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Abstract

The vast majority of approved antidepressants and antipsychotics exhibit a complex 

pharmacology. The mechanistic understanding of how these psychotropic medications are related 

to adverse drug reactions (ADRs) is crucial for the development of novel drug candidates and 

patient adherence. This study aims to associate in vitro assessed binding affinity profiles (39 

compounds, 24 molecular drug targets) and ADRs (n=22) reported in clinical trials of 

antidepressants and antipsychotics (n>59.000 patients) by the use of robust multivariate statistics. 

Orthogonal projection to latent structures (O-PLS) regression models with reasonable 

predictability were found for several frequent ADRs such as nausea, diarrhea, hypotension, 

dizziness, headache, insomnia, sedation, sleepiness, increased sweating, and weight gain. Results 

of the present study support many well-known pharmacological principles such as the association 

of hypotension and dizziness with α1-receptor or sedation with H1-receptor antagonism. 

Moreover, the analyses revealed novel or hardly investigated mechanisms for common ADRs 

including the potential involvement of 5-HT6-antagonism in weight gain, muscarinic receptor 

antagonism in dizziness, or 5-HT7-antagonism in sedation. To summarize, the presented study 

underlines the feasibility and value of a multivariate data mining approach in 

psychopharmacological development of antidepressants and antipsychotics.
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1. Introduction

The development of more effective treatments of major neuropsychiatric disorders such as 

major depressive disorder (MDD) or schizophrenia is urgently needed due to their leading 

and unchanged role as contributors to global disease burden over the past two decades (Vos 

et al., 2012). Despite the doubtless beneficial effects of currently available anti-depressants 

(ADs) and antipsychotics (APs), reported medication discontinuation rates are much higher 

than acceptable. Patient adherence is severely affected by adverse drug reactions (ADRs) 

(Insel, 2012), which are also an important factor leading to the attrition of clinical trials 

during drug development (Lounkine et al., 2012). Well-studied ADRs among many others 

include weight gain, sedation, extrapyramidal motor symptoms (EPMS), sexual dysfunction, 

and QT-interval prolongation (Castro et al., 2013). In contrast to other medical fields, 

pharmacological development in psychiatry is challenged by its unknown etiology and lack 

of biological meaningful diagnostic categories (Insel, 2012). Hence, ADs and APs have not 

been engineered based on prior knowledge of molecular pathways, but were identified by 

serendipity within the class of anti-histaminergic drugs (Lopez-Munoz and Alamo, 2009). 

Therefore, it is not surprising that numerous available ADs and APs target a broad spectrum 

of membrane proteins comprising receptors, transporters, and ion channels that result in 

complex pharmacological actions (Roth et al., 2004).

Over the past years, there has been an ongoing debate among scientists with regard to the 

benefits and harms of selective versus non-selective (Roth et al., 2004) as well as unimodal 

versus multimodal (Nutt, 2009) medications and their impact on observed efficacy and 

tolerability of psychopharmacological drug treatment. A major argument in favor of 

selectivity has been the broad clinical use of unimodal psychotropic medications such as 

selective serotonin re-uptake inhibitors (SSRIs) that demonstrated a more favorable side 

effect profile than older non-selective tri-cyclic antidepressants (TCAs) or early multimodal 

medications such as trazodone (Bauer et al., 2013; Grunze et al., 2013; Nutt, 2009). 

Considering the limitations of available meta-analyses (Huf et al., 2011) it has been 

suggested that increased selectivity has not lead to an overall improved antidepressive 

efficacy (Bauer et al., 2013), but instead led to a more acceptable side effect profile (Baghai 

et al., 2012). On the other hand, several non-selective medications including second-

generation APs have been found to provide acceptable treatment efficacy without 

jeopardizing drug tolerability (Hasan et al., 2013). Given these counterintuitive results with 

respect to drug selectivity, it becomes apparent that further research is urgently needed that 

facilitates the understanding on how receptor profiles of psychopharmacological 

medications translate into clinically observed ADRs. Ideally, inferences should be made 

from clinical trials investigating the occurrence of ADRs during the application of highly 

selective drugs that bind to single drug targets. However, most psychopharmacological 

compounds licensed for medical use are not selective and bind to a variety of drug targets. 
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Therefore, inferences on the relationship between a specific receptor system and a specific 

ADR are difficult to extrapolate from a single compound. Hence, complimentary evidence 

stems from numerous drug safety studies in animals that inferred undesired drug effects 

from occupancy research to humans, a conclusion that has been criticized in the past.

Recently, alternative approaches have been developed including computational strategies 

that utilize information on the chemical structure of investigational drugs in order to predict 

ADRs (Bender et al., 2007; Lounkine et al., 2012). While such strategies are definitely novel 

and promote the understanding of drug structure-ADR relationships, methodological 

limitations exist including a restriction to single drug- (or off-) targets as well as the 

qualitative nature of these techniques. Since ADRs are likely to result from drug actions on 

multiple protein targets interacting with a variety of signaling pathways, a quantitative 

multivariate approach applied to large data sets may be more suitable and might be capable 

to detect associations that are otherwise impossible to deconvolute.

To demonstrate the feasibility and clinical plausibility of such a quantitative multivariate 

data analysis strategy, we performed an orthogonal projections to latent structures (O-PLS) 

analysis with the goal to associate binding affinity profiles of 39 antidepressants and 

antipsychotics licensed for medical use with high-quality ARDs data compiled from clinical 

trials comprising more than 59,000 patients. Both, binding and clinical data were extracted 

from publicly available databases. Our unprecedented approach verified some associations 

that had previously been suspected or less appreciated, e.g., a prominent role of 5HT6-

receptor blockage in triggering weight gain or a surprisingly large number of targets linked 

to sedation.

2. Experimental procedures

2.1. Data sources

Biological activities (Ki values) were retrieved from the openly accessible PDSP database 

(Psychoactive Drug Screening Program, http://pdsp.med.unc.edu). Reported side effect 

frequencies were extracted from the publically available Cochrane Database of Systematic 

Reviews (http://www.thecochranelibrary.com).

2.2. Data selection

2.2.1. Binding affinity data—The following inclusion criteria were applied to PDSP 

data: (1) psychotropic medications had been licensed for clinical use by the Food and Drug 

Administration (FDA) or European Medicines Agency (EMA), (2) psychotropic 

medications showed significant binding activities (Ki<10 μM) for at least two different 

receptor systems. In case of the availability of binding affinity data from multiple sources, 

human data were preferred over animal data and averaged (86.4% human vs. 13.6% non-

human). Average binding affinities for adrenergic receptors were determined regardless of 

receptor sub-types. A maximum Ki of 10 μM was used as cut-off for low-affinity 

interactions. Fifty-two compounds fulfilled the above mentioned inclusion criteria and were 

further used for the selection of clinical trials (see Supplementary material, Table S1).
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2.2.2. Clinical data—The following inclusion criteria were applied to reported side effect 

frequencies in the Cochrane Database of Systematic Reviews: (1) systematic reviews 

investigating side effect frequencies of the above-defined 52 compounds (n=71); (2) reviews 

were excluded that investigated combination therapy or dose finding studies. In addition, we 

included exclusively oral psychotropic medications thereby discarding clinical trials of 

depot antipsychotics (n=22). This procedure resulted in 49 systematic reviews comprising 

randomized and placebo- (39%) or active reference-controlled (61%) clinical trials that were 

considered eligible for this study; included reviews contained ADRs frequency data for 39 

different psychotropic medications (19 antidepressants and 20 antipsychotics) in more than 

59,000 patients (Table S2). The weighted average (based on the number of study 

participants) ADR frequency (in %) of all included studies was extracted for each substance 

resulting in a vector consisting of mean ADRs (column) for different medications (rows). 

Data of side effect terms were merged in case of high inter-correlations, typically applying 

to terms that are clinically indistinguishable or at least very similar (e.g. agitation and 

anxiety, dizziness and vertigo/faintness, nausea and vomiting, sleepiness and drowsiness, 

abnormal vision and blurred vision). The complete matrix is shown in the Supplementary 

material, Table S3.

2.2.3. Data reduction—The above mentioned selection process resulted in 39 

psychotropic medications with available binding affinity profiles for 31 drug targets in total 

and 69 reported side effects. In order to guarantee statistical robustness, drug targets were 

excluded from further analysis, if the pertinent Ki values were not available for more than 

half of the 39 included psychotropic medications (n=7). Application of these criteria resulted 

in an array of drug targets including three monoamine transporters (serotonin transporter (5-

HTT), norepinephrine transporter (NET), and dopamine transporter (DAT)), 20G protein-

coupled receptors (5-HT1A, 5-HT1B, 5-HT1D, 5-HT2A, 5-HT2C, 5-HT6, 5-HT7; α1, α2, β1; 

M1, M2, M3, M4, M5; D1, D2, D3, D4; H1), and one ligand-gated ion channel receptor (5-

HT3). Average binding affinities (Ki values) were converted to their negative common 

logarithm (pKi values). The resulting binding affinity data matrix is shown in Table S4. In 

an analogous manner, ADR frequencies reported in clinical trials were only included if 

based on a sample of more than 50 study participants. Moreover, specific side effects were 

excluded, if data were available for less than 15 compounds. Hence, the following side 

effects were considered in this study: agitation, akathisia, constipation, diarrhea, dizziness, 

dry mouth, dystonia, fatigue, gastrointestinal symptoms, headache, hypotension, insomnia, 

sexual dysfunction, nausea, increased salivation, sedation, sleepiness, increased sweating, 

tremor, urination disorders, abnormal vision, and weight gain. Table S5 displays the ADR 

profile matrix.

2.3. Statistics

2.3.1. Orthogonal projections to latent structures (O-PLS)—O-PLS regression 

analysis was used for associating clinical endpoints (ADR frequencies) with receptor 

binding profiles of ADs and APs. Briefly, similar to its predecessor partial least squares 

(PLS) regression, O-PLS is a method for relating two data matrices, X and Y within a linear 

multivariate model. The O-PLS method (Trygg and Wold, 2002) is designed to handle 

systematic variation in X that is not subject to linear correlation with Y (Y-orthogonal 

Michl et al. Page 4

Eur Neuropsychopharmacol. Author manuscript; available in PMC 2015 July 15.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



variation). The systematic variation in X is divided into two parts, one that is linearly related 

(and therefore predictive) to Y, and one that is orthogonal to Y. Removal of Y-orthogonal 

variation usually facilitates better interpretation of the model, but does not affect its 

predictive power (Trygg and Wold, 2002).

2.3.2. Data matrices—The selection process outlined above resulted in an m-by-n X 

matrix comprising binding affinities (pKi values) of 39 compounds assessed on 24 drug 

targets. Elements of the m-by-1 Y matrix represent reported frequencies of a specific side 

effect for the included compounds. A separate O-PLS model was calculated for each 

specific side effect (n=22). The dimensions of the X and Y matrices employed for each side 

effect were variable ranging from 15 (dystonia) to 34 rows (dry mouth) depending on the 

availability of reported ADRs.

2.3.3. Statistical modeling—SIMCA-P+ (Version 12.0, Umetrics, Umea, Sweden) was 

used for calculating the O-PLS models. All X variables were centered but not scaled. The 

goodness-of-fit of the model was determined by the squared correlation coefficient (R2) and 

the goodness-of-prediction by the 7-fold cross-validated R2 (Q2; Eq. (1)).

(1)

Eq. (1): Equation for Q2, the fraction of Y that can be predicted by a component, as 

estimated by cross-validation [PRESS, prediction error sum of squares; SD, standard 

deviation].

A value of one represents either a complete explanation of the dependent variable by the 

regression model (R2) or a perfect match of predicted and observed values in leave-n-out 

cross validation runs. Q2 is typically lower than R2 and a large difference between these two 

parameters might indicate chance correlations. A negative Q2 implies that the model is not 

predictive at all. The most suitable number of components for each O-PLS model was 

estimated by cross-validation. For each O-PLS model loadings and variable importance 

plots were constructed to study whether binding affinities correlated positively or 

negatively, significantly or non-significantly, with Y variables (frequency of ADR).

3. Results

3.1. Descriptive statistics

3.1.1. Binding affinities of studied ADs and APs—We compiled information on 

binding affinity data (pKi values) of 39 psychoactive compounds comprising several drug 

classes. This comprehensive list highlights specific and well-known profiles, in which 

psychotropic medications differ in both, qualitative and quantitative traits (Table S4, Figure 

1a). The heat map representation (Figure 1a) shows comprehensively the fact that the vast 

majority of psychotropic medications are likely to interact with many targets when 

administered at clinically relevant doses. Even SSRIs, which are thought to be the most 

selective class of psychoactive medications, show quite unique binding pro-files. (1) 

Michl et al. Page 5

Eur Neuropsychopharmacol. Author manuscript; available in PMC 2015 July 15.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Citalopram shows mild anti-histaminergic properties, which do not occur in its S-enantiomer 

escitalopram, the most selective SSRI. (2) Highest 5-HTT affinity is found in paroxetine, in 

addition to anti-muscarinergic and NET-inhibiting properties. (3) Sertraline with its 

relatively high DAT. (4) Fluoxetine with significantly high NET as well as 5-HT2C-receptor 

affinity reflect known differences of SSRI binding profiles that might eventually be 

transferred to a clinical level. Similarly, binding profiles of SNRIs are as expected exhibiting 

a strong and balanced NET and 5-HTT inhibition for milnacipran followed by duloxetine, 

and rather low NET inhibition for venlafaxine. Buproprion displays low DAT-inhibition 

compared to NET-inhibition. Mirtazapine and its precursor mianserin have been found to 

exhibit α-antagonistic, anti-serotonergic and anti-histaminergic properties as anticipated. 

SARIs such as trazodone and nefazodone are displaying 5-HT antagonist action at 5-HT2A 

and 5-HT2C-receptors, 5-HTT re-uptake inhibition as well as α2-antagonism. In addition, 

binding profiles highlight subtle differences between these psychotropic medications such as 

low 5-HTT inhibition for trazodone and a moderate NET-inhibition for nefazodone. In 

contrast, tricyclic antidepressants (TCAs) included in this study exhibit a potent NET and 5-

HTT-inhibition as well as high affinities for M1, α1 and H1-receptors, which are responsible 

for accompanying ADRs.

Most antipsychotics can easily be distinguished within this table due to their complex and 

numerous affinities at various receptor systems. Differences between typical (TAP) and 

most atypical (AAP) antipsychotics can also be seen such as lower D2 and higher 5-HT2A 

binding affinity for AAPs compared to TAPs. It is noteworthy that atypicality is defined by 

the frequency of EPMS and hyperprolactinaemia, but not by a specific mechanism of action. 

Currently known mechanisms include muscarinergic antagonism, partial 5-HT1A-receptor 

agonism as well as antagonistic actions at several 5-HT sub-receptors. Similar to TCAs, 

TAPs and to a lesser degree AAPs are frequently accompanied by ADRs. This can also be 

derived from their binding affinity profiles: 5-HT2C, M3 and H1 receptor antagonism leads 

frequently to metabolic ADRs, and M1, H1, and α1-receptor antagonism leads to sedation 

and cognitive malfunctioning.

3.1.2. Adverse drug reactions (ADRs) in clinical trials—ADRs were organized in 

an analogous way for the identical set of psychotropic medications as presented for binding 

profiles (Table S5, Figure 1b). Many well-known ADRs that are related to specific drug 

classes can easily be derived from this ‘real-world’ data matrix. Headache and nausea are 

frequently reported under SSRI treatment. In accordance to differing receptor profiles of 

several SSRIs, certain ADRs occur more frequently such as fatigue, dry mouth, and 

constipation for paroxetine, or a relatively broad spectrum of ADRs for fluvoxamine, which 

might be related to studies of its initial short-release formulation. Sexual dysfunction has 

been reported as expected with most SSRIs as well as venlafaxine and basically no other 

class of antidepressants. SNRIs differ only slightly from the ADR patterns seen in SSRIs 

with marginally higher number of dry mouth, dizziness, and urination problems as well as 

agitation for venlafaxine, and abnormal vision for milnacipran. Mirtazapine and mianserin 

showed in accordance with their H1-antagonistic action an increase in excessive daytime 

sleepiness reports. Well-studied TCAs such as clomipramine showed the expected higher 

frequency of typical TCA-related side effects compared to newer antidepressants. Similarly, 
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but more striking, are the differences in ADRs between TAPs and AAPs which is clearly in 

favor of AAPs for basically all ADRs with the exception of older compounds such as 

clozapine and zotepine. Clearly, akathisia and dystonia are more prevalent in TAPs in line 

with their D2-antagonistic properties. However, reports of sedation and sleepiness occurring 

under AAP treatment including zotepine, clozapine, olanzapine; and quetiapine; surpassed 

several of older and typically high-potent TAPs.

3.2. Quantitative statistics

3.2.1. O-PLS model quality—Heat maps shown in Figure 1 allow for the visual 

detection of obvious associations between binding profiles and ADRs as detailed above. 

However, in most instances, inferences are difficult to make due to the complexity of 

relationships between binding profiles and individual ADRs. Accordingly, O-PLS regression 

was used to link binding affinities of these 39 psychotropic medications for the array of 

selected targets to the clinically reported ADRs frequencies (Figure 2). Model quality of 22 

calculated O-PLS models for each specific ADR varied substantially (Figure S1): e.g., the 

O-PLS model for sedation resulted in an R2 value of 0.97 and a Q2 value of 0.77. However, 

other regression models had negative Q2 values e.g. abnormal vision, akathisia, agitation, 

dystonia, increased salivation, tremor, urination disorders and sexual dysfunction. The lack 

of predictive power of these models indicated that the O-PLS analysis did not support the 

presence of any link between the available set of binding affinity profiles and reported 

ADRs. The number of observations and components as well as R2X, R2Y, and Q2Y values for 

each model are provided in the Supplementary material Table S6. Only O-PLS models 

(n=10) with reasonable quality (R2>0.2, Q2>0.01) were further investigated including the 

following ADRs: nausea, diarrhea, hypotension, dizziness, headache, insomnia, sedation, 

daytime sleepiness, increased sweating, and weight gain. Loadings plots for the predictive 

component of these models are shown in Figure 3 and reflect statistical significant 

associations between receptor binding profiles and ADRs. Furthermore, variable importance 

values reflecting the adverse and beneficial effects of antagonistic action at common drug 

targets are shown in Table 1 and Figure S2.

Results of associations of receptor binding profiles and individual ADRs with sufficient 

model quality will be summarized in the following paragraphs:

Gastrointestinal ADRs (Figure 3a): Results of nausea and diarrhea associations have been 

grossly identical and will therefore be reported together. O-PLS analysis showed that 5-HTT 

re-uptake inhibition appears to be the main reason for nausea and diarrhea within the array 

of studied receptors and transporters. Interestingly, inhibition of the overwhelming majority 

of all other receptors and transporters resulted in opposing effects. Highest negative 

correlations were seen for H1-, 5-HT2A-, or D2-receptors indicating a reduced chance to 

suffer from nausea and diarrhea, when these systems are blocked.

Cardiovascular ADRs (Figure 3b): Antagonism of α1-receptors has been associated with 

reports of hypotension as expected. It is noteworthy, that 5-HT2A-, 5-HT2C-, D1-, D2-, and 

H1-receptors have also been found to correlate with hypotension. Interestingly, our analyses 

showed a reduced chance of hypotension, when 5-HTT inhibition has been present.
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Neuropsychiatric ADRs (Figure 3c): Reports of dizziness are predominantly correlated 

with antagonism at α1-, 5-HT2A-, 5-HT2C-, and muscarinergic receptors reflect a variety of 

reasons for dizziness such as orthostatic hypotension and vestibular suppression among 

others. Headache was associated with 5-HTT and DAT inhibition. Interestingly, blockage of 

many receptors appeared to confer a protective effect, most notably H1-receptor inhibition. 

Reported ADRs frequencies for insomnia showed maximal correlations with D2- and D3- 

receptor antagonism. Sedation and excessive daytime sleepiness have been unsurprisingly 

correlated with similar targets due to their inherent relationship with the functionality of the 

arousal system. Antagonistic action at serotonergic, adrenergic, muscarinergic, 

dopaminergic, and histaminergic receptors showed to increase sedation and sleepiness. 

Interestingly, only β1-antagonism has been unrelated. In contrast, inhibition of 5-HT and to a 

lower degree dopamine re-uptake demonstrated to reduce the likelihood of reporting 

sedation and sleepiness in investigated clinical trials. Furthermore, our analyses reflected the 

similarity between sleepiness and insomnia, which are known to be co-occurring symptoms 

of many sleep disorders (hypovigilance during the day and hyper-vigilance at night). 

Therefore, we found similar associations for insomnia reports with histaminergic, 

dopaminergic, adrenergic, and serotonergic receptor antagonism. In is noteworthy that 

muscarinergic, β1, 5-HT3, DAT, and NET antagonism was unrelated to insomnia in our 

study. Moreover, we also found that 5-HTT inhibition reduced the risk of insomnia reports 

in investigated clinical trials.

Dermatological ADRs (Figure 3d): Reports of increased sweating are mainly correlated 

with 5-HTT and NET inhibition. On the other hand, blockage of various 5-HT receptors as 

well as H1-receptor antagonism conferred a reduced chance to report increased sweating.

Metabolic ADRs (Figure 3e): In addition to well known candidates such as 5-HT2c, M3, H1 

receptors, we found a variety of other antagonistic receptor interactions to be linked to 

weight gain. 5-HT2A and 5-HT6 showed the strongest effects in the loading plots. A few 

targets showed a lack of association with weight gain such as NET, DAT, β1, and D3. 

Conversely, 5-HT re-uptake inhibition has been linked to decreased reporting of weight 

gain.

4. Discussion

The present study supports the idea that in vitro binding affinity profiles can be utilized to 

gain insights into putative mechanisms of ADRs occurring in clinical 

psychopharmacological trials. While many findings are well-known, several reported 

associations are novel and of potential interest for future pharmacological experiments. Our 

strategy of associating binding affinity profiles with ADRs has proven to be robust and 

feasible and constitutes a useful strategy for psychopharmacological research (Kroeze et al., 

2003; Selent et al., 2010).

The present study was able to link the majority of common and important ADRs observed in 

clinical trials of ADs and APs to in vitro binding affinity profiles. 5-HTT inhibition has been 

identified to be the main contributor of nausea and diarrhea. Nausea is frequently observed 

at the beginning of SSRI treatment (Tuerke et al., 2012). However, the exact mechanism of 
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SSRIs-induced nausea is still unclear. Interestingly, 5-HT3-antagonism, which is effective in 

chemotherapy-induced nausea has shown little effect on AD-induced nausea (Leatherman et 

al., 1999), which is in line with our results. Moreover, presented data indicate possible anti-

emetic effects of 5-HT7-receptor antagonism in AD-induced nausea, which has not 

previously been published to our best knowledge. In addition, this study provides human 

evidence of an anti-emetic effect of 5-HT2A-antagonism rendering animal work (Wolff and 

Leander, 2000). Furthermore, our analysis was able to detect D2- and H1-mediated anti-

emetic effects, which are therapeutically exploited by drugs such as metoclopramide and 

betahistidine. Diarrhea was highly associated with 5-HTT inhibition in our study. This is not 

surprising, given the high concentration of 5-HTTs in the GI tract and the prominent role of 

5-HT signaling in GI mobility (Gershon, 2004). Interestingly, 5-HT2A- and H1-receptor 

antagonisms have been found to be more protective against psychotropic medication-

induced diarrhea than muscarinergic receptor antagonism, which cannot be anticipated from 

current understanding of GI physiology.

The present study further reflected the importance of α1-receptor antagonism in orthostatic 

hypotension and consecutive dizziness. However, orthostatic hypotension is known to result 

from a much broader range of molecular mechanisms. This is underlined by the fact that 

several investiged psychotropic medications do not exhibit a significant α1-receptor affinity 

but still induce hypotension such as sulpiride (Figure 1). In addition to α1-recpetor 

antagonism, dizziness was predominately associated with muscarinergic and serotonergic 

antagonism in our study. Acetylcholine (ACH) is the primary neurotransmitter in 

vestibulocerebellar pathways, which may account for effects of muscarinic antagonists in 

motion sickness and reported dizziness during ACE-inhibitor treatment (Jones, 2010). 

Interestingly, M3-antagonism has been linked to dizziness (Zinner et al., 2005) similar to our 

results. Moreover, this study revealed a link between 5-HT2A-antagonism and dizziness in 

line with reports of dizziness during ketanserin treatment (Nagatomo et al., 2004). In 

addition to 5-HTT inhibition, we also observed an association between DAT inhibition and 

headache. This finding supports recent migraine models postulating ictal dopamine release 

as trigger for headache, which is based on accompanying dopaminergic symptoms such as 

yawning, nausea, postdromal somnolence, euphoria, and polyuria (Barbanti et al., 2013). 

Interestingly, the analysis revealed a negative correlation between H1 and M1 antagonism 

and headache, indicating that these receptor interactions have protective effects. While the 

implication of histamine in pain and its potential to trigger headaches has been reported 

before (Haas et al., 2008), the relationship of M1 antagonism and headache deserves further 

attention.

At least five neurotransmitters (histamine, dopamine, norepinephrine, 5-HT, and ACH) 

relevant for our study are known to modulate neuronal arousal (Sehgal and Mignot, 2011). 

Mirroring this complex regulation, we have identified several mechanisms that are 

associated with sleepiness, sedation, and insomnia. It is noteworthy that hypovigilance 

during the day and hypervigilance at night are typically features of sleep disorders and are 

caused by the same molecular mechanisms. H1- and α1-antagonism were associated with 

sedation and sleepiness in this study reflecting its use in hypnotic drugs or frequent reports 

of these ADRs in clinical trials (Mitchell and Weinshenker, 2010). Insomnia in restless leg 
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syndrome is treated by dopamine agonists such as pramipexole (Montplaisir et al., 2006). 

Caffeine-induced arousal is thought to be mediated by D2-receptors, which are coupled with 

purine receptors (Ferre, 2010). Hence, our findings of increased insomnia due to 

dopaminergic antagonism are supported by previous studies. Sleep symptoms such as 

insomnia occurring during a depressive episode are also affected by 5-HT and are reduced in 

MDD patients under chronic SSRIs treatment. Recent research suggests that 5-HT2A-

receptor antagonism (e.g. ritanserin) might be effective in staying asleep but not falling 

asleep (Vanover and Davis, 2010). We have observed a linkage between 5-HT2A 

antagonism and sedation, which is in line with pharmacological trials of nelotanserin (Al-

Shamma et al., 2010). 5-HT7-mediated effects on sleepiness or sedation are further 

highlighted by our study. Although 5-HT7-dependent regulation of sleep as well as its 

pharmacological exploitation (Lopez-Rodriguez et al., 2003) have been suggested before, 

available human evidence is very limited. Furthermore, we found a linkage between 5-HT2C 

antagonism and sleepiness. The role of the 5-HT2C receptor in promoting sleep has 

previously been proposed for drugs such as melatonin and agomelatin (Mitchell and 

Weinshenker, 2010).

Antidepressant-induced sweating is commonly related to noradrenergic stimulation (Stahl et 

al., 2005). Surprisingly, in this study increased sweating has mainly been attributed to 5-

HTT inhibition and only to a lesser degree to NET inhibition. It is noteworthy that 

medication-induced changes of thermoregulation are poorly understood and likely result 

from altered hypothalamic 5-HT signaling, which is in line with our findings (Ghaleiha et 

al., 2012). Apart from well-studied candidates such as 5-HT2C-, M3-, H1-receptors (Kroeze 

et al., 2003; Silvestre and Prous, 2005), we report further molecular targets to be potentially 

linked to weight gain such as 5-HT2A and specifically 5-HT6. It is generally accepted that 5-

HT-ergic neurotransmission impinges on food intake. This is also substantiated by the 

clinical efficacy of fluoxetine in the treatment of bulimia. However, the specific post-

synaptic effector sites are still under debate: 5-HT6-receptor antagonists have been observed 

to reduce food intake in rodents (Halford et al., 2007). In rats, this has been linked to an 

action at 5-HT6-receptors expressed in the paraventricular nucleus of the hypothalamus 

and/or the nucleus tractus solitarii but not at the arcuate nucleus (Garfield et al., 2014). 

Surprisingly, our observations suggest that blockage of 5-HT6-receptors is associated with 

weight gain in patients. At present, it is obviously impossible to resolve this discrepancy. It 

is worth noting, though, that there are large interspecies differences in the distribution of 5-

HT6-receptors (Hirst et al., 2003). This suggests that murine data cannot be readily 

extrapolated to the situation in people. Furthermore, several paradigms that examined rodent 

feeding behavior focused on short term hypohagic responses to 5-HT6-receptor antagonists 

(see e.g., (Garfield et al., 2014)). Long term exposure to 5-HT6-receptor agonist, however, 

causes a hypophagic response in rats (Fisas et al., 2006). This observation predicts that long-

term treatment with 5-HT6-receptor antagonists results in hyperphagia and weight gain, 

which – in fact – emerged from our analysis. Furthermore, the human 5-HT6-receptor has a 

high constitutive activity, while the rat receptor is silent under basal conditions (Fisas et al., 

2006). The high basal activity of the unliganded human receptor ought to augment effects 

resulting from antagonist occupancy. Last but not least it is important to note that our 

analyses included depressive and schizophrenic patients and not humans suffering from 
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obesity. Moreover, acute depression and psychosis are frequently associated with 

underweight due to lack of appetite and malnutrition (Suzuki et al., 2014). Hence, our 

finding of 5-HT6-related weight gain might indicate important differences between 

psychiatric and obesity patient populations. Furthermore, 5-HT2A antagonism was identified 

as a major contributor to weight gain. The role of 5-HT2A in obesity has previously been 

proposed based on an association between genetic variability within the 5-HT2A receptor 

gene and food as well as alcohol intake in obese patients (Aubert et al., 2000). Finally, we 

found that NET and 5-HTT inhibition are either not linked to or even protective against 

weight gain. This is in line with SNRI studies that resulted in the licensing as anti-obesity 

drugs (e.g. sibutramine). Notably, other mechanisms such as peripheral increased 

lipogenesis and decreased insulin sensitivity (Sacher et al., 2008) are also thought to be 

involved in antipsychotic-induced metabolic side effects.

Our approach is not without limitations. While we have been able to reproduce many known 

mechanisms for ADRs on a human as well as on an animal level, several ADRs (see results 

section) could not be significantly linked to in vitro receptor- and transporter binding 

profiles. This lack of association is not surprising and does not argue against the sensitivity 

of our approach. One reason for this failure is the fact that many reported symptoms such as 

fatigue and sexual dysfunction are frequent manifestations of the disease itself rather than 

ADRs. Therefore, these symptoms are also reported to occur in placebo-treated control 

groups. Ideally ADR frequencies should be normalized to a ‘baseline-frequency’. However, 

this was not possible since the majority of clinical trials included in this study were 

reference-controlled trials. Within this context it is important to note that reported Q2 values 

indicate the likelihood that such random correlations between drug target interaction profiles 

and drug-unrelated symptoms can occur. Hence, results showing moderate or high Q2 values 

are very likely to represent associations between drug targets and “true” ADRs. Another bias 

is the lack of standardized reporting tools for ADRs in clinical trials. In most clinical trials, 

patients have to spontaneously report ADRs. This leads to considerably lower reports than 

when ADRs are continuously assessed using a questionnaire or scale during each study visit. 

For example, the occurrence of sexual dysfunction in males during SSRI treatment is known 

to be very common (Perlis et al., 2009). However, patients are often reluctant to report this 

symptom spontaneously. On the other hand, a rigorous assessment of certain ADRs may 

lead to over-estimation. For example, in trials comparing SSRIs to TCAs, reports of TCA-

typical ADRs in the SSRI group tend to be higher, since clinicians specifically focus on the 

assessment of their potential occurrence. Hence, it needs to be mentioned that the 

measurement of in vitro binding profiles is possible with relatively high precision, whereas 

ADR profiles are less precise.

Moreover, our model did not include all possible biological or pharmacological 

determinants that might affect the occurrence of ADRs. The presence of active metabolites 

has not been considered within this study for e.g. effects of quetiapine are thought to be 

mediated by the actions of both, quetiapine and its active metabolite norquetiapine. In 

contrast to quetiapine, norquetiapine has high affinity to NET, which may contribute to its 

broad spectrum of efficacy (Nyberg et al., 2013). Similarly, (2S, 3S)-hydroxybupropion, a 

major metabolite of bupropion, is believed to contribute to its antidepressant activity. 
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Compared with bupropion, (2S, 3S)-hydroxybupropion produces similar or stronger 

inhibition of DA and NE uptake (Damaj et al., 2004). Furthermore, some ADRs may only 

occur under high-dose treatment, whereas others occur even at low doses. In addition, 

certain ADRs are dependent on the duration of the drug treatment. For example, 

gastrointestinal symptoms are more common during the initial phase of SSRI treatment, 

whereas sexual dysfunction or anticholinergic ADRs also occur during chronic treatment. 

However, dose or treatment duration were not separately analyzed in this study due to the 

lack of specific information available in the Cochrane reviews. Similarly, genetic 

susceptibility to ADRs has not been analyzed (Rabl et al., 2010).

Furthermore, this study did not consider interactions between possible drug target 

combinations due to the astronomic number of possibilities. This is likely the reason why we 

did for example not detect the protective effect of 5-HT2A-receptor antagonism against 

extrapyramidal motor symptoms, which only occurs in the presence of D2-receptor 

antagonism (Tauscher et al., 2002).

Due to above-mentioned reasons most models showed only moderate predictive power. 

However, even models with low Q2 values can be plausible such as for constipation. Since 

diarrhea is frequently caused by SSRIs (Gartlehner et al., 2008), 5-HTT inhibition is likely 

protective against constipation. This relationship was well-preserved within this study 

despite a very low Q2 value.

ADRs provide a glimpse into the dynamics of human molecular biology that is otherwise 

inaccessible. This is in particular true for the human brain and specifically mental disorders, 

which are difficult to study in animal experiments. Mining psychotropic medication-induced 

ADRs in patient samples provides an ethically sound and informative approach to probe the 

molecular mechanisms of ADRs occurring in patient populations, which lead frequently to 

treatment discontinuation.

In conclusion, this study provides compelling evidence for a multitude of associations 

between molecular targets and ADRs that are observed in clinical trials of ADs and APs. 

While many mechanisms have been reported before, this study was able to identify potential 

novel causes for ADRs, which should be considered in the development of future 

psychotropic medications, such as 5-HT6-receptor antagonism in weight gain, and 5-HT7-

receptor antagonism in sleepiness. Furthermore, the present study demonstrates that many 

frequent ADRs such as hypotension, dizziness, sleepiness, insomnia and sedation are 

resulting from a variety of molecular mechanisms.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

This study was funded by the project program grant SFB35 of the Austrian Science Fund (FWF).

Role of funding source

Michl et al. Page 12

Eur Neuropsychopharmacol. Author manuscript; available in PMC 2015 July 15.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Funding for this study was provided by the project program grant SFB35 of the Austrian Science Fund (FWF). The 
FWF had no further role in study design; in the collection, analysis and interpretation of data; in the writing of the 
report; and in the decision to submit the paper for publication.

Abbreviations

5-HT 5-hydroxy tryptamine (serotonin)

5-HTT serotonin transporter

AAP atypical antipsychotics

ACH acetylcholine

ADR adverse drug reaction

AP antipsychotic

CDSR cochrane database of systematic reviews

CTZ chemotrigger zone

DAT dopamine transporter

EMA european medicines agency

EPMS extrapyramidal motor symptoms

FDA food and drug administration

GI gastrointestinal

Ki inhibition constant

MAO monoamine oxidase

MDD major depressive disorder

NDRI norepinephrine-dopamine re-uptake inhibitor

NET norepinephrine transporter

O-PLS orthogonal projection to latent structures

PDSP psychoactive drugs screening program

p1 principal component 1

pKi negative common logarithm of Ki

PRESS prediction error sum of squares

SARI serotonin antagonist and re-uptake inhibitor

SD standard deviation

SNRI serotonin norepinephrine re-uptake inhibitor

SSRI selective serotonin re-uptake inhibitor

TAP typical antipsychotic

TCA tricyclic antidepressant
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Figure 1. 
Heat maps displaying binding affinities (pKi values) (a) and adverse drug reaction (ADR) 

(%) profiles (b) for 39 psychotropic medications comprising different drug classes (SSRI, 

selective serotonin re-uptake inhibitor; SNRI, serotonin-norepinephrine re-uptake inhibitor; 

NDRI, norepinephrine-dopamine re-uptake inhibitor; NaSSA, noradrenergic and specific 

serotonergic anti-depressant; SARI, serotonin antagonist and re-uptake inhibitor; TeCA, 

tetracyclic antidepressant; TCA, tricyclic antidepressant; AAP, atypical antipsychotic; TAP, 

typical antipsychotic). Binding affinities (in pKi values) range from 5 (inactive, black) to 

9.68 (highly active, white), whereas ADR frequencies (in %) range from 0% (no occurrence, 

black) to 67.9% (very frequent, white). Binding affinity profiles were extracted from the 

Psychoactive Drugs Screening Program (PDSP) database and side effect frequencies are 

based on clinical trial data extracted from the Cochrane Database of Systematic Reviews 

(CDSR).
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Figure 2. 
Statistical approach for relating binding affinity profiles to clinically reported adverse drug 

reactions (ADRs). Elements of the X matrix represent binding affinities (pKi values) for 39 

psychotropic medications comprising 24 drug targets. Elements of the Y vector represent 

frequencies of a single ADR reported in clinical trials of these 39 psychotropic medications. 

For each specific ADR (n=22) a separate orthogonal projection to latent structures (O-PLS) 

model was calculated. Principal component 1 (p[1]) loadings plots were used to interpret the 

relationship between drug target interactions and ADR frequencies. Positive p[1] loadings 

indicate that binding affinities correlate positively with the Y variable (frequency of ADR), 

whereas negative p[1] loadings indicate a negative correlation. p[1] loadings close to zero 

demonstrate the absence of any correlation between binding affinities and ADR frequencies.
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Figure 3. 
Principal component 1 loadings (p[1]) for selected orthogonal projection to latent structures 

(O-PLS) models with good predictabilities (diarrhea, nausea, hypotension, dizziness, 

headache, insomnia, sedation, sleepiness, increased sweating and weight gain). The O-PLS 

models were calculated by relating pKi values of 39 psychotropic medications on included 

drug targets (X variables) to the frequency of adverse drug reactions (ADRs) in percent (Y 

variable). Positive p[1] loadings indicate that binding affinities correlate positively with Y 

variable (frequency of ADR), whereas negative p1 loadings indicate a negative correlation. 
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p[1] loadings close to zero demonstrate the absence of any correlation between binding 

affinities and ADR frequencies. Error bars represent 95% confidence intervals calculated by 

jack-knifing. (a) gastrointestinal, (b) cardiovascular, (c) neuropsychiatric, (d) dermatological 

and (e) Other.
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