
Autonomic failure, like Parkinson’s disease, is a
neurotransmitter disorder. While Parkinson’s disease
is a disorder of dopamine neurotransmission, auto-
nomic failure is a disorder of norepinephrine neuro-
transmission. The idea that deficient dopamine
neurotransmission in Parkinson’s disease could be
overcome by treatment with oral levodopa, the amino
acid precursor of dopamine, led to the most suc-
cessful therapeutic intervention in 20th century neu-
rology.

Although levodopa is the amino acid precursor of
both dopamine and norepinephrine, treatment with
levodopa leads to an increase in dopamine but not to
a significant increase in norepinephrine levels. Nor-
epinephrine is synthesized from levodopa in two steps
(Fig. 1). The first step is the decarboxylation of
levodopa to dopamine by the enzyme L-aromatic
amino acid decarboxylase. The second step, catalyzed
by the enzyme dopamine beta hydroxylase, is the
hydroxylation of dopamine to norepinephrine.
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j Abstract Neurogenic ortho-
static hypotension results from
failure to release norepinephrine,
the neurotransmitter of sympa-
thetic postganglionic neurons,
appropriately upon standing. In
double blind, cross over, placebo
controlled trials, administration of
droxidopa, a synthetic amino acid
that is decarboxylated to norepi-
nephrine by the enzyme L-aro-
matic amino acid decarboxylase
increases standing blood pressure,
ameliorates symptoms of ortho-
static hypotension and improves
standing ability in patients with
neurogenic orthostatic hypoten-
sion due to degenerative auto-
nomic disorders. The pressor
effect results from conversion of
droxidopa to norepinephrine out-
side the central nervous system
both in neural and non-neural
tissue. This mechanism of action
makes droxidopa effective in

patients with central and periph-
eral autonomic disorders.
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Dopamine beta hydroxylase is the rate-limiting en-
zyme and it creates a ‘‘bottle neck’’ like effect, so that
taking levodopa orally results in an increase in
dopamine levels but not to a significant increase in
norepinephrine levels.

Fortunately, the possibility of overcoming this
limitation and realizing another therapeutic break-
through using a precursor amino acid to replace a
deficient catecholamine neurotransmitter, in this case
norepinephrine, was made possible by the discovery,
in the 1950’, that an artificial amino acid, 3,4-threo-
dihydroxyphenylserine, identical to levodopa but with
an added beta hydroxyl group (Fig. 2) was converted
to norepinephrine in a single step by the enzyme L-
aromatic amino acid decarboxylase, thus bypassing
the need for dopamine beta hydroxylase and its bottle
neck effect [3, 15].

Droxidopa was first used successfully to treat one
particular form of autonomic failure: congenital
deficiency of the enzyme dopamine beta hydroxylase.
Robertson and Biaggioni and Man in’t Veld et al.
showed that after oral administration, droxidopa was

taken up by post-ganglionic sympathetic neurons,
decarboxylated to NE, stored and released appropri-
ately when standing up [2, 12]. Droxidopa has now
been used to treat orthostatic hypotension in several
autonomic disorders, including familial amyloid
polyneuropathy [16], autoimmune autonomic neu-
ropathy [5], pure autonomic failure (PAF), Parkin-
son’s disease and multiple system atrophy [MSA; 4,
10, 11, 13].

3,4-Threo-dihydroxyphenylserine has four steroi-
somers [1]. Early studies used a racemic mixture that
contained both the D and L isoforms of 3,4-threo-di-
hydroxyphenylserine but only the L-isoform is con-
verted to biologically active L-norepinephrine.
Furthermore, the D-stereoisomer of 3,4-threo-di-
hydroxyphenylserine might competitively inhibit the
decarboxylation of the L stereoisomer to L-norepi-
nephrine [8]. Thus, the pure L isoform of 3,4-threo-
dihydroxyphenylserine (droxidopa) is the preferred
formulation for treatment.

Here I will review the most recent studies con-
ducted in the United States using droxidopa in the
treatment of orthostatic hypotension in patients with
degenerative autonomic disorders, including PAF and
MSA.

Studies of droxidopa in the United States

We conducted a comprehensive study of droxidopa in
patients with severe symptomatic orthostatic hypo-
tension due to MSA or PAF [11]. We examined the
effect of droxidopa on standing blood pressure and
orthostatic tolerance, as well as its pharmacokinetics
and its mechanism of action.

Fig. 1 Catecholamine pathway: Norepinephrine is synthesized from levodopa
in two steps. The first step is the decarboxylation of levodopa to dopamine by
L-aromatic amino acid decarboxylase. The second step is the hydroxylation of
dopamine to norepinephrine by the rate-limiting enzyme dopamine beta
hydroxylase. Droxipoda bypasses this rate-limiting enzyme and is converted to
norepinephrine in a single step by L-aromatic amino acid decarboxylase

Fig. 2 Levodopa and droxipoda: The similar chemical structure of droxipoda
(3,4-threo-dihydroxyphenylserine) and levodopa (3,4-dihydroxy-L-phenylala-
nine). Note that droxidopa has an added beta hydroxyl group
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j Dose titration study

Because patients with autonomic failure have differ-
ent degrees of adrenergic denervation supersensitiv-
ity, we individualized the dose of droxidopa for each
patient in a single blind dose-ranging study.

Patients received progressively higher dosages of
droxidopa, beginning with 200 mg followed by 400,
1,000, 1,600, and 2,000 mg on successive days. The
dose ranging study was terminated when the ortho-
static fall in systolic blood pressure after 3 min of
standing was consistently < 20 mm Hg, or the patient
had a sustained supine systolic blood pressure of
> 200 mm Hg or diastolic blood pressure of
> 110 mm Hg; or when a maximum dose of 2,000 mg
of droxidopa was reached. The optimal dose of
droxidopa varied between 200 mg and 2,000 mg
(mean dose ± SE was 1,137 ± 131 mg).

j Double blind, crossover, placebo controlled study

Once the individual dose of droxidopa was deter-
mined, patients were enrolled in a double blind
crossover study lasting 3 days. On days 1 and 3 either
droxidopa (at the dose previously determined in the
dose ranging study) or placebo was given at 7:00 am.
Day 2 was a washout day. As shown in Fig. 3
administration of droxidopa significantly increased
blood pressure in all patients (P < 0.001 versus pla-
cebo), both while supine and after standing for 1 min
and for 3 min.

The pressor effect began 1 h after droxidopa
administration and lasted for 6 h while standing and
for 8 h while supine. The highest standing blood

pressure occurred 3.5 h after droxidopa administra-
tion (P < 0.00001 versus placebo, see Fig. 3). There
were no significant changes in heart rate following
administration of droxidopa or placebo.

There was a clear symptomatic improvement in all
patients after taking droxidopa. Patients were less
lightheaded and reported feeling better. This was
noticeable in the patient’s ability to stay standing.
Patients were able to stand for the 1-min blood
pressure determination 96% of the time after receiv-
ing either droxidopa or placebo. However, for the 3-
min blood pressure measurement, patients were able
to stand 94% of the time after receiving droxidopa but
only 84% of the time after receiving placebo
(P < 0.001).

Adverse events

Droxidopa was well tolerated by all patients and there
were no significant side effects. The frequency of su-
pine hypertension (systolic pressure > 180, dia-
stolic > 110 mmHg or both) was higher on droxidopa
than on placebo (45% vs. 23% of blood pressure
measurements, P < 0.00001). After receiving droxid-
opa, the frequency of supine systolic and diastolic
hypertension was similar in MSA and PAF patients.
However, on placebo, diastolic, but not systolic, su-
pine hypertension was more common in MSA pa-
tients than in PAF (25% vs. 3%, P < 0.05). One patient
had hyponatremia, which reversed after saline infu-
sion. Another patient had transitory chest pain with
electrocardiographic ST segment depression, but
cardiac enzymes were normal.

Mechanism and site of action of droxidopa

Droxidopa could exert its pressor effect in three dif-
ferent ways [9] (Fig. 4):

1. As a central stimulator of sympathetic activity.
Because droxidopa crosses the blood brain barrier,
it could, at least theoretically, act as a central
stimulator of sympathetic outflow. It could be
converted to epinephrine and activate sympathetic
preganglionic neurons in the spinal cord.

2. As a peripheral sympathetic neurotransmitter. As it
had been shown in patients with dopamine beta
hydroxylase (DBH) deficiency [2, 12] droxidopa
could be taken up by post ganglionic peripheral
sympathetic neurons, transformed to norepineph-
rine intraneuronally, and released when sympa-
thetic neurons are activated, i.e., act as a
physiologic sympathetic neurotransmitter in
peripheral sympathetic neurons.

Fig. 3 Standing blood pressure after droxipoda and placebo administration.
The effect of droxipoda and placebo on mean arterial pressure (MAP) after
3 min standing. Time 0 (arrow) represents the time of drug administration
(7 am). Meals were served at -1 (6 am) and 6 h (1 pm). *P < 0.05 (L-DOPS vs.
placebo). All data are mean ± SEM, (n = 19). Data from Kaufmann et al. [11]
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3. As a circulating hormone. Norepinephrine syn-
thesized from droxidopa could also act as a cir-
culating hormone. The enzyme aromatic
aminoacid decarboxylase is widely expressed
throughout the body, in the stomach, kidney and
liver. Thus, droxidopa could be converted to nor-
epinephrine outside neurons, and then released
into the blood stream were it would exert a pressor
effect as a circulating hormone.

j Decarboxylase inhibitior study

To determine whether the pressor action of droxidopa
was due to its metabolism to norepinephrine inside or
outside the central nervous system we used carbidopa
as a pharmacological probe [11]. Carbidopa is an
inhibitor of L-aromatic-amino-acid decarboxylase
that does not cross the blood-brain barrier. Therefore,
carbidopa’s inhibition of L-aromatic-amino-acid
decarboxylase and its blockade of norepinephrine
synthesis from droxidopa is confined to tissues out-
side the brain and it does not affect the decarboxyl-
ation of droxidopa to norepinephrine within the
central nervous system.

If the mechanism of action of droxidopa is in the
central nervous system, a large dose of carbidopa
taken before droxidopa should not prevent its pressor
effect. Indeed, it may even increase its pressor effect,
similarly to the enhanced anti parkinsonian effect of
levodopa when it is administered with carbidopa.
Conversely, if the mechanism of action of droxidopa
is through its conversion to norepinephrine outside
the central nervous system, either in neural or non-

neural tissue, then concomitant administration of
carbidopa will block the pressor effect of droxidopa.

In a double-blind placebo controlled study, six
patients [11] sequentially received droxidopa alone on
day 1, 200 mg of carbidopa alone on day 2, and 200
mg of carbidopa combined with droxidopa on day 3.

As expected, droxidopa taken alone increased
standing blood pressure in all patients. Carbidopa
taken alone had no effect on blood pressure. However,
when carbidopa was administered together with
droxidopa the increase in blood pressure previously
seen with droxidopa alone was completely abolished
(Fig. 5). From this study we concluded that the
pressor effect of droxidopa was due to it conversion
into norepinephrine outside the brain, either in neu-
ronal or non-neuronal tissues.

After carbidopa administration plasma levels of
droxidopa were higher than when droxidopa was
administered without carbidopa (4,556 ± 1,011 ng/ml,
P < 0.01, versus droxidopa alone). In addition, car-
bidopa markedly attenuated the increase in plasma
norepinephrine levels. Six hours after concomitant
carbidopa and droxidopa administration, the venous
plasma norepinephrine level had only increased from
216 ± 125 to 407 ± 271 pg/ml (P < 0.05, versus drox-
idopa alone).

j Droxidopa in patients with PD taking levodopa
and a decarboxylase inhibitor

Levodopa/carbidopa therapy is a mainstay in the
treatment of Parkinson disease. Because carbidopa
inhibits the conversion of droxidopa to norepineph-
rine, droxidopa may be ineffective in the treatment of

Fig. 4 Possible mechanisms of action of
droxidopa—Droxidopa could exert its pressor effect in
three ways: 1. Because droxidopa crosses the blood brain
barrier, it could be converted to epinephrine and activate
sympathetic preganglionic neurons in the spinal cord. 2.
Droxidopa could be taken up by post ganglionic
sympathetic neurons, converted to norepinephrine
intraneuronally, and released when sympathetic neurons
are activated. 3. Droxidopa could be converted to
norepinephrine outside neurons (in the stomach, kidney
and liver), released into the blood stream and exert a
pressor effect as a circulating hormone
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orthostatic hypotension in patients with Parkinson
disease treated with levodopa/carbidopa. However, to
block the pressor effect of droxidopa it is necessary to
completely inhibit the enzyme aromatic aminoacid
decarboxylase. To achieve complete inhibition of
aromatic aminoacid decarboxylase a high dose of
carbidopa (200 mg) is required. Lower dosages of
carbidopa, such as those commonly used to treat
Parkinson disease, should not abolish the pressor
effect of droxidopa. Indeed, studies of droxidopa in
Europe included patients with PD who were also
taking benzeraside, an aromatic aminoacid decar-
boxylase inhibitor, at a low dose, together with levo-
dopa (i.e., Madopar, see Mathias, this supplement).
Because benzerazide at a low dose does not com-
pletely inhibit the enzyme aromatic aminoacid
decarboxylase, patients with PD still experienced the
desired pressor effect of droxidopa.

j Therapeutic implications

A peripheral mechanism of action makes droxidopa
an exciting new treatment option in both central and
peripheral autonomic disorders. In patients with
destruction of peripheral autonomic neurons (i.e., in
the Lewy body disorders), droxidopa can be con-
verted to norepinephrine in non-neuronal tissues,
released to the blood stream and act as a circulating
vasoconstrictor hormone. In patients with central
autonomic disorders and preserved peripheral auto-
nomic neurons (i.e., MSA), droxidopa is converted to
norepinephrine outside the central nervous system,
both in neuronal and non-neuronal tissue. In these
patients, droxidopa-derived norepinephrine acts as a
neurotransmitter and a circulating hormone.

j Pharmacokinetic study

We investigated the pharmacokinetics of droxidopa
and the generated norepinephrine and determined the
relationship between the pressor response and venous
plasma norepinephrine levels [6, 11]. The peak drox-
idopa level of 1,942 ± 224 ng/ml was attained 3 h after
its ingestion (P < 0.001). Plasma norepinephrine in-
creased from the baseline level of 294 ± 80 pg/ml to
806 ± 235 pg/ml (P < 0.05) 2 h after droxidopa admi
nistration. Norepinephrine peaked at 1,250 ± 208 pg/
ml 6 h after droxidopa ingestion (P < 0.005, see Fig. 6).
Plasma levels of norepinephrine remained significantly
elevated for at least 46 h. The levels of norepinephrine
associated with an increase in blood pressure were
above 700 pg/ml (see Fig. 7), similar to the norepi-
nephrine levels necessary to increase blood pressure
when norepinephrine is infused.

Fig. 5 Droxidopa plus decarboxylase inhibitior study. The effect of droxipoda,
decarboxylase inhibitior (DCI), droxidopa and DCI, and placebo on mean arterial
pressure (MAP) after 3 min standing. Time 0 (arrow) represents the time of
drug administration (7 am). Meals were served at )1 (6 am) and 6 h (1 pm).
*P < 0.05 (versus placebo). All data are mean ± SEM, (n = 6). Data from
Kaufmann et al. [11]

Fig. 6 Plasma levels of droxipoda and norepinephrine. Venous plasma levels of
droxipoda and norepinephrine after droxidopa administration (Time 0, 7 am).
Meals were served at )1 (6 am) and 6 h (1 pm). All data are mean ± SEM,
(n = 8). Data from Kaufmann et al. [11]

Fig. 7 Relationship between blood pressure and norepinephrine levels after
droxidopa administration. Changes in systolic blood pressure (SBP) versus
plasma concentration of norepinephrine after droxidopa administration. Solid
curve represents the line of best fit. All data are mean ± SEM, (n = 8). Data
from Kaufmann et al. [11]
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j Responses in patients with MSA and patients
with PAF

Prior to droxidopa ingestion, MSA and PAF patients
had similar blood pressures and similar heart rates,
both while supine and while standing. The mean dose
of droxidopa in the MSA group was 1,327 ± 441 mg
(mean ± SD) for a mean weight of 78 ± 12 kg
(mean ± SD) and in the PAF group 875 ± 650 mg
(P = 0.09) for a mean weight of 77 ± 21 kg. Following
droxidopa administration, systolic blood pressure in
the supine position increased more in patients with
PAF than in patients with MSA (P < 0.05). There was
a trend towards higher systolic blood pressure in
patients with PAF after 1 min in the standing position
but this did not reach statistical significance. The
finding that the pressor response to droxidopa in
supine patients with PAF was more pronounced than
in patients with MSA indicate a peripheral mechanism
of action. Indeed, because of their widespread loss of
sympathetic terminals, patients with PAF have

markedly exaggerated pressor responses to circulat-
ing norepinephrine [7, 14].

In summary, Droxidopa effectively raises standing
blood pressure and ameliorates symptoms of ortho-
static hypotension in patients with central and
peripheral autonomic disorders. The pressor effect of
droxidopa is due to its conversion to norepinephrine
outside the brain, both in neuronal and non neuronal
tissues. In patients with peripheral autonomic disor-
ders and degeneration of sympathetic neurons (e.g.
PAF), droxidopa is converted to norepinephrine in non
neuronal tissue. In patients with central autonomic
degeneration and preserved peripheral sympathetic
neurons (e.g. MSA), droxidopa is converted to nor-
epinephrine in neuronal and non neuronal tissue.
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