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Trazodone is a drug that was introduced in the clinic almost 40 years ago. It is licensed to treat depression, but it is also commonly used off-
label to treat insomnia. A recent study shows that it could be promising in preventing neurodegeneration in mice, and clinical trials to assess its
possible beneficial effects on dementia and Alzheimer’s disease are expected to start soon in humans. In this study, we describe the dose-dependent
pharmacology of trazodone by carrying out pharmacokinetic simulations aiming to predict the brain concentrations of trazodone for different drug-
dosing regimens and calculating occupancy for 28 different targets for which published trazodone-binding data are available. Our study indicates
that low doses of trazodone (typically 50 mg daily) should suffice to block specific receptors responsible for the hypnotic effect, and to provide
the protective effect against neuroinflammation and neurodegeneration that could be beneficial in dementia. Higher doses are required for an
antidepressant effect. The occupancy of specific receptors at therapeutic doses also explains peculiar side effects reported by patients treated with

trazodone (e.g. dry-mouth, hypotension and priapism).
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Introduction

Trazodone was introduced in the clinic in the early 1970s
(Khouzam, 2017). Currently it is only licensed for treating
depression, but it is commonly used off-label for other condi-
tions, mainly to treat insomnia (Wong et al., 2017). Stahl
reported that even if ‘trazodone was never officially approved as
a hypnotic, nor marketed as a hypnotic, it nevertheless accounts
for up to half of all prescriptions for hypnotics’ (Stahl, 2013:
453). Trazodone is also used off-licence to treat other conditions
such as the behavioural and psychological symptoms of demen-
tia in Alzheimer’s disease (AD) (Lopez-Pousa et al., 2008) and
in fronto-temporal dementia (Lebert et al., 2004). It has previ-
ously shown to be of benefit in models of Huntington’s disease
(Kumar et al., 2011), to protect neuronal-like cells from inflam-
matory insult (Daniele et al., 2015) and to prevent neurodegen-
eration (in mice) (Halliday et al., 2017). The latter study, in
particular, provided promising results, and clinical trials are
expected to start soon in humans to assess trazodone’s protective
effect in dementia and AD.

Given that trazodone is only licensed for depression, there is
a need to know the dose required for treating the variety of other
conditions for which it is used off-label, and the pharmacological
mechanism of its action. The pharmacological activity of trazo-
done is dependent on the dose given and Stahl has tried to ration-
alise the dose-dependent pharmacological effects of trazodone by
discussing occupancy in different targets. This was calculated
using predicted plasma concentration of trazodone administered
orally in different drug-dosing regimens (Stahl, 2009).

In the present study we wanted to improve the understanding
of the mechanism of action of trazodone described in Stahl’s
analysis by (a) calculating receptor occupancy using brain con-
centration rather than the plasma level of trazodone and (b) con-
sidering a larger number of pharmacological targets. We also
aimed to: (c) validate the use of a software called Berkeley
Madonna (BM) (Krause and Lowe, 2014); (d) reproduce the
experimental pharmacokinetic (PK) profile of trazodone, and
compare the performance of the model produced by BM with the
methodology used by Stahl and co-workers (Lemaire et al., 2009;
Stahl, 2009). Finally (e), we aimed to suggest a pharmacody-
namic mechanism by which trazodone is able to reduce the levels
of activating transcription factor 4 (ATF4) (a key mechanism in
slowing neurodegeneration) without affecting the level of phos-
phorylated eukaryotic initiation factor 2a (elF2a-P) as reported
by Halliday and co-workers (Halliday et al., 2017).
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Figure 1. The two-compartment pharmacokinetic (PK) model
developed for trazodone using Berkeley Madonna (BM). GI: gastro-
intestinal.

With the prediction of occupancies, we also suggest a likely
dose of trazodone that could be used in future clinical trials to
evaluate its possible protective effect in dementia and AD.

Methods

A two-compartment PK model was developed using BM, beta
version 9.0.123 (Krause and Lowe, 2014), in order to predict the
pharmacokinetic profile of trazodone administered orally. A sim-
ple representation of the model developed in BM is shown in
Figure 1 (the description of the compartments is similar to the
structure of the model published by Lemaire and co-workers
(Lemaire et al., 2009)).

Two differential were used for the modelling in BM: the first
describes the absorption from the gastro-intestinal (GI) tract:

d/dt (Gl tract) = input — [K, x (GI tract)]

where ‘input’ accounts for the amount of trazodone taken orally
in a specific time interval (24 h in this study), and K, is the
constant of absorption from the GI tract to the central compart-
ment. The amount of drug considered in the input function is
the dose of trazodone multiplied by its bioavailability (F=0.65)
(Truven Health Analytics Inc, 2013) in order to account for the
fraction of the administered dose that reaches the systemic cir-
culation as unchanged drug. The ‘input’ administration by the
GI tract is modelled by the pulse function in BM (Krause and
Lowe, 2014).

The second equation describes the distribution in the central
compartment Al and in the peripheral compartment:

d/dt (A1) =+[K, x (GI tract)] — [K, x Al] - [K;, x Al] + [Kyy x A2]

where K, is the constant of elimination from the central compart-
ment Al; K, is also equal to In2 divided by the half life of elimi-
nation of trazodone (7.3 hours in humans (Obach et al., 2008)),
thus a K, 0f 0.095 h! assuming linear PK and first order elimina-
tion. K, and K, are the constants for the first order distributions
of trazodone between the central and peripheral compartment.
All the parameters of the model, the central (A1) and peripheral
compartment (A2) are shown in Figure 1.

In order to solve the differential equation, the integration
method Runge—Kutta 4 in BM was used; the time intervals to be
used in the numerical solving of the differential equation system
were 0.02 h.
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Figure 2. Pharmacokinetic (PK) model fitting in Berkeley Madonna
(BM). The data points were extracted from Figure 2 published by
Gammans and co-workers (Gammans et al., 1984). The continuous line
represents the PK fitted curve obtained using BM.

To create the trazodone PK model, the curve fit and sliders
functions in BM were used for the estimation of K, K, and K,,
by modelling the experimental plasma concentration curve of a
specific dose of trazodone previously published (Gammans
et al., 1984).

WebPlotDigitizer (Rohatgi, 2017) was used to extract the
experimental data points of the trazodone plasma concentrations
against time measured after a single oral administration of 50 mg
of trazodone given individually to six patients (having a mean
weight of 70 kg) using the plot in Figure 2 published by Gammans
and co-workers (Gammans et al., 1984). These points were
imported as an external dataset in BM and used as a template to
fit the PK model using the ‘curve fit’ tool in BM by exploring
different combination of K,, K,, and K,, (K, was instead set as
0.095 h! as explained above). BM allows also for the adjustment
of each parameter individually to better fit the curve using the
sliders function.

The central compartment was approximated to represent the
blood circulation compartment where trazodone is distributed as
seen in the report published by Lemaire and co-workers (Lemaire
et al., 2009). In order to estimate the plasma concentration, the
amount of trazodone in the central compartment was divided by
the volume of distribution of trazodone in humans (36.4 L for a
70 kg individual (Obach et al., 2008)). The human brain concen-
tration was estimated considering the unbound plasma/brain ratio
measured experimentally in mice (the experimental C, jqms/
C\ prain Tatio reported in mice is 1.8 (Maurer et al., 2005); in this
study we assumed that the unbound plasma/brain ratio in humans
is the same as the ratio measured in mice).

Different doses of trazodone were simulated (50 mg, 100 mg,
150 mg administered daily (od) and 100 mg given three times
daily (tds)), and the integration interval was set as 24 h.

The E,,, sigmoid model (Rosenbaum, 2011) was used to cal-
culate the receptor occupancy. The formula is:

[trazodone]bmin / (Ki +[trazodone]bmm)
where [trazodone], ,;, is the brain concentration of trazodone

and K is the constant of binding experimentally measured for
trazodone for a specific receptor.
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Figure 3. Plasma concentration curves for trazodone administered as
50 mg, 100 mg, 150 mg daily (od) and 100 mg three times daily (tds)
predicted with Berkeley Madonna (BM) using the two-compartment
model created as described in the Methods section.

Results

The experimental plasma concentration curve for trazodone was
best modelled with a two-compartment PK model: the parame-
ters for this PK model were the following: K,,=0.134 h7l;
K,=0.0313 h'!; K,=4.319 h'; K.=0.095 h™!. The curve fit and
sliders tools in BM were used to produce the PK model by fitting
the data published by Gammans and co-workers (Gammans
et al., 1984). The result is shown in Figure 2.

This modelling methodology seems suitable in the case of tra-
zodone as it can be seen in the good fit between the simulated
curve produced with our model in BM and the experimental
plasma values measured by Gammans and co-workers (Gammans
etal., 1984). This is also in agreement with other studies showing
that trazodone follows a two-compartment pharmacokinetic
model (Lee and Desai, 2007; Lemaire et al., 2009).

The fact that our model shows that the K, is 4.3-fold higher
than K,,; suggests that trazodone distributes substantially to the
peripheral compartment (Figure 1). This was expected since tra-
zodone is a basic lipophilic compound, thus this drug is predicted
to bind to fat tissues and membranes (Schmitt, 2008).

The plasma concentration and the brain concentration curves
for trazodone administered as 50 mg, 100 mg, 150 mg od and
100 mg tds predicted by BM are shown in Figures 3 and 4
respectively.

The therapeutic (antidepressant) window of trazodone is said
to be a plasma level of between 0.5 and 1.6 pg/mL, whereas toxic
effects are expected to be seen when the concentration of trazo-
done is above 4 pg/mL (Schulz and Schmoldt, 2003). The drug
dosage regimen that best fits this window of plasma concentra-
tions is seen when trazodone is given as 100 mg od or tds (Figure
3). When 50 mg od is given, the plasma level is, for the most part,
below the therapeutic threshold. When 150 mg is given, the
plasma concentrations are within the therapeutic window but
approach the upper limit of the therapeutic window (Figure 3).

Given that the free protein unbound plasma/brain ratio is
expected to be 1.8 (assuming that the brain permeability of trazo-
done in mice (Maurer et al., 2005) is similar to the brain perme-
ability in humans), the brain concentration is expected to be
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Figure 4. Brain concentration curves for trazodone administered as
50 mg, 100 mg, 150 mg daily (od) and 100 mg three times daily (tds)
predicted with Berkeley Madonna (BM) using the two-compartment
model created as described in the Methods section.

Table 1. C,,, trazodone (in pg/mL or mg/L) concentrations predicted
in the plasma and in the brain after the Berkeley Madonna (BM)
pharmacokinetic (PK) simulation of trazodone given as 50 mg daily
(od), 100 mg od and 150 mg od.

Dose Plasma C,,, Brain C,,?
50 mg od 0.76 0.42
100 mg od 1.5 0.83
150 mg od 2.27 1.26

a: Value taken from the curves in Figure 3; b: value taken from the curves in Figure 4.

almost half that of the plasma concentration (as can be seen by
comparing Figures 3 and 4).

We calculated the occupancy with the brain concentration
using the E,,, model described in the Methods section. In order
to calculate the occupancy we needed (a) the concentrations of
trazodone in the brain for each drug dosage regimen and (b) the
binding affinity for the receptor or transporter (previously pub-
lished). These values are reported in Table 1 and Table 2.

Table 1 shows the C,,,, concentrations in the plasma and brain
for the three different daily drug dosage regimens taken from
Figures 3 and 4. The brain C_,, concentrations were used to cal-
culate the occupancies, since the dose-dependent pharmacologi-
cal actions of trazodone originate in the extent of binding with
the different targets (receptors and transporters) in the brain.

It can be seen in Figures 3 and 4, that the first part of the 100
mg od and 100 mg tds simulation curves overlap. Therefore, as
expected, the C,,, after the first dose is identical in both simula-
tions. However, a significant fluctuation of concentration can be
seen in the tds simulation given the relatively short half life of
trazodone.

Table 2 reports the binding affinity of trazodone in key recep-
tors and transporters obtained from the Psychoactive Drug
Screening Program (PDSP) database (Roth and Driscol, 2011).

We calculated the occupancy for all the neurotransmitter tar-
gets (receptors and transporters) in Table 2 using the brain
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Table 2. Binding affinities (where data available) of trazodone in
different transporters and receptors. Trazodone is an antagonist/
blocker for all the targets in the table except for the serotonin (5-HT),,
receptor, where it behaves as a partial agonist/agonist. Values taken
from the Psychoactive Drug Screening Program (PDSP) database (Roth
and Driscol, 2011).

Protein Ki (nM)
SERT 367.3
NET >10,000
DAT >7000
5-HT,,2 118
5-HT,q >10,000
5-HT,p 106
5-HT >10,000
5-HT,, 35.8
5-HT,, 78.4
5-HT, 223.9
5-HT, >10,000
5-HT,, >10,000
5-HT, >10,000
5-HT, 1782
Ay 153

[&5T:} ND

Qo 728

Qg ND

Qe 155

B, >10,000
B. >10,000
D, 3730

D, 4142

D, ND

D, 703

D, >10,000
H, 220

H, 3290
H, >10,000
mAChRs >10,000
nAChRs >10,000

5-HT: 5-hydroxytryptamine(serotonin) receptors (different subtypes); a: alpha-
adrenergic receptors (different subtypes); B: beta-adrenergic receptors (different
subtypes); D1-5: dopamine receptors; DAT: dopamine transporter; H: histamine
receptors (different subtypes); mAchR muscarinic receptors; nAChRs: nicotinic
receptors; ND: not determined; NET: norepinephrine transporter; SERT: serotonin
transporter.

Trazodone behaves as agonist/partial agonist for 5-HT,, (Odagaki et al., 2005).

concentrations from the three drug dosage regimens in Table 1
and reported the results in Table 3.

Discussion

First, we will discuss the performance of BM in reproducing PK
simulations reported in previous publications. Then, we will look at
the effect of the dose on the occupancy of different neurotransmitter
targets in treating insomnia, depression and possible neuroprotec-
tion. We will also rationalise why trazodone causes some peculiar
side effects such as hyposalivation, hypotension and priapism.

BM is able to reproduce PK simulations
reported in previous publications

The plasma concentration curves predicted with BM for the tra-
zodone doses of 50 mg od, 100 mg od and 100 tds (Figure 3) are
very similar to the plasma concentration curves for the same dos-
age regimens published by Stahl (Stahl, 2009). This demonstrates
the strength and reliability of the methodology used in our study
and validates our PK model created with BM since this produced
results very similar to published PK simulations (Lemaire et al.,
2009; Stahl, 2009).

Trazodone has a half-life of 7.3 h (Obach et al., 2008) and it
requires frequent administrations in order to provide a sustained
exposure: the ideal time interval for a continuous exposure of a
drug is usually an interval as close as possible to the half-life of
the drug administered if the oral immediate-release (IR) formula-
tion is given (Rosenbaum, 2011). The C,,,, experimentally meas-
ured for a 300 mg od administration of extended-release (ER)
formulation of trazodone has been reported in different studies
(Herr and Caspi, 2011; Lemaire et al., 2009; Stahl, 2009).
According to these publications, ER formulations for 300 mg of
trazodone administered od, generated plasma trazodone levels
that rose slowly (with a C_,, obtained almost 8 h after the oral
administration) providing an experimentally measured plasma
C,.ax at steady state of ~1.5 mg/L of trazodone. This can be ration-
alised by the fact that an IR 100 mg formulation administered
three times od is equivalent to an ER 300 mg formulation given
od. Coincidentally, the measured plasma C,,, at steady state for
an ER 300 mg formulation of trazodone administered od is iden-
tical to the plasma C,,,, that we obtained in our 100 mg od simu-
lation (1.5 mg/L; Table 1). The predicted brain occupancy
resulting from this concentration can therefore be seen in the
third column of Table 3. For IR trazodone, the oral dosage regi-
men that provides a continuous, although fluctuating, exposure to
the drug is three times od, as can be seen in Figure 3 and 4. This
fact, in combination with the risk of toxic effects seen when the
C,x 18 reached (especially when high doses are administered),
explains why the manufacturer suggests administering high
doses of IR trazodone in divided doses (Summary of Product
Characteristics for trazodone, 2017). An alternative to the admin-
istration of trazodone in divided doses during the day is the once
daily administration of an ER formulation of trazodone which
shows less fluctuation of the plasma concentration in comparison
with the tds administration of the IR formulation (Fagiolini et al.,
2012; Herr and Caspi, 2011; Lemaire et al., 2009; Sheehan et al.,
2009; Stahl, 2009).

However, there are cases where a daily dose of IR trazodone
is preferred to a multiple dosing regimen or ER formulations,
such as when IR trazodone is used off-license to treat insomnia
when the daily dose is given before bed-time.

Dosing trazodone for insomnia

Trazodone is used widely off-label in a low-dose as a hypnotic
for the treatment of sleep disorders (Stahl and Stahl, 2011).
Trazodone’s short half-life is advantageous in treating insomnia
because its daytime sedation is minimal when trazodone is given
only at night and at low doses, in agreement with the rapid
decrease of the plasma and brain concentration curves for single-
dose administration (Figures 3 and 4).
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Table 3. Occupancy calculated with the E

max

sigmoid model based on the brain concentrations C

reported in Table 2.

max

Protein Occupancy for dose of 50 mg daily Occupancy for dose of 100 mg daily Occupancy for dose of 150 mg daily
SERT 0.75 0.86 0.90
NET <0.10 <0.18 <0.25
DAT <0.14 <0.24 <0.33
5-HT, 2 0.91 0.95 0.97
5-HTq <0.10 <0.18 <0.25
5-HT,p 0.91 0.95 0.97
5-HT, <0.10 <0.18 <0.25
5-HT,, 0.97 0.98 0.99
5-HT,g 0.94 0.97 0.98
5-HT,c 0.83 0.91 0.94
5-HT, <0.10 <0.18 <0.25
5-HT,, <0.10 <0.18 <0.25
5-HT, <0.10 <0.18 <0.25
5-HT, 0.39 0.56 0.66
A 0.88 0.94 0.96
A ND ND ND
Ag 0.61 0.75 0.82
As ND ND ND
Ay 0.88 0.94 0.96
B, <0.10 <0.18 <0.25
B, <0.10 <0.18 <0.25
D, 0.23 0.37 0.48
D, 0.21 0.35 0.45
D, ND ND ND

D, 0.62 0.76 0.83
D <0.10 <0.18 <0.25
H, 0.84 0.91 0.94
H, 0.26 0.40 0.51
H, <0.10 <0.18 <0.25
mAChRs <0.10 <0.18 <0.25
nAChRs <0.10 <0.18 <0.25

5-HT: 5-hydroxytryptamine(serotonin) receptors (different subtypes); a: alpha-adrenergic receptors (different subtypes); B: beta-adrenergic receptors (different sub-
types); D1-5: dopamine receptors; DAT: dopamine transporter; H: histamine receptors (different subtypes); mAchR muscarinic receptors; nAChRs: nicotinic receptors; ND:

not determined; NET: norepinephrine transporter; SERT: serotonin transporter.
aTrazodone behaves as agonist/partial agonist for 5-HT,, (Odagaki et al., 2005).

Different studies have been performed to determine the opti-
mal dose of trazodone to treat insomnia. The first study was car-
ried out by Muratorio and co-workers showing that low doses of
trazodone (50 mg od) were not effective as a hypnotic in four
non-depressed patients, whereas higher doses (>250 mg od)
given to depressed patients helped the patients to sleep (Muratorio
etal.,, 1974).

In contrast, Karniol and co-workers studied the effect of tra-
zodone on sleep in 10 healthy volunteers and concluded that
patients were drowsier when taking a dose of 0.33 mg/kg (~25
mg daily taking into account an average weight of 70 kg for the
patients) rather than a dose of 0.57 mg/kg (~50 mg daily) (Karniol
et al., 1976).

Both of these previous studies should be interpreted carefully
given the small number of patients involved. Another study
involving 75 patients analysed the effect of the dose of trazodone
on the treatment of insomnia associated with depression and con-
cluded that a daily dosage of 50-100 mg (at night) improved
sleep disorders, particularly when given at a dose of 100 mg

(Mashiko et al., 1999). This finding was confirmed by another
study in depressed insomniacs (Saletu-Zyhlarz et al., 2002).
Recently Savarese and co-workers performed a retrospective
cross-sectional study on 33 patients treated with trazodone given
at different doses to treat insomnia for three months (Savarese
et al., 2015) and reported that when patients were given a daily
dose of 25-75 mg (at night) there were 37.93%, 31.03% and
20.68% of responders when the night dose of trazodone was 25
mg, 50 mg and 75 mg respectively. When the dose was 100 mg or
150 mg daily at night, responder rates were only 10.43% and 0%
respectively (Savarese et al., 2015). Taken together these studies
show that a dose between 25 mg and 100 mg seems to have a
significant hypnotic effect that justifies the use of trazodone for
insomnia at low doses.

Only one randomised parallel-group double-blind study has
been carried out for trazodone in non-depressed insomniacs. This
established the hypnotic efficacy of trazodone in comparison
with zolpidem and placebo, and concluded that 50 mg trazodone
given daily for two weeks was an effective hypnotic for the
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short-term treatment of patients with primary insomnia, being
only slightly less efficient than zolpidem (Walsh et al., 1998).

Alongside these studies is the observation that the typical off-
licence hypnotic dose of trazodone in non-depressed patients is 50
mg at night. We performed a PK simulation with this dose (50 mg
od) to better understand the pharmacological mechanism behind
the hypnotic effect of trazodone. This dose afforded, after approxi-
mately one hour following oral administration (Figures 3 and 4), a
Cax 10 the brain of 0.42 mg/L (Table 1). It is reasonable to assume
that the C,,, is the therapeutic concentration that is responsible for
the hypnotic effect. With this concentration, the predicted occu-
pancy for serotonin transporters (SERTs) is 75%, whereas the
5-HT,,, 5-HT,p, 5-HT,, and 5-HT,j receptors are expected to be
more than 90% occupied. 5-HT, receptors are expected to show
an occupancy of 83% whereas 5-HT ; and 5-HT ;; are expected to
show an occupancy less than 10% (Table 3).

The calculated occupancy for SERTS is too low to achieve
antidepressant activity when a dose of 50 mg is given, since this
transporter should be almost fully inhibited in order to exert a
pharmacological action (Stahl, 2009). The hypnotic/anxiolytic
effect observed at low doses of trazodone can be understood by
taking into account the occupancy predicted in our analyses as an
antagonist for (a) 5-HT,, receptor (97%); (b) alpha,, receptor
(88%) and (c) H, receptor (84%). The antagonism for each of
these receptors is known to cause a hypnotic effect (Fagiolini
etal., 2012; Stahl, 2009). In addition, the activation of the 5-HT ,
(91% occupancy as agonist/partial agonist for a daily dose of 50
mg) is likely to contribute to the anxiolytic effect of trazodone at
these doses (Odagaki et al., 2005).

Trazodone has been shown to decrease gamma-aminobutyric
acid (GABA) release (Garrone et al., 2000; Luparini et al., 2004).
Luparini and co-workers showed that this is mediated by trazo-
done at low doses through 5-HT,, receptors on GABA neurons
and also that this decrease in GABA level is accompanied by an
increase in 5-HT release (Luparini et al., 2004). Our study con-
firms this finding since 50 mg od dosing causes 97% occupancy
for the 5-HT,, receptors.

Less is known about the 5-HT; receptor, however, and it has
been proposed that it could regulate memory given that it is
highly localised in the cortex, hippocampus and olfactory bulb
(Bai et al., 2004). The fact that trazodone does not block this
receptor suggests that it could be used as a hypnotic without
affecting memory. This might suggest that trazodone can be
safely prescribed in patients affected by dementia, not least
because trazodone does not block muscarinic receptors to any
extent (Table 3). A recent randomised double-blind and placebo-
controlled study in AD patients confirmed that trazodone (given
with a dose of 50 mg at 22:00 for two weeks) was effective as a
hypnotic and did not have any effect on cognition using different
rating scales (Camargos et al., 2014).

Dosing trazodone for depression

Trazodone has been extensively studied to treat depressed
patients (Fagiolini et al., 2012 and references therein). Two clini-
cal studies investigated the optimal dosing of trazodone for treat-
ing depression: Mukherjee and Davey compared the treatment of
trazodone dosed 25 mg tds against 50 mg tds and reported the
superiority of the latter dose regimen in treating this condition
(Mukherjee and Davey, 1986). Mihara and co-workers reported a

significant linear relationship between the steady-state plasma
concentration of trazodone and the percentage of patients improv-
ing depression as assessed by the Montgomery—Asberg
Depression Rating Scale (MADRS) (Mihara et al., 2002).

Trazodone probably acts as an antidepressant by different
pharmacological mechanisms such as antagonism of the SERT,
alpha-2 adrenoreceptor, 5-HT,, and 5-HT, receptors, as well as
stimulation of the 5-HT , (Fagiolini et al., 2012; Stahl, 2009). In
particular, Luparini and co-workers reported that with high
doses/concentrations of trazodone, the increase in 5-HT release is
mediated by a double mechanism: as a result of a decreased
release of GABA (already happening at low doses as explained
above), but also by the block of the re-uptake of serotonin that is
only observed at high doses of trazodone (Luparini et al., 2004).
The 5-HT increase is then accompanied by a rise in GABA
release. This complex interaction between the GABAergic and
serotoninergic systems may explain the sedation and anxiolytic
properties that accompany the antidepressant activity of trazo-
done (Luparini et al., 2004).

Drugs that block the re-uptake of serotonin increase the con-
centration of this neurotransmitter in the synaptic cleft. This is a
well-known mechanism of action for the selective serotonin
receptor inhibitors (SSRI): excess of serotonin in the synapse is
thought to act on the post-synaptic 5-HT,, receptor providing
antidepressant action (Stahl, 2008, 2009). SSRIs do not block
post-synaptic 5-HT receptors and are associated with side effects
such as insomnia, anxiety and sexual dysfunction (Stahl, 2008).
Serotonin agonism on the 5HT,, and 5-HT,: post-synaptic
receptors is the mechanism for this (Stahl, 2008, 2009). The
potential advantage of trazodone is that, in addition to blocking
SERTs, it is an antagonist at 5-HT,, and 5-HT,. receptors.
5-HT,. antagonism is also observed with other drugs such as
mirtazapine and agomelatine (Stahl, 2008, 2009). Each of these
non-SSRI drugs are known to exert antidepressant activity with a
much reduced risk of anxiety or sexual dysfunction.

In addition to this, it has been postulated that simultancous
5-HT,, and 5-HT,. antagonism combined with SERT inhibition
might also potentiate antidepressant effect and improve tolerabil-
ity (Fagiolini et al., 2012; Stahl, 2009).

As can be seen in Table 3, the occupancy for SERTS is pre-
dicted to be 86% when trazodone is given as 100 mg daily and
90% when trazodone is given as 150 mg daily. As expected, at
these doses trazodone almost completely blocks the 5-HT,, and
5-HT, receptors thus, in theory, reducing the risks of sexual dys-
function and anxiety related side-effects (Stahl, 2009). The fact
that high doses of trazodone are more effective in treating depres-
sion than lower doses (Mihara et al., 2002; Mukherjee and Davey,
1986), suggests that the block of SERT (that is only significantly
achieved when high doses are given as explained above), and
thus the increase of 5-HT, is more important than the block of
alpha-2 adrenoreceptor, 5-HT,, and 5-HT,. receptors or the
stimulation of the 5-HT,, receptor for treating depression (the
latter receptors in fact show a high occupancy already at lower
doses (Table 3)).

In particular, the increase of 5-HT caused by chronic adminis-
tration of high doses of trazodone most likely causes 5-HT,
receptor downregulation, which may also contribute to the anti-
depressant properties of trazodone (Subhash et al., 2002).

Different studies report that trazodone usually decreases the
amount of rapid eye movement (REM) sleep (Aton et al., 2009;
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Brogden et al., 1981; Mendelson, 2005; van Bemmel et al., 1992;
Yamatsu et al., 1974). However, to our knowledge, only one
study investigated the effect of the dose of trazodone on the
amount of REM during sleep following administration of this
drug (Yamatsu et al., 1974). According to this investigation, the
suppression of REM is proportional to the dose of trazodone
administered, with low doses having no effect on the amount of
REM during sleep (Yamatsu et al., 1974). We suggest that this
could be correlated with the fact that at high doses of trazodone,
the increased concentration of serotonin in the synaptic cleft (as
a result of SERT-block) activates 5-HT, receptors. The agonist
activation of this receptor has been shown to decrease REM dur-
ing sleep (Boutrel et al., 1999): the fact that trazodone does not
block this receptor (Table 3) could explain the fact that when
serotonin concentration increases following SERT block by high
doses of trazodone, the effect is a suppression of REM, and this
hypothesis would be confirmed by trazodone’s dose-dependent
suppression of REM. These findings support the fact that low
doses of trazodone (typically 50 mg at night) are to be preferred
when treating insomnia, as the quality of sleep would be improved
as the REM phases would not be majorly affected.

Dosing trazodone for possible
neuroprotection in humans

Halliday and co-workers recently proposed a possible benefi-
cial use of trazodone in dementia and AD by showing that this
drug is able to reverse unfolded protein response (UPR)/inte-
grated stress response (ISR) activation induced by UPR stress-
ors such as tunicamycin. The authors showed that trazodone
was able to reduce the levels of ATF4 without affecting the
level of elF2a-P (Halliday et al., 2017). However, the authors of
this study did not explain the mechanism by which trazodone
produced this effect. Given that it has been showed that p38
activates the expression of ATF4 in tunicamycin-induced stress-
related protein kinase RNA-like endoplasmic reticulum kinase
(PERK)/elF2a/ATF4 pathway (Jiang et al., 2014) and also that
5-HT,, agonism activates the mitogen-activated protein kinase
p38 (Kurrasch-Orbaugh et al., 2003), it is evident that trazo-
done’s antagonist activity on the 5-HT,, receptor is expected to
decrease the activity of p38 and this should decrease also the
formation of ATF-4. Thus, we suggest that 5-HT,, blockade
could have a protective role against dementia and AD and
explain the effects described in the recent study published by
Halliday and co-workers (Halliday et al., 2017).

Our hypothesis has also been confirmed by the fact that
there is a partial reduction of neuro-protective effect in the
presence of the 5-HT,, receptor agonist (R)-1-(2,5-dimethoxy-
4-iodophenyl)-2-aminopropane (R-DOI) (Daniele et al., 2015).
The latter ligand displays a high affinity towards 5-HT,,
(K;=3.36 nM) (Knight et al., 2004), approximately 10-fold
stronger than the affinity of trazodone for the same receptor. In
addition, the decreased activity of p38 as a result of 5-HT,,
block is expected to decrease the expression of nuclear factor
kappa B (NF-kappa B), which is an important transcription
factor in inflammation (Olson et al., 2007). Moreover, trazo-
done is expected to have beneficial effects on dementia and AD
because, as a 5-HT, , agonist, it is expected to lead to ERK1/2
activation which is known to increase the protein expression of
brain-derived neurotrophic factor (Daniele et al., 2015; Masson

et al., 2012; Polter and Li, 2010). In addition, the block of H,
and alpha-1 receptors are both expected to decrease the expres-
sion of NF-kappa B (Bakker et al., 2001; Gupta et al., 2009;
Perez et al., 2009).

5-HT, , downregulation is less likely to occur at lower doses
of trazodone because the levels of 5-HT are lower, and 5-HT is a
5-HT,, agonist (Subhash et al., 2002). Thus, the administration
of low doses of trazodone (e.g. 50 mg od) would be preferable if
the aim is to use this drug as neuroprotective through the activa-
tion of the 5-HT, , receptor and the effects on different transcrip-
tion factors mentioned above.

Given that 5-HT,, 5-HT,,, H, and alpha, receptors are satu-
rated with a dose of 50 mg daily (Table 3), our study suggests,
therefore, that this dose might suffice for observing neuro-protec-
tive effects towards dementia/AD and we suggest that it would be
reasonable to use this dose for future clinical studies of trazodone
in dementia/AD.

Rationale for the presence of unanticipated
side effects of trazodone

The fact that trazodone displays minimal central or peripheral
occupancy for muscarinic receptors at these doses makes this
drug suitable for treating patients with glaucoma, angina, pros-
tatism, constipation and dementia.

The central occupancy of the receptors calculated in our study
can also be used to understand the side-effects reported by
patients taking trazodone. In particular, we explain how the occu-
pancy of the different receptors for trazodone can explain three
peculiar side effects of trazodone (a) hypo-salivation; (b) hypo-
tension; (c) priapism.

It is clear from Table 3 that trazodone does not block the mus-
carinic receptor, thus hyposalivation is not mediated by antago-
nism of acetylcholine. Lung and colleagues reported that
salivation is also controlled by alpha receptors: in particular
hypersalivation can be caused by o,-agonists and/or o,
antagonists, whereas hypo-salivation is caused by o,-antagonists
and/or o,-agonists (Lung, 1994). This is also supported by one of
the theories that clozapine-induced hypersalivation is mediated
by the block of the a,-adrenergic receptors (Corrigan et al., 1995;
Szabadi, 1996). The binding data reported in Table 2 show that
trazodone has a stronger affinity for the a,, receptor than the a,
receptors (153 nM and 441.5 nM (average value of the affinity
for the o, and o,, receptors) respectively). This is also reflected
in the occupancy (Table 4). This binding profile could therefore
explain why trazodone can cause hypo-salivation (dry mouth).

A relatively frequent side effect of trazodone is hypotension
(Khouzam, 2017). The specific binding profile of trazodone with
respect to a-receptors can also help to explain this side effect. It
is known that o, agonists and a, blockers cause hypertension,
whereas o, antagonists and a, agonists cause hypotension (Reid,
1986). Using a similar reasoning as that given for the explanation
of the hyposalivation, the fact that the block of a, receptors is
stronger than o, receptors could also explain the presence of
hypotension episodes sometimes seen with trazodone use.

There have been several reports of priapism associated with
the use of trazodone (Hayes and Kristoff, 1986), mainly with
doses of 150 mg/day or less (Khouzam, 2017). Our study agrees
with published studies that proposed that the effect is related to the
blockade of a-receptors in the absence of sufficient antimuscarinic
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activity (Patel et al., 1996). This criteria is fulfilled by the pre-
dicted occupancy of trazodone already at low doses (Table 3).
Notably, also yohimbine blocks the o, receptors and has been
studied for potential treatment for erectile dysfunction (Andersson
and Stief, 2001). Given the pharmacological profile of trazodone,
it is not surprising that it has also been proposed to treat the latter
condition (Khouzam, 2017).

Conclusion

In this study we have validated the use of BM for PK simula-
tions as we were able to reproduce PK simulations for trazo-
done that were previously published. We have shed more
light on the mechanism of action of trazodone in the treat-
ment of different conditions (depression, insomnia and in its
possible use as protective treatment for dementia/AD). Our
study indicates that low doses of trazodone (typically 50 mg
daily) should be used for treating insomnia with minimal
influence on REM sleep, and possibly should provide phar-
macological protection for neurodegenerative conditions
such as dementia/AD.

Our findings are corroborated by the prediction of brain con-
centrations of trazodone using different drug-dosing regimens,
and the prediction of occupancy for 28 different targets for which
published trazodone binding data are available. The occupancy
of specific receptors is also able to explain the rationale for the
presence of specific side effects reported for trazodone. The
approach presented in this study could be used to investigate fur-
ther the dose-dependent pharmacology of other psychotropic
medications.

Acknowledgements

The authors want to thank the Berkeley Madonna team for granting per-
mission to use the beta version of their software for research with the
National Health Service (NHS).

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest with respect to
the research, authorship, and/or publication of this article.

Funding

The author(s) received no financial support for the research, authorship,
and/or publication of this article.

References

Andersson KE and Stief C (2001) Oral alpha adrenoceptor blockade as a
treatment of erectile dysfunction. World J Urol 19: 9—13.

Aton SJ, Seibt J, Dumoulin MC, et al. (2009) The sedating antidepressant
trazodone impairs sleep-dependent cortical plasticity. PLoS One 4:
¢6078.

Bai F, Yin T, Johnstone EM, et al. (2004) Molecular cloning and pharma-
cological characterization of the guinea pig 5-HT1E receptor. Eur J
Pharmacol 484: 127-139.

Bakker RA, Schoonus SB, Smit MJ, et al. (2001) Histamine H(1)-recep-
tor activation of nuclear factor-kappa B: Roles for G beta gamma-
and G alpha(q/11)-subunits in constitutive and agonist-mediated
signaling. Mol Pharmacol 60: 1133-1142.

Boutrel B, Franc B, Hen R, et al. (1999) Key role of 5-HT1B receptors in
the regulation of paradoxical sleep as evidenced in 5-HT1B knock-
out mice. J Neurosci 19: 3204-3212.

Brogden RN, Heel RC, Speight TM, et al. (1981) Trazodone: A review of
its pharmacological properties and therapeutic use in depression and
anxiety. Drugs 21: 401-429.

Camargos EF, Louzada LL, Quintas JL, et al. (2014) Trazodone improves
sleep parameters in Alzheimer disease patients: A randomized, dou-
ble-blind, and placebo-controlled study. Am J Geriatr Psychiatry 22:
1565-1574.

Corrigan FM, MacDonald S and Reynolds GP (1995) Clozapine-
induced hypersalivation and the alpha 2 adrenoceptor. Br J Psy-
chiatry 167: 412.

Daniele S, Da Pozzo E, Zappelli E, et al. (2015) Trazodone treatment
protects neuronal-like cells from inflammatory insult by inhibiting
NF-kappaB, p38 and JNK. Cell Signal 27: 1609-1629.

Fagiolini A, Comandini A, Catena Dell’Osso M, et al. (2012) Rediscov-
ering trazodone for the treatment of major depressive disorder. CNS
Drugs 26: 1033-1049.

Gammans RE, Mackenthun AV and Russell JW (1984) Comparative bio-
availability of trazodone formulations using stable isotope methodol-
ogy. BrJ Clin Pharmacol 18: 431-437.

Garrone B, Magnani M, Pinza M, et al. (2000) Effects of trazodone on
neurotransmitter release from rat mossy fibre cerebellar synapto-
somes. Eur J Pharmacol 400: 35-41.

Gupta MK, Papay RS, Jurgens CW, et al. (2009) alphal-Adrenergic
receptors regulate neurogenesis and gliogenesis. Mol Pharmacol 76:
314-326.

Halliday M, Radford H, Zents KAM, et al. (2017) Repurposed drugs tar-
geting elF2alpha-P-mediated translational repression prevent neuro-
degeneration in mice. Brain 140: 1768—1783.

Hayes PE and Kristoff CA (1986) Adverse reactions to five new antide-
pressants. Clin Pharm 5: 471-480.

Herr JD and Caspi A (2011) Oleptro™: Trazodone hydrochloride
extended-release tablets. P T 36: 2—-18.

Jiang Q, Li F, Shi K, et al. (2014) Involvement of p38 in signal switching
from autophagy to apoptosis via the PERK/elF2alpha/ATF4 axis in
selenite-treated NB4 cells. Cell Death Dis 5: ¢1270.

Karniol IG, Dalton J and Lader M (1976) Comparative psychotropic
effects of trazodone, imipramine and diazepam in normal subjects.
Curr Ther Res Clin Exp 20: 337-348.

Khouzam HR (2017) A review of trazodone use in psychiatric and medi-
cal conditions. Postgrad Med 129: 140-148.

Knight AR, Misra A, Quirk K, et al. (2004) Pharmacological characteri-
sation of the agonist radioligand binding site of 5-HT(2A), 5-HT(2B)
and 5-HT(2C) receptors. Naunyn Schmiedebergs Arch Pharmacol
370: 114-123.

Krause A and Lowe PJ (2014) Visualization and communication of phar-
macometric models with berkeley madonna. CPT Pharmacometrics
Syst Pharmacol 3: el16.

Kumar P, Kalonia H and Kumar A (2011) Novel protective mechanisms of
antidepressants against 3-nitropropionic acid induced Huntington’s-like
symptoms: A comparative study. J Psychopharmacol 25: 1399-1411.

Kurrasch-Orbaugh DM, Parrish JC, Watts V], et al. (2003) A complex
signaling cascade links the serotonin2A receptor to phospholipase
A2 activation: The involvement of MAP kinases. J Neurochem 86:
980-991.

Lebert F, Stekke W, Hasenbroekx C, et al. (2004) Frontotemporal demen-
tia: A randomised, controlled trial with trazodone. Dement Geriatr
Cogn Disord 17: 355-359.

Lee M and Desai M (2007) Gibaldi’s Drug Delivery Systems in Pharma-
ceutical Care. Bethesda, MD: American Society of Health-System
Pharmacists.

Lemaire V, Benquet C, LeGarrec D, et al. (2009) P.2.c.043 Modeling
and simulation to optimise efficacy and tolerability for a once-a-day
trazodone formulation. Eur Neuropsychopharmacol 19: S428.

Lopez-Pousa S, Garre-Olmo J, Vilalta-Franch J, et al. (2008) Trazodone
for Alzheimer’s disease: A naturalistic follow-up study. Arch Geron-
tol Geriatr 47: 207-215.



104

Journal of Psychopharmacology 32(1)

Lung MA (1994) Mechanisms of sympathetic enhancement and inhibi-
tion of parasympathetically induced salivary secretion in anaesthe-
tized dogs. Br J Pharmacol 112: 411-416.

Luparini MR, Garrone B, Pazzagli M, et al. (2004) A cortical GABA-SHT
interaction in the mechanism of action of the antidepressant trazodone.
Prog Neuropsychopharmacol Biol Psychiatry 28:1117-1127.

Mashiko H, Niwa S, Kumashiro H, et al. (1999) Effect of trazodone in
a single dose before bedtime for sleep disorders accompanied by a
depressive state: Dose-finding study with no concomitant use of hyp-
notic agent. Psychiatry Clin Neurosci 53: 193—194.

Masson J, Emerit MB, Hamon M, et al. (2012) Serotonergic signaling:
Multiple effectors and pleiotropic effects. WIREs Membr Transp
Signal 1: 685-713.

Maurer TS, Debartolo DB, Tess DA, et al. (2005) Relationship between
exposure and nonspecific binding of thirty-three central nervous sys-
tem drugs in mice. Drug Metab Dispos 33: 175-181.

Mendelson WB (2005) A review of the evidence for the efficacy and
safety of trazodone in insomnia. J Clin Psychiatry 66: 469-476.
Mihara K, Yasui-Furukori N, Kondo T, et al. (2002) Relationship
between plasma concentrations of trazodone and its active metabo-
lite, m-chlorophenylpiperazine, and its clinical effect in depressed

patients. Ther Drug Monit 24: 563-566.

Mukherjee PK and Davey A (1986) Differential dosing of trazodone in
elderly depressed patients: A study to investigate optimal dosing. J
Int Med Res 14: 279-284.

Muratorio A, Maggini C, Coccagna G, et al. (1974) Polygraphic study of
the all-night sleep pattern in neurotic and depressed patients treated
with Trazodone. In: Ban TA and Silvestrini B (eds) Proceedings
of the Ist international symposium, Montreal, Que., October 1973,
Vol. 9. Modern Problems of Pharmacopsychiatry. Basel: Karger, pp.
182-189.

Obach RS, Lombardo F and Waters NJ (2008) Trend analysis of a data-
base of intravenous pharmacokinetic parameters in humans for 670
drug compounds. Drug Metab Dispos 36: 1385-1405.

Odagaki Y, Toyoshima R and Yamauchi T (2005) Trazodone and its
active metabolite m-chlorophenylpiperazine as partial agonists at
S5-HT1A receptors assessed by [35S]GTPgammaS binding. J Psy-
chopharmacol 19: 235-241.

Olson CM, Hedrick MN, Izadi H, et al. (2007) p38 mitogen-activated
protein kinase controls NF-kappaB transcriptional activation and
tumor necrosis factor alpha production through RelA phosphory-
lation mediated by mitogen- and stress-activated protein kinase
1 in response to Borrelia burgdorferi antigens. Infect Immun 75:
270-277.

Patel AG, Mukherji K and Lee A (1996) Priapism associated with psy-
chotropic drugs. BrJ Hosp Med 55: 315-319.

Perez DM, Papay RS and Shi T (2009) alphal-Adrenergic receptor stim-
ulates interleukin-6 expression and secretion through both mRNA
stability and transcriptional regulation: Involvement of p38 mitogen-
activated protein kinase and nuclear factor-kappaB. Mol Pharmacol
76: 144-152.

Polter AM and Li X (2010) 5-HT1A receptor-regulated signal transduc-
tion pathways in brain. Cell Signal 22: 1406—-1412.

Reid JL (1986) Alpha-adrenergic receptors and blood pressure control.
Am J Cardiol 57: 6E-12E.

Rohatgi A (2017) WebPlotDigitizer. Available at: http://arohatgi.info/
WebPlotDigitizer/ (accessed 18 August 2017).

Rosenbaum R (2011) Basic Pharmacokinetics and Pharmacodynamics:
An Integrated Textbook and Computer Simulations. New Jersey:
John Wiley.

Roth B and Driscol J (2011) PDSP Ki Database. Psychoactive Drug
Screening Program (PDSP). University of North Carolina at
Chapel Hill and the United States National Institute of Mental
Health.

Saletu-Zyhlarz GM, Abu-Bakr MH, Anderer P, et al. (2002) Insomnia in
depression: Differences in objective and subjective sleep and awak-
ening quality to normal controls and acute effects of trazodone. Prog
Neuropsychopharmacol Biol Psychiatry 26: 249-260.

Savarese M, Carnicelli M, Cardinali V, et al. (2015) Subjective hypnotic
efficacy of Trazodone and Mirtazapine in patients with chronic
insomnia: A retrospective, comparative study. Arch Ital Biol 153:
231-238.

Schmitt W (2008) General approach for the calculation of tissue to
plasma partition coefficients. Toxicol In Vitro 22: 457-467.

Schulz M and Schmoldt A (2003) Therapeutic and toxic blood concentra-
tions of more than 800 drugs and other xenobiotics. Pharmazie 58:
447-474.

Sheehan DV, Croft HA, Gossen ER, et al. (2009) Extended-release tra-
zodone in major depressive disorder: A randomized, double-blind,
placebo-controlled study. Psychiatry (Edgmont) 6: 20-33.

Stahl S (2008) Stahl’s Essential Psychopharmacology. 3rd ed. New
York: Cambridge University Press.

Stahl SM (2009) Mechanism of action of trazodone: A multifunctional
drug. CNS Spectr 14: 536-546.

Stahl SM (2013) Stahl’s Essential Psychopharmacology: Neuroscientific
Basis and Practical Application. Cambridge: Cambridge University
Press, p. 458.

Stahl SM and Stahl SM (2011) Stahl’s Essential Psychopharmacology:
The Prescriber’s Guide. Antidepressants. Cambridge: Cambridge
University Press.

Subhash MN, Srinivas BN and Vinod KY (2002) Alterations in 5-HT(1A)
receptors and adenylyl cyclase response by trazodone in regions of
rat brain. Life Sci 71: 1559-1567.

Summary of Product Characteristics for trazodone (2017) Concordia
International. Available at: https://www.medicines.org.uk/emc/med-
icine/31052 (accessed 18 August 2017).

Szabadi E (1996) Clozapine-induced hypersalivation and the alpha-2
adrenoceptor. Br J Psychiatry 169: 380-381.

Truven Health Analytics Inc (2013) DrugPoint® System. Greenwood
Village, CO: Homsen Healthcare.

van Bemmel AL, Havermans RG and van Diest R (1992) Effects of tra-
zodone on EEG sleep and clinical state in major depression. Psycho-
pharmacology (Berl) 107: 569-574.

Walsh JK, Erman M, Erwin CW, et al. (1998) Subjective hypnotic effi-
cacy of trazodone and zolpidem in DSMIII-R primary insomnia.
Hum Psychopharmacol Clin Exp 13: 191-198.

Wong J, Motulsky A, Abrahamowicz M, et al. (2017) Off-label indica-
tions for antidepressants in primary care: Descriptive study of pre-
scriptions from an indication based electronic prescribing system.
BMJ 356: j603.

Yamatsu K, Kaneko T, Yamanishi Y, et al. (1974) A possible mechanism
of central action of trazodone in rats. In: Ban TA and Silvestrini B
(eds) Modern Problems of Pharmacopsychiatry. Basel: Karger, pp.
11-17.


http://arohatgi.info/WebPlotDigitizer/
http://arohatgi.info/WebPlotDigitizer/
https://www.medicines.org.uk/emc/medicine/31052
https://www.medicines.org.uk/emc/medicine/31052

