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TREATMENT OF ESOPHAGEAL MOTILITY
DISORDER USING SEPIAPTERIN,
TETRAHYDROBIOPTERIN AND
DERIVATIVES THEREOF

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a divisional application of and claims
priority to U.S. application Ser. No. 12/928,829 filed Dec.
20, 2010 (U.S. Pat. No. 8,669,258), which is a continuation-
in-part of U.S. application Ser. No. 11/978,335 filed Oct. 29,
2007 (U.S. Pat. No. 7,863,275), which claims priority to
provisional application U.S. Ser. No. 60/855,275 filed Oct.
30, 2006. This application claims priority to and incorpo-
rates by reference all the above referenced applications in
their entirety.

FEDERAL FUNDING LEGEND

This invention was made with government support under
Grant Numbers R21DKO76704 and 3R1DKO076704-03S1
awarded by the National Institutes of Health. The govern-
ment has certain rights in the invention.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to the fields of pharmacol-
ogy and treatment of diseases, particularly gastrointestinal
dysfunction. More specifically, the present invention dis-
closes in one aspect the acceleration of gastric emptying by
tetrahydrobiopterin (BH4) and derivatives thereof.

2. Description of the Related Art

Gastroparesis is a devastating disease affecting predomi-
nantly young women, with a female:male ratio of 4:1 (1).
Although a variety of diseases are associated with gastro-
paresis, the two most common subtypes are diabetes and
idiopathic diabetic gastropathy (2-3), a syndrome of delayed
gastric emptying leading to nausea, vomiting, postprandiol
fullness, abdominal pain and early satiety. Because of its
chronic and often intractable nature, the disorder has a
tremendous impact on both patients and society (4-5). Long
standing and poorly-controlled diabetes results in the dis-
turbance of several gastric functions such as gastric myo-
electric activity, antroduodenal motor activity, gastric emp-
tying and gastric visceral sensation (6). Although delayed
gastric emptying has long been taken as a hallmark of this
condition, in recent reports most experts concur that this
correlates poorly if at all with clinical symptoms (6-7). The
biggest barrier to the development of effective therapy for
gastroparesis has been the lack of understanding of its
pathogenesis and/or pathophysiology. Consequently, treat-
ment has been empirical and only partially effective, if at all,
in relieving major symptoms.

Normally, gastric motility is regulated in large part by
neurons of the enteric nervous system located in the muscle
wall (2). These neurons are either excitatory (releasing
acetylcholine) or inhibitory (releasing nitric oxide and vaso-
active intestinal peptide). Nitric oxide (NO) is the principal
non-adrenergic non-cholinergic (NANC) inhibitory neu-
rotransmitter in the gastrointestinal tract and is produced by
neuronal NOS, expressed in inhibitory enteric neurons
(8-14). NO activates soluble guanylate cyclase (sGC), pro-
ducing an increase in the intracellular cyclic guanosine-3',
5'-monophosphate (cGMP), leading to muscle relaxation
(12, 15-17). Nitrergic signaling is particularly responsible
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for gastric accommodation and pyloric relaxation in
response to a meal. The importance of NO in gastric function
was established by the findings of pyloric hypertrophy and
gastric dilation in mice with a targeted genomic deletion of
neuronal nitric oxide synthase (nNOS-/-) (18-19). Vagal
modulation of enteric neuronal function (both inhibitory and
excitatory) also plays an important role in gastric physiology
and is predominantly cholinergic in character (20-21).

Expression of nNOS is distinguished by a remarkable
diversity. Different 5' mRNA variants of nNOS are reported
in various tissues including the gut (22-26). 5' mRNA
variants of nNOS are generated either by alternative pro-
moter usage resulting in different mRNA that encode for the
same protein (nNOS alpha, 155 KDa) or alternative splicing
encoding NH(2)-terminally truncated proteins (nNOS beta
and gamma) that lack the PDZ/GLGF domain for protein-
protein interaction (23-24, 26-27). nNOS mutant mice, in
which exon 2 (encoding for the PDZ/GLGF motif) and,
consequently, full length nNOSalpha, was disrupted, main-
tain some nNOS expression due to presence of nNOSbeta
and nNOSgamma. However, gastric function is severely
affected with delayed gastric emptying (18-19). These stud-
ies suggest that nNOSalpha, but not other proteins, are
essential for normal gastric motor function. The molecular
mechanisms responsible for impaired NO function in dia-
betes remains incompletely understood with both a decrease
(28-29) and an increase (30) in nNOS expression being
reported in the literature.

In diabetic gastric dysfunction, antral motility and the
co-ordination of pressures between antrum and duodenum
are diminished. Antral hypomotility has been recorded with
intraluminal transducers in patients with diabetes mellitus.
Abnormal gastrointestinal motility in diabetes mellitus is
likely multifactorial in origin, reflecting disturbances in
enteric and vagal neural activity as well as interstitial cells
of Cajal (ICC) and smooth muscle function. Of these, enteric
neuropathy may be particularly important (11, 31-35). Sev-
eral studies of animal models of diabetes have convincingly
shown disturbances in enteric nerves, particularly involving
nitrergic nerves (36-40). Impairment in nitrergic relaxation
resulting from either neuronal loss or dysfunction may
contribute to gastropathy in both streptozotoci (STZ)
induced diabetes (28, 41) as well as spontaneously diabetic
male rats and mice (42). These disturbances provide a
rational pathophysiological explanation for observations of
decreased gastric compliance and pyloric relaxation noted in
diabetic patients. In the absence of effective nitrergic output
to muscle, gastric accommodation is impaired, resulting in
early satiety and discomfort. Further, a functional obstruc-
tion at the gastric outlet due to a non-relaxing pylorus leads
to delayed emptying (38, 43-45). Diabetic rats and mice
show defects in nitrergic relaxation and nNOS expression
before neuronal degeneration in the pyloric sphincter and
this was reversed by insulin treatment (28, 38).

Several co-factors are known to be important for nNOS
activity, including NADPH, calcium and tetrahydrobiopterin
(BH4). Tetrahydrobiopterin regulates the homodimeric con-
formation of all three isoforms of NOS [endothelial(e)NOS;
inducible(i)NOS; neuronal(n)NOS] (46). BH4 also serves as
a cofactor for three aromatic amino acid hydroxylases:
phenylalanine (PAH), tyrosine hydroxylase (TH), and tryp-
tophan hydroxylase (TPH). Additionally, BH4 is scavenger
of oxygen-derived free radicals. BH4 has been clinically
investigated as therapy for phenylketonuria (PKC), Parkin-
son’s disease, dystonia, depression, Rett Syndrome, infantile
autism, senile dementia, Alzheimer’s disease and atheroscle-
rosis. Lack of BH4 biosynthetic genes causes several abnor-
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malities in mice. Incubation with saturating concentrations
of tetrahydrobiopterin induces substantial conformational
changes in the homodimeric structure of nNOS, yielding a
stabilized nNOS dimer with maximal NO-producing activity
(47-48). In mice, the highest levels of tetrahydrobiopterin
are found in the liver, adrenals and stomach (49). Tetrahy-
drobiopterin synthesis occurs via two distinct pathways: a de
novo synthetic pathway which uses GTP as a precursor and
a salvage pathway for preexisting dihydropterins (50-51).

GTP cyclohydrolase 1 (GTPCH1) is the rate-limiting
enzyme for tetrahydrobiopterin de novo pathway leading to
synthesis of dihydroneopterin triphosphate. Treatment of
HEK293 cells with 2,4-diamino-6-hydroxypyrimidine
(DAHP), an inhibitor of GTPCHI leads to depletion of
tetrahydrobiopterin, destabilization of the dimeric form of
nNOS and enhanced ubiquitinylation of nNOS (52). How-
ever, addition of sepiapterin, a precursor of tetrahydrobiop-
terin in the salvage pathway, completely reverses the effect
of DAHP on nNOS destabilization (52-53). In the absence of
tetrahydrobiopterin, uncoupling of NO production occurs
and electron flow from the reductase domain to the oxygen
domain of nNOS is diverted to molecular oxygen rather than
L-arginine. This leads to super oxide production; super
oxide in turn not only degrades NO, but also forms per-
oxynitrite a potent oxidant that can rapidly oxidize BH4 to
BH3+ and subsequently to BH2. BH2 may compete with
tetrahydrobiopterin for nNOS binding, resulting in further
impaired nNOS bioactivity.

There is considerable evidence supporting an important
role for impairment in the tetrahydrobiopterin biosynthetic
pathway in mediating dysfunction of NOS isoforms such as
eNOS both in vivo and in vitro. DAHP, a GTPCHI1 inhibitor
reduces the sensitivity to acetylcholine (endothelium-depen-
dent)-induced vascular relaxation (mediated by NO) in
normal mice and this inhibitory effect was shown to be
restored by addition of tetrahydrobiopterin in vitro (54).
Treatment of diabetic vascular endothelial cells with sepi-
apterin (the tetrahydrobiopterin precursor in the salvage
pathway, (FIG. 1), significantly improves NO synthesis.
Preincubation of vascular rings with either tetrahydrobiop-
terin or sepiapterin enhances Ach (acetylcholine-)-induced
relaxation in diabetic mice (55-57). In addition, dietary
supplementation of sepiapterin increases ACh-induced vas-
cular relaxation in diabetic mice (54). In cultured endothelial
cells exposed to high glucose (58), ex vivo gene transfer of
GTPCHI restores eNOS dimerization, attenuates impaired
endothelium-dependent relaxation and increases NO pro-
duction (59-60). Selectively augmenting endogenous tetra-
hydrobiopterin levels by targeting over expression of
GTPCH in endothelial cells in vivo preserves eNOS
dimerization in streptozotocin (STZ)-induced diabetes mice
(59, 61). The beneficial effects of tetrahydrobiopterin
supplementation in reversing impaired endothelium depen-
dent relaxation have also been demonstrated in human
patients. BH4 therapy was shown to be useful in improving
endothelium-dependent relaxation in patients with hyperc-
holesteromia (62), venous conduits used for coronary artery
bypass graft surgery (63), patients with type II diabetes (64),
normal epicardial arteries and smokers (65).

Furthermore, there is increasing evidence of gender-
related differences in gastric emptying. The effect of gender
in a healthy population on gastric emptying remains con-
troversial though it appears that women may have slower
solid and liquid emptying. Ambulatory antroduodenal
manometry has shown shorter migrating motor complex
(MMC) periods in women compared to men (66). The
mechanisms responsible for these differences are not com-
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4

pletely understood. In a recent study of duodenojejunal
motility, women in the follicular phase were found to exhibit
motor activity similar to that of men (67). On the other hand,
another study demonstrated attenuated postprandial antral
contractile activity in the follicular phase of women com-
pared to men (68). Additionally, animal studies demon-
strated that the gastric emptying rate was slower in ovary-
intact female rats compared to ovariectomized (depletion of
ovarian hormones; estrogen and progesterone) female rats
(69-70). Furthermore, studies suggested that estradiol-17f
(E2) but not progesterone (P4) may be responsible for
delayed gastric emptying and increased nitrergic system. In
addition to this, studies suggest that P4 treatment decreased
the resting tension fundus, inhibited mean contractile ampli-
tude of antrum and the motility index of pylorus in rats (71).
Diabetes induction decreases both the circulatory E2 and P4
levels in both women and female rats (72-76).

Sex steroid hormones mediate their biological actions
through their respective nuclear (genomic) cytoplasmic/
membrane (non-genomic, rapid via nitric oxide elevation)
receptors (77). Estrogen receptors (ERs) and progesterone
receptors (PRs) are expressed as two proteins: ERa. and
ER, and PR-A and PR-B. ERa and ERf are expressed from
two different genes, whereas PR isoforms are produced from
alternate use of two promoters from the same gene. Sex
steroid hormone receptors require both a ligand (sex hor-
mones, insulin, growth factors etc) and interactions with
other proteins, such as coregulators, to achieve maximal
transcriptional activation of genes. Female sex steroids (both
E, and P,) has multiple beneficial actions that includes
neuroprotection, maintaining glucose homeostasis in both
health and diabetes (74, 76-78). In particular, estrogen has
both genomic and rapid nongenomic effects via its receptors
on vascular endothelium, including activation of NO syn-
thesis (79-80). Previous studies demonstrated that nNOS is
involved in estrogen mediated neuroprotection in neuroblas-
toma cells (81-86). The role of progesterone and its metabo-
lites via PR’s on NO mediated cardioprotection has been
recently reported in postmenopausal women (87).

Upon binding to their respective receptors, sex steroids,
utilizes several cell signaling mechanisms such as cyclic
adenosine monophosphate (cAMP), cyclic guanosine mono-
phosphate (cGMP), mitogen-activated protein kinases
(MAPKSs), phosphatidylinositol 3-kinase (PI3K)/Akt path-
ways, for their actions. In the genomic pathway, sex steroids
binds to their cytosolic/nuclear receptors, leading to activa-
tion of MAPK/AKkt, increase gene transcription and upregu-
late nitric oxide production. In non-genomic pathway, sex
steroids binds to their membrane receptors, which are
coupled to increased Ca®* release from the endoplasmic
reticulum, and stimulate MAPK/Akt/PI3K pathway, leading
to NO production. NO diffuses into the smooth muscle cells,
binds to adenylate cyclase (AC) or guanylate cyclase (GC)
and increases cAMP or cGMP respectively. Significant
actions for sex steroids have been noticed in the gastroin-
testinal tract in various experimental animal models and
human clinical settings (88). Shah et al studies demonstrated
that estrogen treatment increases nNOS positive neurons in
the female rat stomach. Several studies demonstrated that
both ERs are primarily localized in nerve cells of the gut
(88-89).

Estrogen treatment elevates both the expression of
GTPCH1 and BH4 levels in rat brain neurons through
estrogen receptors (90-92). In vitro hyperglycemia decreases
both BH4 biosynthesis and nitric oxide and estrogen supple-
mentation restored this effect via ERa in bovine aortic
endothelial cell culture (93). Diabetes induction decreases
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the circulatory estrogen and progesterone levels in both
women and female rats. Previous reports demonstrated that
estrogen receptors are localized in stomach enteric neurons.
The beneficial role for E, treatment on both GTP cyclohy-
drolasel (GTPCH1) expression and nNOS expression has
been well demonstrated.

Despite this, the prior art is deficient in the role played by
tetrahydrobiopterin or derivatives thereof in the nitric oxide
induced diabetic gastroparesis. Additionally, the prior art is
also deficient in understanding the gender-related differ-
ences in gastric emptying. The present invention fulfills this
long-standing need and desire in the art.

SUMMARY OF THE INVENTION

In one embodiment of the present invention, there is
provided a method of restoring gut motility in an individual.
This method comprises administering a pharmacologically
effective amount of sepiapterin, tetrahydrobiopterin, sex
steroid hormone or a derivative thereof or a compound(s)
that increases the expression and/or activity of enzymes
molecules that are critical in the synthesis of tetrahydro-
biopterin or compounds that stimulate steroid receptor to the
individual, thereby restoring gut motility in the individual.

In another embodiment of the present invention, there is
a method of determining the risk of developing gastrointes-
tinal dysfunction in an individual. Such a method comprises
obtaining a biological sample from the individual, determin-
ing the level of tetrahydrobiopterin, activity level of
enzymes or molecules that are critical in the synthesis of
tetrahydrobiopterin, activity level of sex steroid hormones,
sex steroid hormone receptor level or a combination thereof
in the individual. The level of tetrahydrobiopterin activity
level of the enzymes or the molecules, the level of sex
steroid hormone activity, the sex steroid hormone receptor
level or a combination thereof in this sample are then
compared with the level of tetrahydrobiopterin activity level
of the enzymes or the molecules, the level of sex steroid
hormone activity, the sex steroid hormone receptor level or
a combination thereof in the sample of control individual,
where a reduced level of tetrahydrobiopterin, activity level
of the enzymes or the molecules, the level of sex steroid
hormone activity, the sex steroid hormone receptor level or
a combination thereof compared to the level in the sample of
control individual indicates that the individual has more risk
of developing gastrointestinal dysfunction.

In yet another embodiment of the present invention, there
is a method of determining risk of developing gastrointes-
tinal dysfunction in an individual. This method comprises
detecting variations in one or more genes encoding one or
more enzymes that are critical in the synthesis of tetrahyd-
robiopterin, encoding one or more receptors of sex steroid
hormones, mutations in BH4 biosynthesis genes or muta-
tions in one or more genes encoding hormones associated
with diabetes or a combination thereof in a sample of the
individual, where presence of at least one of variations or
mutations in one or more genes in the sample of the
individual compared to one or more genes in the control
sample indicates that the individual is at risk of developing
gastrointestinal dysfunction.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows biosynthesis of tetrahydrobiopterin (BH4).
BH2=dihydrobiopterin, GTP=guanosinetriphosphate.

FIGS. 2A-2B show that chronic diabetes delayed solid
gastric emptying in female rats. FIG. 2A shows gender and
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diabetes induced changes in solid gastric emptying in rats.
The rate of gastric emptying was measured during the 4
hours experimental time. FIG. 2B shows that dietary supple-
mentation (25 mg/kg b.w./day/rat), completely restored gas-
tric emptying in female rats. *p<0.05. ANOVA.

FIGS. 3A-3B show that chronic diabetes impaired intra-
gastric antrum pressure and sensitivity to L-NAME in
female rats. The intragastric antrum pressure (IGAP) was
measured in normal and diabetic male (FIG. 3A) and female
(FIG. 3B) rats. The transducer pressure catheter was intro-
duced into the gastric antrum cavity 5 mm proximal to the
pylorus to record IGAP (mmHgxsec). After recording the
baseline IGAP, N“-nitro-L-arginine methyl ester (L-NAME,
200 mg/day/kg body weight (BW)/rat) was administered
subcutaneously in the same rats by osmotic mini-pumps
(Alza, Palo Alto, Calif., model 2ML.1 with a pumping rate of
10 pl/hour) for 4 days. All subsequent studies were per-
formed 1 week after surgery in overnight fasted rats that
were awake and in a free-moving state. Pressure recordings
were performed at least 2-3 hours between 9-12 am. Bilat-
eral ovariectomy was performed as reported previously.
Dietary BH4 (25 mg/day/kg body weight (BE)/rat).
*p<0.05. ANOVA.

FIGS. 4A-4C show that chronic diabetes impairs nitrergic
(NO produce neurons) relaxation but does not result in a loss
of nitrergic neurons in female gastric tissues. FIG. 4A shows
effect of diabetes on gastric nitrergic relaxation in response
to transmural nerve stimulation (2 Hz) in age-matched male
and female rats. Active tone was induced initially with 30
uM S-hydroxytryptamine. The nitric oxide (NO) depen-
dence relaxation in female control (FC) and female diabetic
(FD) groups was confirmed by preincubation with the NO
inhibitor, L-NAME (LNM, 10~*M). Each point represents
mean+SEM from 4-6 animals in each group. *significant
inhibition with L-NAME, #%*significant inhibition with
L-NAME, $p<0.05 for FD vs FC. ANOVA. AUC. FIG. 4B
shows effect of nitric oxide donor, DETA-NONOate on
gastric relaxation. Gastric pyloric tissue segments from
normal and diabetic female rats were preincubated with
DETA-NONOate for 10-15 minutes and changes in relax-
ation were analysed. FIG. 4C shows tunnel staining (coun-
terstaining with hematoxylin) in female rat gastric pylorus
myenteric neurons. No staining for TUNNEL was noticed in
diabetic gastric tissues compared to controls indicating that
there were no neuronal cell death. Arrows indicate a portion
of myenteric plexus region. Magnifications are 200x.

FIGS. 5A-5G show that chronic diabetes reduces nNOS-
alpha protein expression in female gastric tissues. nNOS
mRNA (FIG. 5A), nNOS total protein (alpha, beta and
gamma, (FIGS. 5B, 5D) and nNOS alpha protein expression
in female control (FC) and female diabetes (FD) (FIGS. 5C,
5E) were compared. Densitometric analysis followed by a
ratio of nNOS mRNA to 18S (FIGS. 5A, 5C) or nNOS
protein to P-tubulin (FIGS. 5B, 5D) were calculated. The
bars represent mean+SEM. *p<0.05 FC vs FD. FIGS. 5F-5G
show nNOS dimer (310 KDa, top band) and monomer (155
KDa, bottom band) ration in gastric tissue of female control
(FC) and female diabetes (FD). Densitometric analysis fol-
lowed by ratio of nNOS alpha dimerization to beta-tubulin
were calculated. The bars represent meantSEM, n=3-4,
*p<0.05 control vs diabetic, ANOVA.

FIG. 6 shows that chronic diabetes reduces NO release in
female gastric LM-MP tissues. NO release was measured by
readily available kit in female control (FC) and female
diabetic (FD) gastric LM-MP tissues. Mean mean+SEM,
(n=3)*p<0.05.
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FIG. 7 shows that chronic diabetes reduced BH4 content
in gastric pylorus tissues. BH4 levels were measured by
HPLC in female control (FC) and female diabetic (FD)
gastric pylorus tissues. mean+SEM, (n=3), *p<0.05.

FIG. 8 shows effect of endogenous BH4 inhibition by
DAHP (10 mM, 3 hour incubation) on niterergic function
(n=2). Basal tone relaxation studies in gastric tissues were
performed after EFS stimulation at 2 and 10 Hz (n=2). In
vitro treatment with DAHP, reduced nitrergic relaxation
after EFS stimulation. AUC=area under curve.

FIGS. 9A-9C shows in vitro effects of DAHP, an inhibitor
for GTPCHI (first and rate limiting enzyme in BH4 biosyn-
thesis) on nNOS dimerization and NO release in healthy
female rat gastric LM-MPs. Gastric LM-MPs were incu-
bated for 48 hrs in the presence or the absence of DAHP (10
mM) and nNOS dimerization (FIG. 9A-9B) in tissues and
NO release (FIG. 9C) in the media were assessed. (n=3).

FIGS. 10A-10B show the effect of chronic diabetes on
GTPCHI1 protein expression in rat female stomachs (n=3),
*p<0.05.

FIG. 11 shows effect of chronic diabetes on GTPCH1
mRNA levels in female patients. GTPCHI1 protein expres-
sion was reduced in female diabetic patient gastric biopsies.
Full thickness gastric biopsies were used for Affymetric
gene arrays (n=2).

FIG. 12A-12C show that supplementation of dietary BH4
improves solid gastric emptying, nNOS activity and
nitrergic relaxation in female diabetic gastric fundal tissues.
FIG. 12A shows effect of exogenous BH4 (100 puM, 30
minutes) on nitrergic relaxation in female control (FC) and
diabetic (FD) rats. Basal tone relaxation studies in gastric
tissues were performed after EFS stimulation (n=2). Exog-
enous BH4 increased nitrergic relaxation in female diabetic
gastric fundal tissues. AUC=area under curve. FIG. 12B
shows that chronic diabetes delayed gastric emptying for
solids in female rats. In vivo dietary BH4 supplementation
(25 mg/Kg body weight/day/rat/3 Wk), completely restored
delayed gastric emptying in female rats. (n=4-6). *p<0.05.
FIG. 12C shows effect of dietary BH4 on gastric nNOS
activity in female diabetic rats. Diabetic induction reduced
nNOS activity in gastric tissues. Dietary BH4 supplemen-
tation partially restored altered gastric emptying in female
diabetics (n=2).

FIGS. 13A-13C show that supplementation with dietary
BH4 improves intragastric pressure, nNOSalpha protein
expression in female diabetic gastric tissues. FIG. 13A
shows effect of dietary BH4 on intragastric pressure (IGP,
mmHgxsec) and FIGS. 13B-13C show gastric nNOS alpha
protein expression in female diabetic rats. Diabetic induc-
tion elevated IGP and reduced nNOSalpha expression in
gastric tissues. Dietary BH4 supplementation completely
restored altered IGP and nNOS alpha protein expression
(n=4).

FIG. 14 shows that estradiol-17beta delays gastric emp-
tying for solids in healthy females. The OVX female animals
were implanted subcutaneously (per kg body weight) with
21 day release of either Estradiol-17beta (E2; 2 mg), P4 (20
mg) or placebo (control) pellets. Solid gastric emptying was
then assessed. Data were mean+SEM, n=3-4. *p<0.05 com-
pared to control group.

FIG. 15 shows that chronic diabetes delayed gastric
emptying in female rats. Estradiol-17 beta (E2, 2 mg/kg
b.w/21 days) treatment reversed delayed gastric emptying in
diabetic females. Data were meantSEM, n=3-4. *p<0.05.

FIG. 16 shows effect of chronic diabetes on estrogen
receptor alpha (ER-alpha) mRNA in male and female rat
stomachs. MC, male control; FC, female control; MD, male
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diabetic; FD, female diabetic. n=3-4, *p<0.05 compared to
MC, $p<0.05 compared to FC.

FIGS. 17A-17B show that Estradiol-17beta restores
reduced nNOSalpha protein expression in diabetic female
rat gastric tissues. The diabetic female animals were
implanted subcutaneously (per kg b.w) with 21 day release
of E2 (2 mg) or placebo (control) pellets. nNOSalpha protein
expression was then measured. Data were meantSEM, n=3.
*p<0.05 compared to control group.

FIG. 18 shows the effect of sepiapterin (SEP) treatment on
diabetes-induced solid gastric emptying in female rats.
Groups (4-6) of diabetic rats were received dietary sepiap-
terin (20 mg kg™ body wt) daily for 10 days after diabetic
induction with single injection of STZ (55 mg kg~* body wt;
ip). Control group was injected with vehicle (9 mmol citrate
buffer) only. The values are mean+SE for 4-6 animals.
Statistical significance was determined by Tukey test after
one-way ANOVA. *p<0.05 compared with control group;
#p<compared with DB group.

FIG. 19 shows the effect of sepiapterin on nitrergic
relaxation in diabetic rat gastric muscular tissues in vivo.
Nitrergic relaxation was measured following daily exposure
to dietary sepiapterin (20 mg kg™ body wt) for 10 days after
diabetic induction with single injection of STZ (55 mg kg™*
body wt ip). Control group was injected with vehicle (9
mmol citrate buffer) only. Values are mean+SE (N=4-6).
Statistical significance was determined by Tukey test after
one-way ANOVA. *p<0.05 compared with control group;
#p<compared with DB group.

FIGS. 20A-20D show the effect of methotrexate. FIG.
20A shows (MTX)-induced nitrergic relaxation in female
diabetic rats in vivo. Nitrergic relaxation was measured
following daily exposure to intraperitoneal injection (i.p) of
MTX (3.75 mg kg~! body wt, two times a day), for 4 days.
The values are mean+SE of 4-6 animals. Statistical signifi-
cance was determined by student t-test. *p<0.05 compared
with control group. FIGS. 20B-20C shows the effect of
MTX-induced nNOSalpha dimer expression in female dia-
betic rats in vivo. Western blot (FIG. 20B) was done
following daily exposure to MTX (3.75 mg kg™ body wt,
two times a day), for 4 days. Representative immunoblot and
densitometric analysis data for nNOSalpha protein
dimerization in female rat gastric antrum. Values are
mean+SE (N=4). Statistical significance was determined by
Tukey test after one-way ANOVA. *p<0.05 compared with
control group; #p<compared with MTX group. FIG. 20D
shows the effect of MTX and SEP supplementation on NO
release in female diabetic rats in vitro. NO levels are
measured using the NO assay kit following 48 h incubation
with MTX (100 uM), MTX+SEP (100 uM, 100 pM). Values
are mean+SE (N=4-6). Statistical significance was deter-
mined by Tukey test after one-way ANOVA. *p<0.05 com-
pared with control group; #p<compared with MTX group.

FIGS. 21A-21H shows the effect of sepiapterin on nNOS-
alpha protein expression and nNOSalpha dimerization of
diabetic rat gastric tissues. nNOSalpha protein expression
and nNOSalpha dimerization was measured following either
daily exposure to sepiapterin (20 mg kg™ body wt) for 10
days or BH, supplementation (20 mg kg~ body wt per day)
for 2 weeks after diabetic induction with single injection of
STZ (55 mg kg~! body wt ip). Control group was injected
with vehicle (9 mmol citrate buffer) only. FIGS. 21A-21B:
Representative immunoblot and densitometric analysis data
for nNOSalpha protein expression in female control rat
gastric antrum supplemented with either BH, or SEP. FIGS.
21C-21D: Representative immunoblot and densitometric
analysis data for nNOSalpha protein expression in female
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diabetic rat gastric antrum. FIGS. 21E-21F: Representative
immunoblot and densitometric analysis data for n(NOSalpha
protein dimerization in female control rat gastric antrum
supplemented with either BH, or SEP. FIGS. 21G-21H:
Representative immunoblot and densitometric analysis data
for nNOSalpha protein dimerization in female diabetic rat
gastric antrum. Values are mean+SE (n=4). Statistical sig-
nificance was determined by Tukey test after one-way
ANOVA. *p<0.05 compared with control group;
#p<compared with DB group.

DETAILED DESCRIPTION OF THE
INVENTION

As used herein, the term, “a” or “an” may mean one or
more. As used herein in the claim(s), when used in conjunc-
tion with the word “comprising”, the words “a” or “an” may
mean one or more than one. As used herein, the term “or” in
the claims refers to “and/or” unless explicitly indicated to
refer to alternatives only or the alternatives are mutually
exclusive, although the disclosure supports a definition that
refers to only alternatives and “and/or”.

As used herein “another” or “other” may mean at least a
second or more of the same or different claim element or
components thereof.

As used herein, the term “contacting” refers to any
suitable method of bringing the composition described
herein into contact with a cell of gastric tissue. In vitro or ex
vivo this is achieved by exposing the cell to the composition
in a suitable medium. For in vivo applications, any known
method of administration is suitable as described herein.

As used herein, the term “compound” or “agonist” or
“antagonist” means a molecular entity of natural, semi-
synthetic or synthetic origin that either activates or blocks,
stops, inhibits, and/or suppresses biosynthetic pathway of
tetrahydrobiopterin. An agonist will activate the pathway
while the antagonist will block, inhibit, and/or suppress the
pathway

As used herein, “sepiapterin, tetrahydrobiopterin or
derivative thereof” may be of a natural, semi-synthetic or
synthetic origin that restore dimerization of neuronal nitric
oxide synthase and activity of neuronal nitric oxide syn-
thase, lower TNF alpha level, NF-kB, free radicals, restore
nitric oxide level and restore nitrergic relaxation of gut
tissue. These compounds may be administered indepen-
dently, either systemically or locally, by any method stan-
dard in the art. Dosage formulations of these compounds
may comprise conventional non-toxic, physiologically or
pharmaceutically acceptable carriers or vehicles suitable for
the method of administration and are well known to an
individual having ordinary skill in this art.

Abnormalities in gastric motility occur in 20-55% and up
to 30% of patients with Type I (insulin-dependent) and Type
11 diabetes (non-insulin-dependent), respectively. Symptoms
of diabetic gastropathy ranges from mild dyspepsia to recur-
rent vomiting and abdominal pain. Despite the high fre-
quency of occurrence of diabetic gastric dysfunction, its
pathogenesis remains poorly understood. Additionally
although up to 80% of the patients with diabetic gastropa-
resis are women, the mechanisms responsible for these
gender differences remain completely unknown.

Nitric oxide (NO), synthesized by neuronal nitric oxide
synthase (nNOS) in the myenteric neurons is a major
regulator of gastrointestinal motility in health. Several lines
of experimental work also indicate a potentially important
role for nitrergic dysfunction in the pathogenesis of diabetic
gastroparesis. The present invention investigated whether
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gender differences in nitrergic control of gastric motility
accounted for observed vulnerability of females to diabetic
gastroparesis. Briefly, diabetes was induced by streptozoto-
cin (STZ; 55 mg per kg body weight, i.p.) and experiments
were conducted 12 weeks after diabetes induction. The
nNOS protein expression and dimerization were examined
using COOH- and NH2-terminal antibodies, respectively.
The COOH-terminal antibody detects all forms of nNOS
whereas the NH2-terminal antibody detects only wild type
(full length) nNOS alpha proteins. Under normal conditions,
both dimers and monomers of nNOS protein were intensi-
fied at 155 KDa. However, low temperature (LT) SDS-
PAGE separate NOS dimers (310 KDa) and monomers (155
KDa) from non-boiled sample homogenates.

In summary, the present invention discloses that signifi-
cant gender differences in gastric nitrergic function exists in
both healthy and diseased individuals. These differences are
not accounted for by changes in the neuronal loss or nNOS
expression but correlate with changes in nNOS dimeriza-
tion. Females with diabetes show a selective reduction in
nitrergic relaxation of the pylorus, accompanied by impair-
ment in nNOS dimerization, nNOS activity, NO release and
decreased tetrahydrobiopterin and GTPCHI1 levels. Addi-
tionally, diabetes induction decreases estrogen receptor (ER)
alpha expression in female gastric tissues. Further, in vivo
experiments demonstrate that dietary BH4 delayed gastric
emptying, intragastric pressure (IGP) and nNOS activity in
female diabetics. Additionally, it was observed that diabetic
females exhibited decreased body weights. Pup weights
have been reported to have drastically reduced in PTPS (274
enzyme in de novo BH4 synthesis pathway) knockout mice.
Studies have also demonstrated that IGF1 levels are reduced
upto 7 fold in BH4 deficient patients. In the present inven-
tion, it was observed that BH4 supplementation restored the
body weights in female diabetic rats. Taken together, this
suggests that BH4 may have a beneficial role in improving
total body weights and survival perhaps by involving IGF1.

Furthermore, in vitro experiments suggest that endog-
enous tetrahydrobiopterin inhibition reduced gastric nNOS
dimerization, NO release and nitrergic relaxation. Therefore,
BH4 supplementation may restore nitrergic relaxation in
diabetic gastric tissue. Reactive Oxygen species (ROS)
staining was higher in female diabetic gastric cross sections.
BH4 treatment reduced the intensity of staining in diabetic
females. These data demonstrated that BH4 acts as antioxi-
dant as well as anti-inflammatory agent in other disease
states, Additionally, serum sex hormones and the expression
of gastric ER-alpha was decreased after diabetic induction in
female rats. In vivo estradiol-17beta (E,) treatment delayed
solid gastric emptying in healthy females due to elevated
levels of nNOS alpha. Conversely, E, treatment normalized
delayed gastric emptying and decreased nNOSalpha protein
expression in female diabetic rats. Additionally, tetrahydro-
biopterin decreased elevated TNF-alpha levels in female
diabetic rat circulation. Elevated TNF alpha might have
harmful effects such as increasing oxidative stress factors
and apoptosis (including neuropathy) in multiple tissues,
altering nitric oxide levels and causing gastroparesis in
diabetic patients.

Thus, the present invention discloses a method of regu-
lating levels of agonists and antagonists of gut motility by
contacting a cell in gastric tissue with a pharmacologically
effective amount of sepiapterin, tetrahydrobiopterin, sex
steroid hormone or a derivative thereof or a compound(s)
that increases the expression and/or activity of enzymes or
molecules that are critical in the synthesis of tetrahydro-
biopterin to the individual, thereby regulating the levels of
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agonists and antagonists of gut motility. Examples of the
agonists of gut motility may include but are not limited to
neuronal nitric oxide synthase or monoamine neurotrans-
mitters and those of antagonists of gut motility may include
but are not limited to free radicals, NE-KB or inflammatory
cytokines.

Overall, the findings discussed herein indicate that dia-
betes negatively affects both female sex steroid hormones
and gastric tetrahydrobiopterin biosynthesis. This results in
decreased nNOS activity and NO production, thereby
impairing nitrergic relaxation. Thus, supplementation of the
diet of individuals diagnosed with, suspected of or likely to
suffer from with tetrahydrobiopterin or derivatives thereof or
with compound(s) that increase the expression and/or activ-
ity of enzymes or molecules that are critical in the synthesis
of tetrahydrobiopterin and/or sex steroid hormones or
derivatives thereof might restore impaired nNOS activity
and function. The present invention contemplates that use of
sepiapterin, tetrahydrobiopterin or derivatives thereof and
sex steroid hormones or derivatives thereof is significant
since the methods discussed herein can be used to treat
gastroparesis. Specifically, the gastroparesis may be caused
due to diabetes, adrenal or thyroid gland dysfunctions, scars
or fibrous tissue from ulcers or tumors, drugs that weaken
the stomach, previous stomach surgery, anorexia, bulimia,
neurologic or brain disorders, lupus erythematosus or sclero-
derma.

Furthermore, the administration of sepiapterin, tetrahyd-
robiopterin, sex steroid hormones or a derivative thereof or
compound(s) that increase the expression and/or activity of
enzymes or molecules that are critical in the synthesis of
tetrahydrobiopterin is also be useful in restoring in restoring
gut motility in individuals with esophagus and/or small or
large intestinal bowel disorders caused by impaired nitric
oxide synthase and/or monoamine neurotransmitter function
and/or gut related diseases. Examples of such gut related
disease include but are not limited to pancreatitis, colon
cancer, colonic inflammation, Crohn’s disease, inflamma-
tory bowel disease or irritable bowel syndrome. Further-
more, the levels of BH4 and/or levels of enzymes such as
GTP cyclohydrolase I or other molecules critical in BH4
synthesis may be used as a diagnostic marker to predict the
risk of developing gastroparesis. Additionally, it is also
contemplated that the variations in the genes encoding BH4,
the enzymes (GTP cyclohydrolase 1) or other molecules
critical in BH4 synthesis may be helpful in predicting
predisposition to developing gastroparesis. Hence, this
could be a clinically useful diagnostic test.

The present invention is directed to a method of restoring
gut motility in an individual, comprising administering a
pharmacologically effective amount of sepiapterin, tetrahy-
drobiopterin, sex steroid hormone or a derivative thereof or
a compound(s) that increases the expression and/or activity
of enzymes, molecules that are critical in the synthesis of
tetrahydrobiopterin or compounds that stimulate steroid
receptor to the individual, thereby restoring gut motility in
the individual. This method may further treat or prevent a
gut-related disorder in the individual. The causes of the
prevention or treatment of the disorder are not limited to but
may include restoration of intragastric pressure, restoration
of body weight, improvement in gastric emptying, in symp-
toms of gastroparesis, in mast cell diversity and function, in
blood flow, prevention of free radical induced-damage or
free radical-induced apoptosis of neurons or other cellular
components or a combination thereof in the individual. The
gut-related disorder may include but is not limited to gas-
troparesis, esophagus and/or small and large intestinal bowel
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disorders caused by impaired nitric oxide synthase and/or
monoamine neurotransmitter function, pancreatitis, colon
cancer, colonic inflammation, Crohn’s disease, inflamma-
tory bowel disease or irritable bowel syndrome. The cause of
gastroparesis in such individuals may include but is not
limited to diabetes, adrenal or thyroid gland dysfunction,
scars or fibrous tissue, drugs that weaken the stomach,
previous stomach surgery, anorexia, bulimia, neurologic or
brain disorders, lupus erythematosus or scleroderma. Addi-
tionally, examples of the drugs that weaken the stomach may
include but are not limited to tricyclic antidepressants,
calcium blockers or drugs used to treat irritable bowel
syndrome.

The administration of compounds discussed supra may
restore body weight, restore dimerization of the neuronal
nitric oxide synthase, restore activity of the neuronal nitric
oxide synthase, restore functions of monoamine neurotrans-
mitters, lower the level of free radicals, suppress stimulation
of NF-kB, suppresses inflammatory signaling, lower the
level(s) of inflammatory cytokine(s) or a combination
thereof. Examples of the monoamine neurotransmitters may
include but are not limited to dopamine, epinephrine, nor-
epinephrine, serotonin or melatonin and that of the inflam-
matory cytokine may include but is not limited to TNF-
alpha.

Additionally, the sepiapterin, the tetrahydrobiopterin or
the derivative thereof or a compound(s) that increases the
expression and activity of enzyme(s) or molecule(s) that are
critical in the synthesis of tetrahydrobiopterin may be
administered either alone or in combination with other
medications. Example of the enzyme inhibited may include
but is not limited to GTP cyclohydrolase 1. Further, example
of'the derivative of sepiapterin may include but is not limited
to 7,8-dihydrobiopterin, the derivative of tetrahydrobiop-
terin may include but is not limited to 6R-tetrahydrobiop-
terin, lipoic acid, dihydrolipoic acid, a salt thereof or a
combination thereof and the sex steroid hormone may
include but is not limited to estradiol-17beta, phytoestro-
gens, isoflavones or progesterone. The compounds that
stimulate sex steroid hormone receptors such as estrogen
receptor or progesterone receptor may include but is not
limited to agonists for steroid hormone receptors, growth
hormones or insulin.

The present invention is also directed to a method of
determining the risk of developing gastrointestinal dysfunc-
tion in an individual, comprising obtaining a biological
sample from the individual, determining the level of tetra-
hydrobiopterin, activity level of enzymes or molecules criti-
cal in the synthesis of tetrahydrobiopterin, activity level of
sex steroid hormones, sex steroid hormone receptor level or
a combination thereof; and comparing the level of tetrahy-
drobiopterin, activity level of the enzymes or the molecules,
activity level of sex steroid hormones, sex steroid hormone
receptor level or a combination thereof in the sample of the
individual with the level of tetrahydrobiopterin activity,
level of the enzymes or the molecules, activity level of sex
steroid hormones, sex steroid hormone receptor level or a
combination thereof in the sample of a control individual
where a reduced level of tetrahydrobiopterin, activity level
of the enzyme or the molecules, activity level of sex steroid
hormones, sex steroid hormone receptor level or a combi-
nation thereof compared to the level in the sample of the
control individual indicates that the individual has more risk
of developing gastrointestinal dysfunction. Generally, the
individual who may benefit from such a method may include
but is not limited to one with impaired nitric oxide synthase
and/or monoamine neurotransmitter function, diabetes,
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elevated levels of NF-kB and/or inflammatory cytokines,
adrenal or thyroid gland dysfunctions, scars or fibrous tissue,
previous stomach surgery, anorexia, bulimia, neurologic or
brain disorders, lupus erythematosus, scleroderma, or who is
taking drugs that weaken the stomach. Examples of the
gastrointestinal dysfunction may include but is not limited to
gastroparesis, inflammatory bowel disease, esophagus or
small and large intestinal bowel disorders, pancreatitis,
colon cancer, colonic inflammation, Crohn’s disease or
irritable bowel syndrome. Example of the biological sample
may include, but is not limited, to serum, gut, vasculature or
reproductive organs. All other aspects regarding the example
of inflammatory cytokine, drugs that weaken the stomach,
and the enzyme whose activity or level is determined is the
same as discussed supra.

The present invention is also directed to a method of
determining risk of developing gastrointestinal dysfunction
in an individual, comprising: detecting variations in one or
more genes encoding one or more enzymes that are critical
in the synthesis of tetrahydrobiopterin, encoding one or
more receptors of sex steroid hormones, mutations in BH4
biosynthesis genes or mutations in one Or more genes
encoding hormones associated with diabetes or a combina-
tion thereof in a sample of the individual, where presence of
at least one of variations or mutations in one or more genes
in the sample of the individual compared to one or more
genes in the control sample indicates that the individual is at
risk of developing gastrointestinal dysfunction. All other
aspects regarding the individual benefiting from such a
method, the type of inflammatory cytokine, the examples of
drugs that weaken the stomach, the examples of gastroin-
testinal dysfunction, the example of enzyme whose gene
variation is assessed and the examples of samples used to
determine the variations is same as discussed supra. The
genes encoding hormones associated with diabetes are
known in the art. These include but are not limited to insulin
or glucagon.

The compounds described herein may be administered
independently or in combination with another drug or com-
pound that is routinely used to treat other symptoms of that
specific disorder and may comprise one or more adminis-
trations to achieve, maintain or improve upon a therapeutic
effect. It is well within the skill of an artisan to determine
dosage or whether a suitable dosage of the composition
comprises a single administered dose or multiple adminis-
tered doses. An appropriate dosage depends on the subject’s
health, the restoration of mucosal barrier function or attenu-
ation of inflammation, the route of administration and the
formulation used. Examples of such drugs may include but
are not limited to tricyclic antidepressants, calcium blockers
or drugs used to treat irritable bowel syndrome.

The following examples are given for the purpose of
illustrating various embodiments of the invention and are
not meant to limit the present invention in any fashion. One
skilled in the art will appreciate readily that the present
invention is well adapted to carry out the objects and obtain
the ends and advantages mentioned, as well as those objects,
ends and advantages inherent herein. Changes therein and
other uses which are encompassed within the spirit of the
invention as defined by the scope of the claims will occur to
those skilled in the art.

EXAMPLE 1
Methods and Materials

Experimental Rats and Induction of Diabetes

Adult female Sprague Dawley rats (9 week old) were
procured from Harlan (Houston, Tex.) and Harlan Sprague
Dawley Inc. (Indianapolis, Ind.) and maintained in the
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institutional animal care facility under controlled tempera-
ture, humidity and light-dark cycle (12:12-h), with free
access to rodent chow and water. All experiments in this
study were approved by the Institutional Animal Care and
Use Committees at the University of Texas Medical Branch,
Galveston, Tex. and Meharry Medical College, Nashville,
Tenn., in accordance with the recommendations of National
Institutes of Health, Guide for the Care and Use of Labo-
ratory Animals.

Diabetes was induced in overnight fasted animals by a
single intraperitoneal injection of streptozotocin (STZ, 55
mg kg™') (Sigma Chemical, St. Louis, Mo.) prepared in 9
mmol citrate buffer, pH 4.0. Control animals were injected
with the vehicle (9 mmol citrate buffer, pH 4.0) (94). Blood
glucose levels were examined in overnight fasted animals,
48 h post STZ injection. Animals exhibiting blood glucose
levels more than 250 mg d1~! were considered diabetic and
included in the study. Blood glucose levels in vehicle-treated
overnight fasting rats ranged between 80-95 mg dl~'. Both
control and diabetic female rats were selected during the
diestrus phase of the estrous cycle using vaginal smear
testing method [by measuring vaginal cytology (90-100% of
leucocytes) under microscope] for further experiments. As
reported earlier, 60-70% of diabetic rats show a persistent
diestrous stage of the estrous cycle (data not shown) (95-96).
Experimental Design

At the end of 77 week of diabetes induction, animals were
divided into four groups, i.e. control female rats (C), diabetic
female rats (DB), BH, supplemented diabetic female rats
(DB+BH,) and SEP supplemented diabetic female rats
(DB+SEP). DB+BH,, were provided with BH, pellets (20
mg kg~! body wt day™') for next 2 weeks. DB+SEP were
provided with SEP tablets (20 mg kg™ body wt day™ for 10
days. BH, or SEP pellets (one gram size flavored with
chocolate, TestDiet, Land O’Lakes Purina Feed, LLC, Rich-
mond, Ind.) were fed to each animal housed in a separate
cage before they were fed with normal rat chow. A 20 mg kg
BH./SEP dose was selected based on the published studies
(97-98). In addition, in our recent report two doses for BH,
(5 and 20 mg kg™') were used for gastric motility studies and
no significant difference between the two doses was found
(99). Therefore a 20 mg kg~! dose for BH,/SEP was chosen.
On the last day of BH, and SEP supplementation, animals
were sacrificed to collect gastric muscular tissue for future
analysis. Tissue samples were snap frozen in liquid nitrogen
and stored at —80° C. until analyzed. BH, or SEP-pellets
used in this study were prepared by compressing (Schircks
Laboratories, Switzerland) with rodent chow and stored at
-20° C. until used. To avoid oxidation of BH, or SEP, heat
and water was not employed in pellet preparation.

Solid Gastric Emptying Studies

At the end of 10 days of SEP supplementation solid
gastric emptying studies were performed according to the
method of Martinez et al. with slight modification (94, 100)
Our recent published data using this protocol demonstrate
that there are gender differences exist in solid gastric emp-
tying and BH, treatment restores delayed gastric emptying
only in female but not in males in the onset of diabetes (94,
99). In addition, using the similar gastric emptying protocol,
accelerated gastric emptying was observed instead of
delayed gastric emptying in spontaneous diabetic female but
not in male diabetic animals (101). It was observed that
60-70% diabetic rats displayed delayed gastric emptying as
reported in humans in the onset of diabetes.

According to the protocol, animals were fasted over night
(provide water). On the next day, known amount of food was
fed to the animals for 3 h. At the end of 3 h collected the
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remaining food from the cage and calculated the amount of
food intake. Then fast the animals for 4 hrs without food and
water. At the end of fast, animals were euthanized, collected
the gastric tissue and measured the weight of the whole
stomach. Then removed the food contents by opening the
stomach and measured the empty stomach weight. The rate
of gastric emptying was calculated according to the follow-
ing equation: gastric emptying (% in 4 h)=(1-gastric content
food intake™)x100.

Organ Bath Studies

Electric field stimulation (EFS)-induced NANC relax-
ation was studied in circular gastric antrum muscle strips.
Muscle strips were tied with silk thread at both ends and
were mounted in 10-ml water-jacketed organ baths contain-
ing Krebs buffer (11 mM glucose) at 37° C. and continu-
ously bubbled with 95% 0O,-5% CO, (Radnoti Glass Tech-
nology, Monrovia, Calif.). Tension for each muscle strip was
monitored with an isometric force transducer and analyzed
by a digital recording system (Biopac Systems, Santa Bar-
bara, Calif.). A passive tension equal to 2 g was applied on
each strip in the 1 h equilibration period through an incre-
mental increase (0.5 g, four times, at 15 min interval).
Gastric antrum muscle strips were exposed to atropine,
phentolamine and propranolol (10 umol each) in bath solu-
tion for 1 h to block cholinergic and adrenergic responses.
5-hydroxytryptamine (5-HT; 100 uM) pre-contracted strips
were exposed to EFS (90 V, 2 Hz, 1-ms pulse for duration
of 1 min) to elicit NANC relaxation. Relaxation response
elicited by low frequency (EFS; 2 Hz) stimulus under
NANC conditions, as used in this study, was demonstrated
as predominantly nitrergic in origin (94, 101).

To investigate the in vivo effect of methotrexate (MTX)
on EFS induced nitrergic relaxation; a group of animals were
supplemented with MTX (inhibitor of dihydro folate reduc-
tase, DHFR) 3.75 mg kg™ body wt. per twice a day for 4
days. Gastric strips from control animals and MTX treated
animals were incubated in organ bath and nitrergic relax-
ation was measured by EFS. At the end of each experiment,
the muscle strip was blotted dry with filter paper and
weighed. Comparisons between groups were performed by
measuring the area under the curve (AUC mg™! tissue) of the
EFS-induced relaxation (AUCy) for 1 min and the baseline
for 1 min (AUCy) according to the formula (AUC,-AUCy)
weight of tissue (mg)'=AUC mg of tissue™".

In Vitro NO Release

Animals from control groups were killed by CO, asphyxi-
ation, the abdominal cavity opened, and the stomach dis-
sected and transferred in chilled oxygenated Krebs bicar-
bonate solution of the following composition (in mmol):
118.0 NaCl, 4.7 KCl, 25.0 NaHCO,, 1.5 CaCl,, 1.2 MgSO,,
1.2 KH,PO,, and 11.5 glucose (pH 7.4). Antrum tissue was
harvested and cut into mucosa-free strips and were cultured
for 48 h (37° C., 5% CO,) in 500 ml of phenol red-free
DMEM supplemented with NB27 (2%) and antibiotics (1%)
in the presence of normal glucose (control), control+MTX
(100 uM), control+MTX+SEP (100 puM, 100 pM). On
completion of incubation, DMEM (500 ml) was collected
and stored at —80° C. for analysis of NO released in medium
during incubation period. NO released in the medium was
analyzed as total nitrite (metabolic byproduct of NO) fol-
lowing the protocol supplied with a commercially available
kit (EMD Chemicals, Gibbstown, N.J.).

Western Blot Analysis

nNOSa protein was quantified in gastric antrum homo-
genates from all groups using standard western blot analysis,
as described in our previous study (94). Proteins were
measured by Bio-Rad protein assay (Bio-Rad, Hercules,
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Calif.) and 30 pg protein was separated by 6% SDS poly-
acrylamide gel electrophoresis (SDS-PAGE). The mem-
brane was immunoblotted with polyclonal nNOSa primary
antibody (Zymed Laboratories Inc., CA) and anti-rabbit IgG
conjugated with horseradish peroxidase (Sigma Chemical,
St. Louis, Mo.) as secondary antibody. Binding of antibodies
to the blots was detected with enhanced chemiluminescence
system (ECL, Amersham Pharmacia Biotech, Piscataway,
N.J.) following manufacturer’s instructions. Stripped blots
were re-probed with g-tubulin specific polyclonal antibodies
(Sigma Chemical, St. Louis, Mo.) to enable normalization of
signals between samples. Band intensities were analyzed
using Bio-Rad Gel Doc (Bio-Rad, Hercules, Calif.).
nNOSalpha Dimerization in Rat Gastric Antrum

Levels of nNOSa monomer and dimer were quantified by
western blotting via Low temperature (LT)-PAGE in gastric
antrum homogenates as described previously (94). LT-SDS-
PAGE was performed on ice. The low-temperature process
was used to identify nNOS dimers and monomers in the
native state as low temperature is known to prevent mono-
merization of nNOS dimmers. For the low-temperature
processing, 30 pg of protein in standard Laemmli buffer at
4° C. was used for SDS-PAGE. The mixture was incubated
at 0° C. for 30 min before LT-SDS-PAGE using a 6%
separating gel. All gels and buffers were pre-equilibrated to
4° C. prior to electrophoresis and the buffer tank placed in
an ice-bath during electrophoresis to maintain the gel tem-
perature below 15° C. A polyclonal antibody specific to
nNOSa (Zymed Laboratories) and anti-rabbit IgG conju-
gated with horseradish peroxidase (Sigma Chemical, St.
Louis, Mo.) were used as the primary and secondary anti-
bodies, respectively.
Statistics

Data were presented as meanzstandard error (SE). Sta-
tistical comparisons between groups were determined by
Student’s t-test or the Tukey test after one-way analysis of
variance (ANOVA), using GraphPad prism Version 5.0
(GraphPad software, San Diego, Calif.). A p value of less
than 0.05 was considered statistically significant.

EXAMPLE 2

Chronic Diabetes Delayed Solid Gastric Emptying
in Rats

The present invention investigated whether solid gastric
emptying (GE) is slower in male and female rats after
diabetes induction. Additionally, whether dietary tetrahyd-
robiopterin attenuated the delayed gastric emptying in
female diabetic rats was also examined. FIG. 1 depicts the
biosynthesis of tetrahydroobiopterin. Diabetes induction
significantly delayed gastric emptying in both male and
female rats (FIG. 2A). However, females showed severe
gastroparesis compared to males after diabetes induction.
Interestingly, tetrahydrobiopterin supplementation com-
pletely restored gastric emptying in female diabetic rats
(FIG. 2B).

EXAMPLE 3

Chronic Diabetes Impairs Intragastric Antrum
Pressure and Sensitivity to L-NAME in Female
Rats

Intragastric pressure (IGP) was measured using ambula-
tory telemetric device. The technique used herein is similar
to that of the ambulatory manometric method used in
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humans to measure contractions of gastric antrum. A previ-
ous study had reported a decrease in antral contractility in
women compared to age matched men by using dynamic
antral scintigraphy and antriduodenal manometry. The intra-
gastric pressure was observed herein to be lower in female
compared to male rats (FIGS. 3A,3B). L-NAME treatment
significantly elevated IGAP in females and this was
decreased in male rats. No change in intragastric pressure
was noticed with L-NAME treatment in female rats. How-
ever, males showed an increase in intragastric pressure after
L-NAME treatment (FIGS. 3A-3B). Additionally, dietary
tetrahydrobiopterin completely restored the elevated intra-
gastric pressure in female diabetic rats. These observations
suggested that female are more dependent on both ovarian
estrogens and nitric oxide system in gastric motility func-
tions compared to male rats. This also suggested that tetra-
hydrobiopterin supplementation may play a critical role in
regulating nNOS activity and dimerization in female gastric
tissues. The present invention contemplates investigating
time dependent changes in intragastric pressure in the onset
of diabetes and whether supplementation with BH4 and sex
hormones restored impaired intragastric pressure in diabetic
females.

EXAMPLE 4

Chronic Diabetes Impairs Nitrergic (Neurons
Produce NO) Relaxation in Female Gastric Tissues

The nitrergic relaxation was investigated after electrical
field stimulation (EFS). Gastric antrum (FIG. 4A) strips
obtained from female diabetic (FD) rats showed an increase
in nitrergic relaxation compared to female control (FC)
group. In addition, it was also observed that preincubation
with tetrodotoxin (TTX, 30 minutes, 1 puM) abolished
nitrergic relaxation (data not shown). Further, the NO donor,
(z)-1-[2-(2-amino  ethyl)-N-(2-ammmonioethyl)amino]di-
azen-1-ium-1,2-diolate (DETA-NONOate, 100 pM) was
used to test whether the smooth muscle response to nitrergic
signaling remained intact in diabetes. The data presented
herein indicates that the relaxation responses to DETA-
NONOate were similar in both control and diabetic gastric
tissues obtained from female rats (FIG. 4B).

Thus, it appeared that females relied on nitrergic control
of gastric motility to a greater extent than males and hence,
were more vulnerable to alterations of this system induced
by diabetes. The present invention contemplates examining
the effects of diabetes, supplementation of BH4 and female
sex hormones on nitrergic relaxation in female gastric fun-
dus, antrum and pyloric LM-MP tissues.

Longitudinal muscle-myenteric preparations from the
stomach were utilized to examine whether nNOS containing
neurons were affected by diabetes in male and female rats.
Diabetes did not alter nNOS positive neurons in gastric
LM-MPs compared to the control group. In addition,
TUNEL staining demonstrated that chronic diabetes did not
induce significant apoptosis (n=3) in either female or male
diabetic gastric pyloric myenteric neurons (FIG. 4C) com-
pared to control groups. These data suggested that the loss
in nitrergic relaxation in diabetes (FIG. 4A) was not due to
neuronal degeneration.

EXAMPLE 5

Chronic Diabetes does not Alter nNOS Expression
in Female Gastric Tissues

Real-time RT-PCR and Western blotting studies were
performed in control and diabetic female rats. It was
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observed that diabetes resulted in a further increase in nNOS
total (COOH-terminal antibody) protein (alpha, beta and
gamma) expression in female gastric tissues (FIGS. 5A-5E).
Additionally, the expression of nNOS was significantly
higher (p<0.05) in female control gastric pylorus compared
to male control group. However, nNOSa protein is (NH2
terminal antibody) decreased in female diabetic gastric
tissues compared to control group. These data suggested that
changes in nNOSa but not total nNOS (alpha, beta and
gamma) expression was critical for impaired nitrergic relax-
ation in diabetic gastric tissues (FIG. 4A). Based on this, it
is suggested that increases observed in total nNOS protein
could be due to increases in nNOS [ and nNOS gamma
which are not important for gastric motility functions as
reported previously using nNOS knock-out mice. Hence, the
present invention contemplates examining the time depen-
dent changes in total nNOS and nNOS alpha protein expres-
sion in female gastric fundus, antrum and pyloric LM-MP
tissues after diabetes induction.

EXAMPLE 6

Chronic Diabetes Impairs Gastric nNOS Alpha
Protein Dimerization in Female Gastric Tissue

Since nNOSalpha protein expression and nitrergic relax-
ation are reduced in diabetic females, the changes in the
dimerization state of nNOS alpha, known to be critical for
the catalytic activity of the enzyme was investigated. The
changes in the ratio of nNOS alpha dimers to monomers
were examined using NH2-terminal antibody (derived from
PDZ-GLGF domain) by low temperature SDS-PAGE. This
assay is a convenient and reliable surrogate measure for the
amount of stable dimer in vivo. As shown in FIGS. 5F-5G,
the ratio of nNOS alpha dimer to monomer levels were
significantly greater in healthy females compared to males in
pyloric tissue. However, the ratio of nNOS alpha dimer to
monomer levels was strikingly reduced in females on the
onset of diabetes. Similar findings were noted in gastric
fundus tissues. These findings suggested that the nNOS
alpha dimerization and not total expression, played a critical
role in modulating gastric motility functions in females.
Hence, the present invention contemplates investigating the
effects of diabetes and supplementation of BH4 on nNOS
alpha dimerization, enzyme activity and NO production in
the female gastric fundus, antrum and pyloric LM-MP
tissues.

EXAMPLE 7

Chronic Diabetes Reduces NO Release in Gastric
Tissues

Gastric LM-MPs were incubated for 24 hours in DMEM
supplemented with 2% neurobasal medium (NB27) and 1%
antibiotics. The concentration of NO (micromoles/mg tis-
sue) was measured using readily available NO kit (Cayman
corporation). As shown in FIG. 6, NO release was signifi-
cantly reduced in diabetic gastric LM-MPs compared to
female controls. These data suggested that decreased nNOS-
alpha dimerization was responsible for reduced NO release
in female diabetic gastric tissues. The present invention
contemplates examining whether supplementation of BH4
and female sex hormones restores reduced NO release in
diabetic female gastric LM-MP tissues.
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EXAMPLE 8

Chronic Diabetes Reduces BH4 Content in Gastric
Pylorus Tissues

The concentration of tetrahydrobiopterin in female con-
trol and diabetic gastric pylorus tissues were measured using
high performance liquid chromatography (HPLC). As
shown in FIG. 7, significant (p<0.05) reduction in tetrahy-
drobiopterin content was seen in gastric tissues obtained
from female diabetic rats. These studies suggested that
nNOS alpha but not other proteins play a central role in the
relaxation of the pyloric sphincter and circular smooth
muscles in females. The present invention contemplates
examining whether supplementation with BH4 and female
sex hormones restores these effects.

EXAMPLE 9

Inhibition of BH4 Synthesis Reduces Nitrergic
Relaxation in Gastric Tissue

Both nitrergic relaxation and nNOS alpha dimerization
were decreased in gastric fundus of diabetic female rats
compared to control group. Thus, whether the inhibition of
endogenous tetrahydrobiopterin biosynthesis by DAHP (an
inhibitor of GTPCH1) impaired the nitrergic function in the
normal female gastric fundus was examined.

As shown in FIG. 8, in vitro incubation with the GTPCH1
inhibitor, DAHP (10 mM, 3 hours incubation), inhibited
nitrergic relaxation in female control gastric tissues (n=2).
Thus, the present invention contemplates examining
whether in vivo supplementation of tetrahydrobiopterin
restores nNOS dimerization, enzyme activity, NO produc-
tion and thus, nitrergic function in the female diabetic gastric
fundus, antrum and pylorus LM-MP tissues.

EXAMPLE 10

Inhibition of BH4 Synthesis Reduces nNOS
Dimerization and NO Release in Gastric Tissue

The present invention examined whether treatment with
DAHP in vitro uncoupled gastric nNOS dimerization and
NO release in healthy female rats. Gastric longitudinal
muscle-myenteric plexus (LM-MP) were incubated for 48
hours in the presence or absence of DHAP (10 mM). It was
observed that inhibition of BH4 biosynthesis with DAHP
decreased both nNOS dimerization (FIGS. 9A-9B) and NO
release (FIG. 9C). These additional data further support the
hypothesis that impaired biosynthesis of gastric BH4
accounts for the decrease in nNOS activity and nitrergic
relaxation in female diabetic gastroparesis.

EXAMPLE 11

Chronic Diabetes Reduces GTPCH1 Expression in
Female Gastric Tissues

GTPCHLI is the rate limiting enzyme in biopterin (BH4)
synthesis. As shown in FIGS. 10A-10B, GTPCH1 protein
expression was significantly (p<0.05) decreased in stomachs
of diabetic females (n=3). In a separate set of experiments,
full thickness of gastric biopsies obtained from female
patients with chronic diabetic gastroparesis was examined.
Additionally, GTPCH1 mRNA levels, as measured by
Affymetrix gene arrays, were substantially lower in gastric
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tissues of diabetic women than in controls (n=2, FIG. 11).
Hence, the present invention contemplates investigating
whether the GTPCHI1 expression (mRNA and protein) and
BH4 levels were altered in the female diabetic gastric
fundus, antrum and pyloric LM-MP tissues.

EXAMPLE 12

BH4 Supplementation Improves Solid Gastric
Emptying, nNOS Activity and Nitrergic Relaxation
in Female Diabetic Gastric Fundal Tissues

As shown in FIG. 12A, exogenous tetrahydrobiopterin
(100 uM, 30 min incubation) increased nitrergic relaxation
in diabetic (FD) but not control (FC) female stomachs (n=2,
FIG. 12A). BH4 supplementation beginning from either day
1 (FIG. 12B) or 3 weeks (p=0.007) after diabetes induction
significantly restored delayed gastric emptying for solids in
female diabetic rats (FIG. 12C). Hence, tetrahydrobiopterin
might play a critical role in NO mediated gastric motility and
that a reduction in tetrahydrobiopterin synthesis might lead
to gastric dysmotility in females. The present invention
contemplates investigating whether oral supplementation of
tetrahydrobiopterin or sepiapterin attenuate the impaired
nNOS dimerization, enzyme activity, NO production and
nitrergic relaxation in female diabetic gastric fundus, antrum
and pylorus LM-MP tissues and restore the delayed gastric
emptying in diabetic females.

EXAMPLE 13

Supplementation of Dietary BH4 Improves
Intragastric Pressure, nNOSalpha Protein
Expression in Female Diabetic Gastric Tissues

Dietary BH4 (25 mg/kg b.w/rat/day) was supplemented
for female rats for 12 weeks beginning from day 2 after
diabetic induction. Intragastric pressure (IGP) was measured
in female control, diabetic and diabetic+BH4 treated rats. As
shown in FIG. 13A, supplementation of BH4 significantly
attenuated increased IGP in diabetic female rats. In another
experiment, diabetic females were treated for 3 weeks with
BH4 and nNOS alpha protein expression was measured in
treated and untreated gastric tissues. Diabetes, significantly
decreased nNOSalpha protein expression and BH4 supple-
mentation attenuated this (FIGS. 13B-13C). The above data
strongly suggest that the gastric motility functions in
females are primarily dependent on nitrergic mechanism and
a decrease in BH4, a cofactor for nNOS function, may lead
to altered IGP and delayed gastric emptying in diabetic
females.

EXAMPLE 14

Estradiol-17Beta Delays Gastric Emptying for
Solids in Healthy Females

Ovariectomized (OVX; removal of estrogen and proges-
terone) rats were treated either with estradiol-17beta (E,) or
progesterone (P,) for three weeks and solid gastric emptying
was assessed as reported previously. E, but not P, signifi-
cantly delayed gastric emptying for solids in female rats
(FIG. 14). These studies together with animal (94) and
clinical studies suggest that gastric emptying is slower in
women compared to men and elevated levels of serum E,
may play a critical role in this condition.
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EXAMPLE 15

Estradiol-17Beta Accelerates Gastric Emptying for
Solids in Chronic Diabetic Female Rats

It has been demonstrated that sex steroid hormones, E,
and P, are significantly reduced in STZ-induced diabetic rats
and that E, treatment restored diabetes induced nephropathy
in female rats. In the present invention, female rats were
treated with E, for 3 weeks beginning from day 2 after
diabetes induction. As shown in FIG. 2, diabetes signifi-
cantly delayed gastric emptying for solids. Treatment with
E,, significantly restored delayed solid gastric emptying in
diabetic female rats (FIG. 15). These data suggest that
diabetes results in decrease in estrogen levels as reported
earlier. Supplementation of exogenous estrogens accelerated
the delayed gastric emptying in diabetic rats. The data from
FIGS. 2A-2B suggest that endogenous estrogens regulate
gastric motility in both health and diabetic state.

EXAMPLE 16

Chronic Diabetes Reduces ER-Alpha Expression in
Diabetic Female Gastric Tissues

Sex steroid hormones, E, and P, are significantly reduced
in STZ-induced diabetic rats. Both estrogen receptor (ER)
subtypes (alpha & beta) are primarily localized in myentric
neurons of gastric in rats. Real time-PCR studies after
normalizing with beta tubulin (neuronal marker) indicate
that significant increases in ER-alpha mRNA were noticed in
female control (FC) compared to male control (MC) group
(FIG. 16). In addition, significant (p<0.05) reduction in
ER-alpha mRNA was noticed in gastric tissues obtained
from female but not male diabetic rats.

EXAMPLE 17

Estradiol-17Beta Restores Reduced nNOSalpha
Protein Expression in Diabetic Female Rat Gastric
Tissues

As shown in FIGS. 17A-17B, chronic diabetes reduced
nNOSalpha protein expression in female rat gastric tissues.
Further, it was shown for the first time that E, treatment,
significantly restored nNOSalpha protein expression in dia-
betic female rat gastric tissues. The present invention con-
templates examining whether E,, P, or E,+P, treatment
restores impaired BH4 and nitrergic systems in diabetic
female rat gastric tissues.

EXAMPLE 18

BH4 Decreases the Levels of TNF Alpha in Female
Diabetic Rat Circulation

The level of TNF alpha in the circulation of diabetic
female rat was examined after and before administration of
tetrahydrobiopterin. It was observed that tetrahydrobiopterin
decreased elevated TNF-alpha levels in the circulation of
diabetic female rat. It is hypothesized that the elevated
TNF-alpha might be involved in altering nitric oxide, free
radical and NF-kB levels and causing gastroparesis in dia-
betic patients. The present invention contemplates examin-
ing the role of TNF alpha in diabetic gastroparesis.
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EXAMPLE 19

Chronic Diabetes Decreases nNOS Activity,
Nitrergic Relaxation, Expression of GTPCHI1 and
BH4 Content in the Female Rat Gastric Tissues

The present invention contemplates examining whether
diabetes alters nNOS expression, dimerization, nNOS activ-
ity, NO production and nitrergic relaxation in the female rat
gastric fundus, antrum and pylorus LM-MPs. Briefly, dia-
betes is induced by streptozotocin injection (STZ, 55 mg/kg
body weight) in female (7 week old) Sprague Dawley rats.
Control groups receive vehicle only (citrate buffer, pH 4.0).
Both control and diabetic rats are selected during the
diestrous stage of the estrous cycle. Animals are sacrificed
by decapitation after 12 weeks of diabetes. Gastric fundus,
antrum and pylorus longitudinal muscle-myenteric plexus
(LM-MP) tissues are collected, snap frozen and saved in
-80° C. for biochemical analysis. n(NOS mRNA is analyzed
using Real-Time PCR. An optimal treatment regimen is
determined for maximum nNOS expression in all regions of
gastric LM-MP tissues in addition to NO levels. NH2-
terminal polyclonal antibody derived from PDZ/GLGF
motif (1-195 amino acids, Zymed Corporation, CA) is used
to determine the active (dimers) and inactive (monomers)
forms of nNOS alpha using low temperature SDS-PAGE in
non-boiled samples. The COOH-terminal antibody is used
for nNOS total protein expression.

The activity of nNOS from gastric LM-MPs is analyzed
as the rate of conversion of L-(U-14C)-arginine to L-(U-
14C)-citrulline. Nitrergic relaxation is assessed in gastric
fundus, antrum and pylorus LM-MPs after transmural stimu-
lation (electrical field stimulation, EFS) at various frequen-
cies (1 Hz, 2 HZ, 5 Hz, 10 Hz) in vitro. NO dependent
relaxation is confirmed by preincubating the tissues for 30
minutes with L-NAME (10~*M) or aNOS selective inhibitor
(TRIM, 10~*M). In some experiments, the tissues are incu-
bated for 30 minutes with tetrodotoxin (TTX, 1 uM) to
determine whether nitrergic mediated relaxation is influ-
enced by ENS. For examining the NO production, all
regions of gastric LM-MPs are incubated in serum free
neurobasal medium for 24 to 48 hours and media is collected
for determination of total nitrites by a commercially avail-
able nitrite assay kit.

Additionally, whether chronic diabetes impairs the tetra-
hydrobiopterin biosynthetic pathway in female diabetic gas-
tric fundus, antrum and pyloric LM-MPs is also examined
herein. Briefly, the control and diabetic female rats (dis-
cussed supra) are sacrificed and their blood is collected to
determine the levels of circulatory tetrahydrobiopterin and
total biopterin (BH4, BH2, B). Gastric fundus, antrum and
pyloric LM-MP tissues are collected, snap frozen and saved
in —80° C. The GTPCH1 mRNA expression, the protein and
the enzyme activity is measured by Real time RT-PCR,
Western Blotting and HPLC, respectively. Additionally, the
total biopterin (BH4, B2 and B) and ratio of total versus
tetrahydrobiopterin content is measured by HPLC.

EXAMPLE 20

BH4 and/or Sepiapterin Supplementation Restores
Impaired Gastric n(NOS Alpha Dimerization, NO
Synthesis and Nitrergic Relaxation in Diabetic
Female Rat Gastric Tissues

Dietary tetrahydrobiopterin or sepiapterin (2.5, 10 or 40
mg/day/Kg body weight) are administered to groups of
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diabetic female rats from day 1 until 12 weeks after diabetes
induction by streptozotocin. The control group received
similar diet composition without tetrahydrobiopterin or sepi-
apterin. Tetrahydrobiopterin or sepiapterin (purchased from
Swerick Laboratories, Switzerland) was compressed into
rodent rat chow pellets (TestDiet, Land Makes, Purina Feed,
LLC, Richmond, Ind.) without addition of water or heating
to prevent oxidation of the compound. The concentration of
tetrahydrobiopterin or sepiapterin in the pellets is calculated
to provide a required dise (2.5, 10 or 40 mg) per kilogram
body weight daily. Pellets are stored at —20° C. After the
treatment periods, the total nNOS expression (mRNA, pro-
tein), nNOS alpha dimerization, enzyme activity and NO
production in gastric fundus, antrum and pyloric LM-MPs is
quantitated.

The effect of dietary tetrahydrobiopterin or sepiapterin on
nitrergic relaxation is examined in all regions of female
gastric tissues. Organ bath studies is performed herein.
Nitrergic relaxation is demonstrated after transmural stimu-
lation at various frequencies (1 Hz, 2 Hz, 5 Hz, 10 Hz) and
NO-dependent relaxation is confirmed by preincubating
gastric tissues with L-NAME (100 uM) or nNOS selective
inhibitor (TRIM, 100 pM). Additionally, the GTPCHI1
mRNA, protein, enzyme activity, BH4 content and total
biopterins is measured. The BH4 and sepiapterin dose and
time regimens is selected to mimic the endogenous concen-
tration range.

EXAMPLE 21

Supplementation of SEP on Blood Glucose and
Body Weight in Female Diabetic Rats

Table 1 demonstrates whether supplementation of sepi-
apterin attenuated the elevated blood glucose and reduced
body weights in female rats after diabetes induction. A
significant weight loss (174.3+4.8) was noted in the diabetic
rats compared to age-matched control group (255.9£2.3).
Supplementation of sepiapterin had no significant effect
(188+4.3) on the diabetes-induced body weight loss. Fasting
blood glucose levels were significantly elevated in female
rats (521.3+£35.01 mg/dl) after diabetes induction (Table 1).
Blood glucose levels were unchanged with sepiapterin in
both control as well as diabetic female rats.

TABLE 1

Blood glucose level and body weight in
the control and diabetic female rats

Control (C) C + SEP Diabetes DB + SEP
Body 2559 £23 242 =77 1743 = 4.8% 188 = 4.3*
Weight, g
Blood 102 £3.2 112+ 1.0 521.3 = 35.01* 4945 = 13.96*
Glucose
mg/dl
EXAMPLE 22

Attenuation of Diabetes-Induced Solid Gastric
Emptying by SEP In Vivo

FIG. 18 shows the effect of sepiapterin supplementation
on solid gastric emptying (% in 4 h) in female diabetic rats.
A significant reduction (30.0+£8.0) in the solid gastric emp-
tying was observed in diabetic rats compared to control
(76.0£5.6). According to FIG. 18, sepiapterin supplementa-
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tion did not affect the solid gastric emptying in control rats
(74%4), whereas, a significant induction (67.0+8.2) in the
solid gastric emptying was observed when diabetic animals
were supplemented with sepiapterin. The underlying mecha-
nisms for this effect was explored, beginning with changes
in gastric antrum nitrergic relaxation and NO release.

EXAMPLE 23
Effect of SEP on Nitrergic Relaxation In Vivo

The effects of sepiapterin on diabetic-induced induction
of nitrergic relaxation in gastric antrum muscle strips from
female rats are presented in FIG. 19 following EFS (2 Hz).
Induction of diabetes caused a 3.8-fold decrease
(-=0.13£0.04) in the nitrergic relaxation compared with con-
trol rats (-0.49+0.09). Supplementation of sepiapterin
resulted in almost complete reversal (-0.35+0.03) of diabe-
tes-induced alteration of nitrergic relaxation. However, no
change in nitrergic relaxation was noticed in control rats
treated with sepiapterin (-0.51+0.06).

The underlying mechanisms for this effect was examined,
beginning with changes in nNOSalpha structure and func-
tion which was previously shown to be profoundly affected
in diabetes. To show that these changes in nNOSalpha
expression and structure were of functional significance
further experiments in vitro and in vivo were performed.

EXAMPLE 24

Effects of In Vivo MTX Treatment on Nitrergic
Relaxation and nNOSalpha Dimer Expression

An inhibitor of BH, biosynthesis, MTX, was used to
analyze the role of BH, or sepiapterin on NO production in
gastric tissue. MTX inhibits the enzyme DHFR and
decreases the availability of BH, via salvage pathway. To
demonstrate the role of sepiapterin in stomach function, the
effect of MTX was measured on the nitrergic relaxation in
vivo. According to FIG. 20A, gastric tissue from control
healthy female rats exhibited substantial relaxation follow-
ing EFS (2 Hz) (fundus: -1.1+£0.24; antrum: -0.5+0.14;

pylorus: -0.33+0.05). MTX treatment significantly
decreased the nitrergic relaxation in all areas of gastric
muscular  tissues  (fundus:  -0.17+£0.076;  antrum:

-0.08+0.04; pylorus: —0.13x0.05).

To measure nNOSalpha dimer/monomer levels in MTX
treated rats, the dimerization study was performed by LT-
PAGE gel. FIGS. 20B-20C shows a significant decrease in
the dimer/monomer ratio in MTX treated group (0.2+0.04)
when compared to control group (0.45+0.2).

EXAMPLE 25

Effect of MTX and SEP Supplementation on
Gastric NO Release in Female Diabetic Rats In
Vitro

To examine whether the NO production is dependent on
SEP pathway, NO release in MTX treated gastric antrum
muscle strip was demonstrated. MTX exposure caused a
significant decrease (p<0.05) in NO release in vitro (FIG.
20D). Inhibition of DHFR, the critical enzyme for the
production of BH,, in salvage pathway, significantly reduced
nitrergic relaxation in healthy rats (1.28+0.08 vs 0.73+0.15).
MTX-induced decrease in NO release was attenuated by
SEP treatment (1.02+0.19).
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EXAMPLE 26

Effect of SEP on nNOSalpha Protein Expression
and nNOSalpha Dimerization

According to data presented in FIGS. 21C-21D, the
protein level of nNOSalpha, the only functional isoform of
nNOS in gastric antrum tissue was significantly decreased
(0.42+0.01) following 9 weeks of diabetes. Supplementation
of sepiapterin to diabetic female rats results in significant
restoration of nNOSalpha protein level (0.88+0.15), whereas
supplementation of BH, for two weeks did not alter the
nNOSalpha protein level (0.42+0.05). However, no change
in nNOSalpha protein expression was observed when con-
trol rats treated with either BH, or sepiapterin (FIGS.
21A-21B).

To measure whether decrease in the gastric antrum nNOS-
alpha was the result of altered nNOSalpha dimer levels in
diabetic rats, the dimerization study was performed by
LT-PAGE gel. As depicted in FIGS. 21E-21F, a significant
decrease in the gastric antrum nNOSalpha dimer/monomer
ratio was seen in diabetic female rats compared to control
(0.1120.01 vs 0.56x0.11). Supplementation of sepiapterin
resulted in complete reversal of diabetes-induced alteration
of nNOSalpha dimmer/monomer level (0.64+0.07). Though
two weeks of BH, supplementation did not change the
nNOSalpha protein level (FIGS. 21C-21D), it significantly
increased the nNOSalpha dimmer/monomer level
(0.36+0.11) compared with diabetes-induced female rats
(FIGS. 21G-21H).

The present study established that sepiapterin treatment
attenuated delayed solid gastric emptying in diabetic female
rats. In this study, it was also demonstrated that supplemen-
tation of sepiapterin prevented the down regulation of both
nNOSalpha protein level as well as dimmer/monomer level
in diabetic female rats. This result suggests that increased
gastric dysfunction in diabetic rats restores by sepiapterin or
BH,, treatment.

In diabetic gastroparesis, delayed gastric emptying is
generally resulted from impaired phasic antral contractions,
tonic motor defects, and increased liquid retention in the
fundus. Another reason of delayed emptying is increased
outflow resistance in the pylorus and abnormal pyloric
contraction. It has been reported earlier that diabetic induc-
tion causes differences in nitrergic regulation of gastric
motility associated with the reduction in gastric emptying.

Sepiapterin can serve as a BH,, precursor and is metabo-
lized in mammalian cells by sepiapterin reductase to BH,.
Though sepiapterin is not considered a physiologic metabo-
lite in humans or animals, it has been used as an exogenous
source. (28). BH, deficiencies have been associated with
diabetic complications (29). BH, is essential for NOS to
synthesize NO. Low BH, levels impair the production of
NO, and leads to increased superoxide radical production,
due to nNOS uncoupling. The superoxide radical then reacts
with NO resulting into the production of peroxynitrite. This
further reduces biological availability of NO.

This information provides a rational basis for the use of
supplemental sepiapterin in diabetic conditions. Supplemen-
tation of sepiapterin can normalize the delayed gastric
emptying associated with diabetes in female rats. This is in
good agreement with the showing that supplementation of
BH,, restored the delayed gastric emptying associated with
diabetes in female rats. This results are further supported by
attenuation of diabetes induced altered nitrergic relaxation in
vivo.
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nNOS, which produces NO, is an important neuronal
enzyme. NO can serve as a neuromodulator in a second
messenger system for neuron-to-neuron communications. It
has been well known that BH,, a critical cofactor for NOS
activity, acts as a redox switch in the oxygenase domain of
NOS. In this study, nitrergic relaxation as well as nNOSal-
pha dimerization was affected significantly by MTX in
healthy female rats and sepiapterin restored the NO produc-
tion. These results revealed that BH, biosynthesis is regu-
lated not only by the main de novo pathway but also by the
salvage pathway. These findings suggest a potential strategy
for reducing NO production in vivo.

Induction of diabetes reduced the expression of nNOSal-
pha protein in pylorus. This notion was further evident by
the reductions in the dimmer level of nNOSalpha and
supplementation of dietary BH, for 3 weeks stabilizes the
functionally active, dimeric form of nNOSalpha in pylorus.
BH,, also inhibits monomerization of nNOS, as well as the
inactivation of the enzyme. The present results demonstrate
that induction of diabetes causes decrease in both nNOSal-
pha monomer and dimmer levels, which has been restored
by BH,, or SEP treatment in gastric antrum. It is possible that
sepiapterin or BH, may protect degradation of enzyme as
well as improve the stabilization of nNOS dimmer and
activity of the enzyme.

In addition to the de novo biosynthesis of BH,, mamma-
lian cells can also generate BH, by an alternate pathway
where sepiapterin is converted to BH, by sepiapterin reduc-
tase and DHFR. Cellular BH, levels have been increased
both in vitro and in vivo by exogenous supply of BH, via
salvage pathway. Sepiapterin treatment may selectively
reverse the effect of diabetes by enhancing the intracellular
BH,, that helped preserve the nNOS dimmer level. Although
the current study did not report that sepiapterin treatment
increase BH,, either increase in the intracellular BH, level
and/or because of the change in the ratio of BH,/BH, by
sepiapterin may prevent NOS uncoupling, resulting in res-
toration of appropriate NOS activity, nitrergic relaxation and
gastric emptying.

Thus, sepiapterin or BH, offer a protection against dia-
betes-induced activation of gastric motility. Sepiapterin can
move across the cell membrane in both an inward and
outward direction. BH,,, however, is virtually unable to cross
the cell membrane in either direction. The two successive
reactions, sepiapterin to BH,, and BH, to BH,, favor pro-
duction of BH, due to cellular redox-homeostasis. Sepiap-
terin is enforcedly taken up by the cell and BH, is accumu-
lated in the cytosol in a continuous fashion. This is in
agreement with the current findings such that 10 day treat-
ment with sepiapterin restored nitrergic function. Taken
together, both BH, as well as SEP may be more effective
therapeutic reagents in the treatment of diabetes induced
gastric dysfunction.

In summary, the present data suggests that impaired
bioavailability of NO may be associated with decreased BH,,
biosynthesis via salvage pathway. Supplementation of sepi-
apterin accelerated gastric emptying and gastric nNOSalpha
expression as well as nNOSalpha dimerization.
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Any patents or publications mentioned in this specifica-
tion are indicative of the levels of those skilled in the art to
which the invention pertains. Further, these patents and
publications are incorporated by reference herein to the
same extent as if each individual publication was specifi-
cally and individually indicated to be incorporated by ref-
erence.

What is claimed is:

1. A method of treating an esophageal motility disorder in
an individual, comprising:

administering a pharmacologically effective amount of

sepiapterin, tetrahydrobiopterin or a derivative thereof
that restores dimerization of neuronal nitric oxide syn-
thase (nNOS) to the individual, thereby treating the
esophageal motility disorder in the individual.

2. The method of claim 1, wherein the esophageal motility
disorder is caused by impaired nitric oxide synthase and/or
monoamine neurotransmitter function.

3. The method of claim 1, wherein the derivative of
sepiapterin is 7,8-dihydrobiopterin.
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