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Abstract: Tetrahydrobipterin (BH4) is a pivotal enzymatic cofactor required for the synthesis of
serotonin, dopamine and nitric oxide. BH4 is essential for numerous physiological processes at pe-
riphery and central levels, such as vascularization, inflammation, glucose homeostasis, regulation
of oxidative stress and neurotransmission. BH4 de novo synthesis involves the sequential activa-
tion of three enzymes, the major controlling point being GTP cyclohydrolase I (GCH1). Comple-
mentary salvage and recycling pathways ensure that BH4 levels are tightly kept within a physiologi-
cal range in the body. Even if the way of transport of BH4 and its ability to enter the brain after pe-
ripheral administration is still controversial, data showed increased levels in the brain after BH4
treatment. Available evidence shows that GCH1 expression and BH4 synthesis are stimulated by
immunological factors, notably pro-inflammatory cytokines. Once produced, BH4 can act as an an-
ti-inflammatory molecule and scavenger of free radicals protecting against oxidative stress. At the
same time, BH4 is prone to autoxidation, leading to the release of superoxide radicals contributing
to inflammatory processes, and to the production of BH2, an inactive form of BH4, reducing its
bioavailability. Alterations in BH4 levels have been documented in many pathological situations,
including Alzheimer's disease, Parkinson's disease and depression, in which increased oxidative
stress, inflammation and alterations in monoaminergic function are described. This review aims at
providing an update of the knowledge about metabolism and the role of BH4 in brain function,
from preclinical to clinical studies, addressing some therapeutic implications.

Keywords: tetrahydrobiopterin (BH4), guanosine-triphosphate-cyclohydrolase-1 (GCH1), cofactor, monoamines, depression,
Alzhemier, Parkinson.

1. INTRODUCTION
Tetrahydrobiopterin  (BH4)  belongs  to  the  chemical

group of pteridines, a widely distributed class of natural hete-
rocyclic  compounds  (Fig.  1).  Pteridine  chemical  ring  sys-
tems can exist  in several  oxidation states,  i.e.,  in  the fully
oxidized, dihydro (BH2; dihydrobiopterin),  and tetrahydro
(BH4) forms, but only the fully reduced form BH4 exhibits
biological  activity.  All  forms are synthesized from guano-
sine tri-phosphate (GTP) in the majority of prokaryotes and
eukaryotes cell types [1]. They were originally discovered in
butterfly wing pigments  and derived their  names from the
Greek “pteron” meaning wing.

BH4 was identified in 1958 as an essential cofactor for
phenylalanine hydroxylase (PAH), the enzyme that converts
phenylalanine (Phe) into tyrosine (Tyr) [2, 3]. Ten years lat-
er, its role was  shown as a cofactor for enzymatic  reactions
catalyzed by two other enzymes  involved in the  hydroxyla-

* Address correspondence to this author at the NutriNeuro - Université de
Bordeaux - 146 rue Léo Saignat - 33076 Bordeaux cedex;
Tel: (33) 05-57-57-92-35; Fax: (33) 05-57-57-12-27;
E-mail: sylvie.vancassel@inrae.fr

tion of aromatic amino acids, i.e., tyrosine hydroxylase (TH)
[4]  converting  Tyr  to  3,4-dihydroxyphenylalanine  (L-DO-
PA) and tryptophan 5-hydroxylase (TPH) converting trypto-
phan to serotonin [5] (Fig. 2). BH4 is also necessary for the
function of alkylglycerol monooxygenase (AGMO) [6]. Its
role as a cofactor for nitric oxide synthases (NOS) for the
production  of  nitric  oxide  (NO)  was  demonstrated  in  the
1990s [7, 8]. Due to its role as a cofactor for PAH and TH,
BH4  is  also  needed  in  the  production  of  norepinephrine
(NE) and adrenaline (A) that are synthesized from dopamine
(DA). The role of BH4 was particularly studied in the con-
text of phenylketonuria, a rare disease caused by functional
abnormalities of PAH, and leading to a deleterious accumula-
tion of Phe in the body (hyperphenylalaninemia). An atypi-
cal phenylketonuria subtype caused by mutations in the en-
zymes responsible for BH4 synthesis has also been identi-
fied [9, 10]. The 1970s saw the emergence of the first syn-
thetic form of BH4, also called sapropterin, whose uptake al-
lows recovery normalization of circulating Phe levels in pa-
tients [11-13]. With regard to human disease, several patho-
logical  situations,  including  Alzheimer's  disease  (AD),
Parkinson's disease (PD) and depression, have been suggest-
ed to be a consequence of restricted BH4 levels. This review
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aims  at  providing  an  update  of  the  knowledge  about
metabolism and the role of BH4 in brain function, from pre-
clinical to clinical studies, addressing some therapeutic im-
plications.

Fig. (1). Chemical structure of BH4.

2.  METABOLISM  OF  BH4  AND  MAINTAIN  OF
HOMEOSTASIS

The availability of BH4 depends on its synthesis, its en-
zymatic use and its regeneration after use. Two major syn-
thetic routes have been identified: the “de novo” synthesis
and the “salvage” routes. A so-called “recycling” pathway al-
so enables BH4 to be regenerated from BH2, the oxidized
and inactive form of BH4 (Fig. 3) [1, 14].

Guanosine  triphosphate  (GTP),  GTP  cyclohydrolase  1
(GCH1), GTPCH feedback regulatory protein (GFRP), dihy-
droneopterin triphosphate (NH2-triP), 6-pyruvoyltetrahydro-
biopterin synthase (PTPS), Phe, phenylalanine; 6-pyruvoylte-
trahydrobiopterin  (6-PTP),  sepiapterin  reductase  (SR),  te-
trahydrobiopterin (BH4), dihydrofolate reductase (DHFR),
dihydropteridine  reductase  (DHPR),  dihydrobiopterin  (B-
H2), dihydrobiopterin quinoid (qBH2). Adapted from [1].

2.1. Synthesis
At the peripheral and central levels, BH4 synthesis pro-

ceeds  via  the  de  novo  pathway,  starting  from  guanosine

triphosphate (GTP) and involving a system of three consecu-
tive enzymes: GTP cyclohydrolase 1 (GCH1), 6-pyruvoylte-
trahydrobiopterin synthase (PTPS) and sepiapterin reductase
(SR)  (Fig.  2).  GCH1  catalyzes  the  first  step  transforming
GTP to 7-8 dihydroneopterin triphosphate (NH2-triP) [15,
16].  This  last  compound  is  then  converted  by  PTPS  to  6-
pyruvoyltetrahydrobiopterin (6-PTP) [17, 18] that will form
BH4  via  a  three-fold  successive  reductions  reaction  man-
aged by SR [19, 20]. Aldoses and carbonyls reductases can
also catalyze one or more of the reductions provided by SR,
thus creating multiple alternative de novo pathways in the pe-
riphery, but not in the brain [1, 21]. Patients suffering from a
genetic  deficiency  of  the  SR,  therefore,  have  neurological
dysfunctions without displaying peripheral hyperphenylala-
ninemia  [22,  23].  In  humans,  GCH1  activity  can  be  in-
creased up to 100-fold under stimulation by interferon-gam-
ma  (IFγ)  or  interleukin  1beta  (IL1β),  for  example,  while
PTPS  and  SR  remain  slightly  increased  [24,  25].  Conse-
quently, PTPS becomes the rate-limiting enzyme in the path-
way, favoring neopterin formation that signs the cell-mediat-
ed immune activation [26, 27].

In rats, the highest GCH1 activity, which is correlated to
biopterin levels, was measured in the liver, followed by adre-
nal glands and kidneys [28, 29]. It is suggested that BH4 in
these  organs  is  supplied  not  only  by  intracellular  de  novo
biosynthesis but also by uptake from the blood when BH4 is
supplied exogenously [30]. GCH1 enzyme activity was also
measured in different brain regions, the highest levels in rat
being found in striatum and hypothalamus [29]. BH4, a prod-
uct of GCH1 activity, is highly distributed in a tissue-specif-
ic way in mammals, suggesting the presence of a tissue-spe-
cific regulatory mechanism to maintain cellular BH4 home-
ostasis [31]. Interestingly, it has been shown that the intesti-
nal microbiota also contains bacteria capable of generating
BH4, being a possible source for the body [32, 33].

Fig. (2). Main roles of BH4 as enzymatic cofactor in the synthesis of nitric oxyde, serotonin, tyrosine and dopamine.
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Fig. (3). Synthetic pathways for the de novo synthesis, salvage and recycling pathways of BH4. Dotted lines are the non-enzymatic reactions.
Neopterin and biopterin are degradation products that are eliminated by the body but cannot be re-transformed into BH4.

The final step of the de novo synthesis of BH4 is the con-
version of BH2 to BH4 by the dihydrofolate reductase (DH-
FR).  It  occurs  notably  when  the  last  reduction  of  6-PTP
transformation does not take place, resulting in the forma-
tion of 1-oxo-2-hydroxypropyl-BH4. This compound will be
rearranged into sepiapterin, which can be converted by SR
into dihydrobiopterin (BH2) and then reduced by DHFR to
reform BH4 [34, 35]. The role of DHFR is then important in
the synthesis of BH4, and to maintain BH4 / BH2 ratio [36]
throughout the transformation of the oxidized inactive BH2
into  BH4.  This  alternative  salvage  pathway  contributes  to
BH4 synthesis in the case of SR deficiency, in patients or in
KO mice [23, 37].

2.2. Recycling Route
The recycling pathway occurs after the use of BH4 by

aromatic amino acid hydroxylases (AAAHs) for the synthe-
sis of monoamines and NO. Then BH4 is regenerated in two
reactions: the hydroxy-4a derivative formed can be rapidly
transformed into qBH2 via the removal of a water molecule
and then regenerated to BH4 by dihydropteridine reductase
(DHPR) [38]. In the absence or reduction of DHPR activity,

qBH2 will rapidly be rearranged into BH2, which will be fur-
ther reduced into BH4 through the salvage pathway. Howev-
er, it has been shown in patients with DHPR mutations that
regeneration of BH4 using DHFR is not as effective as DH-
PR [39].

2.3. Synthesis Inhibition and Degradation
In the presence of high levels of BH4, GCH1-feedback

regulatory protein (GFRP) binds to GCH1, leading to inhibi-
tion of its activity (Fig. 3) [34, 40]. This post-translational
regulation  is  well  known  at  the  periphery  but  is  less  de-
scribed in the brain where GFRP is poorly expressed [41].
Many proteins interact with GCH1 as partners, differentially
modulating its activity and according to organs such as kid-
ney, liver, heart or brain. To date, no mechanism of active
degradation of BH4 has been demonstrated, probably due to
its instability at physiological pH and its rapid oxidation to
BH2 and biopterin [42].

2.4. BH4 Transport
Transport of BH4 and its ability to enter the brain after

peripheral administration is still controversial. It must first
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be noted that the bioavailability of BH4 following oral in-
take is low, due to an important renal elimination [43, 44].
Thus, the pool of circulating BH4 available for the brain re-
mains limited at any given time point. It is thus not surpris-
ing that early studies showed that very few or no peripheral-
ly  administered  radiolabeled  BH4  was  found  in  the  brain
[30, 45, 46]. It was also postulated that BH4 did not cross
the  blood-brain  barrier  (BBB)  because  of  its  hydrophilic
structure. However, others reported a significant increase in
BH4 brain levels after peripheral administration in rats [44,
47] or mice [46, 48-52]. We recently showed that peripheral
acute administration of 50 mg/kg BH4 to mice induced a sig-
nificant increase in BH4 levels in the brain, 3 hours after in-
jection  [53].  Most  studies  in  humans  and  primates  have
shown that oral administration of BH4 or sapropterin leads
to an increase in BH4 in the cerebrospinal fluid, suggesting
its entry into the brain compartment [54-57]. Using in-situ
brain  perfusion,  we  found  that  the  brain  uptake  clearance
(Clup) of BH4 was approximately 0.08 μl.g-1.sec-1,  consis-
tent  with  a  modest  rate  of  transfer  across  the  BBB  [53].
Overall, this suggests that BH4 access to the brain is limited
more by its rapid elimination from the blood than by an ina-
bility to cross the BBB.

More recently, Hasegawa and colleagues showed that in-
tracellular accumulation of BH4 was abolished by the DH-
FR  inhibitor  methotrexate,  leading  to  the  hypothesis  that
BH2 is the “transportable” form of BH4, allowing its intra-
cellular accumulation. Intracellular BH2 would then be re-
duced to BH4 by the rescue route [58-60]. It has also been
shown that this transmembranous passage was mediated by
the  equilibrative  nucleoside  transporters  ENT1  and  ENT2
[61],  at  the  periphery  and within  the  brain.  Organic  anion
transporters have also been shown to be carriers of BH4 and
/or BH2 in kidneys [62] and brain [63]. However, ex vivo re-
sults from rat brain synaptosomes suggest that BH4 crosses
passively through membranes [64].

BH4 contents in the brain may be saturated under physio-
logical conditions, whereas it can be increased by peripheral
administration in pathological conditions. Such cases will be
discussed in part 6 of this review. However, the very rapid
and uncontrollable conversion of BH4 to BH2 precludes any
definitive  conclusion,  and  studies  comparing  the  cerebral
passage of BH4 and BH2 remain to be done.

3. REGULATION OF BH4 SYNTHESIS
Modulation  of  BH4  synthesis  is  mainly  expressed

throughout the regulation of the activity of its limiting-en-
zyme [31]. Then cellular levels of Phe and BH4 exert an al-
losteric  regulation  of  GCH1  activity  via  their  binding  to
GFRP. GFRP induces the activity of GCH1 in the presence
of Phe, whereas it leads to inhibition of the enzyme in the
presence of BH4 (Fig. 3). GCH1 activity is also post-transla-
tionally regulated by phosphorylation, and transcriptionally
by  proinflammatory  mediators.  Then  available  evidence
shows that GCH1 expression and BH4 synthesis are stimulat-
ed by immunological factors, notably pro-inflammatory cy-
tokines, such as IL-1β, IFNγ, and tumor necrosis factor-al-

pha (TNFα), in response to pathogen invasion [24, 65-68].
In contrast, glucocorticoids and anti-inflammatory cytokines
(IL-4, IL-10, and transforming growth factor [TGF]-beta) in-
hibit endothelial BH4 synthesis. Induction of GCH1 by pro-
inflammatory factors has been observed in many tissues, in-
cluding the vascular endothelium and the brain, in endothe-
lial  cells and astrocytes [65, 69-71].  Immune activation of
GCH1 aims to increase BH4 bioavailability, in order to sup-
port iNOS function and NO production, contributing in turn
to the elimination of the pathogen [72, 73]. GCH1 transcrip-
tion occurs via activation of the nuclear factor-κB (NFκB),
JAK/STAT pathway [66]  and the  MEK/ERK kinase  path-
way  [69].  Under  immune  stimulation,  the  expression  of
PTPS and SR slightly increases [24, 25, 74], whereas GFRP
expression decreases [75]. The extent of GCH1 expression
being much higher than that of PTPS, the latter can become
limiting in inflammatory conditions and lead to the synthesis
of neopterin, a peripheral early marker of immune activation
in Human, at the expense of BH4 [24, 27, 76].

Although GCH1 is induced in pro-inflammatory condi-
tions, the question of the pro- or anti-inflammatory role of
the resulting BH4 is not clear. Once synthesized, BH4 can
act as an anti-inflammatory molecule and scavenger of free
radicals protecting against oxidative stress [77-79]. In addi-
tion, BH4 is prone to autoxidation in the presence of molecu-
lar oxygen, leading to the release of superoxide radicals and
therefore contributing to inflammatory processes [80]. Data
obtained in murine models of inflammatory and neuropathic
pain showed that pharmacological decrease in BH4 synthe-
sis induces analgesia via a reduction of neuronal hyperexcita-
bility and limitation of immune cell proliferation and inflam-
mation, supporting a pro-inflammatory role of BH4 [81, 82].
Lowering BH4 levels using 2,4-Diamino-6-hydroxypyrimi-
dine (DAHP) as a GCH1 inhibitor reduced neuropathic pain
in rats following nerve injury and inflammation, confirming
the pronociceptive action of excess BH4 production in the
somatosensory system [83]. Concomitantly, the sensory re-
sponses to non-inflammatory pain (mechanical or thermal)
of hph-1 mice deficient in BH4 are unchanged [84]. These
results are in agreement with clinical data reporting signifi-
cant reductions in both pain and inflammation in rheumatoid
arthritis  and  inflammatory  bowel  disease  patients  treated
with sulfasalazine [81], an inhibitor of SR [85] leading to re-
duced BH4 levels.

However, other studies have shown that supplementation
with BH4 in murine atherosclerotic models reduces vascular
inflammation  [86-88],  leukocyte  infiltration,  activation  of
macrophages,  and  expression  of  pro-inflammatory  cy-
tokines.  A  downregulation  of  pro-inflammatory  cytokines
has been described after BH4 treatment in a murine model
of pancreas transplantation [89]. This was associated with a
gain in the cell viability of the transplant and prolonged re-
cipient  survival.  Primary  cultures  of  neurons  depleted  in
BH4 showed increased vulnerability to hypoxia and oxida-
tive damage that lead to exacerbated cell death, illustrating
here the antioxidant action of BH4 [90]. Levels of neopterin
have been shown to increase after traumatic brain  injury  or
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Table 1. Summary of studies investigating the effect of BH4 administration on cerebral monoamines.

Route of BH4 administration Brain structure of interest Species Observation References
Superfused slices,

50 μM Mesencephalon Wistar rats 5HT release [29]

i.p., 50 mg/kg Striatum, hippocampus Wistar rats No change of 5HT tissue contents [47]
s.c., 100-1000 μM/kg Total brain hph-1 mice  5HT and metabolites tissue contents [48]

i.p., 50 mg/kg for
7 days Total brain SR KO mice DA tissue contents [49]

Oral, 50 mg/kg for
10 days Total brain ENU1/2 mice No change of DA, 5HT or metabolites tissue contents [51]

Oral, 20-100 mg/kg Total brain C57Bl6 mice  metabolites of DA and 5HT [52]
i.p., 50 mg/kg Nucleus accumbens C57Bl6/J mice stimulated-DA release [53]
i.v., 20 mg/kg CSF Rhesus monkeys No change of NA, DA, or 5HT synthesis [56]
i.p., 50 mg/kg Total brain New born PTPS ko mice  DA and 5HT tissue contents [120]
Retrodialysis,

0.25-1 mM Striatum Wistar rats  DA release [121]

Slices superfusion,
0.1 mM Striatum Sprague-Dawley rats  DA release [122]

Retrodialysis, 1 mM Prefrontal cortex, striatum Wistar rats  DA, 5HT, and glutamate release [123]
ICV 500 μg Whole brain Wistar rats  DA, 5HT and metabolites tissue contents [125]

Retrodialysis,
0.25 -1 mM Striatum Wistar rats  DA release [126]

Synaptosome incubation,
10-200 μM Forebrain Sprague-Dawley rats No change of 5HT release [127]

Superfused slices,
200 μM Hippocampus Sprague-Dawley rats No change of 5HT spontaneous release,

 stimulated release [128]

Retrodialysis,
1.25 -1 mM Hippocampus Wistar rats  DA, 5HT, and Ach release [129]

i.p., 50 mg/kg Striatum C57Bl6/J mice  L-DOPA release [130]
Abbreviations: ICV, intracerebroventricular; CSF, cerebrospinal fluid; i.v., intravenous; i.p., intra-peritoneal; Ach, acetylcholine; s.c., subcutaneous.

brain  infections,  indicating  a  local  production  by  nervous
cells, where it is supposed to exert cytoprotective and anti-in-
flammatory properties [27]. These data rather support here a
role for BH4 as an anti-inflammatory molecule.

Overall, the response of BH4 as a pro- or anti-inflamma-
tory molecule is complex and largely depends on the oxida-
tive status of the cell.

4. COFACTOR FUNCTION OF BH4 IN ENZYMATIC
REACTIONS

The  main  role  of  BH4  is  to  serve  as  a  cofactor  for
monooxygenase enzymes, which catalyze the insertion of a
single  oxygen  atom into  an  organic  substrate.  Families  of
monooxygenases  requiring  BH4  for  catalysis,  namely  the
AAAHs and the  NOS,  are  presented in  the  following sec-
tions.

AAAHs include  PAH,  TH and  TPH,  which  enzymatic
functions are strictly dependent on the presence of BH4, oxy-
gen and iron.  The reaction proceeds at  the active catalytic
site of the enzymes comprising a non-heme iron molecule.
BH4 allows the activation of oxygen during its  binding to
iron and the so formed oxo-iron complex allows enzymatic
hydroxylation of the substrate, i.e., Tyr, Phe or tryptophan.
During  these  enzymatic  reactions,  BH4  is  oxidized  and  a
pterin  4a-carbinolamine  intermediate  is  formed  [91,  92].

This derivative will be converted back to BH4 via the recy-
cling pathway. In the complete absence of regeneration, the
reaction is stoechiometric. NOS is a family of catalytic syn-
thases,  including neuronal  NOS (nNOS),  endothelial  NOS
(eNOS) and inducible stoechiometric NOS (iNOS) that syn-
thesize NO, the smallest known bioactive gas molecule [93,
94]. Basal NOS enzyme activity is due to a residual amount
of BH4 bound tightly to protein. NOS use BH4 differently
as compared to AAAHs and present greater affinity for the
cofactor  [95].  Thus,  the  Km  values  of  BH4  for  PAH  and
NOS are 2-3 μM and 0.02-0.03 μM, respectively. It has been
shown that  basal  BH4 synthesis appears to be adequate to
support iNOS activity, whereas BH4 production has to be in-
creased to support PAH activity [96]. In NOS function, BH4
acts as a single electron donor [97, 98], which is used to re-
duce and activate oxygen and to oxidize L-arginine to L-c-
itrulline and NO. This reaction is not stoechiometric and a
single molecule of BH4 allows the production of 15 to 26
molecules of NO [99, 100]. The dimer form is the active one
of NOS and the presence of BH4 is necessary for their dimer-
ization  [101-103].  Limitation  of  BH4  availability  leads  to
NOS  uncoupling,  generating  superoxide  rather  than  NO.
Moreover, superoxide anions and oxygenated free radicals
promote  the  oxidation  of  BH4  to  BH2,  its  inactive  form
[104, 105], contributing to maintain a BH4 deficiency state.
It  has  been shown that  BH2 competes  with  BH4 for  NOS
binding site making the BH4/BH2 ratio an important deter-
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minant  in  NOS  dimerization  and  function  [36,  106,  107].
Thus, oxidation of BH4 is both a cause and a consequence
of the monomerization and then uncoupling of NOS, creat-
ing a “vicious circle” that leads to the increase of oxidative
stress.

5. CENTRAL ROLES OF BH4
BH4 is an essential molecule for numerous well known

physiological processes such as proliferative activity, self-
-protecting factor for NO toxicity, vascularization, inflamma-
tion, glucose homeostasis and oxidative status [14]. In this
part, we will focus on its role in the central nervous system
(CNS) as a key regulator of monoaminergic neurotransmis-
sion and related behavior.

5.1. Cerebral Distribution of BH4
The  brain  distribution  of  BH4  is  heterogeneous  with

highly enriched areas in regions concentrating on monoamin-
ergic neurons expressing TH and TPH [108]. It has been con-
firmed that mRNA and protein expression of GCH1 predom-
inates  in  serotonergic  neurons  compared  to  noradrenergic
and dopaminergic neurons [109-111]. The expression of en-
zymes for BH4 synthesis is also observed in the monoamin-
ergic neurons of the Raphe nuclei, the substantia nigra and
the ventral tegmental area [112]. Thus, BH4 can be synthe-
sized in all monoaminergic cells and is readily available for
enzymes  requiring  it.  Primary  or  immortalized  culture
studies also showed that the system for BH4 synthesis is pre-
sent and functional in cerebral glial cells, with BH4 produc-
tion by astrocytes and microglia  after  immune stimulation
[65,  113,  114].  However,  immunohistochemistry  analyses
do  not  provide  evidence  of  colocalization  between  nNOS
and GCH1 [115]. This suggests that NOS cells may obtain
BH4  from  monoamine-containing  processes  which  termi-
nate in close proximity, or from the circulating pool.

5.2. Synthesis and Release of Neurotransmitters
As a cofactor of PAH, TH and TPH, BH4 is essential for

the synthesis of two major neurotransmitters: DA and sero-
tonin  (5HT).  It  is  also  essential  for  the  synthesis  of  NO,
which, apart from its vascular role, also acts as a modulator
of  neurotransmission.  Measurements  of  monoamine levels
in murine models of partial deficiencies in BH4 have con-
firmed its importance in monoamine synthesis. Accordingly,
reduced levels of 5HT and DA are measured in the brain of
hph-1  mouse  (hyperphenylalaninemia  1,  hph1  model),  in
which GCH1 is muted and brain BH4 levels decreased by a
half [48, 116, 117]. This effect is also observed in models of
genetic  inactivation  of  other  BH4 synthesis  enzymes,  i.e.,
SR (SR (-/-)  model)  [37,  118,  119]  and  PTPS (PTPS (-/-)
model) [120].

Since the 1990s, many studies have tested the effects of
BH4 supplementation on monoamine amounts in the brain
of  rodents,  with  divergent  conclusions  (Table  1).  Differ-
ences of the BH4 effect on monoamines amounts can be ex-
plained by the multiplicity of doses and modes of administra-
tion of BH4 but also by assay methods. Regarding DA, in

particular,  it  remains  unclear  whether  BH4-mediated  en-
hancement of release is due to an increase in DA synthesis
or to a direct pro-release effect, independently of its cofactor
action on TH. Indeed, it was shown that enhancement of DA
release  in  the  rat  striatum,  by  local  BH4  administration
through  retro-dialysis,  persists  at  a  lower  level  when  DA
biosynthesis is blocked by TH inhibition [121-124]. More-
over, we recently showed that increased BH4 brain levels in-
duced by acute administration of BH4 in mice led to a rise
in stimulated DA release in the nucleus accumbens, indepen-
dently of changes in DA transporters DAT or VMAT2 pro-
tein expression [53]. Our results rather support that the pe-
ripheral administration of BH4 leads to increased synthesis
and storage of DA, then ready to be released upon stimula-
tion.

5.3. Role of BH4 in Behavior: Lessons Learned from Ani-
mal Studies

Some clinical conditions are associated with defective in
BH4-pathway function, caused by mutations in genes encod-
ing the enzymes involved in its biosynthesis (GCH1, PTPS,
and SR) or regeneration. The clinical manifestation of BH4
deficiency largely varies according to the type of mutation;
however,  motor  and/or  cognitive  dysfunctions  and
monoamine neurotransmitter deficiency in the brain are re-
peatedly observed [131].  Preclinical  studies have been led
thanks to the development of congenital BH4 deficient mod-
els.

The hph-1 mouse model of dominantly inherited GCH1
deficiency is characterized by a great decrease in GCH1 ac-
tivity and BH4 biosynthesis in liver and plasma and a 50%
decrease in brain BH4 levels [84, 116, 132]. Whereas physi-
cal, sensorimotor reflexes and locomotor activity are identi-
cal to that of the wild-type control mice, hph-1 mice exhibit
anxiety  and  depressive-like  behavior.  These  behaviors  are
strongly dependent on serotonergic transmission [133, 134],
consistent with the decrease in 5HT levels observed in these
animals [135]. However, DA-dependent behaviors such as
locomotion  or  motivation  seem  little  affected  and  remain
poorly studied. SR(-/-) mice display quite different behavio-
ral  phenotypes  from hph-1  mice  despite  an  equivalent  de-
crease in BH4 brain levels [37, 119], with important locomo-
tor disorders in adulthood [49]. SR(-/-) mice also displayed
severe growth retardation, and loss of BH4 and monoamines
levels in the brain,  particularly due to reduced TH protein
levels [49, 118]. These mice have also been proposed as an
interesting model to study Parkinson disease (PD) since, as-
sociated with the dramatic  fall  of  TH protein in the brain,
they showed a tremor-like phenotype after weaning [136].
Homozygous KO mice for the PTPS with no BH4 biosynthe-
sis die after birth, emphasizing the crucial role of BH4.

Limited  data  are  available  on  the  effect  of  exogenous
BH4  administration  on  animal  behavior.  Asami  and
Kuribara [137] described an increased hyper-locomotion in-
duced by methamphetamine challenge after peripheral BH4
injection in mice (100 mg/kg). This pro-locomotor effect of
repeated BH4 administration was also reported in a rat mod-
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el of the neonatal serotoninergic lesion [138]. Latini et al.
[139] showed that BH4 administered i.c.v. enhanced aver-
sive memory in mice and rats through the activation of gluta-
matergic neurotransmission and cell threshold reduction trig-
gering  long-term  potentiation  (LTP).  We  recently  showed
that acute peripheral injection of BH4 induced an enhanced
amphetamine-stimulated DA release in the nucleus accum-
bens, associated with the improved performance of a motiva-
tional  task  [53].  Other  studies  also  reported  beneficial  ef-
fects  of  BH4 administration  in  congenital  BH4-deficiency
models. Thus, BH4-deficient mice lacking SR showed persis-
tently elevated BH4 and DA levels in the brain and fully res-
tored loss of TH protein after subchronic BH4 administra-
tion in infants, whereas supply during adulthood was less ef-
ficient [49].

Altogether, these data highlight the role of BH4 in cen-
tral functions, notably because of its action as a cofactor for
AAAHs and NOS activity. Moreover, BH4 administration is
suggested  to  be  beneficial  in  some  behavioral  conditions,
particularly  in  case  of  the  reduced  endogenous  pool  of
monoamines.

6.  INVOLVEMENT  OF  BH4  IN  NEUROPSYCHIA-
TRIC AND NEURODEGENERATIVE DISEASES

Recent years have seen the emergence of literature defin-
ing BH4 deficiency as a factor causing or aggravating symp-
toms  related  to  monoaminergic  neurotransmission  disrup-
tions, or to oxidative damage, due to its role as a coenzyme
for AAAHs and NOS. Supporting this assumption, decreas-
es in peripheral and/or central levels of BH4 have been ob-
served  in  several  neuropsychiatric  and  neurodegenerative
diseases  in  which  oxidative  stress  and  /  or  alterations  of
monoaminergic function are described. Based on these data,
the BH4 pathway is emerging as an important regulator for a
number of clinical conditions associated with the overpro-
duction of inflammatory mediators. Here, we will focus on a
possible role of BH4 in the onset or progression of depres-
sion, Parkinson and Alzheimer diseases.

6.1. Depression
Previous clinical studies reported low postmortem BH4

levels in the brain of subjects with a history of severe depres-
sion [140]. Conversely, higher urine and plasma total biop-
terin  levels  were  measured  in  depressed  patients  [28,
141-144],  possibly due to altered BH4 metabolism. More-
over, patients with dopa-responsive dystonia caused by an in-
herited defect in GCH1 show an increased prevalence of de-
pressive disorders and anxiety [145, 146]. These data high-
light the potential involvement of reduced bioavailability of
BH4 in the development and/or progression of the patholo-
gy. Increases in neopterin plasma levels were also reported
in  depression  [147-149].  Neopterin,  a  byproduct  of  BH4
(Fig 2),  reflects the activation of the cellular immune sys-
tem, which is important in the pathogenesis and progression
of depression. Then, an increasing amount of data, including
our, suggest a prominent role of inflammation in mood disor-
ders and particularly in depression [150-154]. A high preva-

lence of depressive symptoms has thus been described in pa-
tients treated with IFN-α, in correlation with increased lev-
els of IL-6 in the CSF of patients [155, 156]. Evidence of re-
duced  BH4  activity  has  also  been  shown  in  the  same  pa-
tients  throughout  a  higher  peripheral  blood  Phe/Tyr  ratio,
which in turn correlates with decreased CSF DA and its ma-
jor  metabolite  homovanillic  acid  (HVA).  Moreover,  it  is
well known that inflammatory stimulation activates iNOS,
which considerably increases the use of BH4 for optimal en-
zymatic activity, and induces the formation of large amounts
of oxygen radicals that, in turn, contribute to the oxidative
loss of BH4 [157]. Increased use of BH4 driven by a chronic
inflammatory state may lead to a depletion altering the func-
tion  of  BH4-dependent  enzymes,  especially  AAAH,  and
then  compromise  the  biosynthesis  of  monoamines,  which
may contribute to the development of mood disorders [155,
158]. Then, it is known that innate immune activation and
the release of inflammatory cytokines preferentially affect re-
ward circuitry and DA in the basal ganglia and contribute to
reduced motivation and motor slowing, core symptoms of de-
pression [159, 160].

Administration of BH4 has been tested in depressed pa-
tients with contrasting results, leading either to an improve-
ment in depressive symptoms [161, 162] or no effect [163].
However, it should be noted that most of these studies have
been carried  out  on small  cohorts.  It  has  also  been shown
that the Phe/Tyr ratio, used as a marker of GCH1 activity, de-
clines in depressive patient responders to electroconvulsive
therapy [164], in accordance with an increase in PAH activi-
ty. However, very few data are available concerning the pos-
sibility of targeting the BH4-pathway to improve the thera-
peutic antidepressant response. One study described in a Ja-
panese population of depressive patients that GCH1 was as-
sociated with antidepressant therapeutic response and may
predict response to this class of antidepressant [165]. More-
over, a particular SR promoter haplotype, involved in the fi-
nal  step  of  BH4 synthesis,  was  associated  with  the  occur-
rence of bipolar disorder and a better therapeutic response to
selective serotonin reuptake inhibitors (SSRI) [166]. Howev-
er, these data remain patchy and further clinical investiga-
tions  in  larger  cohort  samples  are  needed.  A  preclinical
study showed that antidepressant treatment reduced BH4 lev-
els in the frontal cortex of mice under stress conditions, in
parallel to a reduced DA and 5HT turnover [167]. These da-
ta raise the possibility that a defect in the BH4 pathway can
underlie  certain  depressive  syndromes  and  impact  the  re-
sponse to antidepressant treatment.

6.2. Parkinson Disease
Inherited  disorder  of  BH4-related  enzymes  produces  a

phenotype of PD-like movement disorders, including dysto-
nia alleviated following treatment with L-DOPA [168, 169].
Loss-of-function mutations in GCH1 result in striatal DA de-
pletion and DOPA-responsive dystonia but also to nigrostria-
tal cell loss [170]. Accordingly, GCH1 variants are associat-
ed with an increased risk for PD [171, 172]. An early study
reported a lower BH4 concentration in the CSF of PD pa-
tients  [173,  174].  It  was  confirmed  in  the  following  years
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that levels of BH4 and activity of GCH1 were markedly de-
creased in the substantia nigra and striatum of PD patients
[175, 176]. Depleted concentrations of both DA and 5HT in
the caudate-putamen (~98 and ~50%, respectively) are ob-
served in neuropathologically-confirmed PD cases [177]. By
contrast, postmortem mRNA levels of SR were reported to
be increased in the cerebellum of PD patients [178]. The in-
crease in the expression of the SR gene may suggest a com-
pensatory effect in PD brain in order to mobilize the salvage
pathway for BH4 synthesis,  and involvement of SR in PD
pathogenesis.  The  loss  of  monoaminergic  BH4-containing
neurons in PD stands as an obvious explanation for this BH4
deficiency state. However, a suboptimal availability of the
cofactor may also be an early and significant contribution to
the events leading to neuronal damages associated with PD.
Thus, BH4 has been shown to exert toxicity on DA-produc-
ing cell lines by oxidative stress, and that may represent a
mechanism by which selective degeneration of dopaminerg-
ic terminals and neurons occurs [179-182]. Data showed that
BH4  could  induce  cyclo-oxygenase  (COX-2)  expression,
which in turn is responsible for DA oxidation, leading to the
preferential vulnerability of dopaminergic cells in PD [183].
Moreover, preclinical studies showed that intranigral and in-
trastriatal BH4 injection causes a loss of TH immunoreactivi-
ty and decreases DA content in rats, by apoptotic and mito-
chondrial dysfunction mechanisms [184-186]. Intranigral in-
fusion of iron generates behavioral PD model, and causes in-
creases in production of both highly oxidable DA and BH4,
which in turn compete to generate oxidative stress leading to
a degeneration of the nigrostriatal pathway [187]. Very re-
cently, the perturbation in BH4 metabolism was shown to be
involved in early and persistent DA depletion in the striatum
of MPTP-treated mice, a rodent model of PD, whereas ad-
ministration of BH4 restored DA contents and TH activity
[50]. The therapeutic efficacy of BH4 for the treatment of
PD patients was suggested decades ago, but clinical studies
reported minimal effects [188, 189].

Timing of BH4 supplementation across the progression
of the disease is crucial, the earliest the more efficient, when
a  substantial  proportion  of  dopaminergic  neurons  remain.
Gene therapy assays with genes involved in the production
of DA, namely, TH, aromatic L-amino acid decarboxylase
(AADC) and also GCH1, as limiting enzyme for the synthe-
sis of BH4, are in progress in preclinical and clinical trials
[190-192].  Significant  behavioral  improvement  in  move-
ment disorders was observed to last months or years in dif-
ferent models of PD [193-195]. Initial TH gene therapy ex-
periments in animal models showed that a parallel source of
BH4 was required to achieve sufficient  L-DOPA levels in
the brain [193, 196]. Optimizing transgene configuration has
been  developed  to  maximize  DA  production  [197,  198].
Therefore, while its role in pathophysiology or in compensa-
tory mechanisms remains unclear, BH4 remains to this day a
key element to consider in PD and in its treatment.

6.3. Alzheimer Disease
Case-control  studies  have  reported  decreased  levels  of

BH4 and/or its metabolites (BH2 and biopterin) in plasma

[199], or in brain regions of AD patients [173, 200-202]. A
post-mortem study reported impaired brain synthesis capaci-
ty for BH4 without alteration of the recycling pathway in the
brain  of  patients  with  AD  [200].  Increases  in  neopterin
serum levels from AD patients have also been observed, in-
dicative of  a  pro-inflammatory immune status  and/or  con-
comitant reduction of BH4 formation [203-205]. Together,
these studies suggest that BH4 is oxidized in patients suffer-
ing from AD, and less available for its use as an enzymatic
cofactor.  This  parallel  decrease  in  BH4  levels  and  an  in-
crease in neopterin is also described in normal aging [152,
206]. While these changes might be consequences of the dis-
ease, a decrease in BH4 bioavailability could also contribute
to increase the risk of developing the neurodegenerative dis-
ease  with  age,  particularly  by  promoting  oxidative  stress
[173].  The  reduced  availability  of  BH4 in  AD could  con-
tribute to alter monoaminergic neurotransmission, known to
play a role in AD symptoms. Many clinical studies found re-
ductions of 5HT, along with its metabolites and receptors in
AD postmortem  brain tissue [207]. The dopaminergic sys-
tem  is  also  altered  in  AD,  with  a  reduction  of  DA,  main
metabolites, and dopamine receptors [208, 209].

To our knowledge, no clinical study has tested the poten-
tial therapeutic effect of BH4 administration in AD. Preclini-
cal  studies  led  to  animal  models  of  AD confirmed  the  in-
volvement of BH4 oxidation in the pathogenesis of the dis-
ease. For example, d’Uscio et al. [210] showed reduced lev-
els of BH4 in the aorta of transgenic Tg2576 mice overex-
pressing mutated human Amiloyd β precorsor protein (AP-
P), caused by increased oxidation and reduced GCH1 activi-
ty. It has been proposed that this reduced bioavailability of
BH4 is a major mechanism responsible for the pathogenesis
of  endothelial  dysfunction  in  cerebral  microvessels  of  the
AD mice, causing increased oxidative stress that contributes
to catabolize BH4 in a vicious cycle [211]. However, the ad-
ministration of PPARδ (peroxisome proliferator-activated re-
ceptor delta) receptor agonist normalizes GCH1 activity and
restores the amount of BH4, allowing recovery of normal en-
dothelial  function  [210].  It  has  been  recently  shown  that
BH4 administration improves memory acquisition, consoli-
dation  and  hippocampal  plasticity  in  mice  [139].  Further-
more,  BH4 supplementation in individuals  with phenylke-
tonuria improves working memory and neuronal activity in
the prefrontal cortex [212]. This evidence leads to consider
BH4 as a potential co-treatment for memory deficits, particu-
larly in pathological conditions such as AD [173]. The role
of BH4 as adjunctive treatment in AD is particularly interest-
ing in view of its anti-inflammatory and anti-oxidant proper-
ties. Neuroinflammation and oxidative stress are key compo-
nents  and  neuropathological  features  of  AD  [213-215].
Oxidative stress and the immune response participate all to-
gether in a close relationship in the molecular, cellular, and
behavioral effects of AD, leading to cognitive impairment.
For instance, the pro-inflammatory cytokine IL-1β is upregu-
lated in the human AD brain and plasma [216-218] and ge-
netic polymorphism of IL-1β is associated with a higher risk
of  developing  AD [219].  Studies  in  mouse  models  of  AD
have shown that IL-1β is involved in Aβ production and ag-
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gregation [220, 221], which in turn up-regulates IL-1β pro-
duction through the NLRP3 inflammasome activation [222,
223].  Oxidative  stress  can  be  either  causative  or  consecu-
tive, to protein aggregation that occurs in AD [224]. Besides
its action on monoaminergic transmission, supplying BH4 to
reduce  inflammation  and  oxidative  stress  could  then  be  a
promising strategy to prevent AD and its symptoms.

Interestingly, BH4 supplementation could also improve
peripheral  metabolic  disorder  that  is  associated  with  AD
such  as  glucose  intolerance  and  insulin  resistance  [225,
226]. Indeed, the beneficial effect of BH4 administration has
already  been  observed  in  various  mouse  models  of
metabolic  disturbances [227-229].  Particularly,  BH4 treat-
ment ameliorates glucose tolerance and insulin resistance by
suppressing hepatic gluconeogenesis [228]. We showed that
insulin challenge could reverse the high-fat diet (HFD)-in-
duced  metabolic  disturbances  and  cognitive  alterations  in
the 3xTg murine model of AD [230]. Thus, given its ability
to regulate metabolism, oxidative stress and inflammation,
BH4 could be useful for AD and related dementias associat-
ed with metabolic impairments.

CONCLUDING  REMARKS  /  THERAPEUTIC
STRATEGIES FOR FUTURE

Data presented in this review showed that despite the crit-
ical  role  of  BH4 for  the  synthesis  of  DA and 5HT is  well
known,  the  effect  of  exogenous  BH4  administration  on
monoaminergic neurotransmission and related behaviors is
poorly characterized. Alterations in BH4 levels are observed
in many pathological situations. However, very few studies
have characterized the effects of BH4 supplementation in an-
imal  models  and  clinical  trials  are  needed.  Some  data
suggest that BH4 administration represents a potential and
complementary approach, helping to improve some cogni-
tive  or  affective  alterations  associated  with  specific  neu-
ropsychiatric or neurodegenerative diseases. However, rela-
tively high costs of BH4 synthesis, associated with a limited
CNS bioavailability, would likely require the administration
of large doses to reach therapeutic effect. A complementary
strategy  would  be  to  increase  BH4  synthesis  or  limit  its
oxidative  degradation.  As  an  example,  folic  acid  (vitamin
B), and in particular its active metabolites 5-methyltetrahy-
drofolate, may reduce BH4 oxidation and increase the recy-
cling  of  BH2  to  BH4  by  increasing  DHFR  activity
[231-234]. Clinical trials have also demonstrated the effica-
cy of L-methylfolate in the treatment of residual symptoms
in  depressed  patients  treated  by  SSRI  [235].  These
molecules seem promising to increase BH4 concentrations
in key tissues while overcoming the constraints related to its
pharmacological administration. Still, additional preclinical
data are needed to better design clinical trials using BH4 sup-
plementation in various potential pathological conditions. In-
creased knowledge is also needed about BH4 reciprocal in-
teraction with biological systems and its various regulators,
to be able to adjust BH4 supply according to the inflamma-
tion and/or the redox state of the cell and to obtain beneficial
physiological effects.

LIST OF ABBREVIATIONS

A = Adrenaline
Ach = Acetylcholine
AADC = Aromatic L-Amino Acid Decarboxylase
AD = Alzheimer Disease
AGMO = Alkylglycerol Monooxygenase
AAAHs = Aromatic Amino Acid Hydroxylases
BBB = Blood Brain Barrier
BH2 = Dihydrobiopterin
BH4 = Tetrahydrobiopterin
COX-2 = Cyclooxygenase-2
CSF = Cerebrospinal Fluid
DA = Dopamine
DAHP 2 = 4-Diamino-6-hydroxypyrimidine
DAT = Dopamine Transporter
DHFR = Dihydrofolate Reductase
DHPR = Dihydropterin Reductase
eNOS = Endothelial Nitric Oxide Synthase
ENT = Equilibrative Nucleoside Transporters
GCH1 = Guanosnine Triphosphate Cyclohydrolase-1
GFRP = GTP Cyclohydrolase Feedback Regulatory

Protein
GTP = Guanosine Triphosphate
HVA = Homovanillic Acid
HFD = High Fat Diet
hph-1 = Hyperphenylalaninemia 1 hph1 Model
5HT = 5-hydroxytryptamine, Serotonin
i.c.v. = Intracerebroventricular
IFγ = Interferon γ
IL = Interleukin
iNOS = Inducible Nitric Oxide Synthase
i.p. = Intraperitoneal
i.v. = Intravenous
KO = Knock Out
L-DOPA = 3, 4-dihydroxyphenylalanine
NE = Norepinephrin
NFκB = Nuclear Factor-kappa B
NH2-triP = Dihydroneopterin Triphosphate
nNOS = Neuronal Nitric Oxide Synthase
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NO = Nitric Oxyde
NOS = Nitric Oxide Synthase
PAH = Phenylalanine Hydroxylase
PD = Parkinson Disease
Phe = Phenylalanine
PPAR = Peroxisome Proliferator-Activated Receptor
PTPS = 6-pyruvoyltetrahydrobiopterin Synthase
qBH2 = Dihydrobiopterin Quinoid
s.c. = Subcutaneous
SR = Sepiapterin Reductase
SSRI = Selective Serotonin Reuptake Inhibitor
TH = Tyrosine Hydroxylase
TNFα = Tumor Necrosis Factor α
TPH = Tryptophane Hydroxylase
Tyr = Tyrosine
VMAT2 = Vesicular Monoamine Transporter 2
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