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ISSUE:

The two approved treatments for tardive dyskinesia both inhibit the vesicular

monoamine transporter type 2 (VMAT2) yet have pharmacologic properties that

distinguish one from the other. Knowing these differences may help optimize which

treatment to select for individual patients.

Take-Home Points
’ Valbenazine is metabolized solely to the (+ ) alpha

dihydro-isomer of tetrabenazine after its link to the amino

acid valine is cleaved. Deutetrabenazine is deuterated

racemic tetrabenazine and is metabolized to 4 isomers,

with each contributing to its actions.

’ Valbenazine’s actions, thus mediated purely by the (+ )

alpha dihydro- enantiomer of tetrabenazine, is a selective

VMAT2 inhibitor. Deutrabenazine’s actions are mediated

by a blend of isomers that not only potently target VMAT2,

but in therapeutic doses moderately target serotonin 5HT7

receptors and, to a lesser extent, dopamine D2 receptors.

’ At therapeutic doses, net occupancy of VMAT2 by the

active metabolites of both compounds is comparable.

Deutetrabenazine hasmore dosing options to titrate varying

degrees of VMAT2 occupancy but a shorter half-life

(9–20 hours), requiring twice a day administration with

food. Valbenazine has fewer dosing options but a longer

half-life (15–20 hours), allowing once a day administration.

Introduction

The introduction of 2 different treatments has revita-
lized interest in tardive dyskinesia (TD), especially how
to recognize and manage it.1–12 Both therapeutic

options—valbenazine and deutetrabenazine—are
based on tetrabenazine pharmacology. By blocking
the vesicular monoamine transporter type 2 (VMAT2)
in their own unique ways, both improve the involun-
tary movements of TD due to reducing dopamine
availability at hypothetically supersensitive D2 dopa-
mine receptors in the motor striatum.1,2,13 Both treat-
ments are now first line recommendations for TD
according to recently published guidelines and expert
opinion,3,4,12 but without any recommendation about
whether one should be preferred over the other in any
specific patient subtype. Thus, the question is left
unanswered as to whether oneway of blocking VMAT2
better than another for different patients.

Unfortunately, no head-to-head trials of valbenazine
versus deutetrabenazine have been conducted to
answer this question, and none is likely ever to be
done. So, in the absence of such trials, is it possible for
the two to be compared? Comparisons have already
been made in several review articles by looking at how
each drug performs against placebo in separate clinical
trials.5–12 The differences in safety and efficacy of the
two new treatments studied in those trials have been
extensively discussed elsewhere,5–12 with the two
tardive dyskinesia treatments showing more similari-
ties than differences. Here we look at these two agents
in another way; namely, by contrasting their individual
pharmacologic mechanisms of action. We have
employed this strategy to generate discussion
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regarding whether differential pharmacology could
provide advantages or disadvantages of one of these
new treatments over the other for different patient
subgroups. We also hope this mechanism of action
perspective might stimulate clinical trials and publica-
tions of clinical observations for how these pharmaco-
logic differences may translate into how choosing the
best agent and dose for an individual TD patient.

Valbenazine Is a Solo

Figure 1 shows how both VMAT2 inhibitors are
metabolized into biologically active agents that mediate
the known pharmacologic actions of the parent com-
pounds. Valbenazine is the ( + ) alpha isomer of
tetrabenazine linked to the amino acid valine for slow
release upon cleavage and then rapid metabolism to only
one active moiety, namely (+ ) alpha dihydrotetrabena-
zine (Figure 1).8–12 This active metabolite is the most
potent inhibitor of VMAT2 of any tetrabenazine isomer,

as well as the most selective, with only known actions on
VMAT2 (Table 1).14 Thus, valbenazine’s pharmacology is
mediated by a “solo performance” of (+ ) alpha dihy-
drotetrabenazine (Figures 1–3). The (+ ) alpha isomer is
then inactivated by CYP2D6 (Figure 1).

Deutetrabenazine Is a Medley

On the other hand, deutetrabenazine is the deuterated
form of racemic (+ /–) tetrabenazine.5–7,11,12 While
deutetrabenazine active isomers retain the VMAT2
affinities of the non-deuterated isomers, deuteration
slows downmetabolism, prolongs the half-life, reduces
metabolic variability and lessens peak plasma drug
levels of active isomers, thus allowing less frequent
daily dosing and potentially an improved side effect
profile compared to non-deuterated tetrabena-
zine.11,15,16 Tetrabenazine itself is approved for the
treatment of Huntington’s disease but not for TD,
whereas deutetrabenazine is approved both for

Figure 1. Pharmacologic properties of the active metabolites of the vesicular monoamine transporter 2 (VMAT2) inhibitors
valbenazine and deutetrabenazine. Valbenazine is converted into just one active metabolite, ( + ) alpha dihydrotetrabenazine,
which is present at high concentrations in the plasma, has high VMAT2 affinity and high VMAT2 occupancy.
Deutetrabenazine is metabolized by carbonyl reductase to 4 active dihydro metabolites. Two of these (the ( + ) alpha and the
( + ) beta dihydro isomers) have high affinity for VMAT2, but only the ( + ) beta isomer is present in a sufficiently high amount
to generate the VMAT2 occupancy required for therapeutic actions in tardive dyskinesia. Two other isomers, the (–) alpha and
the (–) beta dihydro isomers, have affinities for other receptors, but only the (–) beta is present at sufficiently high plasma
concentrations to have moderate serotonin 5HT7 and low dopamine D2 occupancies. All active isomers are inactivated by
CYP450 2D6.
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Huntington’s disease and for TD.11,12 Pharmacokinetic
differences between deuterated and nondeuterated
tetrabenazine have been discussed elsewhere,5–7,11–16

but here we tackle instead comparisons of pharmaco-
logical mechanisms of action between the two agents
specifically approved for TD, namely deutetrabenazine
and valbenazine.

In that regard, if valbenazine is a solo performance
by a single active metabolite, then deutetrabenazine
is a medley, actually a quartet. Deutetrabenazine has
4 active deuterated metabolites (Figure 1), two of
which act at VMAT2 and two of which act at other
receptors (Figure 1 and Table 1).5–7,11,12,14 Specifi-
cally, the ( + ) beta and the ( + ) alpha deuterated
dihydro metabolites combine to mediate the VMAT2
inhibition of deutetrabenazine (Table 1). Although
the ( + ) alpha form is the most potent inhibitor of
VMAT2 (Table 1), unlike valbenazine, its concentra-
tion in the blood is quite low (Figure 2).17 For
deutetrabenazine, instead it is the ( + ) beta form of
deuterated tetrabenazine, a less potent VMAT2
inhibitor (Table 1),14 but in much higher concentra-
tions in the blood (Figure 2),17 that is the principle
mediator of VMAT2 inhibition.

This duet of ( + ) dihydro isomer metabolites of
deutetrabenazine acting on VMAT2 is joined by a
second duet of metabolites, namely the (–) alpha and
the (–) beta forms of deuterated dihydrotetrabena-
zine (Figures 1 and 2).17 Neither (–) isomer blocks
VMAT2, but both have significant affinities for 5HT7
serotonin receptors, moderate affinities for D2 dopa-
mine receptors, and low affinities for other neuro-
transmitter receptors (Table 1).14 The predominant
(–) dihydro isomer in the blood is the (–) alpha form
(Figures 1 and 2), with relatively little contribution by
the (–) beta isomer (Figures 1 and 2).17 Thus, the (–)
alpha isomer mediates the pharmacologic actions of
deutetrabenazine at various neurotransmitter recep-
tors (Table 1).

All active metabolite isomers of deutetrabenazine
are further metabolized to inactive products by CYP450
2D6 (Figure 1).

Table 1. Pharmacologic binding profile of deutetrabenazine active isomers (ki, nm)

Target (–)-beta-HTBZ (–)-alpha-HTBZ (+ )-beta-HTBZ (+ )-alpha-HTBZ

VMAT2 690 250 10 4.2

Dopamine D
2

53 180 >1000 >1000

Serotonin 5-HT
1A

>1000 750 >1000 >1000

Serotonin 5-HT
2B

460 600 >1000 >1000

Serotonin 5-HT
7

6 71 970 >1000

α1-Adrenergic 980 >1000 >1000 >1000

α2-Adrenergic 220 >1000 >1000 >1000

Shown here are the binding affinities for the four active isomers of tetrabenazine taken from Grigoriadis et al,14 assuming that these binding
properties are also the same for the deuterated isomers.

Figure 2. Comparison of estimated steady state Cmax
values of deutetrabenazine and valbenazine active iso-
mers. Active isomers of 2 unrelated doses of valbenazine
and deutetrabenazine within their therapeutic dosing
ranges were determined at maximum plasma drug level
(Cmax) following administration in separate studies.16–20

Valbenazine has only 1 active isomer, and deutetrabena-
zine has 4, with the (–) alpha and the ( + ) beta isomers
present in sufficient amounts to exert pharmacologic
activity. Active isomers of deutetrabenazine and valbe-
nazine cannot be directly compared. They are shown here
to demonstrate the relative contributions of the different
metabolites to the therapeutic plasma levels.

-

2

4

6

8

10

12

14

16

15 mg
(–)-alpha

15 mg
(+)-beta

15 mg
(–)-beta

15 mg
(+)-alpha

Deutetrabenazine

S
te

ad
y 

S
ta

te
 P

la
sm

a 
C

o
n

ce
n

tr
at

io
n

n
g

/m
L

80 mg
(+)-alpha

Valbenazine

Comparing pharmacologic mechanism of action for the vesicular monoamine transporter 2 241

BRAINSTORMS—Clinical Neuroscience Update

https://doi.org/10.1017/S1092852918001219 Published online by Cambridge University Press

https://doi.org/10.1017/S1092852918001219


Therapeutic Drug Levels Predict VMAT2 Occupancy Levels

Since valbenazine is linked to the amino acid valine, then
converted to just a single tetrabenazine isomer, whereas
deutetrabenazine is converted into 4 active isomers
(Figure 1), the doses administered (6–48mg a day in
divided doses for deutetrabenazine versus 40–80mg once
per day for valbenazine) cannot be directly compared.
Furthermore, blood levels of their respective active
metabolite(s) cannot be directly compared since the active
components of valbenazine and deutetrabenazine differ
quite considerably from each other (Figures 1 and 2). The
pharmacologic actions of these metabolites also differ a
great deal (Table 1).

Instead, to compare the pharmacodynamics of
valbenazine with deutetrabenazine, one can calculate
and compare estimates of the degree of VMAT2
targeting over their respective dosage ranges. To do
this, it is necessary first to quantify the amount(s)
of active metabolite(s) present after administration
of a given dose of each agent (Figures 2 and 3) and
then to convert these blood levels into estimates
(Table 2) of VMAT2 occupancies (Figure 4). From a
pharmacological perspective, it is comparison of these
VMAT2 occupancies that can potentially determine
therapeutic differences between valbenazine and
deutetrabenazine due to differential engagement of
the therapeutic target VMAT2 at different doses
(Figure 4).

The concentrations of the active components at
VMAT2 for each agent (( + ) dihydrotetrabenazine for
valbenazine and the sum of both ( + ) alpha and ( + )
beta dihydrodeuterated tetrabenazine for deutetrabe-
nazine) are shown across their respective dosing ranges
in Figure 3 according to the available published
data.17–20 As already mentioned, the plasma drug
levels of the active metabolite of valbenazine cannot
be compared directly to those of deutetrabenazine in
Figure 3, not only because the doses are different, but
especially because only the ( + ) alpha dihydro isomer is
present after valbenazine administration, whereas both
the ( + ) alpha and the ( + ) beta dihydro isomers are
present after deutetrabenazine, with the ( + ) beta form
by contrast being the predominant active metabolite at
VMAT2 for deutetrabenazine (Figure 1).17–20 The
purpose of noting the plasma drug levels of these
agents in Figure 3 is not to compare them, but to
convert them to VMAT2 estimated occupancies so
occupancies of the therapeutic target can be compared
(Figure 4).

VMAT2 Occupancy by Valbenazine and
Deutetrabenazine

The plasma drug levels shown in Figure 3 have
been converted into calculated estimates of VMAT2
receptor occupancy in Figure 4 utilizing standard

Figure 3. Comparison of estimated Cmax values of isomers of valbenazine and deutetrabenazine active at VMAT2 over
therapeutic dosing ranges. Maximum concentrations of the metabolites active at VMAT2 for both valbenazine [( + ) alpha
dihydrotetrabenazine] and deutetrabenazine [combination of both ( + ) alpha and ( + ) beta dihydro deuterated tetrabenazine]
are shown from separate studies.16–20 Valbenazine doses are administered once daily, and the deutetrabenazine doses are
administered twice a day. Levels of the different metabolites for valbenazine and deutetrabenazine cannot be directly
compared. They are shown here to demonstrate the basis for calculations to convert these plasma drug levels into estimates of
VMAT2 occupancy so those can be compared.
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pharmacologic formulae and reasonable assumptions
about protein binding and brain penetration; these are
listed in Table 2.14–17 Utilizing this approach, net VMAT2
inhibition by valbenazine and deutetrabenazine at
various doses can be both estimated and compared. Here
is where any differences between valbenazine and
deutetrabenazine can be seen in terms of engagement of
the therapeutic target VMAT2 across their respective
dose ranges (Figure 4). Of course, these are only
estimates based upon the specific assumptions made
(Table 2), but the relative differences between valbe-
nazine and deutetrabenazine would be the same with
different assumptions applied to both agents. Also,
there is no estimate of the variance that would likely be
present in a large population of TD patients, but the
values in Figure 4 provide a rational basis for
comparing the therapeutic activities of valbenazine
and deutetrabenazine.

One can readily see that both agents cause a compar-
able and high degree of VMAT2 inhibition at their highest
doses (eg, 91% VMAT2 occupancy for valbenazine at the
80mg dose and 92% VMAT2 occupancy for deutetrabe-
nazine at the 48mg dose) (Figure 4). However, the
differences between the two agents becomemoremarked
at doses lower than this. Specifically, VMAT2 occupancy
at the low dose of valbenazine (40mg) falls to 84%
occupancy, whereas VMAT2 occupancies for deutetrabe-
nazine at doses between 6mg and 42mg range between
51% and 92% (Figure 4).

Beyond VMAT2 to 5HT7 and D2

Another pharmacologic differentiation between valbe-
nazine and deutetrabenazine is that valbenazine has
selective actions on VMAT2, whereas deutetrabenazine

has additional actions on various monoamine recep-
tors. To determine how much binding there is of
deutetrabenazine isomers to these other receptors and
thus whether this binding is likely to be clinically
relevant, the plasma drug levels shown in Figure 3 can
be converted into calculated estimates of serotonin,
dopamine, and alpha noradrenergic receptor occupan-
cies for the (–) isomers of deutetrabenazine (Table 1 and
Figure 5) just as they were for VMAT2 occupancies
in Figure 4. Calculations utilizing the same standard
pharmacologic formulae and assumptions about pro-
tein binding and brain penetration listed in Table 2 and
applied to VMAT2 occupancy calculations shown in
Figure 414–17 have been applied to other neurotrans-
mitter receptor occupancy calculations shown in
Figure 5. Here is where the differences between
valbenazine and deutetrabenazine can be seen in terms
of the degree of engagement of these additional
monoamine receptors, with deutetrabenazine having
actions there and valbenazine not having these actions.
One can readily see that the serotonin 5HT7 receptor
has notable occupancy by the active metabolites of
deutetrabenazine (eg, over 50% at a single 15mg dose
comparable to 30mg a day) (Figure 5)—a dose that
generates 88% VMAT2 receptor occupancy (Figure 4).
This same dose also generates over 20% occupancy of
dopamine D2 receptors but negligible interaction with
other neurotransmitter receptors (Figure 5).

These additional receptor actions clearly differentiate
deutetrabenazine from valbenazine which lacks them,
but are they clinically relevant? The D2 actions of
deutetrabenazine at therapeutic dosing levels are likely
to be below the threshold for notable physiological effects
often estimated to require 60% D2 receptor occupancy or
more.13 However, small amounts of D2 blockade could

Table 2. Assumptions made in calculating receptor occupancy levels from plasma drug levels and in vitro binding values

•∙Since deutetrabenazine has 4 metabolites with potential binding to VMAT2 receptor, a competitive binding model was

applied:

foccupancy =
L1
Kd1

+ L2
Kd2

L1
Kd1

+ 1+ L2
Kd2

� �

•∙Ki data for VMAT2 binding of active isomers was taken from Grigoriadis et al.14

∙ Isomer proportion data was taken from Skor et al.17

•∙Protein binding levels of alpha-dihydrotetrabenazine and beta-dihydrotetrabenazine are assumed to be 68% and 63%,

respectively.19,20

•∙Binding affinities of deuterated isomers are assumed to be same as for non-deuterated isomers.15,16

∙ Plasma-to-brain ratio is assumed to be 1.

Plasma drug levels of active isomers of valbenazine and deutetrabenazine can be converted into estimates of receptor occupancy utilizing receptor binding affinities and
standard formulae for competitive binding, with reasonable assumptions about protein binding and brain penetration of isomers.
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be additive to the action of concomitantly administered
D2 antagonists and could either enhance their antipsy-
chotic actions or increase their drug-induced parkinson-
ism. Also, it is likely that physiologically relevant actions
at 5HT7 receptors are indeed present at the higher doses
of deutetrabenazine (Figure 5). It is not well established
what the clinical effects of 5HT7 antagonism would be,
but several antidepressants and antipsychotics share this
binding property,13 and in animal models, 5HT7 block-
ade enhances serotonin release, reduces circadian rhythm
dysfunction, reduces negative motivation, and exerts
procognitive and antidepressant actions (Figure 6).13

Whether these actions will accompany deutetrabenazine
and not valbenazine remains unknown, but the potential
therapeutic actions of 5HT7 occupancy might be worth
further investigation. Actions at other monoamine recep-
tors (eg, other serotonin receptors as well as alpha
noradrenergic receptors) are unlikely to be physiologi-
cally relevant at therapeutic doses of deutetrabenazine.

Threading the Needle

Since the therapeutic target of both valbenazine and
deutetrabenazine is VMAT2, the questions become
what can we learn from the similarities and the
differences in estimated VMAT2 binding properties of
valbenazine versus deutetrabenazine and can these
observations help determine potential advantages of
one agent over the other for certain patients? The

answers may depend upon how much VMAT2 inhibi-
tion is needed to “thread the needle” between
mechanism-related side effects such as sedation and
drug-induced parkinsonism from too much VMAT2
inhibition on the one hand and suboptimal therapeutic
benefit for tardive dyskinesia movements from too little
VMAT2 inhibition on the other hand. In addition to
these considerations, numerous other pharmacologic
variables could affect the ideal amount of VMAT2
inhibition for any given patient (see Figure 7). That is,
since the therapeutic benefits of both valbenazine and
deutetrabenazine aremediated by reducing the amount
of dopamine acting at hypothetically supersensitive
postsynaptic D2 dopamine receptors,1,2,13 not only is
the concentration of VMAT2 inhibitor at synaptic
vesicles in the presynaptic dopamine neuron important
(modeled in Figures 2 and 3), and the extent to which
this results in VMAT2 inhibition important (modeled in
Figure 4), especially key is how much this VMAT2
inhibition reduces presynaptic dopamine concentra-
tion, and thus synaptic and postsynaptic dopamine
(Figure 7). The amount of dopamine at supersensitive
postsynaptic D2 receptors needed to reduce TD move-
ments is not just dependent upon VMAT2 inhibition. It
is also dependent upon several other factors: (1) the
degree of supersensitivity of these postsynaptic D2
receptors; (2) whether the patient is also receiving a D2-
blocking antipsychotic drug (as is the case for most
patients with TD); (3) the dose of that antipsychotic;

Figure 4. Calculated VMAT2 receptor occupancy of both deutetrabenazine and valbenazine at Cmas. Plasma drug levels
shown in Figure 3 can be converted into estimates of VMAT2 occupancy at various doses of both valbenazine and
deutetrabenazine utilizing the binding affinities shown in Table 1, the assumptions shown in Table 2, and the proportion of
each isomer shown in Figures 1 and 2. On the left (A) are the estimates of VMAT2 occupancy over the therapeutic dosing range
of both compounds shown as smooth overlapping curves. On the right (B) are the actual calculated occupancies at each dose.
Valbenazine dose is given once a day, and the various deutetrabenazine doses shown are given twice a day.
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and (4) the affinity of that antipsychotic for D2
receptors. All these properties will be factors in
determining to what extent any antipsychotic competes
successfully with dopamine to occupy these same D2
receptors (Figure 7). One can thus expect that a broad

range of VMAT2 inhibition may be required for the
large and heterogeneous population of TD patients.

Putting It All Together to Choose a VMAT2 Inhibitor

In practice, looking at the therapeutic doses of VMAT2
inhibitors from published clinical trials, it seems that
most patients will require a high degree (>90%) of
VMAT2 inhibition for the best balance between efficacy
for TD and tolerability.5–12 In theory, it might not
matter which agent you use to get this same degree of
VMAT2 inhibition, but ease of use by giving the agent
requiring less titration and only once a day dosing
(valbenazine) might be preferred in the typical patient
over the agent requiring more titration and twice daily
dosing with food (deutetrabenazine).

How about patients who find the high degrees of
VMAT2 occupancy at top doses of either agent too
sedating or causing drug-induced parkinsonism? In
these cases, it would be logical to lower the dose of
VMAT2 inhibitor. As long as the single option for a
lower dose with valbenazine is adequate, this is an
option. However, if the loss of efficacy is too great with
a 50% dose reduction, it might be better to explore the
best dose from among the many more options with
deutetrabenazine and titrate to the individual’s need

Figure 5. Calculated occupancy of deutetrabenazine at VMAT2 and monoamine receptors at 15 mg dose. Plasma drug levels
for the (–) isomers shown in Figure 2 at the 15 mg dose of deutetrabenazine can be converted into estimates of occupancies of
various monoamine receptors and compared to the occupancy of VMAT2 by the ( + ) isomers shown in Figure 4 by utilizing
the binding affinities shown in Table 1 and the assumptions shown in Table 2. Noted here is the moderate amount of serotonin
5HT7 receptor occupancy level, near the 60% threshold for physiologically relevant effects. Lower in amount is the D2
dopamine receptor occupancy, which is below the physiologically relevant level of occupancy to act on its own, but it may
contribute to D2 dopamine actions of concomitantly administered antipsychotics. Other monoamine receptor binding is
probably too low for clinical or physiological relevance.
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therapeutic doses, deutetrabenazine likely has substantial
occupancy of 5HT7 receptors. Possible clinical relevance is
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properties and preclinical studies, it could have procog-
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are known to be associated with 5HT7 receptors.
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for balance between efficacy and tolerability. In fact,
patients who require careful dose titration for any
reason, including those whomight require low levels of
VMAT2 inhibition for any reason, would benefit from
the multiple dosing options of deutetrabenazine.

Summary and Conclusions

Knowing how the VMAT2 inhibitors quantitatively
engage their therapeutic targets across their dosing
ranges can assist in selecting a specific agent for a specific
patient. Valbenazine and deutetrabenazine both have
comparable and high degrees of VMAT2 inhibition at
their top doses. Deutetrabenazine but not valbenazine
also binds serotonin 5HT7 receptors to amoderate degree

and D2 dopamine receptors to a low degree, but
the clinical significance of this is uncertain. Deutetrabe-
nazine hasmore dosing options to titrate varying degrees
of VMAT2 occupancy for those patients who require
careful dosing titration, but a shorter half-life (9–20hours),
requiring twice a day administration with food. Valbe-
nazine has fewer dosing options and less need for
titration, yet a longer half-life (15–20 hours), allowing
once a day administration.
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thought to be mediated by reducing the amount of dopamine at hypothetically supersensitive postsynaptic D2 dopamine
receptors. Thus, not only is the concentration of VMAT2 inhibitor at synaptic vesicles in the presynaptic dopamine neuron
important, and the extent to which this results in VMAT2 inhibition, other especially key factors are how much this VMAT2
inhibition reduces presynaptic dopamine concentration, and thus synaptic and postsynaptic dopamine concentrations.
Furthermore, the amount of dopamine at supersensitive postsynaptic D2 receptors is not just dependent upon VMAT2
inhibition but also upon the degree of supersensitivity of these postsynaptic D2 receptors. Additional factor to consider
include whether the patient is also receiving a D2-blocking antipsychotic drug (as is the case for most patients with TD), the
dose of that antipsychotic and the affinity of that antipsychotic for D2 receptors, since these properties of the antipsychotic
drug will determine to what extent it competes successfully with dopamine to occupy these same D2 receptors.

Presynaptic Dopamine
Concentration

D2 Receptor Blocker
Concentration

D2 Receptor
Number and Density

VMAT2 Inhibitor
Concentration

Synaptic Dopamine
Concentration

D2 Receptor Blocker
Affinity to D2 Receptor
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