also be transported into the
e mitochondrial and plasma membrane. Biotin binds to carboxylases.
ed and biotin is regenerated by hydrolysis catalyzed by biotinidase.

2.2. Essential role of thiamin in mitochondrial and
cellular functions

TPP is involved in dehydrogenase reactions as a

cofactor in three mitochondrial enzyme complexes:
pyruvate, �-ketoglutarate and branched-chain ketoacid
dehydrogenases (PDH, KGDH and BCKDH, respec-
tively). These catalyze the oxidative decarboxylation of
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Fig. 2. Dehydrogenase enzyme complex. The oxidative decarboxylation of pyruvate (in this example) is catalyzed by a multi enzyme complex
containing: (E1) pyruvate dehydrogenase, (E2) dihydrolipoyl transacetylase and (E3) dihydrolipoyl dehydrogenase. The cycle follows five steps:

(2) ace
cofacto
TPP (E
(1) decarboxylation of pyruvate is catalyzed by E1 (cofactor: TPP),
transformed into acetyl-CoA by E2 (cofactor: lipoic acid), (4) FAD (
reduce FADH2 back to FAD. It is important to note the role not only of
and regeneration of the enzyme.

�-ketoacids to release CO2. The ketoacids include pyru-
vate, the isocitrate metabolite, �-ketoglutarate and the
branched-chain amino acid metabolites, ketoisovaler-
ate, ketoisocaproate and ketomethylvalerate. The three
enzyme complexes have similar structures and mecha-
nisms. Fig. 2 shows the details of the five-step process
of the dehydrogenase complex activity. In the process,
NAD+ is converted to NADH, which can be reoxi-
dized to NAD+ by the mitochondrial electron transport
chain to generate three ATP molecules for each NADH
formed. Pyruvate, the endproduct of glycolysis, forms
acetyl-CoA, the entry point of the tricarboxylic acid
(TCA) cycle. The third step of the TCA cycle involves
�-ketoglutarate metabolism to succinyl-CoA. As part
of amino acid catabolism, �-ketoisocaproate, �-keto-
�-methylvalerate and �-ketoisovalerate are transformed
by BCKDH into isovaleryl-CoA, �-methylbutyryl-CoA

and isobutyryl-CoA, respectively. Isovaleryl-CoA and
isobutyryl-CoA can then form succinyl-CoA, which is
part of the TCA cycle. The three enzyme complexes are
thus central to mitochondrial energy production.
taldehyde reacts with the oxidized lipoyllysine, (3) acetaldehyde is
r) oxidize lipoyllisine catalyzed by E3, (5) NAD+ (cofactor) oxidize
1), but also CoA (E2), FAD and NAD+ (E3) for both catalytic activity

Thiamin pyrophosphate is also a cofactor of transke-
tolase (TK), a reversible cytosolic enzyme that catalyzes
the first and last step of the pentose phosphate path-
way which plays a major role in cellular function in the
production of NADPH for maintaining cellular redox,
glutathione (GSH) levels and protein sulphydryl groups,
as well as fatty acid synthesis. The pentose pathway
also supplies ribose for nucleic acid synthesis. In this
enzymatic system, TPP serves as a cofactor that helps
transfer a glycolaldehyde from a ketose donor to an
aldose acceptor. The thiazole ring of TPP does this by
forming a complex with the xylulose phosphate substrate
releasing glyceraldehyde-3-phosphate and forming a thi-
amin/glycolaldehyde complex. The glycolaldehyde is
then transferred to ribose phosphate to form sedohep-
tulose phosphate.
2.3. Thiamin deficiency

Vitamin B1 was among the first vitamins discovered
and was identified as the dietary factor responsible for
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eriberi and missing in polished rice. Since then several
dditional conditions resulting from thiamin deficiency
ave been observed in normal populations and in pop-
lations affected by genetic mutations (Tables 2 and 3).
rom animal studies, we also suggested a link between

hiamin deficiency and colon carcinogenesis [4]. Thi-
min status is commonly estimated through measure
f plasma thiamin, or erythrocyte transketolase activ-
ty. Although TK activity does not always correlate with
eported thiamin intake, it is a good marker of biochem-
cal thiamin status. Inhibition of this and other thiamin-
ependent enzymes is a clear sign of a thiamin deficient
tatus. Other assays of thiamin status include measure-
ent of urinary thiamin excretion, as well as plasma

yruvic or lactic acid concentrations after exercise or
lucose load.

A measure of thiamin deficiency is afforded by evi-
ence of oxidative stress in thiamin-responsive neu-
opathology. The antioxidative stress properties of thi-
min become apparent during thiamin deficiency when
iomarkers indicate oxidative stress occurs in vivo at or
efore pathological changes occur. Early animal stud-
es, in which diets very low in thiamin were prepared by
utoclaving, caused central nervous system damage, but
o apparent peripheral neuropathy. It was only when the
arginal thiamin deficiency was extended over longer

eriods of time that animals with the degenerated periph-
ral nerves and enlarged hearts were observed (reviewed
y Carpenter [13]). Marginal thiamin deficiency com-
ined with various sources of oxidative stress or glucose
oading can produce the neurodegenerative changes sim-
lar to those seen in Alzheimer’s disease, Parkinson’s dis-
ase, Huntington’s disease and the Wernicke–Korsakoff
yndrome [14].

Thiamin deficiency can also be assessed by decreased
ctivities of thiamin-dependent enzymes in the brain. In
he rat, thiamin deficiency reduces brain KGDH more

arkedly than PDH activity [15]. The reduced activity
as observed after 12 days on a deficient diet with a daily

dministration of the thiamin analogue and antagonist,
yrithiamine, when the animals had lost their righting
eflex [16]. By 14 days brain TK activity and protein had
eclined by 40% and was accompanied by neuronal cell
oss and pathology similar to that of Wernicke–Korsakoff
yndrome. The location of the sites of TK inhibition,
owever, did not correlate with the sites of brain dam-
ge suggesting that cytotoxicity is more likely related
o KGDH inhibition. In thiamin-responsive areas of the

rain, thiamin deficiency is associated with induction of
xidative stress enzymes, such as heme oxygenase-1 or
uperoxide dismutase, nitration products, such as perox-
nitrite, nitrotyrosine and lipid peroxidation products,
nteractions 163 (2006) 94–112 99

such as 4-hydroxynonenal which eventually resulted in
neuronal cell death [17].

Secondary metabolites and by-products provide a still
further assessment of thiamin deficiency. Lactate con-
centrations are increased in thiamin-responsive areas of
the brain. In a rat model of thiamin deficiency, con-
centrations of dopamine and intermediate metabolites
of dopamine catabolism are increased in the thalamus
whereas noradrenaline is decreased in the thalamus
and hypothalamus [18]. Metabolic enzymes involved
in this process, such as mitochondrial monoamine oxi-
dase (MAO) or cytosolic catechol-o-methyltransferase
(COMT), however were not affected [18]. Thiamin defi-
ciency has long been known to increase the concentra-
tions of pyruvic acid and lactic acid in the blood [19].
Methylglyoxal concentrations are increased in the urine
and cerebrospinal fluid in thiamin deficiency [20], which
has been associated with inhibition of the methylgly-
oxal detoxification enzyme, glyoxalase. Glyoxalase is
not a thiamin-dependent enzyme, but thiamin deficiency
decreased levels of reduced glutathione, the cofactor for
glyoxalase. We recently reported that thiamin deficiency
in the rat was followed by increased plasma levels of
both glyoxal and methylglyoxal, as well as both their
advanced glycation endproducts (AGE) adducts [21].
Isolated rat hepatocytes became susceptible to glyoxal
and cellular GSH levels were decreased under thiamin
deficient conditions [22].

2.4. Prevention of oxidative stress and
mitochondrial toxicity by thiamin

Thiamin can act directly as an antioxidant. At 100 �M
it prevents microsomal lipid peroxidation as well as oleic
acid oxidation. In the process, thiamin is oxidized to form
thiochrome (by tricyclic thiamin formation) and thiamin
disulfide (by opening of the thiazole ring). This antiox-
idant effect probably involves the successive transfer of
protons from the pyrimidine NH2 group and thiazole
ring [23]. Thiamin is also oxidized by H2O2/peroxidase
or ascorbate/Cu or lipid peroxidation [24].

Three potentially important consequences of thi-
amin deficiency on enzymatic antioxidant activity have
been described. Neurodegenerative diseases, such as
Alzheimer’s, Parkinson’s, prion diseases and ALS are
associated with increased brain protein/Cu complexes
and mitochondrial dysfunctions [25]. Interestingly, cop-
per added to neuroblastoma cells markedly increased

mitochondrial reactive oxygen species (ROS) forma-
tion and inhibited PDH, KGDH and respiratory complex
I [26]. Supplementation with the mitochondrial dehy-
drogenase cofactors, lipoic acid or thiamin, prevented
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copper cytotoxicity and dehydrogenase inhibition [27].
Thiamin pyrophosphate also prevented the inhibition
of KGDH-mediated mitochondrial respiration by H2O2
[28]. Thiamin also prevented hepatocyte cytotoxicity and
formation of reactive oxygen species induced by the
mitochondrial respiratory inhibitors rotenone or cyanide
[29].

Thiamin can also prevent renal stone formation. The
molecular basis of this phenomena has not been fully
clarified, however, it is known that mitochondrial TPP
dependent enzymes on the oxalic acid pathway include
hydroxypyruvate decarboxylase (�-ketoglutarate: gly-
oxalate carboligase), an activity of the decarboxylase
moiety of KGDH complex [30] and that thiamin defi-
ciency inhibits hepatic carboligase activity. This may
explain why thiamin deficiency increased glyoxalate
and oxalic acid levels. Glyoxalate accumulation in the
mitochondria could then react with oxaloacetate to
form oxalomalate, which causes mitochondrial toxicity
and ATP depletion [31]. Oxalomalate is a competitive
inhibitor of mitochondrial NADP+-dependent isocitrate
dehydrogenase that supplies NADPH, which helps main-
tain GSH in the reduced form. It is also a competitive
inhibitor of aconitase, a rate-limiting enzyme of the
TCA cycle [32]. Thiamin supplementation could thus
prevent this cascade of events by reducing glyoxalate
production.

Thiamin may also be important in diabetes risk. It
is known that a high glucose concentration increases
apoptosis in mammalian cells cultured in vitro, and
that apoptosis is inhibited by increased thiamin [33].
Thiamin therapy can also counter the development of
streptozotocin-induced diabetes in rats [34] as well
as complications, such as dyslipidemia, atherosclerosis
or nephropathy in rodent models. Thiamin pyrophos-
phate was found to be better than the antidiabetic agent
aminoguanidine at preventing the non-enzymatic oxida-
tive glycation of proteins by glucose. The mechanism
is unknown but is likely to involve its amine group
forming Schiff bases with the carbonyls of open-chain
sugars, dicarbonyl fragments, Amadori products or with
post-Amadori intermediates, thus preventing AGE for-
mation [35]. Of particular interest is that TPP, and
other thiazolium derivatives, such as ALT711 (alage-
brium chloride), can selectively cleave AGE derived
protein crosslinks that involve an alpha-diketone moi-
ety [35].

Thiamin therapy appears to be effective in alleviating

a wide range of chronic conditions. Treatment, however,
is often inadequate or delayed. It can be effective in the
early stages, but delayed treatment often results in per-
manent damage, as observed in Korsakoff syndrome. It
nteractions 163 (2006) 94–112

is important that physicians be aware of which patients
could be susceptible to thiamin deficiency and that they
recognize the symptoms as early as possible.

3. Riboflavin (Vitamin B2)

Riboflavin is a precursor to flavin adenine dinu-
cleotide (FAD) and flavin mononucleotide (FMN). As
prosthetic groups they are essential for the activity of
flavoenzymes including oxidases, reductase and dehy-
drogenases.

3.1. Riboflavin delivery from the diet to
mitochondrial enzymes

Most plant and animal tissue contain at least small
amounts of riboflavin. Major sources of riboflavin are
eggs, lean meats, milk, broccoli and enriched bread
and cereal products. Riboflavin is easily destroyed upon
exposure to light.

Riboflavin bound to proteins, and FMN and FAD
in flavoproteins are released by stomach acid and gas-
tric/intestinal proteases. The FMN and FAD released
are hydrolyzed by alkaline phosphatase and FMN/FAD
pyrophosphatases on the brush border of the ileum ente-
rocyte to free riboflavin that is transported into the
enterocyte by an energy-dependent and sodium inde-
pendent riboflavin transporter. Most of the riboflavin
effluxes across the enterocyte basolateral membrane into
the portal blood and to the liver using the riboflavin trans-
porter. The liver is the body’s main storage site, storing
riboflavin mostly as FAD. The spleen, kidney cardiac
muscles are also stores which protect these tissues from
riboflavin deficiency. The circulating plasma contains
50% riboflavin, 40% FAD, 10% FMN, with a total con-
centration of 0.03 �M riboflavin [2].

As shown in Fig. 1, riboflavin is taken up by the hep-
atocyte riboflavin transporter that is energy dependent
and is regulated by an intracellular Ca2+/calmodulin.
On entry the riboflavin is phosphorylated by ATP and
flavokinase to FMN and then converted to FAD by
ATP and FAD synthetase. The mitochondria likely
take up riboflavin by a riboflavin transporter and then
form FMN and FAD as they contain riboflavin kinase
and FAD synthetase. The FAD may then be incor-
porated into newly imported apoflavoproteins. Alter-
outer mitochondrial membrane. An FAD carrier, Flxlp,
may efflux the FAD from the mitochondria into the
cytosol and from the plasma membrane into the plasma
[36].
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.2. Essential role of riboflavin in mitochondrial
nergy production and cellular function

FAD and FMN act as electron carriers. FAD or
MN are essential prosthetic groups of flavoenzymes
hich are reversibly reduced by NAD(P)H or succi-
ate. Flavin oxidases use oxygen as an electron accep-
or and transfer two electrons to form H2O2 or four
lectrons to form water. An example of flavin oxidase
s glycolate oxidase, which use FMN to form gly-
xylate from glycolate. Flavin reductases catalyze the
eduction of substrates. NAD(P)H + H+ reduces FAD
o FADH2 which then reduces cytochrome or oxidized
lutathione (GSSG). A typical example of a flavin reduc-
ase is glutathione reductase, using NADPH as reducing
ubstrate. Flavin dehydrogenases catalyze the removal
f hydrogen from a substrate and the transfer of the
ydrogen to an acceptor in an oxidation–reduction reac-
ion.

Mitochondria contain five acyl-CoA dehydrogenases
hat require FAD. They are isovaleryl CoA dehydro-
enase (IVDH), branched-chain acyl CoA dehydro-
enase (BCADH), 2-methyl-branched-chain acyl CoA
ehydrogenase (MBCADH), isobutyryl CoA dehy-
rogenase (IBDH) and short-chain acyl CoA dehy-
rogenase (SCADH). These dehydrogenases catalyze
he first step in each cycle of �-oxidation. For
xample, acyl CoA dehydrogenases catalyze �-�-
ehydrogenation of acyl CoA thiol esters to the
orresponding trans-2,3-enoyl CoA products with
oncomitant reduction of enzyme-bound FAD. The
eoxidation of the flavin involves transfer to the
lectron transferring flavoprotein. Protoporphyrinogen
xidase requires FAD and catalyzes the oxidation
f protoporphyrinogen to protoporphyrin needed for
eme/cytochrome synthesis.

.3. Riboflavin deficiency

Riboflavin was discovered shortly after thiamin. In
xperimental animals, it was found that a diet fraction
hat promoted growth consisted of a heat-labile frac-
ion (thiamin) and another heat stable fraction that had

yellow color, riboflavin [2]. A typical symptom of
riboflavinosis is inflammation of the lip and tongue.
ther conditions associated with riboflavin deficiency

re listed in Tables 2 and 3. Riboflavin status is com-
only assessed by measuring erythrocyte glutathione
eductase activity, or erythrocyte or urinary flavin
evels.

FAD-dependent dehydrogenases are affected by
iboflavin deficiency. Rats deprived of riboflavin firstly
nteractions 163 (2006) 94–112 101

undergo a drastic decrease in acyl-CoA dehydro-
genase activities, particularly short chain acyl-CoA
and isovaleryl-CoA dehydrogenases. Addition of FAD
restored only 10–25% of the dehydrogenase activity,
attributed to a large loss of apoenzyme in the FAD defi-
cient mitochondria [37]. As a result of dehydrogenase
inhibition, the mitochondrial oxidation of fatty acids
and branched chain amino acids were severely inhib-
ited [38]. In rats, riboflavin deficiency inhibited succi-
nate dehydrogenase and �-oxidation of fatty acids with
the consequence of increased 18:2n − 6 and decreased
20:4n − 6 fatty acids levels [39]. The unmetabolized
long-chain fatty acids are �-oxidized to medium chain
dicarboxylic acids, which can accumulate, with an
increased excretion in peroxisome �-oxidation of fatty
acids resulting from a decreased mitochondrial response
[37].

Vitamin B2 is a cofactor for mitochondrial pro-
toporphyrinogen oxidase. In brain tissue, ATP pro-
duction pathways are selectively preserved with B2
deficiency. There is, however, a decrease of the less
critical FMN/FAD dependent pathways, leading to
decreased ferritin synthesis and hemin catabolism,
increased cytosolic free iron levels and H2O2 accu-
mulation, and decreased glutathione levels [40]. Iron
metabolism is also affected by riboflavin deficiency.
Riboflavin deficiency decreased heme formation in red
blood cells resulting in normochromic, normocytic ane-
mia. In other cells, the deficiency is expressed as a loss
of mitochondrial complex IV, induction of oxidative
stress and increased concentrations of free iron [41]. In
riboflavin responsive anemia, ferritin iron mobilization
is decreased as is iron absorption. There is thus increased
intestinal iron loss.

Riboflavin deficiency has still other enzymatic
effects. Glutathione reductase (NADPH: glutathione
oxidoreductase) requires FAD as a prosthetic group.
Riboflavin deficiency results in decreased FAD levels.
A consequence of this is that glutathione reductase
activity and levels of reduced glutathione are lower [42].
Riboflavin deficiency also decreases the activities of glu-
tathione peroxidase (H2O2: glutathione oxidoreductase),
catalase, aldose reductase (alditol: NADP oxidoreduc-
tase) and sorbitol dehydrogenase [42] without affecting
superoxide dismutase activity [43]. Similarly, the
mitochondrial oxidation of succinate, glycerophos-
phate, �-hydroxybutyrate, ketoglutarate, glutamate,
pyruvate and malate through their FAD-dependent

dehydrogenases was decreased by 50% in a rat model
of riboflavin deficiency [44]. Folate metabolism is
also affected by riboflavin deficiency. Decreased FAD
levels inhibited MTHFR activity which decreased dTTP
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ynthesis, CpG island methylation, increased uracil
ncorporation and the risk for chromosome breaks [1].
nother consequence of FAD deficiency is increased

irculating homocysteine levels. Other observed effects
re on peripheral nerve demyelination, thyroxine
etabolism, increased DNA strand breakage and

ncreased induction of DNA repair enzymes [39].
AD can also have an impact on choline metabolism
hrough the coenzyme role to sarcosine dehydrogenase.
hus, all methyl-carrier systems can be affected by

iboflavin deficiency. Although FAD is also involved
n methylcobalamin synthesis, there is no clear evi-
ence that riboflavin deficiency leads to cobalamin
eficiency. Finally, FAD is a cofactor of the erythrocyte
yridoxamine phosphate oxidase, the enzyme that
atalyzes the phosphorylation of pyridoxamine or
yridoxine phosphate to the active pyridoxal phosphate.
iboflavin deficiency has been found to induce pyridoxal
eficiency [39].

.4. Prevention of oxidative stress and
itochondrial toxicity by riboflavin

The potential for riboflavin therapy has been reported
n rodent studies [45,46]. The authors showed an
mprovement in mitochondrial respiration (electron
ransport chain) with supplementation of riboflavin in
ombination with other energy modulating vitamins.
iboflavin therapy was also shown to improve the
hemotherapeutic effect of tamoxifen in a rat model of
reast carcinogenesis [45]. A few human case reports
ave also been published in the recent years [47,48].
he authors showed, in the three patients reported,

hat riboflavin therapy was effective in cases of mul-
iple acyl-CoA dehydrogenase deficiency. Treatment
oth recovered the enzyme activity and improved com-
lexes I and II of mitochondrial electron transport
hain. Similar effects were reported with riboflavin ther-
py alone or in association with other vitamins for
reatment of complex I deficiency (reviewed in ref.

49]). General improvements of muscular tone and exer-
ise capacity were noted, suggesting riboflavin sup-
lementation as a promising additive to treatment of
yopathies.

ig. 3. Nicotinic acid metabolism from tryptophan. The reactions are cata
ynurenine hydroxylase, (4) kinureninase, (5) oxidase, (6) decarboxylase,
yrophosphorylase, (9) NMN ATPase, (10) NAD synthetase, (11) NADase,
ethyltransferase and (15) aldehyde oxidase. It is important to note the rol

yrophosphate anion; ADPR, adenosine diphosphate ribose; PRPP, phosphor
nteractions 163 (2006) 94–112 103

4. Niacin (Vitamin B3)

Niacin is a precursor to reducing groups nicotinamide
adenine dinucleotide (NAD+) and nicotinamide adenine
dinucleotide phosphate (NADP+). These molecules
are involved in more than 500 enzymatic reactions.
For the focus of this review, it is important to note
that NAD/NADP are involved in reactions pertaining
to mitochondrial respiration, glycolysis or even lipid
�-oxidation.

4.1. Niacin delivery from the diet to mitochondrial
enzymes

Foods rich in niacin include mixed dishes rich in meat,
fish or poultry, whole or enriched grain cereal and bread
products, and most fresh foods. Cereal products are for-
tified with niacin (nicotinic acid); multivitamin tablets
contain nicotinamide. Both nicotinamine adenine dinu-
cleotide phosphate (NADP+) and tryptophan in the diet
are major sources of nicotinamide or niacin with a con-
version ratio of 60:1 [2].

Niacin exists mostly as NAD+ and NADP+ in the
diet. Both are hydrolyzed by intestinally secreted NAD+

pyrophosphatase to NMN and ATP. NMN is hydrolyzed
to nicotinamide riboside and phosphorylated, releasing
ribose-1-phosphate and nicotinamide.

As shown in Fig. 1, nicotinamide is rapidly taken up
by enterocytes by simple diffusion. In the enterocyte it is
immediately metabolized via NMN to NAD+, catalyzed
by phosphoribosyltransferase and adenosyltransferase,
respectively. NAD+ is trapped in cells as it cannot
permeate membranes. Excess NAD+ can, however,
follow the reverse process. NAD+ is hydrolyzed,
catalyzed by glycohydrolase, to form nicotinamide that
diffuses out of the enterocyte into the portal blood.
It is transported to the liver where it is taken up by
diffusion and converted in the hepatocytes via NMN to
NAD+ and NADP+. Excess NAD(P)+ is hydrolyzed to
nicotinamide, releasing ADP-ribose.

Tryptophan is an essential amino acid and forms

NMN and hence NAD+ via quinolinic acid, as detailed in
Fig. 3. The pathway is dependent on the activity of quino-
linate decarboxylase, the rate-limiting enzyme of trypto-
phan catabolism to NAD+. Excess hepatocyte NAD(P)+

lyzed by: (1) tryptophan oxygenase, (2) kynurenine formylase, (3)
(7) quinolinic phosphoribosyl transferase, (8) nicotinate nucleotide
(12) deaminase, (13) nicotinic phosphoribosyl transferase, (14) N-l
e of B vitamins (formate, PLP) in the pathway. Abbreviations: PPi,
ibosyl pyrophosphate.
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is hydrolyzed to niacin which it is released from the
hepatocyte. There is little storage of nicotinamide and
excess nicotinamide will efflux the hepatocyte into the
plasma or will be methylated (catalyzed by nicotinamide
N1-methyltransferase) to form N-methylnicotinamide,
effluxed into the plasma and excreted in the urine. The
latter is also oxidized by liver aldehyde oxidase to form
N1-methyl-2-pyridone-5-carboxamide and N1-methyl-
4-pyridone-5-carboxamide, which are also excreted in
the urine. The urinary or serum levels of these N-
methylated nicotinamides are used to clinically assess
niacin deficiency that occurs in alcoholic pellagra, mal-
nourishment, AIDS and other diseases [50].

4.2. Essential role of NAD+ in mitochondrial
energy production and cellular function

As mentioned earlier, more than 500 enzymes need
niacin coenzymes. All of our energy production includ-
ing mitochondrial oxidative phosphorylation/citric acid
cycle and cytosolic glycolysis is dependent on these
enzymes. On entering the cells, nicotinamide is mostly
immediately metabolized to NAD+, which functions
as an electron carrier to form ATP by mitochondrial
respiration or glycolysis, and NADP+, which functions
as a hydrogen donor in the reductive biosynthesis
of fatty acids, steroids or as a coenzyme in pentose
synthesis in the pentose phosphate pathway. NAD+

and NADP+ are involved in oxido-reduction reactions
(tissue respiration), or reduction of poly(ADP)ribose
synthase. NAD+ is a coenzyme of dehydrogenase
enzyme complexes (as in Fig. 2) as well as other
enzymes of glycolysis (glycerophosphate, glycerophos-
phate, isocitrate, glyceraldehydes, glucose-6-phosphate
and lactate dehydrogenases). Niacin is central to our
energy metabolism. The NADH reduced during the
TCA cycle or other metabolic pathways can enter the
electron transport chain via complex I, the NADH:
coenzyme Q reductase, an FMN-dependent enzyme.
Each molecule of NADH oxidized back to NAD+ is
responsible for the synthesis of three ATP molecules.
NADPH is also necessary for regeneration of GSH and
thus sustaining the antioxidant balance of the cell.

4.3. Niacin deficiency

Niacin was discovered in the early 1900s during
an investigation of the association between pellagra, a

chronic wasting disease typically associated with der-
matitis, dementia and diarrhea, and cornmeal-based diets
[3]. The disorders and symptoms associated with niacin
deficiency are described in Tables 2 and 3. Most pro-
nteractions 163 (2006) 94–112

teins contain at least 1% tryptophan, which is a precursor
of nicotinic acid. Niacin deficiency is thus rare except
where the diet is deficient in tryptophan. Niacin sta-
tus is commonly assessed by the measure of urinary
excretion, plasma concentration or erythrocyte pyridine
nucleotides. Increased urinary niacin metabolite end-
products could provide a biomarker for peroxisomal
proliferation induced by drugs, such as cholesterol low-
ering drugs fenofibrate and simvastatin [51]. It could also
be useful as an assay for mitochondrial toxins.

NAD+ and NAD-dependent enzymes are affected by
niacin deficiency. A niacin deficient diet administered to
rats depleted liver and erythrocyte NAD levels whereas
brain NAD levels were not affected. In Japanese quails,
niacin metabolites and dependent enzymes were reduced
only in the pectoral muscle tissue [52]. KGDH and res-
piratory chain dehydrogenases activities were the most
affected. NAD(P)H can also act as a direct antioxi-
dant by scavenging various free radicals [53]. NAD+

deficiency leads to decreased mitochondrial membrane
potential, decreased ATP synthesis, decreased glycolysis
and increased inflammation signaling [53].

DNA repair is affected by niacin deficiency. NAD+

is used by poly(ADP-ribose) polymerase (PARP) to
synthesize poly(ADP ribose) which is used to repair
DNA. DNA single strand breaks induced by carcino-
gens activate PARP. This increases the formation of
poly(ADP)ribose that is then degraded by PAR glyco-
hydrolase during the base excision repair reactions. As
a consequence, NAD+ pools and ATP production are
reduced [54]. Niacin deficiency thus decreases DNA
repair, DNA methylation and increases DNA alkyla-
tion and oxidation [54]. In bone marrow, niacin defi-
ciency decreased NAD+ and poly(ADP)ribose levels and
increased DNA damage, spontaneous micronuclei for-
mation and sister chromatide exchange [55]. Niacin defi-
ciency thus appears to lead to an impaired DNA repair
system as NAD+ is necessary for a poly(ADP)ribose
response to DNA damage. Niacin deficiency decreases
NAD+ levels required for the poly(ADP)ribose protec-
tive response to DNA damage and decreases the repair
of DNA nicks and breaks [56]. If associated with folate
or cobalamin deficiency it leads to an increase risk of
DNA damage and chromosome breaks. Both cellular
and animal studies suggest that niacin deficiency can be
genotoxic and result in point mutations and chromoso-
mal instability, which may be the origin of cancers and
leukemia [57]. A genotoxic stress, such as irradiation

increases (ADP)ribose polymer synthesis and increases
free (ADP)ribose through the turnover of polymers.
(ADP)ribose is a glycating agent that can contribute to
the formation of advanced glycation endproducts (AGE)
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n nuclear proteins, the formation of reactive carbonyl
nd oxygen species, and ultimately, to protein and DNA
amage [53].

.4. Prevention of oxidative stress and
itochondrial toxicity by niacin

In dogs and rats, consumption of niacin deficient
iets results in pellagra-like conditions, “black tongue”
n dogs and a severe dermatitis in rats. Both conditions
ere reversed with liver concentrates, nicotinic acid or
icotinamide [58].

Niacin has antioxidant properties. The increased cel-
ular NADPH supply appears to increase the ability of
SH reductase to maintain GSH in the reduced state

nd thus to enhance the cells ability to detoxify H2O2
59]. Nicotinamide, tryptophan and isonicotinic acid
ere each more effective than �-tocopherol at inhibiting
oth rat brain mitochondrial ROS formation and pro-
ein oxidative damage, and lipid peroxidation induced
y ascorbate-Fe2+ [60]. Nicotinamide administration to
ats 6–10 h after carbon tetrachloride also prevented hep-
totoxicity attributed to radical-induced mitochondrial
oxicity [61].

The activity of NAD-dependent enzymes can be
ffected by niacin. Supplementation with niacin and
iboflavin decreased lipid peroxidation and glutathione
eroxidase, while it increased superoxide dismutase,
atalase (NADPH independent) and increased reduced
lutathione levels [45]. Nicotinamide given intraperi-
oneally prevented the global ischemia in the brain that
ecreased NAD+ and ATP levels. This was attributed
o increased NAD+ supply and PARP inhibition [62].
schemia reperfusion injury results in the loss of mito-
hondrial potential and apoptosis of cerebral vascular
ndothelial cells. This effect was reduced by niacin [63].
iacin deficiency reduced plasma niacin and reduced
epatic and mammary gland mitochondrial dehydroge-
ases (particularly �-ketoglutarate and respiratory chain
ehydrogenases) by 30–50%. The enzyme activity was
estored by niacin [46].

High intakes of niacin may pose a risk. Niacin pro-
ided at pharmacological doses requires high levels of
ethyl groups for catabolism. This can reduce the S-

denosylmethionine (SAM) pool and increase homocys-
eine levels in the plasma [64]. High niacin intake can
lso result in niacin-induced insulin resistance [64].
. Pantothenic acid (Vitamin B5)

Pantothenic acid is the precursor of coenzyme A
CoA), a molecule essential for 4% of known enzymatic
nteractions 163 (2006) 94–112 105

reactions. In the interest of this review it is important to
note the role of CoA in heme synthesis, lipid metabolism
or as a prosthetic group in the TCA cycle.

5.1. Pantothenic acid and CoA delivery from the
diet to mitochondrial enzymes

Pantothenic is widely distributed in foods as coen-
zyme A, particularly in animal organs, egg yolks, peanuts
and broad beans with smaller amounts in lean meat, milk,
potatoes and green leafy vegetables. Pantothenic acid is
found in all plant and animal cells. Levels, however, are
low in highly processed foods including refined grains,
fruit products and meat or fish with added fat or cereal
extenders.

Ingested CoA is hydrolyzed by phosphatases of the
intestinal lumen to pantetheine and is then split, by pan-
tetheinase secreted from the intestinal mucosa, into pan-
tothenic acid. Pantothenic acid is cotransported across
the brush-border membrane of the intestinal entero-
cyte with sodium via the sodium-dependent multivita-
min transporter (SMVT), which transports pantothenate,
biotin and lipoate [65]. As shown in Fig. 1, pantothenic
acid is transported by the portal vein to the liver where
it is again taken up by the SMVT with a Km of 11 �M.
Cysteine, ATP and five enzymes are involved in the syn-
thesis of CoA from pantothenic acid in the hepatocyte.
It is first metabolized in the cytosol and mitochondria to
4′-phosphopantetheine (PP), catalyzed by pantothenate
kinase (PanK). Then three cytosolic enzymes, PPcys-
teine synthetase, PPcystine decarboxylase and PPadeny-
transferase, with cofactors ATP and cysteine catalyze
the formation of dephospho-CoA which is then further
metabolized to CoA by ATP and dephospho-CoA kinase
located on the cytosolic side of the mitochondrial outer
membrane [66]. The rate-limiting step for CoA synthesis
is believed to be PPadenyltransferase [67]. Of particu-
lar interest is the neurodegenerative disease known as
Hallenvorden-Spatz syndrome, which was mapped to a
PANK2 gene mutation that codes for the mitochondrial
kinase involved in initiating intramitochondrial CoA
biosynthesis [66].

CoA transport to the mitochondria is initiated by bind-
ing to an adenine recognizing site on the mitochondria
and then transported by a specific, energy-dependent,
uptake process that is sensitive to electrochemical and pH
gradients. CoA transport is readily inhibited by uncou-
pling agents [68].
Pantothenic acid is present in the cell as two active
forms, CoA and acyl-carrier proteins. Excess cellular
CoA accumulation is prevented by a feedback inhibition
by CoA or acetyl-CoA of the first enzyme, pantothenate
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kinase. Upon catabolism, acyl-carrier proteins release
PP, which is regenerated to CoA, thus sustaining cellular
pool levels even during prolonged panthonenic acid
deficiency. The cellular CoA is separated into three
independent pools, mitochondrial (containing about
2.2 mM CoA), peroxisomal (20–140 �M CoA) and
cytosolic (<15 �MCoA) [68]. The mitochondrial pool
unlike the other pools is self-regenerating through
acetyl-CoA usage in the TCA cycle or ketone body
synthesis, fatty acid-CoA and synthesis of free CoA
from existing intermediates. The peroxisomal CoA pool
is smallest and depletes first. CoA is also degraded out-
side the mitochondria by lysosomal acid phosphatases
to form dephospho-CoA, which is degraded, catalyzed
by a plasma membrane nucleotide pyrophosphatase
to PP. The latter may then be dephosphorylated by
lysosomal phosphatase to pantetheine which is degraded
outside the cell by membrane associated extracellular
pantetheinases called vanins to form the antioxidant
cysteamine and taurine. Vanins are also upregulated
by oxidative stress [66,67]. Hepatic CoA levels range
from 136 to 434 nmol/g tissue and increase with high
fat diets, hypolipidemic drugs, fasting and diabetes
[66,67].

5.2. Essential role of CoA in mitochondrial energy
production and cellular function

CoA functions as an acyl group carrier and carbonyl-
activating group which is essential in the mitochon-
dria for mitochondrial PDH and KGDH of the TCA
cycle (see Fig. 2), the �-fatty acid oxidation pathway
and leucine metabolism. CoA is also required for the
oxidation of other fatty acids located in the peroxi-
somes and is also required for the first step of choles-
terol and fatty acid biosynthesis located in the cytosol
[68].

Heme synthesis requires CoA to form succinyl-CoA
from �-ketoglutarate catalyzed by �-ketoglutarate dehy-
drogenase of the TCA cycle. In the mitochondrial matrix,
succinyl-CoA and glycine are then condensed, catalyzed
by aminolevulinate synthase, the rate-limiting step of
heme synthesis. The �-aminolevulinic acid formed is
then exported to the cytosol where it is dimerized into
porphobillinogen, which goes through a series of car-
boxylation and oxidations in both the cytosol and mito-
chondria to form protoporphyrin IX, before the iron is
added to complete the structure. One heme unit thus

requires 8 moles of glycine and 8 moles of succinyl-CoA.
Pantothenic acid deficiency can thus inhibit heme syn-
thesis to the same extent as biotin deficiency [41,69] and
can lead to anemia.
nteractions 163 (2006) 94–112

5.3. Pantothenic acid deficiency

Pantothenic acid (pantoyl-�-alanine) was first iden-
tified in the early 1930s as an acidic substance required
as a growth factor for yeast and antidermatitis factor
for chicks [2]. The initial identification of this dietary
factor was based on the dermatitis in chicks and the loss
of Coat color in black and brown rats. Pantothenic acid
deficiency is not normally seen in humans. Only a few
other disorders have been associated with pantothenic
acid deficiency and are listed in Tables 2 and 3. An
RDA has not been established but 4–7 mg per day has
been suggested (reviewed by Tahiliani and Beinlich
[67]). Pantothenic acid status is commonly measured as
urinary excretion, blood, erythrocyte or plasmas levels
of pantothenic acid. Pantothenate deficiency in monkeys
depresses heme biosynthesis and causes anemia. A sub-
sequent decrease in cytochrome oxidase activity would
be expected to increase mitochondrial ROS formation
and accelerate cellular senescence [70]. Rats deficient
in pantothenate develop hypertrophy of the adrenal
cortex, with hemorrhage and necrosis [71]. Deficiency
in dogs produces hypoglycemia, and convulsions [72].
Pantothenate antagonists (calcium hopantenate or
pantoyl-GABA) can result in hepatic encephalopathy
associated with hypoglycemia, leukocytosis, hyper-
ammonemia, hyperlactatemia and elevated serum
transaminase levels. Pantothenate supplementation
rapidly reduces early symptoms of toxicity [68].

5.4. Prevention of oxidative stress and
mitochondrial toxicity by pantothenic acid

Pantetheine administered to rats prevented lipid per-
oxidation and hepatitis induced by carbon tetrachloride
and galactosamine. It also protected the heart from tox-
icity induced by experimental ischemia and reperfusion
(reviewed by Wojtczak and Slyshenkov [73]). Prein-
cubation of Ehrlich ascite tumor cells with pantothenic
acid inhibited UV irradiation-induced lipid peroxidation
but did not inhibit lipid peroxidation induced by the
Fenton reagent. No protection occurred at 0 ◦C. In vitro
liposome autoxidation was not affected by pantothenic
acid suggesting that pantothenic acid was not an antiox-
idant. Pantothenate supplementation also increased
hepatic GSH levels in Jurkat cells that was attributed to
increased ATP production as a result of increased mito-
chondrial CoA levels [74]. The cytoprotective effect of

pantothenic acid therefore likely resulted from increased
CoA and GSH levels [73]. Pantothenic supplementa-
tion also increased hepatic GSH and liver resistance
to irradiation, suggesting that GSH peroxidase and
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hospholipid-hydroperoxide GSH peroxidase may have
etoxified any hydroperoxides formed. Pantothenic acid
lso prevented the collapse of mitochondrial membrane
otential and restored ATP synthesis levels as well as the
ctivity of antioxidant enzymes, such as catalase, GSH
eroxidase, GSH reductase and the NADPH forming
alic enzyme in vitro and in vivo [73].
Pantothenate treatment could be useful in the treat-

ent of liver failure. Sodium benzoate is a common
reatment for hyperammonemia and non-ketonic hyper-
lycinemia. In HepG2 cells, sodium benzoate is acti-
ated by an ATP-dependent reaction with coenzyme-A
o form benzoyl-CoA, which then binds glycine to form
ippurate that can be excreted in the urine [75]. Pan-
othenic acid supplementation increased the cellular pool
f CoA thus allowing increased hippurate formation for
ower, non-toxic doses of sodium benzoate. A protec-
ive effect of pantothenic acid was also demonstrated in

mouse model of muscular dystrophy in which pan-
othenate supplementation improved muscular response
76]. The observed effect was associated with an indirect
timulation of glucose oxidation by increased levels of
ytoplasmic CoA synthesis, and mitochondrial CoA uti-
ization. This suggests that some enzyme complex of the
CA cycle or mitochondrial CoA transporter is impaired

n muscular dystrophy.

. Biotin (Vitamin B7)

Biotin is a prosthetic group for five cellular carboxy-
ases and plays a role mostly in lipid metabolism. An
ssential role for biotin is also as a keeper of genome
xpression through biotinylation.

.1. Biotin delivery from the diet to mitochondrial
nzymes

Biotin is found in natural food stuff and is at a high
oncentration in liver, egg yolk, soybeans and yeast but
s low in vegetables, fruits and most meat products. Mod-
rate food sources are cereals, legumes and nuts. Biotin
eficiency can be induced in individuals with the con-
umption of large amounts of raw egg white. Biotin defi-
iency is also observed in some epileptic patients treated
ith several commonly used anticonvulsant drugs [77]

nd in individuals receiving broad-range antibiotics.
As shown in Fig. 1, biotin is taken up by enterocytes

nd hepatocytes by the sodium dependent multivitamin

ransport (SMVT) system that also transports lipoic acid
nd pantothenate. In lymphoid tissues, biotin may also be
ransported by the monocarboxylate transporter, MCT1
hat has been located in the plasma and mitochondrial
nteractions 163 (2006) 94–112 107

membranes. Once in the cell, biotin distributes mostly
to the mitochondria and cytosol fractions with a small
amount in the nuclei (histones) and microsomal frac-
tions. Biotin is covalently attached to carboxylases cat-
alyzed by the holocarboxylase synthetase (HCS) in the
cytosol and mitochondria. This reaction is dependent
on an ATP supply to form a biotinyl-AMP interme-
diate. When carboxylases turnover by proteolysis the
biotin-�-aminolysine (biocytin) is released and biotin is
regenerated by hydrolysis catalyzed by biotinidase. The
biotin released is used for biotinylation of newly syn-
thesized carboxylases [78]. A regulatory role has also
been proposed for HCS as part of a signaling cascade
involving guanylate cyclase and cGMP-dependent pro-
tein kinase that triggers mitochondrial carboxylase gene
transcription and histone biotinylation [78].

6.2. Essential role of biotin in mitochondrial energy
production and cellular function

This water-soluble vitamin, like folic acid and S-
adenosylmethionine, transfers one carbon units but with
the most oxidized form that is CO2. Biotin is a coenzyme
for five mitochondrial carboxylases and is essential for
growth, development and normal mitochondrial and cel-
lular functions.

The carboxylases play an important part in energy
production and cellular function. Mitochondrial
pyruvate carboxylase catalyzes the first step in glu-
coneogenesis, in which pyruvate, CO2 and ATP
form oxaloacetate. The oxaloacetate is reduced to
malate, which leaves the mitochondria to regenerate
oxaloacetate in the cytosol. Here, it forms glucose
by gluconeogenesis. Cytosolic and mitochondrial
acetyl-CoA carboxylases I and II, respectively catalyze
malonyl-CoA formation from acetyl-CoA and the con-
trol enzyme modulated by hormones for regulating fatty
acid synthesis. The mitochondrial malonyl-CoA formed
acts by inhibiting carnitine palmitoyltransferase I, and
thus fatty acid oxidation. Mitochondrial propionyl-
CoA carboxylase participates in the last step of the
�-oxidation pathway for odd numbered carbon atoms by
catalyzing the reaction of propionyl-CoA, CO2 and ATP
to form methylmalonyl-CoA and succinyl-CoA, part of
the TCA cycle. Propionyl CoA is also formed by the
mitochondrial degradation of isoleucine, methionine,
threonine and valine, and feeds into the carboxylase for
further metabolism. Mitochondrial methylcrotonyl-CoA

carboxylase catalyzes the last-but-one step in the leucine
degradation pathway, by carboxylating methylcrotonyl-
CoA to form methylglutaconyl-CoA. This molecule is
then metabolized to form acetoacetate and acetyl-CoA.
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During biotin deficiency methylcrotonyl-CoA accu-
mulates in the mitochondria and depletes glycine
and succinyl-CoA. This prevents heme/cytochrome
synthesis and results in mitochondrial ROS formation
and premature cellular senescence [69].

Biotinylation is also affected by biotin deficiency.
Biotin has an important role in regulating gene expres-
sion by biotinylation of histones [79]. This has an impact
on gene silencing, cell proliferation, DNA repair path-
ways and cell death by apoptosis. Genes that are mod-
ulated in response to biotin include glucokinase and
phosphoenolpyruvate carboxykinase, involved in glu-
cose response.

6.3. Biotin deficiency

Biotin was first recognized as an essential nutrient
factor in mid 1930s, 10 years after the first reports of egg-
white injury syndrome, which was later recognized as a
model of biotin deficiency. A number of other conditions
have since been associated with biotin deficiency and are
listed in Table 2. Some inborn errors of metabolism have
been described that are linked to biotin deficiency and are
listed in Table 3. Humans and mammals have lost their
ability to synthesize biotin and only microorganisms syn-
thesize biotin including intestinal microorganisms. Clin-
ical findings of frank biotin deficiency are rare although
biotin deficiency has been found in 40% of pregnan-
cies [80]. Biotin status is commonly assessed by biotin
and 3-hydroxyvalerate excretion, plasma biotin and the
concentration of odd-chain fatty acids in the plasma
lipids. Rats become biotin deficient if provided with a
diet consisting of raw egg-white, which contains avidin,
a glycoprotein that specifically forms a tight complex
with biotin which is not dissociated in the GI tract. Such
rats developed neuromuscular disorders, severe dermati-
tis and loss of hair around the eyes (spectacle eyes). The
syndrome was inhibited by heating the egg white, by the
addition of a yeast extract, or by the addition of biotin
to the diet [81]. More recently, it has been shown that
low biotin levels, induced by dietary egg white diets,
can result in teratologic effects in mice and hamsters in
the absence of the biotin deficiency syndrome [82].

Carboxylases activity are decreased in biotin defi-
ciency. Mitochondrial pyruvate carboxylase (PC) and
propionyl-CoA carboxylase activities, but not their
mRNAs, were markedly decreased in liver, kidney and
muscle of biotin deficient rats. Brain was not affected.

Liver and kidney holocarboxylase mRNA, however, was
decreased [83]. Pyruvate carboxylase deficiency is asso-
ciated with fasting hypoglycemia, which is thought to
be linked to increased risk of sudden infant death syn-
nteractions 163 (2006) 94–112

drome (SIDS) as reported in Table 2. The enzyme
deficiency also leads more directly to increased pyru-
vate, and upstream molecules, such as lactate and ala-
nine [84]. These biomarkers, however, cannot be used
for detecting biotin deficiency as they appear in thi-
amin deficiency due to inactivation of pyruvate dehy-
drogenase complex. Acetyl-CoA deficiency causes an
impairment of lipid metabolism and decreased fatty
acid elongation. Lower propionyl-CoA decarboxylase
activity increases plasma propionate levels, leading to
propionate acidemia [85]. There is also an increased uri-
nary excretion of propionate and upstream metabolites,
such as isobutyrate, isovalerate, 2-methylbutyrate, 3-
methylcrotonate, hydroxypropionate, propionylglycine
and methylcitrate. With propionyl-CoA and acetyl-CoA
competing for the early steps of odd-chain fatty acid syn-
thesis, biotin deficiency results in increased plasma 15:0
and 17:0 fatty acids levels [86]. The increased plasma
odd-chain fatty acids levels is associated with increased
poly-unsaturated fatty acids, and decreased palmitate
and stearate fatty acid (16:0 and 18:0) levels [87] Finally,
biotin deficiency inhibits methylcrotonyl-CoA carboxy-
lase and increases the urinary excretion of methylcro-
tonate, methylcrotonylglycine and 3-hydroxyisovalerate
[88]. The increased methylcrotonoyl-CoA reacts with
cellular glycine [89], thus reducing the glycine pool.
The combination of decreased succinyl-CoA, due to defi-
ciency in propionyl-CoA carboxylase and glycine leads
to inhibition of heme synthesis in biotin deficiency [41].

6.4. Prevention of oxidative stress and
mitochondrial toxicity by biotin

There have been no reports of biotin having antiox-
idant properties or preventing cellular oxidative stress
or mitochondrial toxicity. However, biotin deficiency
in human lung fibroblasts caused a 40–50% decrease
in cytochrome heme associated with premature senes-
cence, likely as a result of ROS formation resulting from
impaired mitochondrial respiration. Mitochondrial toxi-
city resulting from inactivation of essential carboxylases
has been reported [83].

Biotin may be important in the development of dia-
betes. Biotin deficiency has been linked to impaired
glucose tolerance, associated with fasting hyperglycemia
and decreased glucose oxidation [90]. Biotin deficiency
can also affect gene expression other than carboxy-
lases. For instance, liver glucokinase activity is inhib-

ited. There was also limited evidence that marginal
biotin deficiency in rats can affect plasma glucose,
and perhaps result in insulin resistance [90]. Increased
biotin has been shown to improve glucose tolerance in
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Fig. 4. B vitamins and mitochondrial energy metabolism. This is a schematic and simplified view of the oxidative phosphorylation pathway (electron
transport chain (ETC) and ATP synthase) and the role of B vitamins in energy production. Only the reactions and enzymes relevant to the review are
detailed here. The electron transport chain contains the following component: (CI) NADH: ubiquitone oxidoreductase; (CII) succinate: ubiquitone
oxidoreductase; (CIII) ubiquitone: cytochrome c oxidoreductase; (CIV) cytochrome oxidase. Reactions: (1) �-ketoglutarate dehydrogenase, TPP
and FAD dependent, substrate CoA and NAD+; (2) succinate dehydrogenase, part of CIII, the only membrane-bound reaction of the TCA cycle;
(3) propionyl-CoA carboxylase, biotin dependent; (4) aminolevunilate synthase; pyridoxal-5-phosphate (PLP) dependent; (5) protoporphyrinogen
o , FMN
o and thu
d
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xidase, FAD dependent; �-KG: �-ketoglutarate. As shown, TPP, CoA
f the ETC. Biotin, CoA and FAD are involved in heme biosynthesis
epending on the needs of the cell.

treptozotocin-induced diabetes in rats [91]. Supraphys-
ological doses of biotin stimulate cGMP production and
nduce glucokinase activity as well as glucose-dependent
nsulin release from beta cells [92]. High doses of
iotin decrease fasting glucose levels in type II diabet-
cs that are non-responsive to sulfonylurea treatment,
y the cGMP/biotin-induced expression of glucokinase.
iotin has also been shown to both increase glucoki-
ase and decrease phosphoenolpyruvate carboxykinase
93]. It has been suggested that biotin could be used with
hromium picolinate as a co-treatment for type II dia-
etics. No studies, however, have been published on the
ffects of biotin deficiency on mitochondrial or cellular
etabolism of rats.

. Conclusions
This review of the scientific literature suggests that B
itamins play an essential role in regulating mitochon-
rial enzymes. We noted furthermore that mitochondrial
ntegrity and functions are compromised by dietary defi-
, FAD and NAD are involved in the TCA cycle and complex I and II
s in later part of the ETC. Succinyl-CoA can feed into either pathway

ciency of B vitamins or an increased dependency result-
ing from a genetic mutation of a B vitamin-dependent
enzyme. Preincubation of cells with thiamin or pyri-
doxal protected cells against mitochondrial toxins but
remains to be demonstrated for other Bs. Although not
yet demonstrated for biotin or riboflavin, evidence has
also been published that preincubation of cells with thi-
amin, pyridoxal, folic acid, cobalamin or pantothenic
acid increases their resistance to oxidative stress.

B vitamins are varied in structure. Their mode of cel-
lular uptake ranges from active transporters to passive
diffusion or endocytosis (Fig. 1). Although their cellu-
lar localizations and especially their tissue specificity
may sometimes vary, B vitamins are essential for opti-
mal mitochondrial and cellular functioning and form a
tight network of interconnected reactions.

Thiamin, riboflavin, niacin and pantothenic acid,

through their active metabolites have a direct effect
on mitochondrial aerobic respiration (TCA cycle) and
energy production (electron transport chain and ATP for-
mation), as summarized in Fig. 4. The role of biotin is,
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however, less evident. Secondary by-products of biotin-
dependent reactions, such as acetyl-CoA or succinyl-
CoA can feed into the TCA cycle and thus participate
in energy metabolism. This effect of biotin deficiency
would, however, only be detected in association with a
more generalized deficiency in all energy vitamins.

Few metabolic pathways are dependent on only one
vitamin, and thus a number of biomarkers would be
affected more by multiple deficiencies as could occur in
severe malnutrition. Specific identification of the orig-
inal cause of a given symptom is difficult and cannot
be based on a single isolated parameter because of the
close connections both in the metabolism and activity
of the vitamins. We need to identify metabolic path-
way deficiencies rather than isolated specific vitamin
deficiencies. Once identified, these deficiencies could
be overcome or reversed by multiple vitamin combi-
nation therapies/supplementations. Currently, the health
consequences to those humans with marginal B vitamin
deficiencies and the frequency of these deficiencies in
subsets of the human population are not known.
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